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Genomic instability is a hallmark of cancer related to DNA damage response (DDR) deficiencies, offering
vulnerabilities for targeted treatment. Poly (ADP-ribose) polymerase (PARP) inhibitors (PARPI) interfere with the
efficient repair of DNA damage, particularly in tumors with existing defects in DNA repair, and induce synthetic
lethality. PARPI are active across a range of tumor types harboring BRCA mutations and also BRCA-negative
cancers, such as ovarian, breast or prostate cancers with homologous recombination deficiencies (HRD).
Depending on immune contexture, immune checkpoint inhibitors (ICls), such as anti-PD1/PD-L1 and anti-CTLA-4,
elicit potent antitumor effects and have been approved in various cancers types. Although major breakthroughs
have been performed with either PARPI or ICIs alone in multiple cancers, primary or acquired resistance often
leads to tumor escape. PARPi-mediated unrepaired DNA damages modulate the tumor immune microenvironment
by a range of molecular and cellular mechanisms, such as increasing genomic instability, immune pathway
activation, and PD-L1 expression on cancer cells, which might promote responsiveness to ICIs. In this context,
PARPi and IClIs represent a rational combination.

PARP inhibitor DNA damage response immunotherapy immune checkpoint inhibitor

PD-1 PD-L1 CTLA-4 combination therapy solid tumors

| 1. Introduction

Over the past decade, poly(ADP-ribose) polymerase (PARP) inhibitors (PARPi) and monoclonal antibodies that
block immune checkpoints, such as programmed cell-death 1 (PD-1) and cytotoxic T lymphocyte antigen 4 (CTL-
4), have transformed the treatment of multiple types of cancers. Immune checkpoint inhibitors (ICIs) used as stand-
alone therapeutic interventions give rise to durable objective responses in patients affected by a variety of cancers
and have been approved for an ever-growing list of malignancies, including melanoma, non-small cell lung
carcinoma (NSCLC), renal cell carcinoma, head and neck squamous cell carcinoma (HNSCC), and Hodgkin’s
lymphoma HIEBIEIBIEIT More recently, monotherapy with PARPi as a maintenance strategy showed significant
clinical activity in several cancer types harboring germline loss-of-function BRCA mutations such as ovarian, breast
and pancreatic cancer BRI However, despite these substantial advancements in clinical care, the majority of
patients receiving either PARPI or ICls alone do not provide benefit and a rationale to combine these treatments
has emerged [12](23],
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The groundbreaking success of anticancer immunotherapy is primarily based on the features of cancer cells and
their ability to potentially initiate an antitumor immune response. These notable features include gene mutations
resulting in abnormal protein expression patterns, such as neoantigens or tumor-associated antigens (TAAs) [14],
TAAs represent self-antigens that are aberrantly expressed or overexpressed in tumor cells, whereas neoantigens
refer to non-self-antigens arising as a result of somatic mutation 2415, The formation of mutation-derived TAAs
and neoantigen, reflecting the mutational burden of the tumor, allow the immune system to recognize tumor cell
and initiate the cancer-immunity cycle 87 The subsequent antitumor immune process against neoantigens
relies on several steps, including the release and presentation of cancer antigens by antigen-presenting cells
(APC), priming and activation of T cells, trafficking and infiltration of T cells, and recognizing and killing cancer cells
(18] However, a subset of cancer cells can escape host immune destruction by impairing one or more steps and
result in tumor progression 22 The role of immunotherapy is to reinvigorate antitumor immune response by
disrupting co-inhibitory T cell signaling, transferring additional tumor-specific T cells clones and reshaping the
immunosuppressive microenvironment [2A[21[22]123]  Seyeral strategies, including ICls, adoptive T cell transfer, and
vaccination, have been put to use in multiple cancers [24123]126]127]  Nevertheless, due to complex and constantly
evolving interactions between cancer cells and the immune system, both primary and acquired resistance with ICls
monotherapy are observed 28129 Therefore, combination treatment with ICls is an attractive strategy to potentiate

efficacy and lower resistance.

Recent molecular profiling of DNA damage repair genes has allowed the implementation of novel therapeutic
strategies. By interfering with efficient DNA damage repair, the inhibition of PARP that target the base excision
repair (BER) pathway leads to insufficient DNA repair, with subsequent unsustainable DNA damage, and thus
represents a synthetic lethal therapeutic approach for the treatment of cancers with compromised ability to repair
double-strand DNA breaks by homologous recombination (HR), including those with defects in BRCA1/2 89, The
unrepaired-DNA promotes immune priming through a range of molecular mechanisms and also leads to adaptative
upregulation of programmed death ligand 1 (PD-L1) expression2l. Moreover, PARPi modulates the inflammatory
immune microenvironment of tumors and reinstates a productive Tyl immune response B, This multifaceted
immunological effect of PARPi might be favorable to boost an antitumor immune response and enhance the
efficacy of ICls. In this review, we summarize the basic and translational biology supporting the combined strategy
and provide a focus on preclinical studies and ongoing clinical trials of ICls combined with PARPI, as well as

perspectives and potential challenges of this combination strategy.

