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Metabolic features of cancer cells impact immunosurveillance
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Résumé

Une activité élevée de la poly(ADP-ribose) polymérase-1 (PARP1) dans les cellules de cancer du poumon non à petites cellules (CPNPC) entraîne une augmentation des poly(ADP-ribose) (PAR) intracellulaires détectés par immunohistochimie. Chez les patients atteints de CPNPC, PAR élevé est corrélé au mauvais pronostic et à une diminution de l'infiltration des lymphocytes T cytotoxiques (LTC) dans la tumeur.

Intrigués par cette observation, nous avons cherché à déterminer si l'activité de PARP1 dans les cellules de CPNPC pouvait provoquer une altération de l'immunosurveillance anticancéreuse. La culture continue de cellules de CPNPC murin en présence de cisplatine conduit à la génération de clones PAR élevé hautement résistants. Comparativement aux cellules contrôles parentales, les cellules PAR élevé résistantes au cisplatine formaient des tumeurs moins infiltrées par les LTC lors de leur injection à des souris immunocompétentes, suggérant un lien de causalité entre l'activité élevée de PARP1 et l' immunosurveillance. Pour confirmer cette relation de cause à effet, nous avons utilisé la technologie CRISPR/Cas9 afin d'éliminer PARP1 dans les cellules issues de deux lignées PAR élevé de CPNPC de souris (Lewis Lung Cancer, LLC, et Tissu Culture-1, TC-1), et montré que la suppression de PARP1 conduisait bien à un rétablissement de la mort cellulaire induite par le cisplatine. Alors que les cellules PAR élevé de CPNPC proliféraient de manière similaire chez les souris immunocompétents ou immunodéficientes, la prolifération des cellules PARP1 knockout (KO) était fortement affectée par la présence des lymphocytes T. En effet, les tumeurs LLC PARP1 KO se développaient plus rapidement chez les souris immunodéprimées que dans les souris immunocompétentes, et les cellules TC1 PARP1 KO ne pouvaient former de tumeur que chez les souris déficientes en lymphocytes T. De plus, comparativement aux tumeurs témoins PAR élevé , les tumeurs LLC PARP1 KO présentaient des signes d'activation des lymphocytes T présents dans l'infiltrat immunitaire à savoir une expression accrue de ICOS et une diminution de l'expression de PD-1 sur LTC. Ces résultats prouvent au niveau génétique que l'activité de PARP1 dans les cellules malignes module le microenvironnement tumoral.

Par la suite, nous avons comparé l'effet des inhibiteurs de PARP1 utilisés en clinique (en particulier le niraparib) sur cellules de CPNPC PAR élevé et PARP1 KO. Comme attendu, les cellules PARP1 KO étaient largement résistantes au niraparib, ce qui se traduisait par une faible induction de la mort, une réponse atténuée à l'endommagement de l'ADN, une modification du métabolisme cellulaire faible et aucune induction des molécules PD-L1 et CMH de classe I qui pourraient affecter leur immunogénicité. Alors que les tumeurs PAR élevé implantées chez la souris répondaient au niraparib indépendamment de la présence ou de l'absence des lymphocytes T, les tumeurs PARP1 KO ne répondaient à l'inhibition de PARP-1 que dans les souris immunocompétentes. Cet effet anti-tumoral disparaissait lors de la déplétion des lymphocytes T CD4 + et des lymphocytes T CD8 + . Ce dernier résultat évoque la possibilité que les inhibiteurs pharmacologiques de PARP1 n'affectent pas uniquement les cellules malignes exprimant la cible médicamenteuse mais stimulent également l'immunosurveillance.

Mots clés:
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Summary

High activity of poly(ADP-ribose) polymerase-1 (PARP1) in non-small cell lung cancer (NSCLC) cells results into an increase in immunohistochemically detectable PARP1 product poly(ADP-ribose) (PAR), correlating with poor prognosis in patients with NSCLC, as well as reduced infiltration by cytotoxic T lymphocytes (CTL).

