658

Clinical Review & Education

JAMA Oncology | Review

PARP Inhibitors for Breast Cancer Treatment

A Review

Stefania Morganti, MD; Antonio Marra, MD; Carmine De Angelis, MD, PhD; Angela Toss, MD, PhD; Luca Licata, MD;
Federica Giugliano, , MD; Beatrice Taurelli Salimbeni, MD; Pier Paolo Maria Berton Giachetti, MD;
Angela Esposito, MD; Antonio Giordano, MD, PhD; Giampaolo Bianchini, MD; Judy E. Garber, MD, MPH;

Giuseppe Curigliano, MD, PhD; Filipa Lynce, MD; Carmen Criscitiello, MD, PhD

CME at jamacmelookup.com

IMPORTANCE Poly(adenosine diphosphate-ribose) polymerase (PARP) inhibitors have
revolutionized the treatment of patients with germline BRCA1/2-associated breast cancer,
representing the first targeted therapy capable of improving outcomes in patients with
hereditary tumors. However, resistance to PARP inhibitors occurs in almost all patients.

OBSERVATIONS This narrative review summarizes the biological rationale behind the use of
PARP inhibitors in breast cancer, as well as the available evidence, recent progress, and
potential future applications of these agents. Recent studies have shown that the benefit of
PARP inhibitors extends beyond patients with germline BRCA1/2-associated metastatic breast
cancer to patients with somatic BRCA1/2 variants and to those with germline PALB2
alterations. Moreover, these agents proved to be effective both in the metastatic and
adjuvant settings. However, patients with metastatic breast cancer usually do not achieve the
long-term benefit from PARP inhibitors observed in other tumor types. Mechanisms of
resistance have been identified, but how to effectively target them is largely unknown.
Ongoing research is investigating both novel therapeutics and new combination strategies to
overcome resistance. PARP1-selective inhibitors, by sparing the hematological toxic effects
induced by the PARP2 blockade, are promising agents to be combined with chemotherapy,

antibody-drug conjugates, and other targeted therapies.

CONCLUSIONS AND RELEVANCE Although the efficacy of PARP inhibitors is well established,
many questions persist. Future research should focus on identifying predictive biomarkers
and therapeutic strategies to overcome resistance. Integrating well-designed translational

efforts into all clinical studies is thereby crucial to laying the groundwork for future insights

from ongoing research.
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amilial breast cancer has been known since the 19th century,’

though the BRCAT gene was only discovered in 1990.23

In 1994, both BRCAT and BRCA2 genes were cloned.* Re-
markably, this happened when almost nothing was known about the
human genome, at the very dawning of genomics technologies.

The discovery of BRCAT and BRCA2 opened several lines of
research to unveil how to prevent and treat BRCA-associated
tumors. For more than 20 years, however, the identification of a
germline BRCA1/2 (gBRCAI1/2) pathogenic variant (hereafter, gBRCA
variant) has affected mostly screening and surgical procedures to
manage therisk of subsequent tumors, while systemic therapies for
already diagnosed BRCA-associated tumors were not different from
those for sporadic tumors.

Agents targeting poly(adenosine diphosphate-ribose)
polymerase (PARP) were first investigated in combination with
chemotherapy and radiation therapy following preclinical data that
showed synergistic activity, but these agents were soon abandoned
due to unfavorable toxic effects.” In 2014, olaparib, a PARP inhibitor,
was approved for patients with advanced ovarian cancer, becoming
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thefirst drugavailable specifically for a hereditary form of cancer. Since
then, 3 additional PARP inhibitors (ie, talazoparib, rucaparib, and
niraparib) have been approved across different cancer types, and
olaparib has recently entered the adjuvant space for patients with
gBRCAI/2-associated high-risk breast cancer. However, the popula-
tion of patients with breast cancerwho derive a substantial benefit from
PARP inhibitors s still limited. Todate, several lines of research are on-
goingto understand how to expand the efficacy of PARP inhibitors be-
yond tumors harboring gBRCAT1/2 variants, how to develop effective
combination strategies, and how to reduce toxic effects (Figure 1).

|
Discussion

Mechanism of Action of PARP Inhibitors

The Role of PARPin Tumors

with Germline BRCATand BRCA2 Variants

DNA damage repair (DDR) mechanisms are essential pathways to fix
DNA breaks. As multiple exogenous and endogenous factors con-
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Figure 1. Limitations and Future Directions of PARP Inhibitors for Breast Cancer
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The efficacy of PARP inhibitors in patients with breast cancer is limited by the
development of mechanisms of resistance and by the frequent occurrence of
adverse effects. Many mechanisms of resistance have been characterized,
including restoration of homologous recombination activity through a variety of
potential processes, upregulation of alternative signaling pathways (eg, RAS or
PI3K/AKT/mTOR pathway), mitigation of the replication stress via replication
fork stabilization, decreased PARP1 trapping, and upregulation of ABC
transporters. Novel strategies are under investigation to both overcome

resistance to PARP inhibitors and reduce toxic effects, such as new drug
combinations and innovative medications with better tolerability. Ongoing
research efforts are also uncovering novel biomarkers to identify additional
patients who may benefit from these agents. ctDNA indicates circulating tumor
DNA; dsDNA, double-strand DNA; HR, homologous recombination; HRD,
homologous recombination deficiency; mAB, monoclonal antibody; PROTAC,
proteolysis-targeting chimera; TKI, tyrosine kinase inhibitor; ssDNA,
single-strand DNA.

