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Simple Summary: While radiotherapy remains a key therapy for many cancers, in recent years, 

DNA repair inhibitors, particularly PARP inhibitors, and immunotherapy, specifically immune-

checkpoint inhibitors, have progressively shown great therapeutic potential in several experimental 

and clinical settings. In the present review, we discuss the beneficial and disadvantageous effects of 

each approach and how these three therapies can synergize, overcoming single-therapy limitations. 

Abstract: Radiotherapy and, more recently, PARP inhibitors (PARPis) and immune-checkpoint in-

hibitors represent effective tools in cancer therapy. Radiotherapy exerts its effects not only by dam-

aging DNA and inducing tumor cell death, but also stimulating anti-tumor immune responses. 

PARPis are known to exert their therapeutic effects by inhibiting DNA repair, and they may be used 

in combination with radiotherapy. Both radiotherapy and PARPis modulate inflammatory signals 

and stimulate type I IFN (IFN-I)-dependent immune activation. However, they can also support the 

development of an immunosuppressive tumor environment and upregulate PD-L1 expression on 

tumor cells. When provided as monotherapy, immune-checkpoint inhibitors (mainly antibodies to 

CTLA-4 and the PD-1/PD-L1 axis) result particularly effective only in immunogenic tumors. Com-

binations of immunotherapy with therapies that favor priming of the immune response to tumor-

associated antigens are, therefore, suitable strategies. The widely explored association of radiother-

apy and immunotherapy has confirmed this benefit for several cancers. Association with PARPis 

has also been investigated in clinical trials. Immunotherapy counteracts the immunosuppressive 

effects of radiotherapy and/or PARPis and synergies with their immunological effects, promoting 

and unleashing immune responses toward primary and metastatic lesions (abscopal effect). Here, 

we discuss the beneficial and counterproductive effects of each therapy and how they can synergize 

to overcome single-therapy limitations. 

Keywords: radiotherapy; immunotherapy; PARP inhibitors; tumor immunity; combined therapies; 

cancer immunology; immune checkpoints 

 

1. Introduction 

Cancer represents the second leading cause of death worldwide with 10 million 

deaths and 24 million cases in 2019, with an increasing global burden and a huge impact 

on life quality [1]. Where available, cancer treatments include surgery, radiotherapy, 

chemotherapy, immunotherapy, and targeted therapy. Along the years, radiotherapy 

(RT) has largely contributed to better disease control, reducing nontargeted tissue toxicity 

and improving overall survival through the use of conformal and intensity-modulated RT 
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or charged particles. However, the appearance of local recurrences and metastases after 

RT has underlined the need for additional therapies. The last decade saw the progressive 

approval of monoclonal antibodies targeting negative costimulatory immune receptors 

known as immune-checkpoint inhibitors (ICIs), which achieved considerable therapeutic 

success in a certain number of advanced cancers. A better understanding of the effects of 

RT dose and fractionation allowed uncovering the immunological effects of RT and de-

veloping combined therapies between RT and immunotherapy. With the approval of the 

first PARP inhibitor (PARPi) in 2014, new therapeutic tools targeting DNA repair mecha-

nisms have progressively become available, and synergies with RT have been explored. 

In the present review, we discuss the beneficial and detrimental effects of each single ther-

apy, namely, RT, PARPis, and ICIs, and how they can synergize to overcome single-ther-

apy limitations. 

2. Radiotherapy 

Radiotherapy plays a major role in the treatment of a wide range of malignancies. 

Around 60–70% of patients undergo treatments, mostly with photon therapy (X- or γ-

rays), in addition to others with heavy ions and protons. Although radiotherapy has been 

in use for many decades, it is during this century that new underlying mechanisms of 

action, the relevance of fractionation/hypo-fractionation, and synergies with other thera-

pies have been better understood and, thus, exploited [2]. 

Ionizing radiations (IRs) induce DNA damage with the number, distribution, variety, 

and severity of lesions depending on the quality of radiation, dose, fractionation, cell 

physiological status, and tumor microenvironment (TME) (including oxygen availability). 

DNA damage is induced by direct energy deposition or indirectly through the generation 

of highly reactive free radicals. Lesions induced by a single ionizing trajectory localize 

within short distances (nanometers); these clustered lesions are a typical signature of IR-

damaged DNA [3,4]. The large number of clustered DNA lesions, including multiple dou-

ble-strand breaks, generated by IR are hardly fixed by the DNA repair mechanisms and 

lead to cell-cycle arrest and/or cell death [5]. 

While radiation toxicity has been considered the (main) mechanism of action in radi-

otherapy, its collateral tissue damage has urged more favorable ratios between the dose 

adsorbed by the targeted tumor and the normal tissues. Both three-dimensional conformal 

and intensity-modulated RT reduced nontargeted tissue toxicity and improved overall 

survival compared with two-dimensional RT, although with some contrasting conclu-

sions [6,7]. A better dose distribution on the targeted tissue compared with photon RT can 

be obtained with charged particles. While traveling through tissues, protons and carbon 

ions, the most used charged particles for RT, release energy according to a typical curve 

ending with a pronounced peak (Bragg peak). At the Bragg peak, the majority of the en-

ergy is released (with a tiny lateral scatter) and a massive ionization of the surrounding 

matter occurs. Tissues lying beyond the Bragg peak are, therefore, spared. Superimposi-

tion of multiple Bragg peaks spanning the tumor volume improves disease control [8]. 

Better results, in terms of overall survival and disease control, are obtained with carbon 

ion compared with both proton and photon RT, due to greater linear energy transfer and 

superior relative biological effectiveness, especially in tumors requiring higher RT doses 

and developing in critical locations [9,10]. 

3. Immuno-Stimulating Effects of Radiotherapy 

During the last two decades, it has become progressively evident that IRs do not exert 

their effects exclusively by direct killing of tumor cells. Radiotherapy has important im-

munological effects by inducing the expression of IFNs, as well as other cytokines and 

chemokines, the release of tumor-associated antigens (TAA), immunogenic cell death 

(ICD), and changes in the TME [11,12]. 

IR-induced leakage of nuclear and mitochondrial DNA into the cytosol activates the 

cyclic GMP–AMP synthase (cGAS)/stimulator of interferon genes (STING) pathway. 
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cGAS/STING signaling, a pathway normally involved in antiviral responses, results in the 

expression of type I IFN (IFN-I) in irradiated cells and sustains the antitumor immune 

response [13,14]. IFN-I, together with other signals, promotes recruitment and activation 

of dendritic cells (DCs), which in turn activates CD8 cells to perform T-cell killing, a pro-

cess essential for tumor reduction [15]. Noteworthily, experiments comparing equivalent 

doses of photon, proton, and carbon ion IRs showed that, despite differences at early 

timepoints, all these radiotherapeutic agents induced a similar gene expression signature 

in exposed tumor cells involving the activation of the GAS/STING pathway and STAT1-

dependent responses [16]. 

