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Targeting the poly (ADP-ribose) polymerase (PARP) protein has shown therapeutic efficacy in cancers with homologous recombination (HR) deficiency due to BRCA mutations. Only small fraction of acute myeloid leukemia (AML) cells carry BRCA mutations, hence the antitumor efficacy of PARP inhibitors (PARPi) against this malignancy is predicted to be limited; however, recent preclinical studies have demonstrated that PARPi monotherapy has modest efficacy in AML, while in combination with cytotoxic chemotherapy it has remarkable synergistic antitumor effects. Immunotherapy has revolutionized therapeutics in cancer treatment, and PARPi creates an ideal microenvironment for combination therapy with immunomodulatory agents by promoting tumor mutation burden. In this review, we summarize the role of PARP proteins in DNA damage response (DDR) pathways, and discuss recent preclinical studies using synthetic lethal modalities to treat AML. We also review the immunomodulatory effects of PARPi in AML preclinical models and propose future directions for therapy in AML, including combined targeting of the DDR and tumor immune microenvironment; such combination regimens will likely benefit patients with AML undergoing PARPi-mediated cancer therapy.
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BACKGROUND
The poly (ADP-ribose) polymerase (PARP) protein superfamily comprises 17 members, which are encoded by different genes but share a common catalytic domain (Ame et al., 2004). PARP-mediated PARylation of PARP proteins themselves, or other DNA damage response (DDR) substrates, enhances DNA damage repair and promotes the survival of proliferating cells (Curtin and Szabo, 2020). The use of PARP inhibitors (PARPi) to treat BRCA1/2-mutant or homologous recombination (HR)-deficient tumors has been studied in various cancers, and is referred to as ‘synthetic lethality’ (Bryant et al., 2005; Farmer et al., 2005; Parvin et al., 2019).
PARP enzymes have important roles in cell biology processes, including post-transcription regulation, chromatin structure stabilization, metabolism, antiviral responses, telomere maintenance, cell cycle progression, and, most importantly, the DDR (Jubin et al., 2016). To date, eight PARP family members have been demonstrated to contribute to maintenance of genome stability through promoting DNA damage repair or cell cycle regulation (Slade, 2019). Besides being involved in single-strand break repair (SSBR), PARP proteins also have key roles in double-strand break (DSB) repair (Chen et al., 2018). In response to DNA damage, the PARP enzyme first localizes to damage sites via its N-terminal zinc finger domain (Langelier et al., 2011). The most important step in the repair process is the generation of PAR chains in multiple protein substrates, referred to as PARylation. Among PARP family members, PARP1 is the most abundant and responsible for generation of the majority of cellular PAR chains, while PARP2 accounts for only 5%–10% (Schreiber et al., 2006). The PARylation of multiple protein substrates leads to recruitment of DNA repair proteins to damage sites, where they mediate the repair cascade. Without appropriate PARP activity, single-strand breaks (SSBs) ultimately lead to formation of DSBs, which represent the most deleterious type of genome damage (Altmeyer et al., 2009; Bryant et al., 2009; Schiewer et al., 2012).
The PARP family members, PARP1, PARP2, and PARP3, are the most widely studied in mammalian cells, because of their involvement in DNA repair activity. These proteins act as DNA damage sensors, according to different types of DNA damage, and cooperate with other mediators to repair DNA damage through activating several DNA repair pathways, such as SSBR, HR, and non-homologous end joining (NHEJ) (Hartlerode and Scully, 2009; Pardo et al., 2009). In the following section, we review the function of PARP proteins, and particularly the PARP1 enzyme, in SSB and DSB repair. We also summarize recent studies using PARPi to treat acute myeloid leukemia (AML), where the majority of AML tumors harbor wild-type BRCA1/2.