| 2. DNA Damage and PARP Inhibition
2.1. Role of PARP in DNA Damage Response

Cells are continuously faced with endogenous and exogenous stress that can ultimately lead to DNA damage. To
preserve genomic integrity and prevent emergence of cancer, detection and repair of DNA is a critical process,
managed by multiple pathways 2. DNA single-strand break (SSB) damage is fixed by three main pathways: (1)
BER, (2) nucleotide excision repair (NER), and (3) mismatch-repair (MMR). Possibly more dangerous DNA double-
strand breaks (DSB) are restored by two additional pathways: (1) HR and (2) non-homologous end joining (NHEJ)
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(331 Anomalies observed in DNA damage response (DDR) key genes, such as BRCA1/2 or TP53, are associated
with cancer-prone phenotypes B4, As a consequence, failure in DDR in an accurate and well-timed manner can
result in the defective elimination of genome mutations and increases the risk of oncogenesis after established
DNA damage events 22, Depending on the context, cancer cells often harbor a lessened repertoire of DDR
signaling competences, rendering them more reliant on a subset of DNA repair pathways and therefore more

susceptible to DDR inhibition than normal cells 38,

PARP1/2 enzymes are core DNA-damage sensor and signal transducer in DDR, which bind to DNA breaks and
catalyze the synthesis of poly(ADP-ribose)(PAR) chains on target proteins (PARylation) in the vicinity of the DNA
break and itself (autoPARYylation) BZ. These negatively charged PAR chains promote chromatin remodeling, recruit
DNA repair-related protein complex and affect the replication fork progression speed 2839, The binding of PARP1
via zinc finger domains to sites of DNA-damage carries a conformational change in the PARP1 proteins and
relieves the autoinhibitory interaction between the catalytic domain and helical domain. Then, the PARP1 co-factor
nicotinamide (B-NAD™) is used as a substrate at the active site of the enzyme to catalyze the transfer of ADP-ribose
moieties onto target proteins. The synthesis of ADP-ribose polymeric chains on proteins in the vicinity of DNA
breaks, called PARylation, likely mediates DNA repair by modifying chromatin structure and by localizing DNA
repair effectors (4%, Thereafter DNA-damage restore, autoPARylation occur that rapidly dissociate PARP from
damage site (21l The role of PARP has been well identified in BER-mediated SSB repair pathways, as well as other
DDR pathways 42,

2.2. The Lethal Synthetic Effect of PARP Inhibitors
2.1.1. Mechanism of action of PARPI

Although the precise mechanism by which PARPI kill tumor cells remains to be fully clarified, the anticancer effect
is attributed to catalytic inhibition of PARP that block repair of DNA SSB 43! (Figure 1a). While PARPI is well-
tolerated by normal cells, this effect of PARPI is more likely observed in tumor cells with a BRCA-deficient
background 3. As a result of defective enzymatic function induced by PARPi, the accumulation of SSB is
subsequently encountered by replication forks and generates potentially lethal DSBs that need to be fixed 43144 |n
normal cells, the accumulation of DSBs are repaired preferentially by HR rather than NHEJ 23], HR is a high-fidelity
repair pathway that utilizes the sister copy of the damaged DNA as a template, leading to the reconstitution of the
original sequence 48, In contrast, NHEJ is intrinsically error-prone, modifies the broken DNA ends, and ligates
them together with little or no homology, generating deletions or insertions 4. However, in some cancer cells
lacking BRCA1 or BRCA2, two key tumor suppressor proteins involved in DSB repair by HR, loss of PARP function
leads to the accumulation of DSBs that are unrepaired or unsustainably repaired by NHEJ which results in cell
death 8, Based on the discovery of this synthetic lethality between BRCA and PARP, numerous PARPI have been
developed, including olaparib, rucaparib, niraparib, talazoparib, and veliparib, which are mainly applied in cancer
patients with BRCA1/2 mutations.
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Although the greatest efficacy of PARPI has been observed in tumors with BRCA1/2 mutations, accumulating data
indicate that synthetic lethality is inadequate to explain the whole antitumor activity. First, the ability of PARPI to
inhibit PARP catalytic activity is poorly correlated to its cell-killing ability in HR deficiencies (HRD) cells 22, In
addition, PARPi induces cytotoxicity to a greater extent than PARP depletion BYB152 Fyrthermore, PARP itself is
essential to the cytotoxic effects of PARPI [52]. Actually, these facts may be attributed in part to the PARP trapping
potency of PARPI (Figure 1b). Although the precise mechanisms of PARP trapping remains unclear, it has been
proposed that PARPi could either prevent the release of PARP1 from DNA by inhibiting autoPARylation 53,
Likewise, PARPI binding to the catalytic site could cause allosteric changes in the PARP1 structure enhancing DNA
avidity. The trapping DNA-PARP complex stalls the progress of replication fork and elicit cytotoxic effects primarily
through the conversion of unrepaired SSBs into lethal DSBs [43,49]. Moreover, PARPI could also act via the
upregulation of NHEJ pathway, which presumably leads to genomic instability and eventual lethality 4. Finally,
PARPI could suppress the role of PARP in reactivating DNA replication forks and cause cell death. Additional
studies further demonstrated that loss of other tumor suppressor DNA repair proteins, many of which are involved
in HR, such as RAD51, ataxia telengiectasia Rad3-related (ATR), ataxia telangiectasia mutated (ATM), checkpoint
kinase 1 (CHK1), checkpoint kinase 2 (CHK2), and partner and localizer of BRCA2 (PALB2) also caused