In addition to the upregulation of IFN-I, RT induces the expression of several cyto-

kines and chemokines, consequently orchestrating recruitment and activation (or sup-

pression, see below) of several leukocyte populations into the tumor site. RT-induced cy-

tokines include IFNγ, IL1β, TNFα, IL-3, IL-4, IL-6, and TGFβ [17]. Cytokines and chemo-

kines are known to mutually regulate their expression. RT-induced IL1β expression, for 

instance, upregulates CCL2 production and, consequently, sustains the recruitment of 

CCR6+ monocytes and T cells [18]. Upregulation of several chemokines, including CCL3, 

CCL5, CCL22, CXCL9, CXCL10, and CXCL11, has been described to play different roles 

with effects depending on tumor type and other TME factors [19,20]. CXCL16 is also up-

regulated by IRs in both mouse and human breast cancer cells, representing a major factor 

in driving CXCR6-expressing Th1 and CD8 T cells to the tumor site [21]. In fact, RT sus-

tains CD8 T-cell recruitment into the tumor by inducing the expression of several factors, 

including IFNα, CXCL9, CXCL10, and CXCL11, as well as promoting extravasation by 

upregulating ICAM-1 and E-selectin on endothelial cells [17,22,23]. It is of note that sev-

eral of the abovementioned cytokines are still upregulated in irradiated tissues and pe-

ripheral blood for several weeks after treatment [19] (Figure 1). 

 

Figure 1. Immuno-stimulating effects of radiotherapy. Ionizing radiations (IRs) induce DNA dam-

age, oxidative stress, and cell death. Dying cells release HMGB1 and ATP, and then expose calretic-

ulin on their cell surface, all these molecules being features of immunogenic cell death. Damaged 

DNA activates the cGAS/STING pathway, leading to IFN-I expression, upregulation of MHC I ex-

pression, and improved antigen presentation in surviving cells. IRs also alter the tumor microenvi-

ronment (TME) by inducing the expression of several cytokines and chemokines with consequent 

recruitment of leukocytes. Tumor cells might accumulate mutations and express neoantigens which 

are taken up by dendritic cells (DCs) that, in the presence of the inflammatory stimuli, mature and 

migrate to the draining lymph node where they prime tumor antigen-specific CD4 and CD8 T cells. 

RT-injured tumor and tumor-infiltrating cells release intracellular molecules known 

as damage-associated molecular patterns (DAMPs), or alarmins, including high-mobility 
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group box 1 (HMGB1), ATP, and calreticulin. DAMPs are released through both passive 

mechanisms, due to cell damage-associated leakage, and different active processes, de-

pending on the stressing stimulus, which includes RT-induced reactive oxygen species 

(ROS) generation. Through specific receptors, DAMPs are recognized as danger signals 

by immune and nonimmune cells, resulting in inflammatory response, with the release of 

chemotactic factors, upregulation of adhesion molecules, and leukocyte recruitment and 

activation. Danger signals, therefore, generate the immunogenic context promoting im-

mune responses toward TAA released by RT-damaged cells in the TME [24]. 

HMGB1, passively released by dying cells or actively secreted by inflammation-stim-

ulated cells, is recognized by Toll-like receptor 4 (TLR4) and by the receptor for advanced 

glycation end-products (RAGE), both expressed on several cells, including macrophages 

and dendritic cells. TLR4 and RAGE engagement by HMGB1 leads to NF-κB activation 

and expression of proinflammatory cytokines, release of chemotactic factors, and recruit-

ment and activation of leukocytes [25]. Noteworthily, TLR4 polymorphisms that reduce 

its ability to bind HMGB1 reduce tumor antigen processing and presentation by dendritic 

cells. Indeed, after radiotherapy, breast cancer patients with a compromised HMGB1 en-

gagement by TLR4 undergo relapses more rapidly than patients bearing normal TLR4 

alleles [26]. 

The concentration of ATP in the extracellular space modulates different functions in-

cluding cell differentiation, proliferation, adhesion, and death. Any type of cell death in-

duces secretion or release of ATP, although the involved mechanisms depend on the type 

of death stimulus and the apoptotic stage. Extracellular ATP is perceived as a “find me” 

signal which drives macrophages to the dying cells through P2Y2 receptors [24]. How-

ever, when present at higher concentrations, the ATP can also be recognized by the pu-

rinergic P2X7 receptors on dendritic cells and activate the NALP3-inflammasome path-

way, thus acting as a danger signal and inducing immunogenic responses. ATP-stimu-

lated dendritic cells produce IL-1 and IL-18, which synergize with IFNγ in the induction 

of tumor-specific CD8 T cells. The relevance of this pathway in contributing to the im-

mune response against tumor cells is sustained by the finding that patients with breast 

cancer bearing a mutated P2X7 receptor progressed to metastatic disease more quickly 

than patients with a functional P2X7 receptor [27] (Figure 1). 

Calreticulin is a molecule mostly localized in the endoplasmic reticulum, playing sev-

eral immune roles including assembly of MHC I molecules and loading of peptides on the 

MHC I groove. Calreticulin is involved in cell signaling, Ca2+ homeostasis, and cell migra-

tion and proliferation [28]. Production of ROS and reactive nitrogen species (RNS), in-

duced by photon or proton radiotherapy, leads to endoplasmic reticulum stress and calre-

ticulin exposure on the external cell membrane [29,30]. Exposed calreticulin represents an 

“eat me” signal for dendritic cells and macrophages, which leads to natural killer cell and 

neutrophil recruitment to the tumor site [31,32]. Indeed, induction of immunogenic cell 

death by cancer therapies relies on the generation of reactive oxygen species and/or of 

endoplasmic reticulum stress [24]. 

Photon radiotherapy increases the expression of MHC class I molecules on tumor 

cells, a finding that was also observed, more recently, using protons [30]. RT induces the 

expression of novel proteins and neoantigens, as well as enhances protein degradation 

and the generation of additional peptides, which are presented to CD8 T cells in associa-

tion with MHC class I molecules. These two properties may cooperate to increase antigen 

presentation and activation of tumor specific CD8 immune responses. Indeed, dendritic 

cells take up TAA and, in the presence of inflammatory stimuli, mature and migrate to 

draining lymph nodes where they prime TAA-specific naïve T cells [33,34]. Engulfment 

of cancer cells by dendritic cells leads to cross-presentation of TAA and stimulation of 

TAA-specific CD8 T cells [35]. Ablative radiotherapy induces CD8 T-cell priming by DC 

in draining lymph nodes, resulting in T-cell-dependent tumor control, as shown in animal 

models [36]. 
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Radiotherapy, therefore, by inducing the release of DAMPs, the expression of cyto-

kines and chemokines, cell death, and the release/expression of TAA, has the potential to 

create an inflammatory/immunogenic context where innate and TAA-specific adaptive 

immune cells could be activated and generate an antitumor immune response (Figure 1), 

thus providing the rationale for radioimmunological synergic therapies [37,38]. 