stantly induce tens of thousands of DNA breaks every day, these com-
plex machineries are key checkpoints to guarantee cell integrity and
prevent the initiation of malignant neoplasm. Many DDR pathwayshave
been characterized, and they are involved in different types of DNA
damage, such as single-strand or double-strand breaks, base dam-
age, bulky adducts, crosslinks, or replication lesions.®

BRCAT and BRCA?2 are tumor suppressor genes encoding 2
key proteins involved in the homologous recombination repair
(HRR) pathway that rely on the undamaged chromosome as the
template for error-free damage reversal and have a crucial role in
repairing double-strand breaks. A single copy of the BRCAT or
BRCA2 gene is sufficient to repair DNA breaks, and a second loss
or double hit is needed to impair this pathway. When this hap-
pens, the repair of double-strand breaks shifts toward the more
error-prone nonhomologous end-joining repair pathway that,
unlike HRR, links the break ends without the need for a homolo-
gous template.”

jamaoncology.com

PARP proteins are a family of nuclear enzymes involved in
multiple DDR processes. PARP1and PARP2 are the most abun-
dant in human cells, and PARP1 is the most involved in DNA repair.
After detecting single-strand or double-strand breaks, PARP
binds to DNA breaks, recruits DDR components that cooperate to
stabilize the replication fork, and allows for DNA repair.®

In 2005, 2 back-to-back articles showed how this defect
may be exploited therapeutically through a mechanism called
synthetic lethality, which refers to tumor-specific cell death
induced by the simultaneous impairment of alternative DDR
pathways.®'° In individuals with gBRCA1/2 alterations, PARP
inhibition leads to the impairment of alternative DDR pathways
and thus to irreparable genomic damage and cell death.®™© Two
major mechanisms of action have been described for PARP inhibi-
tors: catalytic inhibition, by competing with NAD+ binding, and
PARP trapping, by generating PARP-DNA complexes that block
the replication fork and cause its collapse.®
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PARP Inhibition Beyond gBRCA1/2 Variants:
Homologous Recombination Deficiency
Homologous recombination is a multifactorial process involving
many different proteins beyond BRCATand BRCA2. Genomic altera-
tions affecting genes encoding for these proteins may impair HRR
and become a target of synthetic lethality for PARP inhibitors as well
as other DDR-targeting agents." Analogously, epigenetic altera-
tions, such as BRCAT gene promoter methylation, may affect these
genes and lead to similar HRR misfunctioning.>'® Altogether, these
alterations are responsible for a phenotype called BRCAness or ho-
mologous recombination deficiency (HRD), which identifies spo-
radic cancers with genomic, transcriptomic, or epigenetic altera-
tions thatimpair the homologous recombination pathway similar to
tumors from carriers of gBRCA1/2 variants." As for BRCA1/2, adouble
hit or biallelicinactivation is required to impair this pathway. A pan-
cancer analysis of the Cancer Genome Atlas identified this biallelic
inactivationin homologous recombination-related genes in approxi-
mately 5% of all tumors, which was found more oftenin breast (10%)
and ovarian (25%) cancers.”” Somatic BRCAT and BRCA2 genetic al-
terations are estimated in approximately 2.5% of sporadic tumors,
whereas BRCAT promoter methylation is reported in 11% to 14% of
sporadic tumors.”>"3

However, itis known that HRD tumors may acquire genomic al-
terations that lead to the restoration of homologous recombina-
tion function, such as secondary BRCAT or BRCA2 mutations (re-
verse mutations)'® or demethylation of the BRCAT promoter.” In this
dynamic situation, the role of HRD may be questioned by the static
nature of modern assays used to measure it, as most of them mea-
sure the consequences of HRD, in terms of genomic scars.'® Assays
capturing the functional status of HRR may thus better predict re-
sponse to PARP inhibitors. For instance, a novel assay measuring
RAD5Tfoci viaimmunofluorescence has proved toidentify homolo-
gous recombination-proficient tumors misclassified as HRD by mu-
tation signatures and to better correlate with PARP-inhibitor
sensitivity.'®

PARP Inhibition and Breast Cancer: Clinical Evidence
Deleterious germline alterations in BRCA1/2 genes are detected in ap-
proximately 5% of unselected patients with breast cancer.2%-?' Higher
frequency has been reportedin patients with triple-negative breast can-
cer (TNBC), family history of breast or ovarian cancer, youngerage, and
Ashkenazi Jewish ancestry.?? Patients carrying gBRCAI variants have
ahigher incidence of TNBC, while carriers of gBRCA2 variants tend to
develop estrogen receptor-positive (ER-positive) breast cancer?3 Sev-
eral PARPinhibitors have been developed and investigatedin patients
with breast cancer. Results from major trials are summarized in
Table 1,243 whereas the most frequent toxic effects caused by these
agentsare outlinedin Figure 2.