Intrigued by this observation, we decided to determine whether PARP1 activity in NSCLC cells may cause an alteration of anticancer immunosurveillance. Continuous culture of mouse NSCLC cells in the presence of cisplatin led to the generation of PAR high resistant clones. As compared to their parental controls, such cisplatin-resistant, PAR high cells formed tumors that were less infiltrated by CTL when they were injected into immunocompetent mice, suggesting a causative link between high PARP1 activity and compromised immunosurveillance. To confirm this cause-effect relationship, we used CRISPR/Cas9 technology to knock out PARP1 in two PAR high NSCLC mouse cell lines (Lewis lung cancer, LLC, and tissue culture number 1, TC1), showing that the removal of PARP1 indeed led to a restablishment of cisplatin-induced cell death responses. While PAR high NSCLC mouse cell lines proliferated similarly in immunocompetent and T cell-deficient mice, PARP1 knockout (KO) cells were strongly affected by the presence of T cells. PARP1 KO LLC tumors grew more quickly in immunodeficient than in immunocompetent mice, and PARP1 KO TC1 could only form tumor in T cell-deficient mice, not in immunocompetent controls. Importantly, as compared to PAR high controls, the PARP1 KO LLC tumors exhibited signs of T cell activation in the immune infiltrate such as higher ICOS expression and lower PD-1 expression on CTL. These results prove at the genetic level that PARP1 activity within malignant cells modulates the tumor microenvironment. In the next step, we comparatively evaluated the effects of clinically used PARP1 inhibitors (in particular niraparib) on PAR high and PARP1 KO NSCLC cells. As expected, the PARP1 KO cells became largely resistant to niraparib, meaning that they exhibited less cell death induction, reduced DNA damage response, attenuated metabolic shifts and no induction of PD-L1 and MHC class-I molecules that may affect their immunogenicity. While PAR high tumors implanted in mice responded to niraparib irrespective of the presence or absence of T lymphocytes, PARP1 KO tumors only responded to PARP-1 inhibition in immunocompetent mice. This effect was lost upon depletion of CD4+ and CD8+ T lymphocytes. This latter result points to the possibility that pharmacological PARP1 inhibitors do not only affect tumor cells expressing the drug target but that they also stimulate immunosurveillance.
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Introduction

Treatments of non-small cell lung cancer (NSCLC)

Lung cancer is the leading cause of cancer-related deaths worldwide according to WHO. Every year, about 1.8 million people are diagnosed with lung cancer, and 1.6 million people die as a result of the disease. Non-small cell lung cancer (NSCLC) accounts for approximately 85% of lung cancer cases [1,2]. The modality of overall 5-year survival ranges from 4-17% depending on the different stages and risk. [3] Surgery, radiation therapy (RT), and systemic therapy are the most common treatment approaches for patients with NSCLC that represent the vast majority of lung cancers (80%). For the stage I or II disease, surgery is the best way to provide cure possibility in patients. [4] Normally, RT plays a potential role in stage I to IV of NSCLC, either definitive or palliative therapy. RT is recommended to treat the patient with stage I-II, N0, who are medically inappropriate or who is psychological repellent to the surgery, and for the patients with advanced lung cancer (stage IV), palliative RT can ease the pain, bleeding or obstruction. The goal of RT is to achieve the effect, which maximize the tumor control and minimize the toxicity. Targeted therapy provides feasible regiment for the eligible patients with the test of predictive and prognostic biomarkers, including the EGFR mutation, BRAR V600 mutations, ALK gene rearrangements, ROS1 rearrangements, NTRK gene fusions, KRAS mutations, and PD-L1 expression levels (Figure 1.1). Otherwise, immune checkpoint blockage inhibitor, durvalumab, inhibits the PDL1, and increase progression free survival (PFS) of advanced lung cancer patients as adjuvant treatment with chemotherapy regardless of PD-L1 expression both in squamous and non-squamous NSCLC without oncogenic drivers [5].

