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Abstract

:

Simple Summary


DNA repair pathways play a crucial role in maintaining the stability of a cell’s genetic material. When these pathways are defective, it can lead to genomic instability in cancer cells, which can increase their ability to stimulate an immune response. Inhibiting DNA damage response, the process that helps repair DNA damage, has been shown to increase the effectiveness of anticancer immunotherapies. In this review, we will explore how deficits in the DNA repair pathway can affect the immune system’s ability to fight cancer. We will also examine clinical trials that have combined inhibition of DNA damage response with immune-oncology treatments. A better understanding of these pathways could help improve the effectiveness of cancer immunotherapies and other treatments for various types of cancer.




Abstract


Defects in DNA repair pathways can lead to genomic instability in multiple tumor types, which contributes to tumor immunogenicity. Inhibition of DNA damage response (DDR) has been reported to increase tumor susceptibility to anticancer immunotherapy. However, the interplay between DDR and the immune signaling pathways remains unclear. In this review, we will discuss how a deficiency in DDR affects anti-tumor immunity, highlighting the cGAS-STING axis as an important link. We will also review the clinical trials that combine DDR inhibition and immune-oncology treatments. A better understanding of these pathways will help exploit cancer immunotherapy and DDR pathways to improve treatment outcomes for various cancers.







Keywords:


DNA damage response; cancer therapy; immunotherapy; cell death; biomarker; tumor microenvironment; DNA repair; cell death












1. Introduction


Cancer has become a leading cause of death in many countries and is still a major public health problem worldwide [1]. The classical and primary therapies are surgery, radiotherapy, and chemotherapy. Along with a better understanding of the molecular biology of the tumor cells, molecularly targeted therapies are designed to inhibit a target that is abnormal in malignant tissues when compared with normal tissues [2,3]. In comparison, most target drugs have shown limited efficacy against solid tumors, largely due to the fact that tumors frequently develop resistance to these therapies [4]. In recent years, immunotherapy has had remarkable clinical success, including immune checkpoint blockade (ICB) and adoptive cell therapy. The antibodies targeting programmed cell death 1 (PD1), PD1 ligand 1 (PDL1), and cytotoxic T-lymphocyte-associated protein 4 (CTLA4) as ICBs have been approved for broad application to treat solid tumors [5]. Anti-PD therapy dominates ICB therapies and has been shown to be superior to anti-CTLA4 therapy in a wide variety of tumors [6,7]. However, the response rate of anti-PD therapy alone is usually only 20% in advanced-stage cancers, and adaptive immune resistance mechanisms also help cancer cells to escape attacks by the immune system. Thus, combining immunotherapy with other approaches to improve the anti-tumor effect is reasonable. Researchers have proposed the promising approach of utilizing DNA repair deficiency to enhance anti-tumor immunity [8].



The DNA damage response (DDR) is essential for maintaining genomic stability by repairing different types of DNA damage [9]. Cancer cells with high underlying levels of DNA damage are more dependent on DDR for survival when compared to normal cells [10]. Deficiencies in DDR result in the accumulation of DNA damage and enhance immunogenicity in tumors. Numerous studies have identified that DNA damage agents modify systemic immune functions [11,12,13]. In addition, clinical data show that a loss of mismatch repair could be a predictive biomarker for ICB response [14]. Thus, combining DDR network inhibitors with immunotherapy attracts more attention to clinical testing.



Here, we review the mechanism of DDR and discuss its interactions with anti-tumor immunotherapy. We also present the clinical implications of DDR, including combination with immune-oncology treatment in clinical trials and immune response prediction as a biomarker. Finally, we evaluate the opportunities and development of DDR-immunotherapy combinations in anticancer therapies.




2. DNA Damage and Repair Pathway


DNA injuries occur as a result of intrinsic or extrinsic agents and can include modifications to bases and sugars, single- and double-strand breaks (SSBs, DSBs), DNA-protein crosslinks, and base-free sites [15]. While some specific DNA lesions can lead to mutations that cause cancer, the main consequence of DNA injuries is the threat they pose to DNA integrity and stability [16]. To prevent accumulated DNA lesions from causing irreversible harm, cells initiate DDR, which senses the DNA damage, signals its presence, and mediates its repair. DDR kinases, including DNA-dependent protein kinase (DNA-PK), ataxia telangiectasia mutated (ATM), and ataxia telangiectasia and Rad3-related (ATR), are activated at DNA lesions, which then mediate cell cycle arrest and DNA repair [17].



In the cell cycle arrest pathway, ATM and DNA-PK are mainly activated by DSBs, while ATR is activated by SSBs. These kinases phosphorylate downstream cell cycle checkpoint kinases. The active CHK1 and CHK2 then phosphorylate p53, CDC25, and WEE1, which increases the expression of p21 (p53), inhibits CDK activity and leads to cell cycle arrest at G1/S and G2/M transition (CDC25 and WEE1) [9,18]. In addition, the molecular pathways of primary DNA repair mechanisms that function in common types of DNA damage are introduced below (Figure 1) [19,20,21].



2.1. Base Damage Repair


Base excision repair (BER): Base damage occurs when chemical bonds within the DNA molecule are formed abnormally. BER can remove a single damaged base. At the beginning of BER, a series of lesion-specific DNA glycosylases remove the damaged base by cleaving the N-glycosidic bond linking the base to its corresponding deoxyribose [22]. Apurinic/apyrimidinic endonuclease 1 (APE1) and poly ADP-ribose polymerase 1 (PARP1) can sense and bind to the damage site. This catalyzes poly ADP-ribosylation (PAR) and some other protein substrates, which allows for the recruitment of repair proteins. The next synthesis/ligation step of BER is divided into two sub-pathways—short-patch and long-patch [23]. In short-patch BER, the polymerase beta (Pol β) fills the generated gap with the correct nucleotide [24]. The successive ligation of the DNA ends demands either DNA ligase I (LIG1) or the complex of DNA ligase III (LIG3) and X-ray repair cross-complementing protein 1 (XRCC1). In long-patch BER, proliferating cell nuclear antigen (PCNA), replication factor-C (RFC), flap endonuclease-1 (FEN1), Pol δ/ε, and LIG1 are included [24].