Advanced Setting

In the phase 3 OlympiAD trial, olaparib improved progression-free
survival (PFS) (hazard ratio[HR], 0.58[95%Cl, 0.43-0.80]; P < .001),
doubled the objective response rate (ORR) (59.9% vs 28.8%) and
had a more favorable safety profile compared with the treatment
of physician’s choicein patients with gBRCA1/2 variants pretreated
with up to 2 lines of chemotherapy for metastatic breast cancer.2
Although there was no survival difference between the 2 treat-
ment arms (HR, 0.90 [95% Cl, 0.66-1.23]; P = .51),>* an explor-
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atory analysis showed a benefit favoring olaparib when adminis-
teredas first-linetherapy.*? Inthe phase 3 EMBRACA trial, talazoparib
improved PFS (HR, 0.54 [95% CI, 0.41-0.71]; P < .001) and ORR
(62.6% vs 27.2%) compared with the treatment of physician’s choice
in carriers of gBRCAI1/2 variants pretreated with up to 3 chemo-
therapy regimens.2® Also, talazoparib did not improve overall
survival (HR, 0.85[95% Cl, 0.67-1.07]; P = 17).% Inboth trials, a sig-
nificant improvement in health-related quality of life and a delay in
time to deterioration was observed for patients receiving PARP
inhibitors.*>4*

Thecombination of PARPinhibitors and chemotherapy has syn-
ergistic activity in preclinical models.*® Although this was also veri-
fied in clinical studies, most of them closed early because of intol-
erable toxiceffects, particularly hematological.” The only exception
among first-generation PARP inhibitors was veliparib, which, likely
due to the lower trapping power and better tolerability, proved
to be safe and active when combined with carboplatin and pacli-
taxel in the phase 2 BROCADE study.*® In the confirmatory phase
3 BROCADES3 trial, the same triplet improved PFS compared with
chemotherapy (HR, 0.71[95% Cl, 0.57-0.88]; P = .002).?® Mature
survival data are awaited, although preliminary results showed a nu-
merical advantage for the veliparib arm.22 Continuation of single-
agent veliparib/placebo in patients who discontinued chemo-
therapy without progression wasallowed, and veliparibmaintenance
was superior to placebo in a post hoc exploratory analysis.*”

As the activity of PARP inhibitors relies on synthetic lethality
in the context of an impaired HRR pathway, these agents have
been also investigated in HRD or BRCAness tumors without
gBRCAT/2 alterations. The evidence accumulated so far failed to
show a benefit, suggesting a biological difference between
tumors driven by gBRCAT1/2 alterations and most other HRR
alterations, with the exception of germline PALB2 (gPALB2) and
possibly somatic BRCA1/2 (sBRCAT1/2) alterations. In the TBCRC
048 study, olaparib led to a high ORR in patients with gPALB2
(82%) or sBRCA1/2 (50%) alterations, but no responses among
patients with ATM-associated or CHEK2-associated tumors.?’
Similarly, no activity was observed with single-agent talazoparib
beyond gBRCA1/2 except for carriers of gPALB2 in a phase 2
study.3© In the RUBY trial,*® only 5 of 40 patients (13.5%) with
SBRCAI/2 alterations or HRD-positive metastatic breast cancer
derived a clinical benefit from rucaparib. Further investigation is
needed to identify predictive biomarkers among patients who
may benefit from PARP inhibitors beyond gBRCA1/2 and gPALB2
status.

Early Setting
Inthe phase 2 NEOTALA trial, 24-week neoadjuvant talazoparib led
to a pathologic complete response (pCR) rate of 53% in carriers of
gBRCAI/2variantswith TNBC.3* Thisis similar to what was achieved
with anthracycline-taxane-based neoadjuvant regimens, prior to the
use of immune checkpoint inhibitors. Similarly, neoadjuvant ni-
raparib led to a40% pCR rate in a small pilot study including both
ER-positive and TNBC.*° Additional phase 2 studies testing single-
agent neoadjuvant PARP inhibitors are ongoing (NCT05498155°°
and NCT05582499°").

Following reassuring safety data seen in the advanced setting,
the combination of veliparib plus chemotherapy has been tested also
in the early-stage setting. However, a similar pCR rate and event-

jamaoncology.com

© 2024 American Medical Association. All rights reserved.



ion

| Review & Educati

inica

Review Cl

(panunuoo)

ubisap aAleledwoduoN

ow '8
‘syuelIeA Z/TY)Ygh 40 siaiied uj

oW T°9 pue ouw ¥ ‘Sid uelpajy

(z2) auoe quede)o 1o
(£2) qewnealnp + qiiedejo adueuajulep

1D paseq-winue)d auy -1 Woly
Hj2uUaq 1E21UI YHM OGN L

Sid C »evd0d
Rdeiayy adueudjuiew ‘buillas d1eise1d

K134e5 10} A)1€3 Pas0]d
wie qiiaasonepe + qriede)Q

VN

13W jou jujod pus Asewrd

%1 TT SN %9°8T "440

(81" =d ‘[¥0°'T-65°0 ‘1D %56]