Concerning targeted therapy, EGFR-activating mutations are observed in approximately 15% to 20% of patients with non-small cell lung cancer [6]. US FDA has approved several small molecule protein kinase antagonists, including pexidartinib, erdafitinib, entrectinib, and fedratinib in the past two years. Tyrosine Even the recent study, a phase 3 trial for pembrolizumab versus platinum-base chemotherapy, has shown that the overall survival increased in the pembrolizumab group [6]. BRAF is serine/threonine kinase of MAP/ERK signaling pathway. About 1% to 2% patients of lung adenocarcinoma have BRAF V600 mutation. Dabrafenib plus trametinib are FDA approval and effective to patients with metastatic nonsquamous NSCLC. There are 5% of patients of NSCLC have ALK gene rearrangements, even Patients show similar characteristics with EGFR mutation, ALK gene rearrangements used to be resistant to EGFR TKIs. Data shows the efficiency of alectinib ,brigatinib, crizotinib or ceritinib on metastatic nonsquamous NSCLC, which are also recommended for first line therapy in patients with ALK fusions. Approximately 2% of screened patients with ROS1 mutation, which is a receptor tyrosine kinase of the insulin receptor family [6]. Crizotibib shows good response to patient with ROS-1 positive metastatic and considered as the first line therapy option in clinic.

The initiation and progression of lung cancer involve genetic alterations of cancer cells but also the interactions with the immune system. Therefore, novel therapeutic strategies have been developed to activate the anti-tumor immune response, especially cytotoxic T lymphocytes. Immune checkpoint blockade antibodies could improve the immune response of cytotoxic T cells to tumor cells by inhibiting the PD-1 or PD-1 receptor ligand PD-L1 [9]. FDA-proved anti-PD-1 antibodies are nivolumab, pembrolizumab and anti-PD-L1 antibodies are atezolizumab and durvalumab [10]. As the low toxicity of ICI inhibitors and the speculated synergy with other treatment modalities, combination clinical trials of anti-PD-1 antibodies with chemotherapy, radiation, and other immunotherapies are ongoing based on the PD-L1 tumor proportion score (TPS) of patients.

The introduction of molecularly targeted agents to NSCLC therapy was a major breakthrough, though these drugs benefit only a small proportion of patients (mostly never smokers) who harbor activating genetic alterations including EGFR, ALK, and ROS1.

Chemotherapy is recommended for stage IV patients with negative test result for the target therapy biomarkers, and still very important treatment option for most of the NSCLC patients. Platinum-based chemotherapy is still beneficial for patients with advanced disease and good performance status. The backbone treatment of advanced NSCLC patients is based on four to six cycles of platinum-based doublet therapy (cisplatin or carboplatin and a second drug per week or every two weeks) [11].

Nevertheless, subsequent platinum resistance is big obstacle for this therapy. It was discovered that tumor, which is resistant to cisplatin also fail to respond to unrelated chemotherapeutic drugs by developing cross-resistance [12]. These studies have found that cisplatin may share a common mechanism with other chemotherapy drugs. It was also found that cisplatin resistant tumors are also completely resistant against for platinum compounds such as carboplatin. In our study, we are going to study the CDDP resistance in mouse NSCLC cells, and try to clarify the mechanism and find a resolution to this obstacle.

Mode of action of cisplatin and mechanisms of cisplatin resistance

Cis-diamminedichloroplatinum(II) dichloride also known as, cisplatin (CDDP), was first reported in 1965 [12] as a potent inhibitor bacterial proliferation. American biophysicist Barnett Rosenberg organized an experiment to investigate whether electric or magnetic dipole fields affect the division of bacteria and mammalian cells.