4. Immuno-Depressing Effects of Radiotherapy 

RT has been known for a long time to induce immunosuppressive effects through a 

toxic action. Leukopenia is one of the most frequent effects of RT. When the area of expo-

sure includes bone marrow cells, a long time is required to fully recover the hematopoietic 

damage both in clinic and in experimental settings [39–41]. However, leukocytes display 

different grades of susceptibility to the effects of IRs, depending on cell type, activation 

status, and cell-cycle phase. Myeloid cells, including monocytes/macrophages, dendritic 

cells, and myeloid-derived suppressor cells (MDSCs), are more resistant to IR than lym-

phocytes and NK cells, probably for their reduced proliferative rate compared with lym-

phoid cells [42]. Within the myeloid lineage, circulating monocytes are more susceptible 

than tissue macrophages [43]. Moreover, M2-polarized macrophages, which play an un-

favorable role in tumor immunity, have been shown to be more resistant to IRs than M1-

polarized macrophages, both in vivo and in vitro and under both normoxia and hypoxia 

[44,45]. 

Lymphocytes are more susceptible than myeloid cells, and they undergo apoptosis 

during the interphase if irradiated. B cells have been shown to be particularly susceptible 

to radiations [42]. T cells are quite heterogeneous in their susceptibility, with activated T 

cells being more resistant than resting cells and CD4 being more resistant than CD8 T cells. 

Tumor-associated and tissue-resident memory T cells were described to be more resistant 

than naïve T cells, probably for their pre-activated status and for the protective effects of 

the TGFβ often present in the TME [46]. Within the CD4 T-cell population, Foxp3-express-

ing regulatory T cells appear to be more resistant. Upon radiation, the percentage of Treg 

cells is increased within the tumor site compared with CD8 and non-Treg CD4 cells 

[47,48]. However, this can also occur due to de novo regulatory T-cell recruitment into the 

tumor [49]. Lymphopenia is also induced by irradiation of lymphatic structure, as it is the 

case of elective lymph node irradiation, where the majority of the cells are T cells [50]. 

Furthermore, it should be considered that local highly repeated irradiation can expose, 

according to the specific tumor site, up to almost all circulating peripheral blood cells, 

leading to leukopenia [51]. RT, therefore, not only reduces the number of leukocytes but 

it can also alter the relative composition of tumor-infiltrating leukocytes in favor of more 

suppressive cells. 

The Immune suppressive effects of IRs are also induced by prolonged and/or intense 

activation of signals normally associated with immune activation. Expression of inhibi-

tory cytokines, recruitment of T and myeloid regulatory cells, and an immune-suppres-

sive TME are associated with repeated irradiation [52]. Irradiation-induced chronic ex-

pression of IFN-I leads to the upregulation of PD-L1, as shown in tumor cell lines and in 

tumor-infiltrating macrophages [53,54]. STING-sustained IFN-I production also results in 

increased expression of CCL2 and recruitment of monocytic MDSC and Treg cells [55,56]. 

In addition, RT may induce the expression of CCL5, which, in synergy with CCL2, in-

creases the recruitment of immunosuppressive monocytes, dampening the therapeutic ef-

fects of RT [18]. Furthermore, RT-generated ROS enhances the production and activation 

of TGFβ from several tumor-infiltrating leukocytes and other tumor-associated cells [57], 

which sustains recruitment of MDSC, polarization of M2 macrophages and Treg cells, and 

differentiation of cancer-associated fibroblasts (CAFs) [58,59]. CAFs, in turn, further raise 

recruitment and survival of Treg cells through the secretion of CXCL12 and expression of 

PD-L2, sustaining a positive loop of immunosuppression [60] (Figure 2A). 
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Figure 2. Correcting the immune suppressive effects of RT and PARPis into a hot stimulating TME 

by targeting immune checkpoints. (A) RT induces immune-suppressive effects through several 

mechanisms other than simple cell toxicity. RT upregulates the expression of chemokines (CCL2 

and CCL5) and cytokines (IL-10 and TGFβ), which sustain recruitment of MDSC and Treg cells, 

polarization of M2 macrophages and Treg cells, and inhibitory effects on the immune response. RT 

also induces the expression of PD-L1 in tumor and immune cells, as well as of PD-L2 in cancer-

associated fibroblasts (CAF). Furthermore, PARPis sustain regulatory T cell (Treg) recruitment and 

PD-L1 upregulation. A suppressive TME is also favored by an excessive release of ATP, which is 

rapidly degraded to adenosine by CD39 and CD73, compromising the antitumor immune response. 

(B) The addition of ICIs to therapy can sustain the beneficial effects of RT and PARPis, leading to a 

synergic immune stimulation. A hot immunogenic TME allows DC to take up tumor-associated 

antigens (TAA) and migrate to draining lymph nodes, where anti-CTLA-4 ICIs, by lowering the 

threshold for activation, sustain the generation of effector CD4 and CD8 T cells. Effector T cells can 

migrate (upper corner) to the tumor site and exert their functions. At the tumor site, anti-PD-1 

and/or anti-PD-L1 ICIs prevent the inhibition of the effector T cells by PD-L1-expressing tumor (and 

nontumor) cells. Both anti-CTLA-4 and anti-PD-1 ICIs can contrast the action of Treg cells, unleash-

ing the antitumor immune response. 

Additionally, DAMPs can be double-edged swords in the immune response against 

tumors [61]. Indeed, nuclear HMGB1 is involved in DNA repair, autophagy, and tumor 

radioresistance [62], while extracellular HMGB1 can stimulate tumor cell proliferation 

through the RAGE–Erk/p38 pathway [63]. RT-induced release of HMGB1 can also induce 

the recruitment of MDSCs, which, as previously described, contribute to immune sup-

pression [64]. 

On the other hand, ATP is enzymatically hydrolyzed by CD39 and CD73 to adeno-

sine, which is a strong anti-inflammatory mediator and can compromise the antitumor 

immune response [65]. High levels of ATP can, therefore, contribute to generate an aden-

osine-rich tumor microenvironment and favor tumor immune escape. Noteworthy, the 

adenosine A2A receptor deficiency increases tumor rejection [66], while CD73 targeting 

reduces tumorigenesis [67]. Moreover, CD39 overexpression compromises the immuno-

genicity of cell death, probably by both quickly removing the stimulatory ATP molecule 

and generating the suppressive adenosine mediator [68]. 

Thus, RT can induce immune-suppressive effects through several mechanisms other 

than simple toxicity (Figure 2A), and immune-stimulating effects, with the balance de-

pending on tumor type, prevailing factors, and the TME. Synergy with other therapies 

can alter the equilibrium in favor of an effective immune response. 