6£°0 “YH) OW 9"€ SA €°G ‘S4d UBIP3
0w 7°8 ‘S4d uelpajy

%08 ‘42aIM-ZT

%€9 "YHO

(3uewien z/1v2yg6

urow €°8) OW €°¢ ‘S4d Uelpajy
(%€ ‘annisod-17-ad

%Lt ‘WueLen yIygh) %17 Y40

(¥11) qliede)o sA (/1) qIi4asonepe + qriede)o
SA (ZTT) qIiaseresad + quede)Q

(¥€) qewnjeainp + quede)Q

(3uenien z/1yoygb
6T ‘6S) qewnzijoiquad + qriedeiN

D4\ oy saur) Jond
-T 'GYH pue snje3s Juellen
7/Tv244gb Aq payiens ‘DgNL

J4IN oy saul) 1) Joud 75
‘sjowny annebau-zggy3 yum
SjuelleA z/1voygb o siarie)

SID1 10 s10¥qIyuI d¥yd Jolid ou
“J@IN 104 sdul 1) Jolid 75 “IgNL

4daAM-¢T

Sdd 14 ecdL1ITOIA
‘fyayes [ 2c¥101a3N
Y0 “faes [ 1c012VdOL

Adesayy uoneulquiod ‘buias d13eiseId|y

19w jujod pus Asewiid

19w jutod pus Asewd

‘7/T¥244s pue zgTvdb ul
Ajuo sasuodsal pawLiyuo)

5309449 21X03 0}
anp paddois | ) I pamojje
qiedi)an adueudulepy

1enoidde A103e)n6as 03 pa]

1enoidde A101e1nbal 03 pa

%¥S 44D

%1€ "HY0

juelIeA

Z/T¥Jygs 10} ow €9 ‘S4d ueIpajy
JuBlIeA ZgTVdb 10} OW €°€T ‘S4d URIPAIN
(%06 ueLieA

T/TVI¥S) %1€ 940 T Hoyod

(%18

juelleA zg7vdb) %E€ “4Y0 1T Hoyo)
(L9 =d‘[€TT-€L0

‘12 %561 G6°0 "4H) OW 7'8T SA G €€
‘(sisAjeue

w1l pauuejdald) SO ueipapy

(200" = d ‘[88°0-£5°0 ‘1D %561

T£°0 “4H) OW 9°ZT SA G T ‘S4d UeIpay
(L1 =d*[£0°'T-£9°0 ‘1D %56]

G8°0 “YH) OW G'6T SA £'6T ‘SO UBIPAN
%C LTSN %979 440

(100" > d ‘[T£°0-T¥°0 ‘1D %S6]

#G°0 "4H) OW 9'G SA 9°8 ‘S4d UBIP3N
ow /T SA

97t ‘(bumias aun-isiiy) SO Uelpajy
(16" =d ‘[€2°T-99°0 ‘1D %561

06°0 "4H) OW T°LT SA €°6T ‘SO UBIP3I
%8'8T SN %6'65 "HYO

(100" > d *[08°0-€7°0 ‘1D %561

8G°0 "¥H) OW ' SA "L ‘S4d ueIpajy

(€1) sauab
Kemured paie1a.-QyH Ul SIURLIBA JBY30 Y3
adA1 piim-g/Ty¥gs/b ul qliedozejel

(Z 10Yod ul £ *T oY ul /7) quede)o

(z.1)19xe3N2Rd + UNRIdOGIRD SA (LEE)
quiediaa snid 1axedded + uizejdogae)

(auigiatoula Jo ‘aulgeldwab ‘unnguis
‘auigeynaded) (1) @310y s,uedisAyd
10 Juawieatl s (£g8¢) quiedozeje]

(auigialoula ‘unngr
‘auigeynaded) (£6) ad1oyd s,ueisAyd
40 JuaW3eal SA (07) quedelg

T¥24gb pue TyJygh ueyy Jayio
sauab pajela.-QyH Ul Sjueliea
UM aseasip anizebau-zagy3

D9 404 saul) 1) Jold 75

‘(z 1oyo2)

7/TV2ygs 10 2uab QyYH ul Juellen
J178WO0S 10

(T 10y0d) 3uab QyH ul

jueLIRA BUNULISB Z/TYJYg-UON

D8N Joj saul) 13 Jond s
‘s10wny aA13e6aU-7agy3 Ysm
SsjueLIRA Z/TY)Ygh 40 Slatiie)

4N Joy saur) 13 Joud s
‘siowny aAlehau-zggyd yum
sjuelIeA Z/Tyygb 40 siailie)

4N Joy saul) 13 Joud s
‘siowny aAebau-zggy3 yum
SsjueLIRA Z/TY)Ygh 40 SIatiie)

0244

bb<[o] 4 puoAag qliedozeje)
62(87024291)

a0 4 papuedx3 qriede)o
Sdd € £2£3AVI0Y4d
Sdd € 129ZVIVHEINT
Sid ¢ sz pzAVIdWAIQ

sjuabe 216uls ‘Buis J13eIseIa |y

SHUBWWIOY)

s)nsay

(sjudiyed “opN) Swe Juswea.)

uoljeindod

jutod aseyd Apnis

661

JAMA Oncology May2024 Volume 10, Number 5

© 2024 American Medical Association. All rights reserved.