He accidentally found the morphology of bacteria changed as short long filamentous forms instead of short rods like in a set of E. coli culture chambers with platinum electrodes, which were thought to be inert. In subsequent tests, it was confirmed that the active compound was cisplatin, which is the active electrolytic product produced by the platinum electrode, which had an effect on the cell of bacteria. Some years later, it was found to be an efficient anti-tumor murine leukemia L1210 cell line [14]. For the following decades, CDDP has become one of the most effective anticancer chemotherapeutic agents widely used in the treatment of cancers. It was first approved by the FDA in 1978 for the treatment of testicular and bladder cancer [15]. So far, in association with etoposide and bleomycin, CDDP could increase cure rates up to 95% for patients with testicular cancer. Platinum-based drugs are used to treat other solid malignancies, including ovarian, head and neck, colorectal and lung cancers [16] .

In order to successfully "kill" cancer cells, cisplatin needs to go through four processes: absorbed by the cell, hydrolyzed and activated in the cell, bind to the target DNA, and it evades cancer-cell repair proteins [16]. When platinum drugs enter a cell, it was dissociated as negative ions such as chloride or oxalate, and combine with two molecules of water to form a positively charged hydrated platinum. This positively charged hydrated platinum can bind to proton-friendly molecules of DNA, RNA and other proteins. The cytotoxicity of cisplatin is primarily ascribed to its interaction with nucleophilic N7-sites of purine bases in DNA, leading to the generation complexes with three different structures including protein-DNA complexes as well as DNA-DNA inter-and intra-strand adducts. Almost all structures are intra -chain paired cross-linking, also named 1, 2-D (GPG) cross-linking [18]. All that crosslinking can cause the DNA to twist and destroy its structure. Cisplatin induced DNA damage and would induce mass cell death, including apoptosis (Figure 1.2 below). Obviously, evidence has confirmed that DNA is the main target of cisplatin (Roberts and Pera Jr, 1983), and cisplatin was generally considered as a cytotoxic drug which kills cancer cells by damaging DNA and inhibiting DNA synthesis. It is important to deeply understand the cellular response process caused by cisplatin-induced DNA damage including,how CDDP inhibit DNA synthesis, affect RNA transcription, cell cycle and apoptosis as mentioned above CDDP binds covalently to DNA mainly on crosslink with the purine bases on the DNA, which could also trigger post-target effect of cisplatin, like inhibition of DNA replication, causing cell cycle arrest in the S/G2 phase [19]. Cell cycle arrest helps DNA repair and cell survival, and can prevent DNA mutations from being passed on to daughter cells. The tumor suppressor protein P53 plays a key role in cell cycle arrest and apoptosis regulation [20]. In addition, about 50% of human cancers have P53 mutations. In normal cells, when DNA is damaged, P53 is activated and acts as a transcription factor to increase the expression of P21 and GADD45, causing cell cycle arrest and DNA damage repair responses. When cells face irreversible damage, P53 promotes cells to enter the process of apoptosis by up-regulating apoptosis genes, such as Bax, NOXA, TRAIL-R2 (DR5) and Fas (CD95 / Apo-1). It has been reported that patients with ovarian cancer carrying wild-type TP53 are more likely to benefit from CDDP-based chemotherapy than patients with P53 mutations [21]. Although cisplatin is highly effective and a very representative drug in clinic, inherent and acquired resistance is relatively common during the treatment cycle, and it is still a major challenge for CDDP-based chemotherapy. In patients with small cell lung cancer, the relapse rate can be Higher than 95%, second-generation regimens (e.g., cisplatin and etoposide) have typically resulted in survival rates of 20 to 25 percent at one year [22].Studies are still in progress to better understand how cisplatin works. But once CDDP reacts with the DNA, the cells must remove or tolerate the lesion to resist the therapeutic effect for survival. Many of the reaction processes have not yet been fully understood.