2.2. Bulky Base Damage Repair


Nucleotide excision repair (NER): This pathway removes bulky lesions, which involves removing the damaged base and several adjacent nucleotides [25]. The significant lesions initiating NER are pyrimidine dimers, such as cyclobutene pyrimidine dimers (CPD), and 6–4 photo-products induced by ultraviolet light- cisplatin-DNA intra-strand crosslinks [26,27]. In the recognition step, there are two different pathways, termed global genome NER (GG-NER) and transcription-coupled NER (TC-NER), whose recognition factor is the XPC/HR23B/CEN2 (XP complementation group C/Rad23 homolog B/Centrin-2) protein complex and CSA/B (Cockayne syndrome A and B, displacing the stalled RNA polymerase II), respectively [28,29]. The following excision and polymerization steps are all the same. XPB and XPD orchestrate the asymmetric unwinding of the DNA helix, accompanied by XPA and RPA binding to the damaged region. Then, the structure-specific endonucleases XPG and XPF/ERCC1 lead to nucleotide excision. Lastly, the resulting gap is resynthesized by Pol δ/ε and sealed by LIG1 [30].



Mismatch repair (MMR): This corrects mis-incorporated bases and strand crosslinks that occur during DNA replication. Defective MMR (dMMR) causes microsatellite instability (MSI) and an increased mutation frequency, which increases the risk of certain cancers such as Lynch syndrome and colon cancer. The MLH/MSH/PMS gene family plays a critical role in MMR [31,32]. The MSH2-MSH6 heterodimer preferentially recognizes base-base mismatches and small insertion/deletion loops (IDLs), while the MSH2-MSH3 heterodimer recognizes larger IDLs. MLH1 and PMS2, which contain the primary endonuclease activity (~90%), facilitate downstream events. The degradation of the error-containing strand is performed by Exo1 [32,33]. Then, polymerized DNA (synthesized by Pol δ), accompanied by PCNA and RPA, resynthesizes a vast gap, and LIG1 or LIG4 seals the remaining nick [34].



Inter-strand crosslink (ICL) repair: ICLs are a form of DNA damage in which two complementary DNA strands are covalently linked. To resolve ICLs, Fanconi Anemia (FA) proteins are primarily involved during the S phase of the cell cycle [35,36]. FANCM and its interacting partners (FAAP24 and MFH) recognize the lesions and recruit the FA core complex and UBE2T/FANC, to monoubiquitinate the ID2 complex (FANCI and FANCD2 heterodimer) [37,38,39]. Then, the monoubiquitinated central complex activates FANCP/SLX4-FANCQ/XPF to unhook ICLs, generating different types of lesions. These ICL-associated lesions are repaired by other DNA repair pathways, including translesion synthesis (TLS) and homologous recombination (HR) [35,40,41].




2.3. Translesion Synthesis


TLS repair: TLS, an DNA damage tolerance mechanism, uses specialized DNA Pols to bypass DNA damage or fill single-strand DNA (ssDNA) gaps by inserting and/or extending nucleotides [42]. It can be error-prone or error-free. Two models have been proposed to explain TLS: the Pol switching model and the gap-filling model [21,43]. In the former, the inserter TLS enzyme (usually a Pol h, Pol i, or Pol j), which incorporates a nucleotide opposite the DNA lesion, is replaced by extender TLS enzyme (usually Pol ζ (REV3 and REV7), in some cases by Pol j) [44,45]. The Rev1-Pol ζ complex is the most efficient among TLS Pols [44,45,46,47], initiated by monoubiquitinated PCNA [46,48]. In the latter, TLS polymerases (Rev1, Rev3, etc.) repair ssDNA to protect cells from replication stress, though the exact order of events is still unknown [49,50]. The TLS pathway has also been implicated in other DDRs, including HR, NER, and non-homologous end joining (NHEJ) [51,52,53,54].




2.4. SSB and DSB Break Repair


SSB repair (SSBR): SSBs arise either directly or indirectly (e.g., during BER of base damage) [55]. Therefore, SSBR shares several enzymatic steps with the BER pathway. In the long-patch SSBR pathway, SSBs are detected by PARP1, following end processing by APE1/PNKP (poly-nucleotide kinase 30-phosphate)/APTX (aprataxin). Next, FEN1 removes the damaged termini, following which Pol β and LIG1 repair the gap [56,57,58,59]. Different from this, APE1 recognizes the lesion and LIG3 catalyzes ligation in the short-patch SSBR pathway, while TDP1 (tyrosyl-DNA phosphodiesterase 1) executes the end-processing function in the TOP1-SSB pathway [60,61].



DSBs repair: The main processes are HR, single-strand annealing (SSA), classical NHEJ (cNHEJ), and alternative end joining (A-EJ) [62,63,64,65]. HR repair is mostly error-free [66] and only happens during the S phase and subsequent G2/M phases [67]. Firstly, the Mre11-Rad50-Nbs1 (MRN) complex senses DSBs and stably recruits ATM [68,69], which can phosphorylate itself and downstream cellular targets, including MDC1. Then, RNF8 recognizes MDC1 and promotes the ubiquitylation of histone H1 [70,71]. RNF168 recognizes ubiquitylated H1 and recruits BRCA1 and 53BP1 to mediate the HR and NHEJ pathways, respectively [72,73]. In the next step, CtIP, Exo1, and BRCA1 are implicated in the DNA end resection. The emergent ssDNA protected by replication protein A (RPA), which BRCA2 displaces, invades duplex DNA molecules through the assistance of RAD51 and BRCA1–BARD1–PALB2. With sister chromatid DNA as a template, DNA Pol δ/ε chiefly mediates the nascent strand synthesis [74,75,76], while the SSA pathway directly joins two homologous 3′ ssDNA ends after extensive DNA end resection and RPA displacement, requiring RAD52, XPF–ERCC1 and LIG1 [77,78,79].



NHEJ does not require template DNA for repair, which distinguishes it from HR. It is an error-prone means of repair which can operate throughout the cell cycle. The Ku heterodimer (Ku70 and Ku80 subunits) is needed to recognize DSB termini [80]. Then, DNA-PK is recruited by binding Ku80 [81,82]. Finally, the XRCC4-XLF, Pol μ, and LIG4 complex joins the DNA ends together to complete the damage repair [83]. When the key NHEJ components are lacking, the A-EJ pathway, also known as microhomology-mediated end joining, is enhanced in the DDR [80,84]. It requires PARP1 and Pol θ (encoded by POLQ) to elicit the re-joining of the two DNA ends by using very short homologous sequences (2–20 bp). Due to the synthetic lethal relationship between HR and the A-EJ pathway, Pol θ is a novel druggable target for cancer therapy [85,86,87].