PARP enzymes in SSBR
In mammalian cells, there are thousands of DNA breaks arose per cell each day. In response to those DNA lesions, which include SSB and DSB, cells have evolved a series of DNA repair systems to maintain genome integrity. Endogenous factor-induced SSB can be repaired by PARP1-mediated base excision repair (BER) (Caldecott, 2008). In this process, PARP1 PARylates itself and a series of substrates to promote the accumulation of DNA repair factors at single-stranded DNA (ssDNA) sites to mediate repair progression (El-Khamisy et al., 2003; Ronson et al., 2018). In detail, upon PARylation, PARP1 collaborates with proteins, including DNA polymerase β, DNA ligase III, XRCC1, ALC1, and PNKP, to complete DNA break repair (Figure 1) (Abbotts and Wilson, 2017; Hanzlikova et al., 2017; Demin et al., 2021; Hewitt et al., 2021; Paes Dias et al., 2021).
[image: Figure 1]FIGURE 1 | The classical mechanism of PARPi activity in cancer therapy. (A) Single-strand breaks are identified and repaired by PARP1. (B) PARPi induces double-strand break (DSB) formation by inhibiting PARP enzyme activity or PARP trapping. In HR-competent cells, DSBs can be repaired by HR, leading to cell survival. In HR-deficient cells, DSBs cannot be repaired correctly by error-prone NHEJ, leading accumulation of replication fork collapse and, ultimately, cell death.
PARP enzyme in DSB repair
When SSBs are left unrepaired, or repaired incorrectly, they will convert into DSBs, which are the most dangerous type of lesion and threaten genome integrity, potentially leading to cancer development. Mammalian cells have involved two repair pathways which includes HR pathway and NHEJ pathway to repair the DSBs (Figure 1) (San Filippo et al., 2008; Hartlerode and Scully, 2009; Pardo et al., 2009). The phase of the cell cycle determines which pathway is used to repair the DNA lesions, NHEJ is active throughout the cell cycle, while HR only occurs in S or G2 phase (Huertas et al., 2008; Chapman et al., 2012; Orthwein et al., 2014). In response to DSB, PARP1 is among the proteins that respond earliest to DSBs and, once PARP1 is activated by DSB, it recruits initial mediators to DSB sites.
NHEJ pathways can be divided into classical and alternative types. Classical NHEJ (cNHEJ) always repairs breaks occurring in the G0/G1 phase, during which PARP1 PARylates DNA-PKCs and PARylation of PARP1 itself recruits the KU70-KU80 complex, which promotes DNA ligase IV and the XRCC4/XRCC4-like factors (XLF) complex to DNA ends, to mediate their ligation (Lieber, 2010; Chang et al., 2017; Han et al., 2019). Notably, before ligation, DNA ends require processing by the nucleases, Artemis and APLF (Davis and Chen, 2013). Compared with cNHEJ, alternative NHEJ (aNHEJ) is active in the S and G2 phases of the cell cycle (Wyatt et al., 2016; Yu et al., 2020). The first step of this pathway is initiated by PARP1-mediated localization of the MRN-CtIP complex on the DNA ends, then CtIP acts with MRN to mediate the excision of DNA ends, to expose ssDNA microhomology sequences (Xie et al., 2009; Anand et al., 2016). Following this step, PARP1 combines with MRN and Pol θ to promote alignment of DNA single strands through microhomology sequences (Kent et al., 2015). For DNA regions without 3′homology sequences, ends are digested by XRCC1 and XPF (Okano et al., 2005). Overall, PARP1 is indispensable, and importantly interacts with various other factors, to complete both the cNHEJ and aNHEJ repair processes.
Compared with NHEJ repair, in which DNA ends are directly ligated and always recognized in an error-prone manner, HR is highly accurate and uses the sister chromatid as template to complete DNA repair (Juhasz et al., 2018; Ranjha et al., 2018). This characteristic restricts HR to occurring only in S and G2 phase, when sister chromatids are available (Liu and Huang, 2014). The first step of HR is initiation of DNA end resection, which is mediated by the MRN complex and BRCA1 (Bunting et al., 2010; Cruz-Garcia et al., 2014; Zhao et al., 2020). The role of PARP1 in this process is to recruit and activate the MRN complex and BRCA1 to the DSB ends (Li and Yu, 2013). However, there have also been reports that BRCA1 localization to DSB ends is independent of PARP1 (Wu et al., 2009). DNA end resection leads to subsequent generation of ssDNA, which is first bound by RPA, followed by recruitment and loading of RAD51 on to the ssDNA to complete the repair process (Chen et al., 2013; Prakash et al., 2015). DNA end resection is a fundamental step in HR and its efficiency is determined by PARP1, which PARylates various substrates, including CtIP, the MRN complex, and BRCA1 (Moison et al., 2021; Luedeman et al., 2022). Notably, BRCA1 and 53BP1 play opposing roles in determining which DSB repair pathway (HR or cNHEJ) occurs (Escribano-Diaz et al., 2013).