Otherwise, these studies are also very important for understanding the resistance mechanism behind the CDDP resistance phenotype. Currently, cellular cisplatin resistance is widely due to these two reasons : firstly, there are not enough concentration of drugs to form cisplatin-DNA complexes. Secondly, even with cisplatin and DNA adduct formation, it could not induce the cell death of cancer cells, and cancer cells may acquire the polymorphisms of the phenotype, such as mutation of some molecules involved in apoptosis pathway and enhancement of DNA damage repair, with the longtime treatment of cisplatin.

The following are three major mechanisms for resistance of platinum drugs:

(1) Decreased drug uptake and increased drug pumping, both of which lead to decreases of intracellular concentration of CDDP; The ATP-binding cassette transporters (ABC transporters) are a transport system superfamily responsible for excretion of anti-cancer drugs. ABC transporters are known to play a crucial role in the development of multidrug resistance (MDR) [23]. Multidrug resistance proteins, such as MRP1, MRP2, MRP3, and MRP5, mediate a degree of cisplatin resistance by increasing cisplatin output, thus reduced cisplatin accumulation. In particular, the results of gene modification (i.e., overexpression, RNA interference) showed that MRP2 was the major ATPase responsible for increased cisplatin excretion in drug-resistant cells.

(2) Reduced glutathione (GSH) and other antioxidants have the effect of detoxification on platinum anticancer drug, GSH is an important antioxidant tripeptide of L-glutamine, glycine, and L-cysteine with small molecular weight and is abundantly expressed inside the cells [23]. GSH acts as a reducing agent to help maintain the activity of intracellular enzymes. In the cytoplasm, the redox state affects the transduction of a variety of signals. The homeostatic intracellular redox state is maintained by nicotinamide adenine dinucleotide phosphate (NADPH / NADP + ), thioredoxin (TRX red / TRX ox) and glutathione (GSH / GSSG). As the extracellular concentration of GSH is much Higher than that of NADPH or TRX , at least 500 times Higher, GSH is a key molecule to maintain cell redox homeostasis. In the cytoplasm, GSH reacts with the oxide H2O2 -and lipid hydroxyperoxide to produce glutathione disulfide (GSSG), which is then reverted to GSH by glutathione reductase (GR). Glutathione binds to endogenous and a variety of heterologous electrophilic compounds through the binding of glutathione S-transferase (GST). The formed GSH conjugate can be exported outside the cell, factors that affect cell homeostasis thus removed. Similarly, GSH could combine with platinum (Pt), forming the Pt-GST instead of Pt and DNA, cells finally appear resistant [25]. Two members of the MRP family, MRP2/cMOAT (dendritic multispecific organic anion transporter) and MRP1/GS-X conjugate pump (glutathione-X pump) are responsible for efflux of CDDP-GSH conjugation materials. The activity of these efflux proteins was found to increase the resistance to CDDP in some cancer cell lines. GSH can also mediate CDDP resistance through a mechanism independent of CDDP detoxification, especially by regulating the production of ROS. In addition, GSH regulates the sulfhydryl-disulfide bond GSH/GSSG balance in mitochondria, which is considered to be the main determinant of cell redox state/signal. The destruction of redox homeostasis affects the function of mitochondria and induces cell death. Glutathione could also affect the transcription of target genes in the nucleus and increase DNA damage repair [26].

(3) Enhanced DNA repair or increased tolerance.