3. The Interplay between DDR Deficiency and Immune Response


Figure 2 depicts the complex interaction between DDR deficiency and immune response.



3.1. Innate Immune Response


Genome instability is the hallmark of all forms of cancer [88], providing opportunities for intervention due to weak genome maintenance. DDR deficiency enhances genetic instability and imperfections [89], thus increasing endogenous nucleus-derived DNA generation in the cancer cell cytoplasm, which elicits an innate immune response.



3.1.1. Cytosolic DNA Generation


The formation of cytosolic DNA includes cytosolic nucleosome-free DNA fragments, cytosolic chromatin fragments (CCF), and micronuclei (MN) [90,91,92], derived from nuclear DNA, mitochondrial DNA, or even extracellular nucleosomes as a result of DNA damage [93,94,95]. However, the molecular mechanisms of cytosolic DNA accumulation are still under exploration.



Defects in the DDR pathway cause replication forks to stall or collapse, leading to loss of chromosomal integrity maintenance and generating DNA fragments. For instance, a defect in MLH1 in the MMR system leads to a loss of regulation of Exo1. This causes unrestrained DNA end resection, leading to increased formation of ssDNA. Ultimately, this leads to chromosomal abnormalities and the release of nuclear DNA into the cytoplasm [34,96]. Similarly, MRE11 excessively degrades unprotected newly replicated genomes following RAD51 or BRCA2 dysfunction, resulting in increased fragmentation of nascent DNA [75,76,97,98]. On the other hand, the depletion of SAMHD1, which promotes the degradation of nascent DNA by stimulating the exonuclease activity of MRE11, leads to the release of ssDNA fragments [99]. This suggests a double-edged sword characteristic. In PARP-dependent DNA repair pathways, DNA structure-specific endonuclease MUS81 (a member of the XPF family) cleaves aberrant DNA structures at sites of stalled replication forks to preserve genome integrity [100,101].



Replication stress and unrepaired dsDNA also contribute to chromosomal instability [102,103]. Deletion of the interferon-stimulated gene (ISG15), which plays critical roles in the DDR to modulate p53 signaling and error-free DNA replication, was associated with CCF formation [104,105]. Interestingly, BLM RecQ-like helicase limits ISG induction to prevent genome instability [106]. Meanwhile, chromosomal instability leads to a preponderance of MN [107,108], which also results in the persistence of unrepaired DSBs during mitosis [91].



Mitochondrial DNA is also part of cytosolic DNA. Activation of intrinsic BAK and BAX–mediated apoptosis leads to the appearance of the BAK/BAX macropores, which allow the inner mitochondrial membrane to herniate into the cytosol, carrying matrix components, including the mtDNA [109]. Aberrant mtDNA packaging can also promote its escape into the cytosol, such as the loss of function of TFAM, an mtDNA packaging protein, which can elicit moderate mtDNA stress [93]. It is generally accepted that mtDNA activates DNA sensors upon its release into the cytoplasm [93,110].



To prevent host cytosolic DNA from accumulating and being recognized by DNA sensors, DNases degrade DNA molecules to maintain homeostatic conditions. For instance, DNase II rapidly degrades DNA derived from pathogens or apoptotic cells within endolysosomes [111], and three prime repair exonuclease (Trex1), a major DNA-specific 3′-5′ exonuclease in mammalian cells, degrades endogenous retroviruses and byproducts of DNA replication [112].




3.1.2. Cytosolic Nucleic Acid Sensing Pathway


Pattern recognition receptors (PRRs), which include pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), detect cytosolic DNA and trigger innate immunity. When pathogenic nucleic acids are detected, the DNA sensor transduces a signal to the nucleus to produce proinflammatory cytokines. Among the downstream signaling for innate immune response, the cGAS-STING-IFN (cyclic GMP-AMP synthase, stimulator of interferon genes, interferon) pathway has been demonstrated to play an important role [113,114,115,116,117,118]. Defects in SWI/SNF subunits, including PBRM1, ARID1A, and SMARCA4, lead to replication stress and accumulation of cytosolic DNA, which facilitates cGAS–STING pathway activation following DNA damage [119,120,121].



Recognition of ruptured micronuclei or chromatin fragments by cGAS links genome instability to the innate immune response [3,122]. Upon the binding of cytosolic DNA, cGAS, as one of the most significant PRRs, catalyzes the synthesis of cyclic-dinucleotide 2′3′-cGAMP (cGAMP), which binds to STING at which point STING translocates from the endoplasmic reticulum to the Golgi apparatus, activating a variety of downstream signaling molecules [117,123]. It recruits and activates tank-binding kinase 1 (TBK1), which in turn phosphorylates STING to activate the interferon regulatory factor 3 (IRF3). Then, IRF3 translocases to the nucleus to induce ISGs and type 1 IFN (IFN-I) expression [124,125]. In parallel, it also activates IKK, which triggers the nuclear factor κB (NF-κB) signaling pathway to produce IFN-I, ISG, and proinflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6 [107,123,126,127,128]. Considerable evidence now suggests that IFN-induced immune responses are crucial for cancer immunotherapy. The produced IFNs, binding to the heterodimer type I IFN receptors (IFNAR1/IFNAR2), activate the JAK/STAT signaling pathway on the dendritic cells (DCs) to produce ISGs and proinflammatory cytokines, such as IFNγ and IP-10 (CXCL10), which influence adaptive immunity. IFNs also regulate the maturation, migration, and activation of various innate and adaptive immune cells, such as natural killer (NK) cells, macrophages, plasma B cells, CD8+ cytotoxic, and CD4+ helper T cells [129].