5. PARP Inhibitors 

PARP-1, the most abundant member of the poly(ADP-ribose) (PAR) polymerase 

(PARP) family, more recently defined as diphtheria toxin-like ADP-ribosyltransferases 

(ARTDs), accounts for the majority of PARylation activity and has a high DNA damage-

sensing ability [69]. Free DNA ends activate PARP-1, which highly PARylates itself and 

detaches from chromatin. Indeed, addition of PARs radically changes the electric charge 
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of the targeted molecule, rendering it highly negative. As a consequence, PARylated pro-

teins are electrostatically repulsed by the DNA, a mechanism involved in chromatin ac-

cessibility to DNA repair enzymes (and to DNA transcription and replication regulators). 

PARP-1 also generates large amounts of PARs that work as scaffolds recruiting DNA re-

pair enzymes to the lesion site, including XRCC1 [70]. PARP-1 plays a central role in or-

chestrating responses to genotoxic stress and represents a critical enzyme in single-strand 

break and alternative end-joining repair [71,72]. However, recent studies also indicated 

that PARP-1 plays a role in double-strand break (DSB) repair mechanisms, including ho-

mologous recombination and classical nonhomologous end-joining (c-NHEJ) [73,74]. 

Following a long period of preclinical and clinical studies, PARP inhibitors (PARPis) 

reached wide clinical use with the approval of olaparib (AZD-2281) in 2014 and later on 

of niraparib (MK-4827), rucaparib (AG-014699), talazoparib (BMN673), and veliparib 

(ABT888) for treatment of ovarian, breast, prostate, and pancreatic cancer [75,76]. PARPis 

are the first clinically approved drugs exploiting synthetic lethality; that is, they target a 

function specifically vital in mutation-bearing cancer cells [77,78]. PARPis were shown to 

be lethal in homologous recombination (HR)-deficient BRCA1/BRCA2-mutated cancers, 

likely because collapsed replication forks are no longer repaired [79,80]. However, recent 

preclinical and early clinical studies also sustained the use of PARPis in other molecular 

subsets of cancer, including cancers with high replication stress [81]. 

All clinically approved PARPis share a nicotinamide-based moiety that inhibits 

PARP-1 enzymatic activity by competing for binding to the catalytic site with NAD. 

PARPis prevent PARP-1 auto-PARylation and its consequent removal from chromatin 

and DNA lesions. This effect, termed PARP trapping, is currently the preferred interpre-

tative model of the PARPis mechanism of action. Indeed, cytotoxicity due to PARP corre-

lates with the ability to trap PARP on DNA lesions and is more cytotoxic than gene dele-

tion. PARP trapping leads to replication fork collapse during the S phase and consequent 

cell death [82,83]. 

The wide clinical use has revealed that tumor clones resistant to PARPis may appear 

during therapy compromising clinical outcome. Tumors escape PARPi effects either by 

restoring HR or by protecting the DNA replication fork [84]. Recovery of HR functions, 

which can happen through a higher compensating expression of the functional allele, loss 

of BRCA promoter methylation, or additional mutations, occurs in almost half of patients 

with ovarian cancers resistant to PARPi therapy. Furthermore, relevant fractions of pa-

tients with other tumors, including breast, prostate, and pancreatic cancer develop re-

sistance to PARPis [85–87]. Protection of stalled replication forks can occur through mu-

tations in proteins (such as PTIP or EZH2) that lose the ability to recruit nucleases (such 

as MRE11 or MUS81), preventing DNA degradation [84,88]. Other mutations can affect 

PARP-1 binding to the replication forks and, consequently, prevent trapping by PARPis 

[89]. 

6. Synergy between PARPi and Radiotherapy 

Although PARPis represent an unprecedented success in cancer chemotherapy, the 

therapeutic response ranges between 30% and 50%, and, as mentioned above, tumors de-

velop resistance during treatment, urging additional solutions. On the other hand, tumors 

can also become resistant to radiotherapy, often through alterations in DNA repair path-

ways, with this possibility being reduced by combined chemotherapy. Noteworthily, sev-

eral radioresistant tumors express PARP-1 at high levels [90,91]. In tumors exposed to IRs, 

PARPis could compromise DNA repair, hampering both SSB and DSB resolution and 

leading to DNA replication fork collapse. Although the radio-sensitizing effect is expected 

to be higher in BRCA1/BRCA2-mutated cancers, PARPis were shown to synergize with 

RT regardless of the HR proficiency [92,93]. As PARPis exert their synergic effects with 

RT during the S phase of the cell cycle, they could render tumor cells more susceptible to 

RT than nontumor slowly/nonproliferating tissue cells [94]. 
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Hypoxia in the tumor microenvironment activates mechanisms of adaptation in tu-

mor cells through the hypoxia-inducible factors (HIFs), which transcriptionally activate 

genes guiding cellular metabolism, angiogenesis, metastasis, and other processes. As IRs 

induce large DNA damage through the generation of ROS, hypoxia limits their effects and 

results in resistance to radiotherapy. In response to hypoxia, PARP-1 regulates the stabil-

ity and the activity of both HIF1 and HIF2, promoting tumor cell survival. Consistently, 

inhibition of PARP has been shown to control tumor growth by dampening HIF activation 

[95,96]. Thus, PARPis could also exert a synergic therapeutic effect with RT through this 

mechanism. 

These considerations gave rise to preclinical and clinical studies investigating the ef-

fects of PARPis as radio-sensitizers with results showing variable (limited to robust) ra-

dio-sensitizing effects [97]. Results on the toxicity of PARPis and RT combinations from 

clinical trials indicate that this therapeutic approach is generally safe, although hemato-

logical and gastrointestinal toxicities represent relevant adverse effects. Limitations in the 

available studies, including heterogeneity and reduced numbers of patients, differences 

in treated cancers, lack of direct comparison arms, and different RT conditions, do not yet 

allow reaching firm conclusions on toxicity [98]. 

7. Synergic Immunological Effects of RT and PARPi 

Beyond DNA repair, several studies have shown that PARP-1 plays a relevant role 

in inflammation and immune responses by regulating the activation and differentiation 

of both innate and adaptive immune cells. Indeed, PARPis induce several immunological 

effects, some of which can be detrimental in cancer therapy, while others are beneficial 

[99,100]. 

Impairment of DNA repair, due to either mutations or PARPi therapy, can further 

sustain the damaged DNA-induced activation of the cGAS/STING pathway. Clinically 

approved PARPis have been shown to induce IFN-I and CCL5 expression in tumor cells 

trough cGAS-STING [101]. As it occurs with RT [102], the activation of this pathway by 

PARPis leads to CD8 T-cell recruitment at the tumor site, with the effect being more pro-

nounced in HR-deficient triple-negative breast cancer [103]. Increased IFNγ and TNFα 

production by CD8 T cells and NK cells was also observed in a BRCA1-deficient ovarian 

cancer model upon treatment with PARPis [104]. In this model, a reduction in the fre-

quency of MDSCs, which negatively regulate antitumor immune responses, was also in-

duced by PARP inhibition [104]. Noteworthily, PARPis protect CD8 T cells from oxygen 

radical-induced apoptosis by dampening nuclear accumulation of apoptosis-inducing fac-

tor [105]. PARPi-sustained IFN-I release in the TME also promotes other relevant immune 

functions; it activates dendritic cells, sustains cross-presentation of tumor-derived anti-

gens to T cells, is required for NK-cell mediated antitumor immunity, and, in synergy 

with TLR4 ligands, such as HMGB1, activates M1 antitumor macrophages [106,107]. Alt-

hough compromised DNA repair leads to the accumulation of mutations in tumor-driving 

genes that can provide selective advantages in cancer cells, it also generates neoantigens 

that could be targeted by the immune response. Indeed, there is a favorable correlation 

between mutational burden and prognosis, as shown in clinics and preclinical models 

[108–110]. 