RATIONALE FOR TARGETING PARP IN AML
Sequence data demonstrate that PARP family genes alteration is rare in patients with AML; however, mutations and copy number alterations of DDR genes, such as, ATM, ATR, CHEK1, CHEK2, RAD51, and PALB2, have been detected, leading to HR pathway dysregulation in patients with AML (cBioPortal for Cancer Genomics. http://www.cbioportal.org/.). PALB2 deletion predicts HR defects and confers cancer cell sensitivity to PARPi (Grellety et al., 2020; Carreira et al., 2021; Dillon et al., 2022). Further, there is mounting evidence that PARP family members have key roles in regulating gene transcription, promoting protein stability, and modulating chromosome structure (Wacker et al., 2007; Ji and Tulin, 2010; Krishnakumar and Kraus, 2010). Dysregulation of gene transcription or chromosomes can result in errors in the DDR. Collectively, this led to the realization that targeting PARP may provide an ideal strategy for AML patients with known genetic background such as different karyotypic aberrations (Tyner et al., 2018). In the following sections, we summarize preclinical and clinical studies of different PARPi for treatment of AML (Table 1).
TABLE 1 | Ongoing clinical trials of the use of PARP inhibitors in AML.
[image: Table 1]Olaparib
As we known, SSB frequently occurs in proliferating cells, and efficient repair of SSB is dependent on PARP activity. The mechanism underlying PARPi activity can be divided into two aspects: inhibition of PARP enzyme activity and tapping PARP itself on the damage sites. Olaparib inhibits four members of the PARP family, PARP1 to PARP4, and is the PARPi that has been most extensively studied in the context of AML (Casorelli et al., 2006). In a previous study, patient-derived AML cells carrying AML1-ETO or PML-RARα mutations were demonstrated to be sensitive to olaparib. In contrast, MLL-AF9 or E2A-PBX subtype AML cells were unresponsive to olaparib. Mechanistic analysis showed that AML1-ETO or PML-RARα fusion oncogenes can inhibit HR activity through suppressing several HR-associated genes in AML cells, thus leading to olaparib sensitivity (Figure 2) (Esposito et al., 2015). In another study, olaparib inhibited XRCC1 loading onto DNA damage sites and prevented BER repair, while combination treatment with olaparib and decitabine induced synthetic lethality effects in AML cells (Orta et al., 2014). WEE1 inhibitor has been shown to sensitize cancer cells to cytotoxic agents, and WEE1 inhibition can reduce HR activity by directly constraining BRCA2 (Kausar et al., 2015). Garcia et al. showed that the WEE1 inhibitor, AZD1775, combined with olaparib, induced synergistic antitumor effects in an AML model (Garcia et al., 2017). Mechanistic analysis further demonstrated that AZD1775 suppressed HR and enhanced DNA damage, thus sensitizing AML cells to PARPi. Mutations of FLT3 have been detected in up to 23% of patients with AML and confer a poor prognosis. In a recent study, the FLT3 kinase inhibitor, AC220, was used to treat FLT3-positive AML cells, and was found to suppress expression of a subset of DNA repair proteins, thus causing synthetic lethal effects when administered with olaparib. Combined use of AC220 and olaparib eliminated FLT3-positive quiescent and proliferating leukemia stem cells, as well as reducing leukemia initiating cells (Maifrede et al., 2018). NF-κB is reported to mediate resistance of AML cells to DNA damage agents (Faraoni et al., 2018). Ding et al. showed that simultaneous targeting of NF-κB and PARP with olaparib resulted in substantial cell killing (Li et al., 2019). IDH1/2 mutation is reported to occur in 20% of patients with AML and inhibits DNA damage repair genes, conferring sensitivity of cancer cells to PARPi (Sulkowski et al., 2017; Fritz et al., 2021). In a recent paper, the authors showed that IDH1/2-mutated AML cells were sensitive to olaparib or talazoparib, and the study further supported the clinical trial of olaparib monotherapy or combined with daunorubicin in AML patients with IDH1/2-mutation (Figure 2) (Molenaar et al., 2018). Furthermore, olaparib is reported to be effective against IDH1/2-mutated AML or MDS in patient-derived xenograft models, but not in corresponding wild-type AML/MDS models (Gbyli et al., 2022). Together, these