Moreover, cGAS also localizes to the nucleus, where it plays a role in regulating the DDR. When in the nucleus, cGAS is recruited to dsDNA and interacts with PARP1 to suppress HR progression [130,131]. It also acts as a decelerator of DNA replication forks to suppress replication-associated DNA damage [132]. However, nucleosomes have a higher binding affinity for cGAS than dsDNA, but they have significantly lower potency for activating cGAS [94]. The above suggests a complex connection between cytoplasmic and nuclear functions of cGAS in DDR-immunity interplay.



There are several other cytosolic DNA sensors that regulate type I IFNs and cytokine production, including DDX41 [133,134], DDX60, IFNγ-inducible protein 16 (IFI16) [135], DNA-PK, and MRE11, which converge on STING [136]. Meanwhile, DNA-dependent activators of IFN-regulatory factors (DAI) directly trigger TBK1 activation [137]. In addition, absent in melanoma (AIM2)-like receptors, sensing dsDNA activates the ASC/Caspase1 inflammasome pathway to produce IL-1b instead [138]. There are also other pathways in which RNA polymerase III synthesizes 5′-PPP RNA from the AT-rich dsDNA or RNA: DNA hybrid, which induces IFN-β through the RIG-I (retinoic acid-induced gene I)- MAVS (mitochondrial antiviral signaling) pathway [139,140].




3.1.3. Other Mechanisms


Furthermore, DDR activation prevents tumor cells from evading immunosurveillance of NK cells and/or CD8(+) T cells by shedding membrane ligands (through poorly understood mechanisms). Stimulation of ATR or ATM—major DNA damage checkpoints—can upregulate the ligands, which activate NKG2D receptors to alert the innate immune system [141]. Likewise, inhibition of DNA damage pathway components can also prevent the upregulation of major histocompatibility complex class I-related molecules A and B (MICA and MICB), which serve as membrane ligands [142,143].



Cellular senescence could be triggered by DNA damage, causing mammalian cells to enter an irreversible growth arrest that prevents abnormal cells from proliferating. This process is dependent on DDR regulators such as ATM/ATR, as well as the p53/p16 (INK4a) dependent pathway [144,145]. One key feature of senescence is the senescence-associated secretory phenotype (SASP), which involves the expression and secretion of various proinflammatory cytokines and chemokines. These secreted factors can stimulate the immune system and promote chronic inflammation either directly or indirectly, offering potential therapeutic opportunities [146,147,148].





3.2. Adaptive Immune Response


3.2.1. Influence Tumor Antigenicity


Defects in DNA repair may increase the number of neoantigens in the tumor. For instance, low BER/SSBR gene expression leads to high neoantigen production, which enables a higher probability of recognition by the immune system [149,150]. The number of neoantigens is directly proportional to the number of non-synonymous mutations, which would be increased by a deficiency of multiple DNA repair pathways, including MMR, POLE/POLD1 (encoding the catalytic and proofreading subunits of Pol ε and Pol δ), and HR [151,152,153,154]. Studies have shown that neoantigen-reactive T cells [112,113] may be a key factor in the effectiveness of immunotherapy, particularly in tumors with a high tumor mutational burden (TMB). Cancer-associated antigens, including neoantigens derived from genetic alterations, are presented to CD8+ T cells through the major histocompatibility complex (MHC) on DCs, and professional antigen-presenting cells (APCs). However, most neoantigens are usually not recognized by the immune system, so identifying highly tumor-specific antigens is crucial for the development of personalized immunotherapy [155,156]. Recent technological advances allow new strategies to emerge in predicting, identifying, and validating neoantigens, with the ultimate goal of creating personalized vaccines for cancer treatment [157,158,159].



Additionally, tumors with high TMB resulting from dysfunction in the DDR process may have better clinical outcomes when treated with ICBs such as CTLA4 and PD1 in certain types of cancer [160]. This has been retrospectively validated in patients with advanced lung cancer, gastrointestinal carcinomas, ovarian cancer, skin melanomas, and glioma [159,161,162,163,164,165], suggesting that increased neoantigen burden is a predictive factor for a better outcome when using ICBs [115].



On the other hand, tumor aneuploidy, which is derived from chromosome instability, also provides an independent prognostic value as a biomarker [166,167]. A higher aneuploidy score is associated with poor prognosis among patients with lower-TMB (<80th percentile) tumors treated with immunotherapy [167] and non-small cell lung cancer (NSCLC) treated with radiotherapy and ICB [168]. Now, aneuploidy has been determined to affect immune cell action against the tumor adversely. However, the mechanisms underlying this observation are not well understood, with one proposed explanation being that most tumors with extensive aneuploidy often have fewer infiltrating immune cells [169,170].




3.2.2. Immune Checkpoint Interaction


DDR defects have been shown to modulate the expression of immune checkpoints and other co-stimulatory molecules. PDL1 is one of the hot spots for immune checkpoint blockade, with links to DDR defects. Specifically, tumoral PDL1 expression is more common in dMMR cancers relative to MMR-intact tumors, which have been identified in colorectal and endometrial carcinomas [171,172,173]. Nevertheless, the loss of MMR proteins seems to be less correlated with tumoral PDL1 expression in breast carcinoma, where MMR gene mutations are less common [174]. PDL1 is primarily induced by IFNγ [175] through the JAK1/JAK2-STAT1/STAT2/STAT3-IRF1 axis [176]. This pathway is activated by innate immunity in response to damaged DNA [150]. PARP inhibitors (PARPi) have been shown to potentiate IFN-γ-induced PDL1 expression in NSCLC cell lines and pancreatic cancer [177,178]. PDL1 upregulation, mediated by DNA damage signaling [179], has been linked to ATM/ATR-CHK1 pathway activation in BER- or BRCA2-depleted cells, for example [150,180,181], or the cGAS-STING-TBK1-IRF3 pathway [182,183]. Furthermore, the greater release of DAMPs from excessive DNA damage promoted by DDR deficiency could also upregulate PDL1 expression in the neighboring surviving tumor cells, due to the TLR4/MyD88/TRIF signaling mediated by HMGB1 [184,185]. Expression of PDL1 in tumors can serve as a potent mechanism for potentially immunogenic tumors to escape from host immune responses by negatively regulating T-cell antigen receptor signaling by binding PD1 [8,175,186,187,188,189]. Finally, blockading PDL1-PD1 binding may result in the remission of advanced-stage cancer, although it does not necessarily mean that PDL1+ tumors have higher response rates [8]. On the other hand, intracellular PDL1 can protect the mRNA of NBS1, BRCA1, and other DNA damage-related genes from degradation, thereby increasing cellular resistance to DNA damage [190].