PARP Inhibitors for Breast Cancer Treatment

pud Arewd

192UED) 15819 UM S1UBIEd Ul SI0UqIYU] diYd Bunesnsaau| sjet [eauld pais|dwod Asy | ajqeL

jamaoncology.com



PARP Inhibitors for Breast Cancer Treatment

Review

ion

& Educati

inical Review

Cl

‘DY ‘|eAIAINS 9314-uoissalo.d 'S4 asuodsau 919|dwod di8ojoyied "yod ‘asesswAjod (soqu-a1eydsoydip
auisouspe)Ajod ‘dYyvd ‘|BAIAINS [|BISAO ‘SO ‘1.l 3suodsal aA1393[qo Yy !9|qediidde Jou “yN tiaoued
“(SI1e19p 10} BUBIBJR1 PUE 1X3} 335) 15891 J1BISEIDW “JgIN {|PAIAINS 9314-9SEBSIP SAISBAUI ‘S4(! {ADUBIDISP LUOIBUIGLIODSI SNOS0jowoy ‘qQyH ‘0el
1D 1ueAn(pe sajueAnfpeoau 03 Suipiod2e pue JGN L Pue aAINsod-101dada1 UOWLIOL 10§ PRISJJIP BLISIID UOISNU| piezey “yH ‘z/Ly)yg auiwies z/1y7ygh Houqiyul ulodspayd-auntwiut 1) apieydsoydopAsunignaids 33
"J9oued 3sealq aaneSau-a|diy ‘DN ‘z/LvI¥d d1BWOS ‘Z/1yJ¥gs ‘UspIng Jadued [enpisal ‘190Ued Jsealq A|les ‘Jg7 ‘93el [013U0d 3seasIp YD ‘Adessyiowaypd ‘17 91el 1auaq [e1UI “YgD SUoeIARIqqY
(10" =d ‘[£6°0-L¥'0 ‘1D %S6]
89°0 “4H) %98 SA %06 ‘SO A-1
(100" >d ‘[8£°0-057°0 ‘12 %56] .10 A1ewiid 121e D93
1enoidde Aio3e)nbal 0y pa €9°0 "4H) %S L SA %€8 ‘S4a1 A-1 ogadeld sa A T 1o} quiede)Q Is-ybiy ‘anirebau-zagy3 s4al € 1popV1dWAl0

bui33as ueanlpy

%588 Pue %9/ ‘sial kv

(aA11150d-101d331 suowloy ul RER| 9103S @YH ybiy 10/pue 19xelded
%02) %9°8Y pue (aA111sod-103dadal Pamo)104 Y104 {(£€) 19xenpded + uiejdoqgaed ueLIeA Z/TYI895/b ‘%02 < £9-DI -qliedejo
ubisap aAljeledwoduoN auowoy ul %9°7S) %1°GS ‘¥dd pue (69) 19xexded + bw QQT qliedelQ 10 DGNL 10 +NIT L2 10 ¢1-712 yam yod 14 6cgeV1048d9D

(19xeyded + unpejdogJed sa
19xe1pded + quiednaa + unejdogled
10429 =d ‘[2£'T-2£°0 ‘1D %S6]

TT'T "4H) %689 SA %E°6L SA (85T) 1oxemed SA
% 8L “IeAIAINS 9.3-3UdAT A-1 (09T1) 19xe3)2ed + ujyeidog.ed JANL €- 3beis yum
VN %TE SA %8S SA %ES “¥dd SA (9T€) unreldogued + 1axelnded + quiednap SJUBLIBA 7/TYJYgb JO SI1aLLIe) yod € Ler0eSSONLUBLIG
%€9 '1/0-8Y wd T< slowny aAlebau-zggy3
12w juiod pua Atewtid %€S "dod (02) m ¢ 104 qriedozele) Jueanfpeodn ‘sjuelien z/Ty2ygb o siatlled 40y 4 scVIVL0IN
Buiaas Jueanfpeoan
SIUSWIWO) s)Nsay (sjuaned "oN) Swue juawiedl| uoljejndod jujod aseyd Apnis

pua Aie

ld

(panunuod) 1edue) 1sealg YUM siusiied Ul sIoNqiyu| d¥vd Sunesnssaul sjel] [esiul]) pais|duio) Asyl L 9|qel

jamaoncology.com

© 2024 American Medical Association. All rights reserved.