studies support the translation of PARPi for application in patients with AML with IDH1/2-mutation. KDM6A loss-of-function mutation was reported to be associated with conventional chemotherapy response in patients with AML, and olaparib treatment has demonstrated antitumor efficacy in AML with KDM6A mutation. Co-targeting PARP and BCL2 using olaparib in AML showed superior therapeutic effects (Boila et al., 2023). Further, vitamin C can inhibit AML progression through enhancing TET2 activity; however, single agent modality treatment was not curative in this disease. Nevertheless, a recent study demonstrated that treatment with vitamin C combined with olaparib elicited strong synergistic effects in blocking AML self-renewal in murine and human AML models (Brabson et al., 2023). Together, these results demonstrate the promising therapeutic potential of olaparib in AML, either as single agent or combination with other inhibitors.
[image: Figure 2]FIGURE 2 | Specific genetic alterations that modify therapeutic sensitivity to PARPi in AML. Based on previous studies, AML cells carrying mutations of, or deficient for, RUNX1-RUNX1T1, PML-RARα, IDH1/2, STAG2, and FLT3-ITD/Tet2−/− genes are sensitive to PARP inhibition. In contrast, AML cells carrying KMT2A-MLLT3 or FLT3-ITD/Dnmt3a−/− are not responsive to PARP inhibition.
Rucaparib and niraparib
Rucaparib and niraparib are small molecular inhibitors administered orally. Rucaparib targets PARP1 to PARP4 (Syed, 2017), while niraparib is designed to target PARP1 and PARP2 for cancer therapy (Shen et al., 2015). Few studies have tested the efficacy of rucaparib or niraparib in AML. One investigation using rucaparib with the cytotoxic agent, 5-FU, to treat acute leukemias detected strong synergistic antitumor efficacy against AML (Falzacappa et al., 2015). Comparably, a triple combination of niraparib, decitabine, and HDACi synergistically induced DNA damage and promoted cell death in AML cell lines, the effects of this triple combination on primary leukemic cells were also confirmed (Valdez et al., 2018).
Talazoparib
Talazoparib has the most potent PARP trapping activity compared with other PARP inhibitors (Murai et al., 2012). There are several studies that test the efficacy of talazoparib against AML. Talazoparib or APE1 inhibitor were demonstrated to induce critical antileukemic effects against selected primary CD34+ AML samples, and further experiments demonstrated that low dose talazoparib and APE1 inhibitor treatment enhanced the efficacy of decitabine against AML (Kohl et al., 2019). The cohesin complex plays an important role in DNA chromosome maintenance and transcription regulation (Jeppsson et al., 2014). Recurrent somatic alteration of the cohesin complex is frequent in AML, and cohesin-mutant cells are reported to be highly dependent on DNA damage repair and replication networks; hence, AML cells with cohesin complex mutations are sensitive to talazoparib (Tothova et al., 2021). PARP1 expression levels are correlated with prognosis in patients with cancer, and high PARP1 expression predicts poor survival of patients with AML, while combined treatment using talazoparib and NL101 resulted in strong synergistic effects against AML (Li et al., 2018). Mechanistic analysis showed enhanced cell apoptosis, G2 cell cycle arrest, and DNA damage in response to talazoparib and NL101 combination therapy. Further, DNA methyltransferase inhibitors substantially enhanced the efficacy of talazoparib against AML, both in vitro and in vivo (Muvarak et al., 2016). Moreover, in a recent clinical trial, the same research group conducted a dose escalating study of DNMTi, decitabine, combined with talazoparib for treatment of patients with AML who were previously treated or not treated with decitabine. The results indicated that, combined of decitabine with talazoparib is well-tolerated and that pharmacodynamic effects can be expected in responsive patients (Baer et al., 2022). BACT1, a key enzyme in branched-chain amino acid metabolism, has important roles in cancer progression; however, the oncogenic role of BACT1 in AML has not been fully elucidated. A recent study demonstrated that BACT1 can decrease DDR activity and sensitize AML cells to talazoparib, both in vitro and in vivo (Pan et al., 2024).