As discussed above, the described effects on cytokine production, cell recruitment, 

and mutational burden could be induced by both PARPis and RT, with synergistic effects 

being more likely to occur in DNA damage response-deficient tumors. In an EGFR-mu-

tated NSCLC mouse model, niraparib increased the RT driven antitumor immunity by 

upregulating IFN-I production through a synergic effect on the cGAS/STING pathway. 

The observed reduced tumor growth and prolonged survival was associated with in-

creased CD8 T-cell infiltration [111]. In addition, veliparib and IRs were shown to syner-

gize in the expression of MHC-I molecules and inflammatory cytokines, as well as in calre-

ticulin cell surface translocation, in colorectal cancer cells. Noteworthily, the effects of the 

PARPi and RT combination were higher in the microsatellite unstable tumor model [112]. 
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It is worth noting that PARP inhibition also inhibits immune responses. In a pioneer-

ing study, our group showed that PARP-1 gene deletion results in higher numbers of 

Foxp3-expressing Treg cells in central and peripheral immunological organs [113]. Under 

stimulation with TGFβ, a factor that promotes tolerogenic responses in the TME [114], 

CD4-naïve cells from PARP-1-deficient mice differentiate to Treg cells more efficiently 

than wildtype CD4 cells [113]. Moreover, PARPis could upregulate PD-L1 in tumor cells 

by contributing to the activation of the cGAS/STING–IFN-I pathway and suppressing T-

cell responses. PARPis inactivate GSK3β, a Ser/Thr protein kinase that induces phosphor-

ylation-dependent proteasome degradation of PD-L1, resulting in PD-L1 stabilization 

[115,116]. Moreover, in BRCA2-deficient cells, PARPis upregulate PD-L1 through a 

ATM/ATR/Chk1 kinase-dependent pathway [117]. 

Combined PARPis and RT, therefore, have the potential to induce inflammatory sig-

nals and immunogenic cell death, as well as activate innate immune cells, consequently 

creating the context for the activation of the adaptive immune response toward TAA. 

Noteworthily, the effects are expected to be higher in genomic unstable/DNA repair com-

promised tumor cells, in which a wider TAA repertoire might also be generated. Effects 

on the expression of adhesion molecules and other alterations in the TME could contribute 

to immune cell recruitment and, therefore, might be useful in the treatment of tumors with 

a low/absent tumor immune infiltration. However, whether immune-stimulating factors 

induced by combined PARPis-RT prevail over suppressive elements could be sustained 

by synergies with further therapeutic agents (see Sections 10 and 11). 

8. Immune-Checkpoint Inhibitors 

During last 30 years, seminal publications and subsequent studies by James Allison 

and Tasuku Honjo, both receiving the 2018 Nobel Prize in Physiology and Medicine [118], 

fostered a large wealth of studies in preclinical models and clinical trials on the use of 

CTLA-4 (CD152) and PD-1/PD-L1 (CD279/CD274) immune-checkpoint inhibitors (ICI) in 

cancer therapy. 

CTLA-4, an immunoglobulin gene superfamily member discovered in activated CD8 

T cells more than 30 years ago [119], is a receptor that negatively regulates cell prolifera-

tion, cytokine production, and cytotoxic functions in T cells through several mechanisms 

[120–123]. CTLA-4 blockade, i.e., the use of antagonist antibodies preventing CTLA-4 en-

gagement by the natural ligands CD80 (B7.1) and CD86 (B7.2), was soon explored as a 

therapeutic target in tumor models by Allison [124]. As shown by several groups, CTLA-

4 blockade resulted in increased effector helper and cytotoxic T-cell activity and in the 

reduction in immunosuppression by Treg cells [125,126]. A wealth of findings showed 

that it could effectively activate an immune response toward several cancer types. Con-

versely, in other tumor models, CTLA-4 blockade alone was not effective. In some cases, 

CTLA-4 effectiveness depended on the specific cell line used in the mouse model rather 

than on the tumor histological origin, e.g., for colon cancer models (effective with CT26 

cells, not effective with MC38 cells) [127]. It soon became evident that CTLA-4 blockade 

as monotherapy was effective when tumors were intrinsically immunogenic, there was a 

lower tumor burden, and infiltrating T cells were present but not in a tolerant/exhausted 

status, which are all limitations suggesting to combine CTLA-4 blockade with other ther-

apies.  

PD-1, initially discovered in activated T cells by Honjo [128], belongs to the Ig gene 

superfamily and is also expressed in B and NK cells, as well as in activated macrophages 

and dendritic cells. Stimulation of PD-1 by either PD-L1 or PD-L2 ligands negatively reg-

ulates T-cell-mediated responses including cytokine production, cell proliferation, and cy-

totoxic activity, although through mechanisms different from CTLA-4 [129,130]. PD-L1 

and PD-L2 are expressed by antigen-presenting cells and stromal cells, and they play a 

relevant role in maintaining immune tolerance. PD-L1 is also expressed by some tumor 

cells, tumor-infiltrating leukocytes, and tumor-associated fibroblasts. PD-1 engagement 

on tumor-infiltrating T cells by PD-L1 inhibits their cytotoxic action toward tumor cells 
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and leads to T-cell exhaustion, favoring tumor immune evasion [131,132]. Consistently, 

blockade of PD-1/PD-L1 interaction delays tumor growth, rescues CD8 T cells from ex-

haustion, and compromises the inhibitory activity of regulatory T cells [133–135].  

CTLA-4 mainly acts in the control of T-cell activation and consequent effector T-cell 

generation, contributing to the maintenance of immune tolerance. Antagonistic antibodies 

toward CTLA-4 lower the threshold for T-cell activation and sustain the expansion of an-

tigen-stimulated T cells, a mechanism underlying their therapeutic and toxic effects. The 

response can indeed be to antigens expressed on tumor and normal cells [136]. The PD-

1/PD-L1 interaction plays a major role in the inhibition of tumor-infiltrating effector T 

cells, the killing function of which is restored by the antagonistic action of the anti-PD-1 

or anti-PD-L1 antibodies. Combining CTLA-4 and PD-1 ICI enhanced the therapeutic ef-

fect compared with either therapy alone in melanoma patients [137].  