JAMA Oncology May2024 Volume 10, Number 5

662



PARP Inhibitors for Breast Cancer Treatment

Review Clinical Review & Education

Figure 2. Most Frequent Adverse Effects From Single-Agent PARP Inhibitors Observed in the Phase 3 OlympiAD,

EMBRACA, and OlympiA Registration Trials
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free survival were observed for neoadjuvant veliparib-paclitaxel-
carboplatin and paclitaxel-carboplatin in patients with stage Il to 1l
TNBC inthe phase 3 BrighTNess trial. 36" In the subgroup of 70 car-
riers of gBRCAT/2 variants, the pCR rates were 57% and 50% in the
veliparib/carboplatin/paclitaxel and carboplatin/paclitaxel arms, re-
spectively, questioning the additional role of PARP inhibitors. Neo-
adjuvant low-dose olaparib (100 mg twice daily)-paclitaxel and car-
boplatin-paclitaxel, both followed by epirubicin/cyclophosphamide,
had similar pCR rates (55.1% and 48.6%, respectively) and long-
term outcomes (4-year invasive disease-free survival: 76% and
88.5%, respectively) inthe phase 2, noncomparative GeparOLA trial,
which enrolled patients with ER-positive or TNBC and a high HRD
score. 383 Olaparib-paclitaxel was significantly better tolerated and
led to a remarkable pCR rate of 52.6% (10 of 19 patients) in the
ER-positive subgroup.3® In the ongoing phase 2/3 PARTNER trial, a
novel schedule of olaparib (150 mg twice daily, days 3 to 14)
combined with carboplatin-paclitaxel is under investigation
(NCT03150576).>

In the adjuvant setting, the phase 3 OlympiA trial evaluated
1 year of olaparib vs placebo in patients with high-risk ERBB2-
negative breast cancer harboring gBRCAT/2 variants after
chemotherapy:*° Olaparib reduced therisk of recurrence (4-yearin-
vasive disease-free survival, 83% vs 75%; HR, 0.63 [95% Cl, 0.50-
0.78]; P < .001) and demonstrated a 32% reduction inrisk of death
(4-year overall survival, 90% vs 86%; HR, 0.68 [95% Cl, 0.47-
0.97]; P = .01).*' Ongoing key clinical trials investigating PARP in-
hibitorsin this setting are outlined in Table 2.50->1->3-5°

Future Therapeutic Strategies

Despite the benefit of PARP inhibitors for patients with gBRCA1/2-
associated breast cancer, resistance often occurs, and the long-
termresponses observedin other tumor types, such as ovarian can-
cer, are rarely seen. Several mechanisms of resistance have been
described, including restoration of HRR activity,impairment of PARP
trapping, stabilization of the replication fork, increased drug efflux,
or hyperactivation of alternative pathways, but effective strategies
to overcome resistance are lacking.®® Preclinical data showed that
novel regimens and drugs may be effective in tumors that develop
resistance to single-agent PARP inhibitors, and clinical studies are
ongoing (Table 3).518>

jamaoncology.com

Novel Combination Regimens

Unrepaired DNA damage due to PARP inhibition modulates the tu-
mor immune microenvironment by diverse mechanisms, including
the formation of neoantigens and the induction of interferon-
related genes (eg, programmed cell death ligand-1).8® In preclinical
models, PARPinhibitors combined with immunotherapy have been
shown to enhance immune response and to synergistically inhibit
tumor growth.®” In the TOPACIO trial, niraparib plus pembroli-
zumab yielded an ORR of 21% in unselected patients with meta-
static TNBC, with numerically higher response ratesin patients with
SBRCAT/2 variants (ORR, 47%) and in those with programmed cell
death ligand-1-positive tumors (ORR, 32%).3" In the phase I/1I
MEDIOLA trial, olaparib plus durvalumab led to a 28-week disease
control rate of 50% in patients with gBRCAT/2 variants and meta-
static breast cancer with favorable tolerability.>> However, the first
randomized study addingimmunotherapy (atezolizumab) toa PARP
inhibitor (olaparib) among carriers of gBRCA1/2 variants with ad-
vanced breast cancer did not show a significant PFS benefit for the
combination.88

In the maintenance setting, the phase 2 DORA trial evaluated
olaparibwith orwithout durvalumabin patients with advanced TNBC
and prior benefit from platinum chemotherapy.3* Median PFS was
4.0 months in the olaparib and 6.1 months in the olaparib plus dur-
valumabarms, respectively. Patients without gBRCA1/2-altered tu-
mors had durable disease control with olaparib maintenance with
orwithout durvalumab, suggesting the potential value of prior plati-
num response as a biomarker to select patients for maintenance
PARP inhibition.

The combination of chemotherapy and PARP inhibition has been
historically hindered by the overlapping toxic effects. However, the
improved therapeutic index of antibody-drug conjugates (ADCs)
makes them an appealing combination partner for PARPinhibitors.
Combining PARP inhibitors and ADCs carrying a topoisomerase 1
(TOPY) inhibitor payload, such as sacituzumab govitecan or
trastuzumab deruxtecan, is particularly intriguing given the syner-
gism between TOPT inhibitors and PARP inhibitors and the poten-
tial synthetic lethality®®: TOP1inhibitors induce the trappingof TOP1
onDNA and the formation of single-strand breaks, whichneed afunc-
tional PARP1to be repaired. Trials combining TOP1-ADCs and PARP
inhibitors are ongoing.

JAMAOncology May 2024 Volume 10, Number5
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ERBB2-negative BC

pCR rate
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NCT04584255°°

TILs change

pathological complete response; PD-L1, programmed cell death ligand-1; PFS, progression-free survival; SBRCA,

somatic BRCA; TILS, tumor-infiltrating lymphocytes; TNBC, triple-negative breast cancer.