Moreover, the expression of a co-stimulatory molecule related to DDR has implications for the immune system, as it is required to activate CD8+ T cells [191]. Co-stimulatory B7-1/B7-2 signals on antigen-presenting cells, which interact with CD28 molecules on the T-cell surface, may induce clonal expansion and activation of cytotoxic T cells (CTLs). Increasing CD8(+) CD28(−) T-cell apoptosis compared to CD8(+) CD28(+) T cells is correlated with an impaired DDR following treatment with etoposide, a topoisomerase II inhibitor [192]. Similarly, CTLA4 can exacerbate the DDR and induces T-cell apoptosis [193].




3.2.3. Induce Immunogenic Cell Death


Fas ligand (FasL/CD95L), triggering apoptotic cell death following ligation to Fas (CD95/APO-1), helps to maintain tumor cells in a state of immune privilege by inducing apoptosis of anti-tumor immune effector cells [194]. Therefore, FasL in tumor cells may decrease lymphocyte infiltration, reduce anti-tumor immunity in vivo and promote tumor development [195,196]. Conversely, Fas expression in various human cancer cells enhances the anti-tumor efficiency of CD8+ T or NK cells. In human colon cancer cohorts, Fas expression has been strongly correlated with dMMR and MSI-high (MSI-H) tumors, and it also induced senescence caused by chronic DNA damage [197].




3.2.4. Role in Immunogenic Diversity


DDR kinases activated by purposeful genotoxic insults can regulate cell type-specific processes: variable gene segment recombination (VDJ), class-switch recombination (CSR), and somatic hypermutation (SHM) [198]. These processes are required for the normal development and function of immune responses [199], in which programmed DNA damage occurs at a specific site [200,201]. Multiple components of the DDR pathway are involved with these intermediates. For instance, DNA-PK, XLF4, SHLD1, and LIG4 participate in RAG-induced (in VDJ) or AID-initiated (in CSR) DSBs repair [202,203,204]. During SHM, error-prone non-canonical BER and/or MMR help to diversify mutations in the variable region of immunoglobulin genes to create high-affinity antibodies [205,206]. DNA repair is critical for antibody diversification and influences the development of the adaptive immune system [207,208]. Disturbances in the balance between enzymatic mutagenesis and DNA repair are at the basis of lymphoid malignancies [209,210]. This raises the intriguing possibility that therapeutic agents that target DDR proteins may be used to manipulate immune responses.






4. Combining DDR Inhibition and Immunotherapy


4.1. Potential Mechanism and Clinical Implication


Tumor immunotherapy, including ICB and adoptive cell transfer, can manipulate specific components of the immune system to reverse immunity suppression and target various cancers. PD1/PDL1 inhibitors and CTLA4 inhibitors have shown encouraging therapeutic effects in these approaches [211,212]. Nevertheless, only a minority of cancer patients respond to ICB in the clinic. Even among dMMR/MSI-H mCRC (metastatic colorectal cancer) patients for whom PD1 blockade is a guideline-recommended, first-line treatment option, response rates range between 30% and 50% [213,214]. These data suggest the existence of intrinsic resistance mechanisms, which are often contingent on the tumor microenvironment (TME) [215]. As a consequence, the development of novel therapeutic designs, as well as the discovery of biomarkers, are currently areas of intense research activity [216,217]. Combination regimens of traditional DNA-damaging approaches, such as chemotherapy drugs and radiotherapy, have been shown to enhance immunity by increasing antigens to stimulate T-cell-mediated immunity and modulating certain aspects of the immunosuppressive milieu [218,219]. Moreover, there is evidence to suggest that lower DDR factor expression in tumors may be associated with a better response to anticancer immunity, implying substantial potential benefits from DNA repair inhibitors [220]. Thus, there is considerable interest in combining ICB with DDR inhibition (DDRi), in order to enhance genomic instability and immunotherapy activity and potentially achieve additional anti-tumor responses [8] (Figure 2).




4.2. Treatment Strategies for Combining DDR Targets


DDR kinase inhibitors, such as those targeting PARP, ATM, ATR, DNA-PK, CHK1/2, BER, and WEE1, have been tested in clinical trials as a way to kill tumor cells, as cancer cells are more sensitive to compromised repair systems compared to normal cells (Table 1) [89,221]. With the expectation that the combination of DDRis with ICBs will show high potency, multiple studies exploring this combination are ongoing (Table 2). An archetypal example is PARPi, which have shown significant therapeutic efficacy in BRCA-deficient cancers by blocking BRCA-independent DNA repair in ovarian and breast cancer [222,223]. However, PARPi have only improved progression-free survival without reaching statistical significance in cancer-specific mortality in patients with germline BRCA mutations [224,225,226]. ICB has been proposed to optimize these clinical outcomes. In the BRCA1(−) tumor model, CTLA4 blockades combined with PARPi induce protective anti-tumor immunity and significant survival benefit by locally inducing anti-tumor immunity and increasing levels of IFNγ [227]. Accumulating evidence has also suggested that olaparib, a type of PARPi, triggers robust local and systemic anti-tumor immunity through a STING-dependent anti-tumor immune response independent of BRCA deficiency. This response can be further augmented by combining olaparib with PD1 blockade [228,229,230]. The clinical results of combining PARPi with an ICB, such as in advanced triple-negative breast cancer and advanced or metastatic non-small cell lung cancer [231,232], support further research on using this strategy in various cancers. Moreover, in PARP inhibitor-resistant cancers, PARG inhibitors may impair cancer cell survival by suppressing replication fork progression and show comparable killing ability [233,234]. This offers the potential for combining PARG inhibitors with ICB.



Although other DDRis are being evaluated as monotherapies or in combination with cytotoxic or molecularly targeted agents in solid tumors, only a few early-phase trials currently focus on combining them with ICB [221]. Clinical trials with AZD6738 [235], an ATR inhibitor, and AZD1775 (NCT02617277), a WEE1 inhibitor, individually as well as in combination with durvalumab in patients with advanced cancers, are currently ongoing. New DDRis are being developed, such as WRN inhibitors, which have shown promising synthetic lethal interaction with MSI tumors [236]. As dMMR cancers are exceptionally responsive to ICB [237,238], the viability of WRN inhibition plus ICB deserves further exploration.