The anti-CTLA-4 antibody ipilimumab (Yervoy) was the first approved ICI recom-

mended for the therapy of melanoma in 2011, followed a few years later by the anti-PD-1 

nivolumab for non-small-cell lung cancer (NSCLC). During the following decade, several 

other ICIs targeting CTLA-4 (tremelimumab in October 2022), PD1 (pembrolizumab, 

cemiplimab, and dostarlimab), and PD-L1 (atezolizumab, avelumab, and durvalumab) 

were progressively approved for clinical use as single or combined therapies. 

ICI achieved considerable therapeutic success in a certain number of (advanced/met-

astatic) cancers including melanoma, squamous and non-squamous NSCLC, cutaneous 

squamous cell carcinoma, head and neck squamous cell carcinoma, Merkel cell carcinoma, 

and lung, gastric, and urothelial cancer [125,136,138–146]. Noteworthily, clinical use of ICI 

showed that, among the most responsive cancers, there is a subset of tumors characterized 

by microsatellite instability/DNA mismatch repair deficiency. These tumors display a 

high number of somatic mutations, leading to the expression of several neo-epitopes/ne-

oantigens [147]. This association between clinical benefit and tumor mutational burden 

(TMB) was first shown with ipilimumab (anti-CTLA-4) in advanced melanoma patients 

[148,149]. Mismatch repair deficiency with consequently high TMB was shown to predict 

the response of colon cancer and later on of other solid tumors to PD-1 blockade [150]. 

In spite of the large therapeutic success, ICIs still fail to stably control tumor growth 

for a long time or to prevent recurrence in a large number of patients, with efficacy dras-

tically varying among cancer types and within the same tumor tissue cohort [151]. The 

therapeutic response achieved is 10–60% in melanoma, 20–45% in NSCLC, 25% in renal 

cell carcinoma, and less than 20% in head and neck squamous carcinoma. In some of these 

patients, an initially evident primary resistance is observed, while, in others, tumors seem 

to acquire resistance to immunotherapy with time. For example, in about 30% of mela-

noma patients responding to ICI during the initial phase, their tumors become resistant 

during the therapy. Overall, especially for some common cancers, such as breast and pros-

tate cancers, success is still low [152,153]. Moreover, recent studies have also shown that 

inhibition of a single immune checkpoint leads to the upregulation of other inhibitory 

receptors, likely due to a compensatory mechanism [154]. Although simultaneous block-

ade of more checkpoints can be successful and new immune checkpoint targets (LAG-3, 

TIM-3, TIGIT) are being explored [155,156], combined therapies using (more) ICIs and RT 

open more promising pathways. 

9. Synergy between Radiotherapy and ICI 

As discussed above, local tumor irradiation has the potential to generate an immune 

response against the targeted tumor. Such a response would also be expected to act on 

metastatic lesions that share antigenic characteristics with the original tumor, providing 

protection even toward not yet diagnosed secondary lesions. Conversely, irradiation of 

primary lesions alone does not usually elicit an effective potent antitumor immune re-

sponse: local recurrences are frequent, and immune-mediated regression of distant tu-

mors (abscopal effect) is very rare [157]. 
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Effectiveness of ICI therapy relies on the ability of tumor cells to potentially prime an 

immune response, a feature depending on tumor cell intrinsic characteristics, (induced) 

TMB, and other TME factors. TAAs might be targeted by the immune system, provided 

they will be taken up and presented by APCs to T cells in an immunogenic context; T cells 

are primed and differentiate to effector cells, which can infiltrate tumors and possibly kill 

cancer cells [37]. 

In this context, ICIs targeting CTLA-4 can lower the threshold of activation and syn-

ergies with the RT-induced immunogenic factors (release of DAMPS, upregulation of 

IFN-I and MHC expression, and others described above) unleashing both CD4 and CD8 

T-cell responses. PD-1/PD-L1 targeting can synergize with RT by sustaining the action of 

effector T cells and by reinvigorating exhausted T cells, also contrasting the effects of the 

RT-induced upregulation of PD-L1. As shown in experimental models (although not in 

all cases), in clinical trials, synergy between RT and ICI leads to immune-mediated absco-

pal effects, resulting in a volume reduction in distal metastasis and prevention of tumor 

recurrence [158]. 

The synergy between local RT and CTLA-4 blockade in poorly immunogenic tumors 

was shown in mouse models of mammary and colon carcinoma where single therapies 

were not effective. CTLA-4 blockade could induce an abscopal effect on metastatic lesions, 

when primary tumors were locally irradiated, with the effect showing a correlation with 

the frequency of tumor-specific IFNγ-secreting CD8 T cells [159,160]. Remarkably, the ab-

scopal effects and the activation of tumor-specific T cells were more evident when the 

radiation dose was hypo-fractionated compared with a single high dose or a higher num-

ber of lower fractions [159]. The relevance of dose and dose fractionation to the TME, tu-

mor-infiltrating leukocyte populations, cytokine production, and expression of several 

immunologically active factors was recently reviewed [161]. From a mechanistic point of 

view, the synergy between RT and CTLA-4 blockade results in the expansion of TAA-

specific CD8 TILs, with the RT broadening the TCR repertoire and the anti-CTLA-4 mAb 

promoting activation and expansion of these selected T-cell clones [162]. Experimental 

models have shown that RT combined with ICI targeting PD-1/PD-L1 improved survival 

in mice with melanoma, breast cancer, NSCLC, and glioma [163–165]. 

How RT and immunotherapy can effectively synergize also depends on the sequenc-

ing and timing of therapies. In a syngeneic colorectal mouse model, the abscopal response 

was potently induced when the anti-PD-1 blocking antibody was administered after local 

tumor RT, resulting in distal tumor regression, expansion of functional CD8 T cells, and 

reduction in exhausted CD8 T cells. Conversely, when administered before RT, the anti-

PD-1 antibody resulted in radio-sensitization of CD8 T cells, leading to CD8 T-cell apop-

tosis, and compromised the systemic immune response [166]. Another study showed that 

an anti-PD-L1 mAb provided a therapeutic improvement when administered in concom-

itance with fractionated RT but not when given sequentially [167]. At variance, CTLA-4 

blockade was more effective when administered before hypo-fractionated RT, because of 

its depleting effect on Treg cells, rather than for its action on effector T cells. Interestingly, 

the same study showed that an agonistic antibody targeting OX40 was more effective 

when given 1 day after RT [168]. Thus, the most effective time schedule of ICI and RT 

administrations depends on the mechanism of action of the specific ICI used, an aspect 

that should be carefully considered when designing clinical trials combining ICI and RT. 