IMMUNOTHERAPY FOR AML
Over the past 4 decades, the standard treatment option for patients with AML is combination of chemotherapy. Fewer than one-third of patients with AML are responsive to core chemotherapy, meaning that most are unresponsive, and highlighting the need to identify new therapeutic approaches to satisfactorily treat more patients with this condition (Estey, 2014). Hematopoietic stem cell transplantation (alloHSCT) represents the most promising strategy for curing patients with AML; however, very few patients are eligible for this approach and, after alloHSCT, most develop tumor relapse, leading to particularly poor clinical outcomes (Christopher et al., 2018; Hansrivijit et al., 2019). A key reason underlying AML relapse is tumor cell escape from immune cell surveillance or attack (Zeiser and Vago, 2019; Tettamanti et al., 2022). In this section, we summarize recently developed novel strategies, particularly involving immune checkpoint blockade, for AML treatment, and discuss the obstacles to identifying targets for AML immunotherapy.
MECHANISMS OF IMMUNE EVASION IN AML
Multiple mechanisms are implicated in regulating AML immune evasion, including leukemia-intrinsic and -extrinsic evasion processes (Figure 3) (Vago and Gojo, 2020; Tettamanti et al., 2022). The first is that AML blasts can inhibit the expression of antigen presentation molecules and overexpress immune inhibitory molecules, such as PD-L1 and Cal-9 (Kikushige et al., 2010; Kikushige and Miyamoto, 2015; Taghiloo and Asgarian-Omran, 2021). Further, the bone marrow niche can release reactive oxygen species, indoleamine 2,3-dioxygenase 1, TGF-β, arginase, and extracellular vesicles in the AML microenvironment, which can suppress the cytotoxic effects of T and NK cells, as well as promoting regulatory T cell and myeloid-derived suppressor cell (MDSC) activity (Curti et al., 2009; Aurelius et al., 2012; Lu and Gabrilovich, 2012; Sun et al., 2015; Pyzer et al., 2017; Ding et al., 2018; Yang et al., 2020). Moreover, the AML microenvironment can promote M1-type macrophage conversion into M2-type macrophages, which promote cancer development (Al-Matary et al., 2016). Together, these intrinsic and extrinsic mechanisms cooperate to induce tumor cell immune evasion, thereby mediating therapy resistance.
[image: Figure 3]FIGURE 3 | Immune evasion mechanisms of AML blasts. Schematic illustration summarizing intrinsic and extrinsic AML immune evasion mechanisms. AML blasts can impede T and NK cell effector functions by overexpressing inhibitory T cell ligands, such as PD-L1, Gal9, CD155, CD122, and CD86, or by overexpressing the NKG2D ligand, NKG2DL. Meanwhile, AML blasts can reduce the expression of antigen presentation molecules; thereby suppressing their presentation to dendritic cells (DCs). Furthermore, AML blasts can alter cytokine secretion in the microenvironment and release of reactive oxygen species (ROS), indoleamine 2,3-dioxygenase-1 (IDO1), arginase II (Arg II), and extracellular vesicles (EVs), into the bone marrow (BM) niche. This, in turn, can promote T cell exhaustion and apoptosis, drive the expansion of myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs), and induce switch of macrophages from M1 to the tumor-promoting M2 phenotype.