4.3. DDR-Related Biomarkers for Predicting Immune Response


As our understanding of the relationship between DDR and immune responses continues to grow, it is expected that additional DDR-related biomarkers will be identified to predict a patient’s response more accurately to immunotherapy.



Several clinical trials have demonstrated that dMMR/MSI-H is significantly associated with long-term responses to immunotherapy and better prognosis in colorectal and non-colorectal malignancies treated with ICBs. Compared to chemotherapy, pembrolizumab has fewer treatment-related adverse events without compromising overall survival, supporting it as an efficacious first-line therapy [239,240]. In practice, pembrolizumab (anti-PD1) has been approved for dMMR/MSI-H refractory or metastatic solid tumors, and nivolumab (anti-PD1) for dMMR/MSI-H CRC [241,242,243]. One plausible hypothesis is that dMMR contributes to high TMB, though the specific mechanisms remain unclear [161]. TMB also has emerged as a promising biomarker of immunotherapy response across multiple cancer types. A high TMB may be a biomarker for identifying patients who will benefit from ICBs, irrespective of PDL1 expression level [244,245,246]. In many cases, TMB is a more reliable predictive marker for PD1 and PDL1 blockade immunotherapy response than PD1 or PDL1 expression; for example, the presence of ten or more mut/Mb was associated with improved response and prolonged progression-free survival, irrespective of tumor PDL1 expression in NSCLC [247,248].



Though higher TMB has been reported frequently in tumors with deleterious DDR gene alterations, mutations in different types of DDR pathways do not always exhibit high mutational load. In addition, clinical outcomes among patients with low TMB tumors are heterogeneous, with TMB status showing no ability to predict ICB-response in melanoma patients [162]. Recently, DDR scores quantifying the tumor signature of DDR pathways in tumors have provided new insights for guiding immunotherapeutic strategies. This is because DDR scores are not just closely associated with TMB and genome alteration, but also provide information regarding real-time DNA repair function [249]. There is evidence that patients with low DDR pathway signature scores might not benefit from a monoclonal anti-PD1 therapy, making these scores potentially useful for predicting treatment response in tumor tissues [163,164]. Similarly, studies have found that patients with high DDR scores have significantly higher survival rates after receiving ICBs compared to those with low DDR scores, while the reverse is true for traditional treatments [250]. Furthermore, tumor aneuploidy has been found to predict prognosis independently among patients with lower TMB (<80th percentile) tumors treated with immunotherapy [166,167].





5. Conclusions and Future Prospects


It has been reported that DDRi can enhance immune signaling within the TME and complement neoantigens. However, different forms of DDR defects may have varying effects on tumor immunogenicity. DDRi may not generate sufficient neoantigens in tumors with low neoantigen burden to stimulate an immune response. Meanwhile, it can also be challenging to reduce the immune-suppressive effects of DDRi. For example, PARPis and ICB have not produced dramatic responses in patients with BRCA1mut- and HR-deficient high-grade serous ovarian cancer, as PARPis can mediate immune resistance and tumor progression by upregulating VEGF-A. This has led to the development of combination therapies using PARPis, ICB, and bevacizumab (anti-VEGF) [251]. Combining DDRi with ICB, radiotherapy, or chemotherapy may also be a promising means for achieving a favorable balance between immunogenicity and TME. DNA-PK inhibitors are being studied in combination with radiation and ICB in clinical trials (NCT04068194, NCT03724890).



It is important to pay careful attention to specific therapeutic approaches for combination treatments. Optimizing the dose and schedule of DDRi agents may allow for increased tumor damage while sparing normal tissue by taking advantage of the differences in DDR and immune response between cancer and normal cells. The order in which combination drugs are administered and the line of therapy should also be considered. It is important to consider the toxicities of combination treatments versus monotherapy, as these can limit the development of combination therapies. Some DDR members are broad-spectrum and are necessary for maintaining homeostasis in normal tissues, which means that severe adverse events may occur when combined with ICBs. This is also the reason why many DDRis are eliminated in preclinical or phase I clinical trials.



To optimize the use of combination therapies involving DDRis and ICBs, more specific and sensitive biomarkers are needed to identify the most suitable patient population and predict treatment outcomes. DDR scores are likely to be important predictive factors, but the definition of DDR deficiency genes varies across different tumor types. It is controversial as to which mutated genes (distinguished as heterozygous or homozygous, germline or somatic) should be used to characterize DDR status in tumors. Under conditions of active anti-tumor immunity, DDR scores have been found to positively correlate with immune-related biomarkers, such as the number of T cells (such as CD4+ activated memory cells, CD8+ cells), T-cell receptor repertoire, PDL1 expression, and broad immune infiltrate. Thus, integrating immune biomarkers into the DDR score may improve its predictive ability.