The effect of synergy between RT and ipilimumab on the abscopal effect and im-

proved survival was shown in melanoma patients [169–171] and later confirmed in larger 

studies [172,173]. After an early study showed the durable abscopal effect of RT and ipili-

mumab in a single patient [169], RT and CTLA-4 blockade were shown to induce systemic 

antitumor T-cell responses in metastatic chemo-refractory NSCLC in a larger clinical trial 

[174]. In NSCLC, synergy between RT and PD-L1 (nurvalumab) or PD-1 (nivolumab and 

pembrolizumab) ICIs was observed, with beneficial effects on progression-free survival 

and overall survival. In stage IV NSLC, combinations of ipilimumab and nivolumab with 
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RT and chemotherapy were also explored [175–179]. Beyond melanoma and NSCLC, syn-

ergy between RT and ICI is also emerging for prostate, head and neck, and colorectal can-

cers, with several trials ongoing also for other cancers [38,180]. 

10. Synergy between PARPi and ICI 

Therapeutic strategies combining PARPis and immunotherapy began to be explored 

recently. By compromising HR in tumor cells, PARPis can generate unrecoverable DNA 

damage, leading to increased TMB and generation of neoantigens. The generation of po-

tentially immunogenic neoantigens correlates with better prognosis, as already men-

tioned above, and can synergize with ICI, improving the therapeutic response [34,108–

110,148,181,182]. 

PARP inhibition affects the TME. By boosting the cGAS/STING pathway, PARPis 

sustain inflammation and the secretion of IFN-I and several other cytokines and chemo-

kines, resulting in recruitment of immune cells, including tumor antigen-specific CD8 T 

cells. These effects could be further enhanced by ICI and are particularly relevant in those 

tumors otherwise cold from the immune infiltration point of view [183]. Using a BRCA1-

deficient ovarian cancer mouse model, PARPi was shown to increase the therapeutic ef-

fects of CTLA-4 blockade which, as a single therapy, had limited benefit. The therapeutic 

effect was dependent on T-cell responses and generated a protective immunological 

memory. Interestingly, in this study, PARPi did not show synergic effects with PD-1/PD-

L1 blockade [184]. In contrast, in another model of BRCA1-deficient ovarian cancer, PARP 

inhibition induced a therapeutic effect through STING activation, showing synergic ef-

fects with PD-1 blockade on antitumor T-cell response and survival [185]. A synergic re-

duction in tumor growth was also observed when combining PARPis and PD-L1 blockade 

[116]. Noteworthily, in a further study, PARPis synergized with PD-L1 blockade inde-

pendently of BRCA deficiency [186]. Synergic immunological effects between PARPis and 

anti-PD-L1 leading to tumor growth control were also observed in a small-cell lung carci-

noma mouse model [187]. 

Several clinical trials in phase I/II evaluated the association of PARPis and ICI (tar-

geting CTLA-4, PD-1, or PD-L1) in triple-negative breast, ovarian, and prostate cancers. 

Some of these trials are still ongoing, whereas other have already published (partial) re-

sults. The combination of olaparib and tremelimumab (anti-CTLA-4) was tolerable in re-

current BRCA-associated ovarian cancer, with preliminary results showing evidence of 

therapeutic effect [188]. Combinations of PARPis (olaparib, pamiparib, and niraparib) and 

anti-PD-L1 (durvalumab) and of PARPis and anti-PD-1 (pembrolizumab and tisleli-

zumab) were also shown to be well tolerated and associated in some cases, with a certain 

clinical benefit [189–191]. Olaparib and atezolimumab (anti-PD-L1) increased IFNγ, 

TNFα, and CXCL9/CXCL10 expression and tumor infiltration by lymphocytes. Although 

the clinical activity in recurrent ovarian cancer was modest, the increased IFNγ produc-

tion was associated with improved progression-free survival [192]. 

In spite of the proven clinical activity, a large number of patients do not respond to 

the combination of PARPis and PD-L1 blockade, underlying the need for predictive bi-

omarkers to select patients that might benefit from this combined therapy. In platinum-

resistant ovarian cancer patients treated with niraparib and pembrolizumab, Färkkilä et 

al. identified the presence of a mutational signature (surrogate of HR deficiency) and/or 

the presence of IFN-primed exhausted effector CD8 T cells in the TME, to be associated 

with prolonged progression-free survival. Absence of both features was associated with a 

lack of response to niraparib plus pembrolizumab [193]. 

11. Conclusions: Combining RT, PARPis, and ICIs to Overcome Respective  

Limitations 

As described above RT, PARPis and ICI have a certain therapeutic success when used 

alone, but it is their combination that can result in a better and prolonged disease control. 

RT and PARPis synergize in inducing DNA damage and tumor cell death. Their action 
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results in improved therapeutic effects in preclinical models and, more recently, with 

studies still ongoing, in clinical settings. RT and PARPis also induce immune-stimulating 

factors (mainly through cGAS/STING and IFN-I), potentially generating an immunogenic 

microenvironment and favoring immune infiltration. However, they also activate im-

mune-suppressive mechanisms, including the expression of PD-L1 and the recruitment of 

regulatory T cells and MDSCs, generating an immunosuppressive TME (Figure 2A). In 

fact, the induction of a systemic immune response with abscopal effects remains uncom-

mon and/or limited. On the other hand, ICIs can lower the threshold for immune activa-

tion (mainly CTLA-4 blockade), reinvigorate exhausted T cells (mainly PD-1/PD-L1 block-

ade), and dampen the action of regulatory T cells, consequently sustaining systemic im-

mune responses and the abscopal effect. Nevertheless, to be effective, they require a TME 

that allows priming of immune responses to tumor-associated antigens and tumor infil-

tration by leukocytes (Figure 2B). Combinations of immunotherapy with therapies that 

favor priming of immune responses, such as RT, have obtained important therapeutic 

success in clinical studies, with protocols including different forms of RT and ICIs having 

been approved for several (advanced) cancers. Furthermore, the more recent association 

of PARPis and ICIs showed some clinical benefits. Altogether, these results and the con-

siderations expressed above encourage the use of combined therapies that include RT, 

PARPis, and ICIs. 

Promising results from initial studies in experimental models have confirmed that 

the triple combination of RT, PARPis, and ICIs improves tumor infiltration, as well as 

primes and unleashes antitumor, T-cell-mediated, immune responses in mouse models. 

The triple combination of sub-ablative RT, olaparib, and anti-PD-1 inhibited tumor 

growth to a higher extent than single or two-by-two combined therapies in both microsat-

ellite stable and unstable colon cancer [112]. The combination of RT, niraparib, and anti-

PD-1 increased median survival time and reduced tumor volume in a small-cell lung car-

cinoma (SCLC) mouse model [194]. 

Several phase I–III clinical trials, aimed at exploring different combinations of radio-

therapy, PARPis, and ICIs, included at least one arm with the concomitant or sequential 

use of these three therapeutic agents (often in addition to standard chemotherapy). The 

effects of PARPis together with RT and ICI, targeting CTLA-4 and/or PD-1/PD-L1 path-

ways, will be assessed in NSCLC, SCLC, breast, prostate, pancreatic, gastroesophageal, 

rectal, and head and neck carcinomas. Many of these trials are still recruiting or not yet 

active. Results will be available in forthcoming years (Table 1) [195]. 
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Table 1. Recently approved clinical trials using combinations of RT, PARPis, and ICIs. 