Abbreviations: BC, breast cancer; CDK, cyclin-dependent kinase; gBRCA, germline BRCA; HRD, homologous
recombination deficiency; iDFS, invasive disease-free survival; 10, immunotherapy; MTD, maximum tolerated
dose; NR, not required; NS, not specified; PARP, poly(adenosine diphosphate-ribose) polymerase; pCR,

PARP Inhibitors for Breast Cancer Treatment

Preclinical datain TNBC models showed synergistic antitumor ef-
fects from the coinhibition of PARP and DDR regulators, such as the
ataxia telangiectasia and Rad3-related (ATR) and WEET kinases. ®° WEE1
regulates cell cycle progression, whereas ATR intervenes in the DNA
damageresponse. In 2 phase 1 studies, the combination of the ATRin-
hibitor camonsertib and low-dose PARP inhibitors (talazoparib, ni-
raparib, or olaparib) showed an ORR of 13% in heavily pretreated pa-
tients with DDR-aberrant solid tumors, although only 1 of 17 patients
with breast cancer achieved an objective response.®! The phase 2
VIOLETTE trialinvestigated olaparib alone, in combination withthe ATR
inhibitor ceralasertib or the WEET1 inhibitor adavosertib as second-
line or third-line treatment for patients with unselected metastatic
TNBC. Similar ORR and PFS were observed between the 3 treatment
arms, irrespective of the presence of genetic alterations in homolo-
gous recombination pathway genes.*

In wild-type BRCAI/2 preclinical models, coinhibition of bromo-
domain and extraterminal (BET) proteins and PARP led to enhanced
antitumor activity.®2 BET proteins are key regulators of transcrip-
tional outputs that regulate HRR gene expression. When combined
with olaparibin an ovariancancer model, BET inhibitors showed a syn-
ergistic increase in DNA damage and checkpoint defects, which ulti-
mately led to cell death by mitotic catastrophe. In a phase 1/2 study.
the BET inhibitor ZEN-3694 plus talazoparib showed promising activ-
ity in pretreated patients with TNBC and without gBRCA1/2variants. %3
Thesafety profile of the combination was manageable with thrombo-
cytopenia as the most common adverse event. Key clinical trials in-
vestigating novel combinations are reported in Table 3.

New-Generation PARP Inhibitors

Thedevelopment of resistance and the nonnegligible rate of off-target
toxic effects have hindered the use of PARP inhibitors in combination
therapyandin abroader population of patients with cancer, but novel
agentsare tryingto overcometheselimitations (Table 3). Studieshave
demonstrated that the hematological toxic effects of PARP inhibitors
aremainly dueto theinhibition of PARP2,%* while the syntheticlethal-
ity with BRCA deficiency is driven by theinteractionwith PARP1.%° There-
fore, selectiveinhibition of PARP1has become an appealing therapeu-
tic strategy, and PARP1-selective inhibitors are under development.
Amongthem, AZD5305 has demonstrated remarkable pharmacokinet-
ics, pharmacodynamics, and safety pharmacology profiles in preclini-
calmodels.®® This agent has higher selectivity for PARP1compared with
PARP2, leading to highly stable PARP1trapping, and astrong antipro-
liferative effect limited to HRD cells.®” Similar results were obtained on
invivo models of HRD TNBC and ovarian cancer. °® Following these en-
couraging preclinical results, the phase 1/2 PETRA trial (NCT04644068)
is evaluating AZD5305 in patients with metastatic tumors carrying
pathogenic alterations of HRR genes.”' In a preliminary analysis of
40 patients harboring germline/somaticalterations of BRCA1/2, PALB2,
or RAD51C/D, AZD5305 proved to be safe and active, with an ORR of
25%and adisease control rate of 53%. Overall, 4 of 10 responses were
seenamong patients who progressed on prior PARPinhibitors.®® Inthe
expansion phase, AZD5305 is investigated as monotherapy or in com-
bination with chemotherapy, ADCs, or endocrine therapy.

Inaddition to PARP1-selective inhibitors, novel agents acting as
dual inhibitors of PARP1 and intracellular molecules (eg, histone
deacetylases, DNA topoisomerases, PI3K pathway effectors), PARP1
degraders based on proteolysis targeting chimera technology and
PARP1-targeting prodrugs are under development.
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Integrating PARP Inhibitors in the Treatment Landscape

for Patients With Breast Cancer

As the therapeutic landscape of breast cancer broadens, novel
questions arise about the optimal use of PARP inhibitors. First,
genetic testing is not universally offered to patients with
breast cancer despite its potential therapeutic implications.’°® The
practice-changing results of OlympiA stress the urgent need to recon-
sider eligibility criteria for genomic testing and support gBRCA1/2 test-
ing for all patients with high-risk ERBB2-negative early breast cancer,
consistent with multiple guidelines."' Second, how olaparibshould be
integrated with available (neo)adjuvant therapies, such as pembroli-
zumab for TNBC and abemaciclib for ER-positive disease, is debated.
Inthe KEYNOTE-522 trial, in which pembrolizumab was added to neo-
adjuvant chemotherapy and administered adjuvantly, event-free sur-
vival was prolonged, precluding adjuvant olaparib.'® No patients in
OlympiA received pembrolizumab. Whether patients with residual dis-
ease after neoadjuvant pembrolizumab-chemotherapy should re-
ceive olaparib, pembrolizumab, or both is unknown.'®® Adjuvant ca-
pecitabine also proved to prolong survival in patients with high-risk
TNBC, complicating further the treatment choice.'®* As patients with
gBRCAI/2 variants are excluded from most of the ongoing trials in this
setting, itis unlikely that randomized data will soon clarify whichiis the
best approach for these patients.