The presence of efficient DNA repair systems undoubtedly limits the cytostatic and cytotoxic effect of cisplatin. Nucleotide excision repair (NER) pathway is involved in the recognition of DNA distortions induced by the intra-strand adducts formed by cisplatin and in the repair of the majority of lesions. An increase in NER has been shown to be associated with in vitro and in vivo resistance to cisplatin [27]. In addition, the expression of Excision repair cross-complementation group (ERCC1) which form part of a key DNA-repair enzyme involved in the NER was negatively correlated with the survival of patients in multiple cancers [28]. Cisplatin-induced interstrand adducts can also lead to so-called double-strand breaks, that could be repaired by homologous recombination (HR) during the S phase in cell cycle. Two key components of the HR system are encoded by BRCA1 and BRCA2, which are frequently mutated in breast and ovarian cancer [29]. We will discuss it in the next part. indeed bind a plethora of nucleophilic species, including cysteine and methionine residues on proteins and DNA bases. In the nucleus, this leads to the generation of inter-and intra-strand adducts that are recognized by the DNA damage-sensing machinery. If the extent of damage is beyond repair, cisplatin adducts trigger the activation of a DNA damage response (DDR) that frequently involves the ATR kinase, CHEK1 and CHEK2 and the tumorsuppressor protein TP53. In turn, TP53 transactivates several genes whose products facilitate mitochondrial outer membrane permeabilization (MOMP), thereby triggering intrinsic apoptosis, as well as genes that encode for components of the extrinsic apoptotic pathway. MOMP (alone or with the contribution of death receptor-ignited, BID-transduced signals) sets off the caspase cascade as well as multiple caspase-independent mechanisms that eventually seal the cell fate. Several other signaling pathways link cisplatin-induced DNA damage to MOMP and cell death (notshown, see the main text for further details). In the cytoplasm, the interaction between cisplatin and GSH, metallothioneins or mitochondrial proteins like the VDAC results in the depletion of reducing equivalents and/or directly sustains the generation ofreactive oxygen species (ROS). ROS can directly trigger MOMP or exacerbate cisplatin-induced DNA damage, thereby playing a dualrole in cisplatin cytotoxicity.

Therapeutic strategies targeting DNA repair pathways

Radiotherapy and genotoxic chemotherapies are still a mainstay of lung cancer treatment and are possibly to remain like that in the foreseeable future. Such imperfect therapies can cause severe side effects. Even if the drug has initial effective response, cancer cells can develop resistance by elimination of the damages with single or double strand break repair. When the DNA is damaged by endogenous or exogenous factors, DNA damage response (DDR) will be induced by lesion specific sensor proteins. A collection of mechanisms participate the process of DDR, including the sensing of DNA damage, signaling its presence, and promote succeeding repair. DDR factors reacts at the site of damage in a sequential and coordinated manner [START_REF] Lord | The DNA damage response and cancer therapy[END_REF]. Cells have evolved complex mechanisms, collectively known as DNA damage responses DDR to protect their genomes from this attack. These mechanisms act to rectify damage and reduce the risk of lethal or irreversible genetic damage. Multiple repair mechanisms and checkpoint responses may delay cell cycle progression or modulate DNA replication in the cellular response to DNA damage. These processes must all work together to keep the genome stable. With the insight of DNA repair mechanism, maybe it could be exploited or manipulated for therapeutic purposes, it can confer tempting therapeutic targets of DNA damage response to adjust chemoresistance, enhance chemotherapeutic efficiency to tumor cells [START_REF] Ciccia | The DNA Damage Response: Making It Safe to Play with Knives[END_REF].

As a result, researches are focused on understanding how normal and cancer cells respond to DNA damage. In addition, chromatin remodeling also plays an important role in modulation of DDR response, whereby there are lots of key post-translational modifications, which serve as platform for the assembly of specific DDR and repair factors [START_REF] Caridi | And yet, it moves: nuclear and chromatin dynamics of a heterochromatic double-strand break[END_REF]. DNA repair pathways effectively remove most DNA lesions, meanwhile, this could also increase the possibility of mutations, which might affect metabolic processes such as replication and transcription.

Many DNA repair systems are associated with cisplatin-induced DNA single strand break (SSB) or double strand break (DSB) [START_REF] Jeggo | DNA repair, genome stability and cancer: a historical perspective[END_REF]. Nucleotide excision repair (NER), mismatch repair (MMR), homologous recombination (HR) and nonhomologous end joining (NHEJ) are the main DNA repair pathway to assure the fidelity of genome.