sensitization to PARPi 53], These results suggested that PARPi might be a useful therapeutic strategy not only for

the treatment of BRCA-mutated tumors but also for the treatment of a wider range of non-BRCA-mutated tumors
that are inherently HR deficient (HRD) or “BRCAness/HRDness” 281,
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Figure 1. Mechanisms of action of PARP inhibitors (PARPI): (a) PARPi impedes PARP enzyme activity (or catalytic
inhibition) and interferes with repair of single strand breaks (SSB) by disrupting the base excision repair (BER)
pathway; (b) PARPI also causes trapping of PARP proteins on DNA by inhibiting autoPARylation. In homologous
recombination (HR) proficient normal cells, DNA is repair and cell survive. The result in unresolved DNA double

strand breaks (DSB) in HR deficient cells leads to cell death.
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2.1.2. Clinical Applications of PARPI

The early development of PARPI focused initially on their use in combination with cytotoxic chemotherapy agents
and radio-sensitizing drugs, but this was rapidly rejected because of excessive toxicity BZB8IEAEL62] The potent
antitumor effect of PARPi was originally observed in tumors harboring germline BRCA1/2 mutations (gBRCA1/2m),
such as familial breast and ovarian cancer B2, This rapid translation of preclinical studies into promising clinical
data triggered the development of several PARPI in different tumors types. Initially, PARPI in the clinic improved
clinical benefits for germline or somatic BRCA-deficient ovarian cancer®J61 = Subsequently, breast, pancreatic
and prostate cancers that harbors defects in BRCA also demonstrated to be PARPI responsivel®261I62] \More
recently, it has been suggested that patients without BRCA mutations shared therapeutic vulnerabilities, especially
tumors with deficiencies in HR. Indeed, the activity of PARPI is based on the concept of synthetic lethality, where
an underlying HRD in tumor cells makes the cells highly susceptible to PARP inhibition. This hypothesis has been
further confirmed with multiple clinical studies showing that sensitivity to PARPi occurs in tumors beyond those with
BRCA mutations, especially in HRD-positive tumors [63I64I651[66167] T date, five PARPI have been approved or
orphan drug designed by the FDA (veliparib, rucaparib, talazoparib, niraparib, olaparib) and applied in clinical

practice.

Despite the advances of PARPI in a particular population, acquired resistance is a common clinical phenotype.
Owing to extensive preclinical studies, several resistance mechanisms have been identified that can be classified
into four main categories. Firstly, numerous different mechanisms result in the reactivation of HR function. For
example, secondary reversion mutations in several key HR repair (HRR) genes, such as BRCA1/2, RAD51C/D,
and PALB2, restore the open reading frame and thus HR competency 8. Moreover, the loss of p53-binding
protein 1 (53BP1), a protein promoting NHEJ, is associated with PARPI resistance by recovery of HRR in BRCA1-
deficient tumors 2. By directly impacting the activity and abundance of PAR chains that decreased PARP
trapping, mutations in DNA-binding domains of PARP1 and mechanisms that increase PARylation of PARP1 could
also lead to PARPI resistance Y9 Furthermore, the cellular availability of the inhibitor is a critical step for
successful therapy, as illustrated by the upregulation of ATP-binding cassette (ABC) transporters, such as the P-
glycoprotein (PgP) efflux pump that have been described to reduce the efficacy of PARPi /2. At last, restoration of
replication fork protection that induces the stabilization of stalled forks may lead to PARPi resistance 8. Indeed,
fork degradation induced by PARPI is mediated by PTIP and EZH2 proteins, which upon loss lead to protection of
the fork from nucleases and thereby resistance [Z4I73],

Intense preclinical and clinical research are ongoing in order to broadening responding patients, overcoming
acquired resistance and enhancing the efficacy of PARPi [2 The development of combination therapy
encompassing PARPi is a potential approach to address these objectives. In addition to the hypothesis that
patients with HRD tumors are more prone to produce neoantigen and exhibit higher mutational load, there is a
preclinical rational suggesting that PARPi may promote the formation of neoantigen and generate tumor cell

recognition by the immune system, making this class of drugs a potential partner for combination with ICls 871,
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