IMMUNE CHECKPOINT BLOCKADE INHIBITORS IN AML
The efficacies of multiple immune checkpoint inhibitors in the treatment of AML have been studied (Table 2). An early investigation explored the effect of ipilimumab against hematologic malignancies, and found that a dose of 10 mg/kg induced promising responses in 5/12 patients with AML, among which 3 patients had responses lasting more than 1 year (Davids et al., 2016). The combined effects of ipilimumab combined with decitabine are now being explored in the clinic in both pre- and post-alloHSCT patients, in comparison with those of monotherapy. Hypomethylating agents (HMAs) have been shown to affect the immune system, and a combination of HMA with PD-1/PD-L1 inhibition has been evaluated in AML in several studies, with a subset of patients found to respond to the combination regimen (Daver et al., 2019). Furthermore, a triple combination of azacytidine, nivolumab, and ipilimumab led to improved outcomes, but with more frequent immune-related side effects (NCT02397720). Pembrolizumab, another PD-1 inhibitor, was evaluated for use in patients with AML in combination with decitabine or azacytidine, and the results were similar to those of combination therapy with azacitidine and nivolumab (Goswami et al., 2022) (NCT02845297). Further, targeting the PD-1/PD-L1 interaction using anti-PD-1 or -PD-L1 antibodies showed limited effects in patients with AML, while the combination of PD-1 or PD-L1 inhibitors and chemotherapy enhanced treatment efficacy in patients newly-diagnosed with AML.
TABLE 2 | Clinical studies of the use of ICIs as monotherapy or combination therapy for AML.
[image: Table 2]IMMUNOMODULATORY EFFECTS OF PARP INHIBITOR IN AML
Conventionally, PARPi are considered to exert their functions through enzyme inhibition and PARP trapping. In addition to a direct effect on the DDR, there are increasing reports that PARP inhibition can modulate immune responses in the tumor microenvironment (Pham et al., 2021; Kornepati et al., 2022). PARP inhibition can enhance innate immunity through various mechanisms, leading to the development of combination treatments with PARPi and immunotherapy for the treatment of cancers, including solid tumors and hematologic malignancies (Ding et al., 2018; Kim et al., 2020). Dysregulation of the DDR occurs through various mechanisms, including enhancement of tumor mutational burden (TMB) by PARP inhibition, leading to generation of neoantigens, which can promote the cytotoxic effects of T cells (Dall’Olio et al., 2022). However, recent studies have demonstrated that PARP inhibition activates stimulators of inhibitory genes, further enhancing PD-L1 expression on the surface of tumor cells (Figure 4) (Sen et al., 2019). Collectively, PARP inhibition by enhanced tumor immunogenicity creates an ideal microenvironment for combination treatment of cancer using PARPi and immune checkpoint inhibitors.
[image: Figure 4]FIGURE 4 | The roles PARPi or ATRi in immune modulation. Multiple studies have exploited the immunogenic properties of anticancer drugs to enhance tumor immunogenicity. The represented approach is through activating cytosolic immunity pathways. In this pathway, PARPi or ATRi activate cGAS-STING signals and mediate the secretion of IFN-γ and other cytokines. Further, IFN-γ secretion can induce NKG2DL expression, leading to interaction of NKG2DL with NKG2D and subsequently augmenting NK cell-mediated cell killing.
In hematologic malignancy, the combination of PARP inhibitor with immune checkpoint inhibitors warrants further exploration. In a previous study, genotoxic stress such as PARP inhibition induced expression of NKG2D ligands in AML cells, and NKG2D ligands bind to NKG2D receptors in immune cells, including NK and cytotoxic T cells (Gasser et al., 2005). Binding of NKG2D ligands to the NKG2D receptor on the surface of NK cells can exert their cytotoxic effects, leading to NK cell-mediated cell killing (Figure 4). Paczulla et al. showed that PARP1 enzyme can repress expression of NKG2D ligands on the surface of AML cells. Therefore, treatment using PARPi, followed by transfer of NK cells, can substantially suppress leukemogenesis in AML patient-derived xenograft models (Paczulla et al., 2019). Moreover, PARPi can sensitize AML cells to TRAIL (a key NK cell effector molecule) through activating Fas and DR5 (Meng et al., 2014). Taken together, these findings open new avenues for treatment of AML using PARPi in combination with immunomodulatory agents.