DNA repair and DNA damage tolerance are crucial for survival of cancer cells to cisplatin treatment, but functional loss of one, even more DNA repair pathways is frequent in cancer cells, some repair-deficiency provides important information regarding tumor DNA damage exposure and repair capacity. Two concepts among others have come into notice in recent years. First, intrinsic defects in genome stability mechanisms like homologous recombination, might sensitize tumor cells to some specific genotoxic agents or inhibits the complementary repair pathways [START_REF] Evans | Homologous recombination is the principal pathway for the repair of DNA damage induced by tirapazamine in mammalian cells[END_REF].

Second, evidence reveals that the effect of conventional genotoxic agents will increase with the pharmacological suppression of DNA damage response or cell cycle checkpoint. Thus, a full insight of the related biology and functions of DDR pathways will be important for the improvement of traditional chemotherapy [START_REF] Scully | DNA double-strand break repair-pathway choice in somatic mammalian cells[END_REF]. 

Single strand break

Single-strand breaks (SSBs) are usually caused by oxidative injury to the DNA. The failure of SSBs repair often affect DNA replication, put off ongoing mRNA transcription, and leading to PARP activation, which consumes cellular NAD + , ATP, and releases apoptosis inducing factor in cells [START_REF] Tiwari | DNA Damage and Associated DNA Repair Defects in Disease and Premature Aging[END_REF]. The protein poly(ADP-ribose) polymerase (PARP) also known as PARP1 is a well-known DNA damage sensor. It is best known for its function in DNA base excision repair (BER) and single-strand break (SSB) repair (Fig. 1.3), but it also has a less well-defined role in DNA double-strand break (DSB) repair through alternative non homologous end-joining (alt-NHEJ; Figure 1.3). PARP1 is the most important member of the PARP family for DNA repair, while PARP2 and, to a lesser degree, PARP3 are involved in fewer but overlapping DNA-repair processes [START_REF] Kutuzov | The contribution of PARP1, PARP2 and poly(ADP-ribosyl)ation to base excision repair in the nucleosomal context[END_REF]. PARP catalytic function is enabled by binding to single-stranded DNA breaks, DNA nicks, or DSBs, which causes PARP to produce extensive poly(ADP-ribose) chains (PAR chains) on itself and proteins in the vicinity of DNA. In the long patch SSB repair pathway, PARP1 recognized SSBs transiently and the damage site undergoes poly(ADP) ribosylation. PAR chains, as well as PARP itself, encourage the recruitment of important SSB repair proteins like XRCC1 to SSBs and alter chromatin structure to aid DNA repair. When the repair is finished, PARP1 will dissociates to detect the next SSB site. [START_REF] Caldecott | DNA single-strand break repair[END_REF].

Double strand break repair

There are an approximately 10 to 50 DNA double-strand breaks (DSBs) happening in each day per cell [START_REF] Vilenchik | Endogenous DNA double-strand breaks: production, fidelity of repair, and induction of cancer[END_REF]. Eukaryotic cells DSBs are mainly repaired by two mechanisms: Non homologous end-joining (NHEJ) and homologous recombination (HR). NHEJ is the primary pathway for the repair of DSBs throughout the Mammalian cell cycle. NHEJ pathways joint the break DNA ends with some or no processing of the ends themselves. This process arises throughout interphase and is restrained during mitosis [START_REF] Clikeman | Homologous recombinational repair of double-strand breaks in yeast is enhanced by MAT heterozygosity through yKU-dependent and -independent mechanisms[END_REF].

In NHEJ, 53BP1 acts as a regulatory molecule by attracting the NHEJ components to DNA break site, to activate checkpoint signaling pathway, and to facilitate synthesis of the two ends [START_REF] Wang | 53BP1, a mediator of the DNA damage checkpoint[END_REF]. The DSB is first bound by the Ku70-Ku80 hetero dimer (Ku), which functions as a scaffold protein which other NHEJ concerning proteins can be recruited to re-ligate the DNA ends. DNA-dependent protein kinase catalytic subunit (DNA-PKcs) shows a High affinity to Ku-DNA ends. Auto-phosphorylation of DNA-PKcs causes a conformational change that makes the NHEJ core complex unstable, in combination with Ku to come into being the DNA-PK complex, improving subsequent access of end-processing and ligation enzymes to DNA ends and easiness of DNA repair.