In this review, we discuss the classical mechanism of DDR and its interplay with the immune system. We also present a compilation of studies on the combination of DDRi and ICBs for various cancer types, with the goal of inspiring new ideas for improving the efficacy of anti-tumor therapies and sparking innovation. While combination therapy has achieved impressive results in the clinic, increasing the success rate of treatment remains a challenge, and the rate of failure is still relatively high. A deeper understanding of the role of DDR in the immune system will be crucial for the design of future clinical trials.
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Figure 1. The molecular pathways of DNA damage repair. (a) BER can remove a single damaged base and is divided into two sub-pathways: short-patch (SP-BER) and long-patch (LP-BER). (b) For bulky base damage, NER removes the damaged base and several adjacent nucleotides, through global genome NER (GG-NER) and transcription-coupled NER (TC-NER); MMR corrects mis-incorporated bases and strand crosslinks; ICL repair, also known as FA pathway, resolves the covalently linked DNA strands. (c) TLS repair uses specialized DNA Pols to bypass DNA damage or fill single-strand DNA gaps by inserting and/or extending nucleotides, via Pol switching model and the gap-filling model. (d) SSBR repair shares most enzymatic steps with BER pathway; the main repair processes for DSB are HR, SSA, cNHEJ, and A-EJ. (A-EJ: alternative end joining; BER: base excision repair; cNHEJ: classic non-homologous end joining; DSB: double-strand break; HR: homologous recombination; ICL: inter-strand crosslink; MMR: the Mismatch Repair; NER: nucleotide excision repair; NHEJ: non-homologous end joining; SSBR: single-strand break repair; TLS: Trans lesion synthesis). 
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Figure 2. The interaction between DNA damage response (DDR) deficiency and immune response. The cytosolic DNA fragments, derived from nuclear, mitochondrial, or even extracellular DNA, are detected by sensors, including cGAS, DDX41, DDX60, IFNγ-inducible protein 16 (IFI16), DNA-PK, MRE11, and RNA polymerase III (Pol III). The cGAS-STING-IFN pathway plays an important role in innate immune response, which activates interferon regulatory factor 3 (IRF3) and nuclear factor κB (NF-κB) to produce IFN, ISG, and other cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6. In other pathways, RNA polymerase III synthesizes 5′-PPP RNA from the AT-rich dsDNA or RNA: DNA hybrid to induce IFN-β through the RIG-I (retinoic acid-induced gene I)- MAVS (mitochondrial antiviral signaling) pathway. The produced IFNs activate JAK/STAT signaling pathway on the dendritic cells (DCs) to produce ISGs and proinflammatory cytokines and it also regulates many innate and adaptive immune cells, such as natural killer (NK) cells, CD8+ cytotoxic and CD4+ helper T cells. DDR deficiency also increases neoantigen and senescence-associated secretory phenotype (SASP) production. DDR process dysfunction can regulate ligand expression, including programmed cell death ligand 1 (PD-L1), Fas, CD80, and major histocompatibility complex class I-related molecules A and B (MICA and MICB) to alert the innate and adaptive immune systems. The potential molecular mechanisms of combining DDR target and immunotherapy are shown in the text box: (1) DDR deficiency increases cytosolic DNA generation, which elicits an innate immune response; (2) DDR activation prevents tumor cells from evading immunosurveillance by NK cells and/or CD8(+) T cells by shedding membrane ligands; (3) DNA damage triggers cellular senescence and promotes chronic inflammation; (4) DDR deficiency increases the number of neoantigens of the tumor, which enables a higher probability of recognition by the immune system; (5) DDR modulates the expression of immune checkpoints and other co-stimulatory molecules to lead immune escape; (6) DDR is critical for antibody diversification and influences the development of the adaptive immune system. 






Figure 2. The interaction between DNA damage response (DDR) deficiency and immune response. The cytosolic DNA fragments, derived from nuclear, mitochondrial, or even extracellular DNA, are detected by sensors, including cGAS, DDX41, DDX60, IFNγ-inducible protein 16 (IFI16), DNA-PK, MRE11, and RNA polymerase III (Pol III). The cGAS-STING-IFN pathway plays an important role in innate immune response, which activates interferon regulatory factor 3 (IRF3) and nuclear factor κB (NF-κB) to produce IFN, ISG, and other cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6. In other pathways, RNA polymerase III synthesizes 5′-PPP RNA from the AT-rich dsDNA or RNA: DNA hybrid to induce IFN-β through the RIG-I (retinoic acid-induced gene I)- MAVS (mitochondrial antiviral signaling) pathway. The produced IFNs activate JAK/STAT signaling pathway on the dendritic cells (DCs) to produce ISGs and proinflammatory cytokines and it also regulates many innate and adaptive immune cells, such as natural killer (NK) cells, CD8+ cytotoxic and CD4+ helper T cells. DDR deficiency also increases neoantigen and senescence-associated secretory phenotype (SASP) production. DDR process dysfunction can regulate ligand expression, including programmed cell death ligand 1 (PD-L1), Fas, CD80, and major histocompatibility complex class I-related molecules A and B (MICA and MICB) to alert the innate and adaptive immune systems. The potential molecular mechanisms of combining DDR target and immunotherapy are shown in the text box: (1) DDR deficiency increases cytosolic DNA generation, which elicits an innate immune response; (2) DDR activation prevents tumor cells from evading immunosurveillance by NK cells and/or CD8(+) T cells by shedding membrane ligands; (3) DNA damage triggers cellular senescence and promotes chronic inflammation; (4) DDR deficiency increases the number of neoantigens of the tumor, which enables a higher probability of recognition by the immune system; (5) DDR modulates the expression of immune checkpoints and other co-stimulatory molecules to lead immune escape; (6) DDR is critical for antibody diversification and influences the development of the adaptive immune system.



[image: Cancers 15 01619 g002]







[image: Table] 





Table 1. DDR inhibitors in clinical trials.
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	Target
	Drug
	Tumor Type





	PARP
	Olaparib, Niraparib, Veliparib, Rucaparib
	TNBC, SCLC, NSCLC, ovarian cancer, bladder cancer, prostate, colorectal cancers, pancreatic cancer, advanced solid tumors



	ATM
	AZD-1390, M-4076, XRD-0394, AZD0156, M3541
	Solid tumors



	ATR
	Berzosertib, Ceralasertib, RP-3500, ART-0380, ATRN-119, M-4344, M-1774, Elimusertib
	Ovarian, Advanced NSCLC, SCLC, Gynae or neuroendocrine, HNSCC, relapsed CLL, PLL, B-cell lymphomas



	DNA-PK
	M3814, AZD-7648, CC-115, BR2002, BR101801
	GBM, HNSCC, prostate, ES, CLL



	MEK1/2
	Selumetinib, Binimetinib, Cobinetinib, Trametinib
	Melanoma, colorectal cancer, NF1-associated neurofibroma



	WEE1
	Adavosertib, ZN-c3, IMP7068, SY-4835, Debio0123
	Endometrial serous carcinoma, osteosarcoma, solid tumor, NSCLC, gastric carcinoma, AML, other myeloid malignancies



	CHK1/2
	MK8776, LY2603618, CCT245737, LY2606368
	NSCLC, refractory SCLC, relapsed AML, relapsed lymphoma, pancreatic carcinoma, ovarian, breast, prostate, pediatric solid tumors