Title Conditions Therapies Phase 

Estimated 

Enrollment 

(Patients) 

Status 
Estimated Completion 

Dates 
NCT Number Last Update Posted 

Testing the safety of the anticancer 

drugs durvalumab and olaparib during 

radiation therapy for locally advanced 

unresectable pancreatic cancer 

Locally advanced pancreatic 

carcinoma 

Stage II or III pancreatic cancer 

Unresectable pancreatic 

carcinoma 

Durvalumab 

Olaparib 

RT 

I 18 Recruiting 
Primary and final: 31 

March 2024 
05411094 1 December 2022 

A safety study adding niraparib and 

dostarlimab to radiation therapy for 

rectal cancers 

Rectal neoplasms 

Rectal neoplasm malignant 

Niraparib 

Dostarlimab 

Short course RT 

I–II 38 Recruiting 
Primary: 31 December 2024 

Final: 31 December 2026 
04926324 26 July 2022 

Niraparib + dostarlimab + RT in 

pancreatic cancer 

Pancreatic cancer 

Metastatic pancreatic cancer 

Niraparib 

Dostarlimab 

RT 

II 25 
Active, not 

recruiting 

Primary: 19 January 2022 

Final: October 2026 
04409002 8 September 2022 

Radiation, immunotherapy, and PARP 

inhibitor in triple-negative breast 

cancer 

Breast cancer 

TNBC 

Niraparib 

Dostarlimab 

RT 

II 32 Recruiting 
Primary: 1 April 2023 

Final: 1 December 2029 
04837209 23 December 2022 

Radiotherapy and 

durvalumab/durvalumab combo 

(tremelimumab/olaparid) for small-cell 

lung cancer 

SCLC extensive stage 

SCLC 

Durvalumab 

Tremelimumab 

Olaparib 

Thoracic RT 

I 25 
Active, not 

recruiting 

Primary and final: 1 June 

2023 
03923270 6 January 2023 

A study of radiation therapy with 

pembrolizumab and olaparib or other 

radiosensitizers in women who have 

triple-negative or hormone-receptor 

positive/HER2 negative breast cancer 

TNBC 

Metastatic breast cancer 

Pembrolizumab 

Olaparib 

RT 

II 34 Recruiting 
Primary and final: January 

2025 
04683679 21 October 2022 

Pembro with radiation with or without 

olaparib 
Prostate cancer 

Pembrolizumab 

Olaparib 

Androgen deprivation 

therapy 

RT 

II 64 
Not yet 

recruiting 

Primary: 2 January 2025 

Final: 2 January 2028 
05568550 5 October 2022 

Olaparib and durvalumab with 

carboplatin, etoposide, and/or radiation 

therapy for the 

treatment of extensive-stage small-cell 

lung cancer, PRIO trial 

Extensive-stage SCLC 

Stage IV lung cancer 

Stage IVA lung cancer 

Stage IVB lung cancer 

Carboplatin 

Durvalumab 

Etoposide 

Olaparib 

RT 

I–II 63 Recruiting 
Primary and final: 31 

January 2024 
04728230 9 November 2022 
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Study of SBRT/olaparib followed by 

pembrolizumab/olaparib in gastric 

cancers 

Gastric cancer 

Gastroesophageal cancer 

Pembrolizumab 

Olaparib 

SBRT 

II 26 Recruiting 
Primary: December 2025 

Final: December 2028 
05379972 5 January 2023 

Placebo-controlled study of concurrent 

chemoradiation therapy with 

pembrolizumab followed by 

pembrolizumab and olaparib in newly 

diagnosed treatment-naïve limited-

stage small-cell lung cancer (LS-SCLC) 

(MK 7339-013/KEYLYNK-013) 

SCLC 

Pembrolizumab (2 doses) 

Olaparib 

Etoposide 

Platinum 

Standard thoracic RT 

Prophylactic cranial 

irradiation 

III 672 Recruiting 
Primary and final: 28 

October 2027 
04624204 23 December 2022 

Pembrolizumab plus olaparib in LA-

HNSCC 

Head and neck squamous cell 

carcinoma 

Pembrolizumab 

Olaparib 

Cisplatin 

IMRT 

II 45 Recruiting 
Primary: 31 October 2024 

Final: 31 October 2025 
05366166 28 October 2022 

Study of pembrolizumab with 

concurrent chemoradiation therapy, 

followed by pembrolizumab with or 

without olaparib in stage III non-small-

cell lung cancer (NSCLC) (MK-7339-

012/KEYLYNK-012) 

Lung neoplasms 

NSCLC 

Pembrolizumab 

Olaparib 

Etoposide 

Carboplatin 

Cisplatin 

Paclitaxel 

Pemetrexed 

Thoracic RT 

Durvalumab 

III 870 Recruiting 
Primary and final: 6 July 

2026 
04380636 30 November 2022 

Listed clinical trials include at least one arm with patients undergoing treatment with RT, PARPis, and ICIs. IMRT, intensity-modulated RT; NSCLC, non-SCLC; 

RT, radiotherapy; SBRT, stereotactic body RT; SCLC, small-cell lung carcinoma; TNBS, triple-negative breast cancer. Source: www.clinicaltrials.gov (last accessed 

8 January 2023). 
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There are still open questions regarding the identification of optimal sequencing, 

doses, and time intervals among the three treatments. PARPis display a radio-sensitizing 

action, suggesting their use along with RT. However, PARPis/RT cotreatment could also 

increase the risk of toxic/adverse effects, predominantly hematological or gastrointestinal, 

according to the targeted tissues [98]. Yet, administration of PARPis could allow reduc-

tions in RT doses, especially when associated with high-LET health tissue-sparing RT 

(protons and carbon ion particles), thus reducing risks. CTLA-4 blockade, by lowering the 

threshold for immune activation, would be relevant in the initial phases of the immune 

response, close to the PARPis/RT-induced “priming”. Blockade of other immune check-

points, such as the PD-1/PD-L1 axis, might be useful after the initial “priming” to unleash 

the response of effector immune cells. Of note, some experimental evidence has revealed 

that PD-1 blockade could radio-sensitize CD8 T cells when given before RT, resulting in 

an unfavorable effect [166], as already discussed above. In this regard, results from the 

ongoing clinical trials will be informative and relevant to address toxicity and effective-

ness of the three combined treatments. However, for ethical reasons, they also cannot ex-

plore many combinations exposing patients to the risk of therapeutic benefits lower than 

those provided by already standardized approved protocols. At variance, preclinical stud-

ies could contribute to better understand temporal sequencing and combined mechanisms 

of action and toxicity, helping to define clinical protocols, provided that suitable animal 

models will be specifically set up. 
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