CONCLUSION AND FUTURE DIRECTIONS
Patients with AML often achieve tumor remission after standard therapy, but invariably die of relapse via various mechanisms, such as the presence of leukemic stem cells (Stavropoulou et al., 2016). Preclinical studies are increasingly identifying and investigating novel therapeutics with potential to eradicate bulk AML cells and AML stem cells. PARPi, which are widely used to treat breast and ovarian cancers carrying BRCA mutations, are now emerging as novel therapeutics for acute leukemia with selected genetic backgrounds; for example, they are effective against IDH1/2- or AML1-ETO-mutant AML cells (Figure 2). Nonetheless, PARPi appear to have limited activity as single agents in treatment of relapsed or refractory AML cells. Therefore, combination therapy has emerged and is anticipated to expand the efficacy of PARPi against AML. Indeed, several studies have tested the efficacy of combination therapy with PARPi and different small molecules, such as antibody-drug conjugates, FLT3 inhibitor, DNMTi, and HDACi, in AML cells.
As HR-related genes are rarely mutated in AML, the therapeutic efficacy of PARP inhibitors is limited in this disease. Expanding the utility of PARP inhibitor is an urgent need in the clinic and will satisfy more AML patients. ‘BRCAness’ is termed as a subset of tumors that lack BRCA mutations but show other characteristics that can phenocopy BRCA mutation. Owing to competent HR activity in AML cells, inducing ‘BRCAness’ phenotype might have synthetic lethality effects with PARP inhibitors in treating AML. Indeed, various studies have identified strategies that induce ‘BRCAness’ to treat AML. A newest study indicated that targeting splicing factor SF3B1 resulted in impaired DNA damage response and sensitized AML cells to PARP inhibitor (Wheeler et al., 2024). Epigenetic dysregulation contributes to AML pathogenesis. Furthermore, targeting KDM6 demethylase sensitizes AML cells to PARP inhibitor. Besides, targeting epigenetic factors such as BRD4 have shown synergistic antitumor effects with PARP inhibitor in a variety of cancer treatment, such combination therapy needs further exploration in the treatment AML (Yang et al., 2017; Sun et al., 2018). Together, future directions, both computational or experimental methodologies, should focus on identifying cancer-specific synthetic lethality interactions to extent the treatment efficacy of PARP inhibitor in AML.
Over the past decade, identifying suitable immune therapeutics to suppress leukemic cells and their progenitor cells have been a focus of cancer research. Unfortunately, the immunosuppressive microenvironment of acute leukemia supports leukemic cell evasion of immune cell attack. Therefore, considering the complexity of the AML tumor microenvironment, a rational combination of immunotherapy with complementary strategies can be predicted to prevent tumor escape and eradicate AML cells, without increased side effects. In this context, understanding the key role of the tumor microenvironment in hampering therapeutic efficacy and modulating toxicity warrants greater attention.
Future challenges for AML therapeutics include increasing treatment efficacy and regulating immune escape mechanisms generated by the tumor microenvironment. Furthermore, precise identification of the mechanisms of immune evasion in individual patients with AML has potential to inform development of personalized immunotherapy, according to specific immune signatures. Since the combination of an immune checkpoint inhibitor and PARPi induce robust antitumor immune responses, particularly against cancers with high levels of HR deficiency, investigating novel immune therapy combinations may be beneficial to more patients with acute leukemia, regardless of their genetic background. Further, evaluation of treatment efficacy and safety in preclinical and clinical studies, and identifying predictive biomarkers for patient selection, should be priorities.
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