	BER
	TRC102
	GBM, lymphoma, hematologic malignancies, NSCLC







Abbreviation: AML, acute myeloid leukemia; CLL, chronic lymphocytic leukemia; DDRi, DNA Damage Response inhibition; DLT, dose-limiting toxicity; ES, Ewing sarcoma; GBM, glioblastoma multiforme; HNSCC, head, and neck squamous cell carcinoma; ICB, immune checkpoint blockade; NSCLC, non–small cell lung carcinoma; ORR, overall response rate; OS, overall survival; PFS, progression-free survival; PLL, prolymphocytic leukemia; SCLC, small cell lung carcinoma; TNBC, triple-negative breast cancer.
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Table 2. Clinical Trials Using immune checkpoint blockade (ICB) + DNA Damage Response inhibition (DDRi). (https://clinicaltrials.gov (accessed on 1 November 2022)).
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ICBs

	
DDRi

	
Study Identifier (Status)

	
Tumor Type

	
Phase

	
Primary Endpoint






	
Pembrolizumab

	
Niraparib

	
NCT02657889 (completed)

	
Ovarian, advanced TNBC

	
I/II

	
DLTs, ORR




	
NCT04475939 (recruiting)

	
Advanced or metastatic NSCLC

	
III

	
3-year PFS, 5-year OS




	
NCT03308942 (completed)

	
NSCLC

	
II

	
ORR




	
Olaparib

	
NCT04191135 (not recruiting)

	
TNBC

	
II/III

	
PFS




	
NCT04548752 (recruiting)

	
Inherited BRCA-mutation pancreatic cancer

	
II

	
PFS




	
NCT02861573 (recruiting)

	
Metastatic castration-resistant prostate cancer

	
Ib/II

	
ORR




	
Nivolumab

	
Rucaparib

	
NCT03338790 (not recruiting)

	
Metastatic castration-resistant prostate cancer

	
I

	
ORR




	
NCT03522246 (not recruiting)

	
Ovarian cancer

	
III

	
7-year PFS




	
NCT03572478 (terminated)

	
Prostate or endometrial cancer

	
Ib/II

	
DLTs




	
Veliparib

	
NCT02944396 (completed)

	
Metastatic or advanced NSCLC

	
II

	
PFS




	
Camrelizumab (SHR-1210)

	
Apatinib

	
NCT03394287 (completed)

	
Advanced TNBC

	
II

	
ORR




	
Tislelizumab (BGB-A317)

	
Pamiparib (BGB-290)

	
NCT02660034 (completed)

	
Advanced solid tumors

	
I

	
AEs




	
Dostarlimab (TSR-042)

	
Niraparib

	
NCT03307785 (not recruiting)

	
Solid tumor

	
I/II

	
DLTs




	
NCT03602859 (not recruiting)

	
III or IV nonmucinous epithelial ovarian cancer

	
III

	
5-year PFS




	
Durvalumab

	
Olaparib

	
NCT03167619 (completed)

	
Advanced TNBC

	
II

	
1-year PFS




	
NCT02734004 (not recruiting)

	
Ovarian, breast, SCLC, gastric cancers

	
I/II

	
Disease control rate




	
NCT02546661 (not recruiting)

	
Muscle-invasive bladder cancer

	
I

	
AEs




	
NCT03459846 (not recruiting)

	
Urinary bladder neoplasms

	
II

	
PFS




	
NCT02484404 (recruiting)

	
Recurrent ovarian cancer

	
I/II

	
ORR




	
NCT03334617 (recruiting)

	
Advanced NSCLC

	
II

	
ORR




	
Durvalumab

	
Olaparib

	
NCT03534492 (completed)

	
Resectable urothelial bladder cancer

	
II

	
Pathological complete response rate




	
Durvalumab+ Tremelimumab

	
Olaparib

	
NCT02953457 (not recruiting)

	
Recurrent or refractory ovarian, fallopian tube, or primary peritoneal cancer with BRCA1 or BRCA2 mutation

	
II

	
DLTs




	
Durvalumab

	
Olaparib

	
NCT03851614 (not recruiting)

	
Mismatch repair proficient colorectal cancer, pancreatic adenocarcinoma, leiomyosarcoma

	
II

	
Changes in genomic and immune biomarkers




	
Ceralasertib

	
NCT02264678 (recruiting)

	
Advanced Solid Tumors

	
I/II

	
AEs




	
Olaparib

	
NCT02484404 (recruiting)

	
Advanced Solid Tumors and Advanced or Recurrent Ovarian, TN BC, Lung, Prostate, and Colorectal Cancers

	
I/II

	
ORR




	
Adavosertib (AZD1775)

	
NCT02617277 (not recruiting)

	
Advanced solid tumors

	
I

	
DLTs




	
Ipilimumab or Nivolumab

	
Niraparib

	
NCT03404960 (not recruiting)

	
Pancreatic adenocarcinoma

	
I/II

	
PFS




	
Avelumab

	
Talazoparib

	
NCT03330405 (not recruiting)

	
Locally advanced (primary or recurrent) or metastatic solid tumors

	
Ib/II

	
DLTs




	
NCT03565991. (not recruiting)

	
BRCA1/2 or ATM alterations tumor

	
II

	
Confirmed Objective Response




	
NCT03637491 (terminated)

	
Locally advanced or metastatic RAS-mutant solid tumors

	
Ib/II

	
DLTs




	
NCT03642132 (completed)

	
Ovarian cancer

	
III

	
PFS




	
NCT03964532 (not recruiting)

	
Advanced breast cancer

	
I/II

	
AEs




	
Atezolizumab

	
Olaparib

	
NCT02849496 (not recruiting)

	
Mutant Non-HER2-positive breast cancer

	
II

	
PFS




	
Rucaparib

	
NCT03101280 (completed)

	
Advanced gynecologic cancers, TNBC

	
IB

	
AEs




	
Niraparib

	
NCT03598270 (not recruiting)

	
Recurrent ovarian cancer

	
III

	
PFS




	
Tremelimumab

	
Olaparib

	
NCT02571725 (not recruiting)

	
BRCA-deficient ovarian cancer

	
I/II

	
DLT








Abbreviation: ICBs, immune checkpoint blocks; DDRi, DNA damage response inhibitors; DLTs, dose-limiting toxicities; ORR, overall response rate; TNBC, triple-negative breast cancer; NSCLC, non-small cell lung cancer; PFS, Progression-Free Survival; AEs, adverse events.
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