In the monarchE trial, abemaciclib plus endocrine therapy
reduced the risk of recurrence in patients with ER-positive, ERBB2-
negative, high-risk early-stage breast cancer.'> Inclusion criteria of
monarchE partially overlap with those of OlympiA, but information
about the gBRCAT/2 status of patients enrolled in monarchE is not avail-
able. Similar results have been reported with adjuvant ribociclibin the
NATALEE trial,°® also without subgroup analyses by gBRCA1/2status.
Acknowledging the lack of head-to-head comparisons, thesurvival ben-
efits proven with olaparib and not yet with adjuvant cyclin-dependent
kinase4and 6 (CDK4/6)inhibitors may favorthe former compared with
thelatter.

When patients with gBRCAT/2-associated metastatic breast can-
cer should receive PARP inhibitors is also debated. For patients with
ER-positive disease, it is unknown whether CDK4/6 inhibitors plus en-
docrine therapy should be preferred to PARP inhibitors as first-line
therapy. Retrospective analyses showed that outcomes with CDK4/6
inhibitors may be poorer in carriers of gBRCA1/2 variantscompared with
wild-type patients.’®” In cases of gBRCA2 variants, this might be due
to the co-occurrence of BRCAZ2 loss of heterozygosity and loss of RBI,
agenelocated in proximity to BRCA2 on chromosome 13, in which loss
is awell-known mechanism of resistance to CDK4/6 inhibitors.'®® Fur-
thermore, gBRCA-associated tumors are more often nonluminal com-
pared with sporadic ER-positive tumors.'°® These data may collec-
tively suggest that some tumors from carriers of gBRCA1/2 variants may
be intrinsically resistant to CDK4/6 inhibitors. A trial comparing first-
lineinhibitors plus endocrine therapy vs PARPinhibitors is warranted.

For patients with TNBCand gBRCAI/2, to our knowledge, no ex-
isting evidence suggests how PARP inhibitors should be prioritized
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to newer options of chemoimmunotherapy or ADCs (eg,
sacituzumab govitecan and trastuzumab deruxtecan). Informative
subgroup analyses by gBRCA1/2 alterations from phase 3 trials have
not been published. As in OlympiAD, olaparib had the highest ben-
efit when administered as first-line treatment but did not improve
survival compared with chemotherapy. It may be reasonable to pri-
oritize first-line immunotherapy-based regimens and favor second-
line olaparib while acknowledging the lack of data to support any
sequential strategy in this setting.

Furthermore, whether and to what extent the activities of PARP
inhibitors and platinum chemotherapy overlap is debated. Their
mechanism of action is similar, as are their sensitivity and resis-
tance spectra. However, head-to-head comparisons between plati-
num chemotherapy and PARP inhibitors are lacking, and little is
known about the activity of PARP inhibitors after platinum chemo-
therapy, and vice versa. Results from BROCADE suggested that PARP
inhibitors may improve outcomes when added to carboplatin,?® but
opposite evidence emerged from BrighTNess.3” Data from Gepa-
rOLA, though not comparativeinits design, suggested that olaparib
and carboplatin may be equivalent in the early-stage setting.® Fu-
ture studies combining platinum salts with less toxic PARP1-
selective inhibitors may help to clarify whether these agents have
synergic or redundant activity. If shown to be equivalent, PARP in-
hibitors may be privileged to platinum chemotherapy given the bet-
ter safety profile; however, the different cost-effectiveness pro-
files should also be considered.

Finally, the role of maintenance PARP inhibitors after chemo-
therapy should be clarified. The aforementioned data from the
BROCADE32® and DORA trial** support this strategy, and further ef-
forts are ongoing (KEYLYNK-00O trial, NCT04191135)."°

|
Conclusions

PARP inhibitors are the first agents approved selectively for pa-
tients with hereditary tumors, and the first drugs exploiting the
mechanism of synthetic lethality. However, many questions re-
main to be answered. The clinical benefit varies significantly across
distinct tumor types, but the reason that long-term benefits seen
in patients with ovarian cancer are rarely achieved in patients with
breast cancer is unknown. Future research should (1) identify pre-
dictive biomarkers of response to PARP inhibitors beyond BRCA/
PALB2 status, (2) clarify how to best integrate these agents in the
treatment landscape of early-stage and metastatic breast cancer, and
(3) develop novel treatment strategies to overcome the different
mechanisms of resistance. In this context, translational efforts should
beintegrated into any clinical trial to both characterize the omics pro-
file of these tumors and to potentially generate preclinical models
fortherapeuticinvestigations. In parallel, the development of novel
drugs with better safety profiles will allow investigations of new com-
binations to be pursued.
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