HR plays as more precise mechanism for DSB repair, when primarily happens in the mid-S and mid-G2 cell cycle phases because of the highest amount of DNA replication, HRR requires a sister chromatid to serve as a template [START_REF] Karanam | Quantitative Live Cell Imaging Reveals a Gradual Shift between DNA Repair Mechanisms and a Maximal Use of HR in Mid S Phase[END_REF]. HR assures the high fidelity of DSB repair and regular cell growth, while NHEJ provide more opportunity to induce genomic mutations. In this process, broken ends employs homologous sister chromatids to prime repair synthesis, If the repair template is completely homologous, the effect could be 100% accurate. Many regulatory mechanisms have effect on these two pathways in DSB repair, including cell cycle, post-translational modifications, and chromatin effects.

ATM is needed for efficient HRR of a subset of DSBs. Information on the molecular level are still being uncovered. Following DSBs, ATM is the principal kinase responsible for phosphorylation of histone H2AX on serine 139 (known as γH2AX).

The rapid phosphorylation of γH2AX, the minor histone H2A variant, at mammalian Ser-139 to generate γH2AX is an early cellular response to DSBs. This phosphorylation event is now considered one of the most well-known chromatin modifications associated with DNA damage and repair [START_REF] Mah | gammaH2AX: a sensitive molecular marker of DNA damage and repair[END_REF]. However, current thinking is that initial recognition of DSBs by the MRN complex leads to recruitment and full activation of ATM. ATM is predominantly activated through interactions with NBS1 of the MRN complex. MDC1 (mediator of DNA-damage checkpoint protein 1) directly binds γH2AX and potentiates DNA-damage signaling leading to spreading of γH2AX to over a mega base from its initial lesion. CHK2 is a well-studied ATM substrate which affect the cell cycle in the process of DNA repair [START_REF] Maréchal | DNA damage sensing by the ATM and ATR kinases[END_REF].

BRCA1 is needed for ATR-CHK1 activation, G2-block, and other complex responses to DNA damage in the G2 expression. Replication protein A (RPA) bound to ssDNA activates ATR. By suppressing origin firing, the ATR-CHK1 signaling cascade triggers the G2-M checkpoint, facilitates replication fork stabilization, and delays DNA replication. However, many of the agents developed so far have shown low target specificity and have failed to reach the clinic. These may be extended through the actions of other nucleases and helicases, such as Exo1 and BLM, to generate more extensive regions of ssDNA that recruit RPA and form both the initiating substrate for HRR and activating platform for ATR-Chk1 activation. [START_REF] Smith | The ATM-Chk2 and ATR-Chk1 pathways in DNA damage signaling and cancer[END_REF] HR repair demands strand invasion mediated by the recombinase RAD51, which is involved in the search for homology and strand pairing stages of the process.

Characterization of BRCA1 and BRCA2 led to the discovery of the correlation between HR tumor suppression. The following work has introduced a series of HR related proteins, including RAD51 paralogs and PALB2. Resected DNA is initially bound by the ssDNA-binding replication protein A (RPA), which plays as substrate for RAD51 binding. BRCA2 could perform mediator activity to load RAD51 onto replication protein A (RPA)-coated ssDNA (BRC repeats) BRCA1 identifies the coiled-coil domain of PALB2, then, BRCA1 promotes the recruitment of BRCA2, by binding BRCA2 with WD40 domain ,to DSBs through the bridging protein PALB2.

Which will stabilize the RAD51 presynaptic filament carboxy terminal (C-ter) domain.

BRCA2 is the main mediator of RAD51 nucleofilament formation and strand exchange in mammalian cells. [START_REF] Prakash | Homologous Recombination and Human Health: The Roles of BRCA1, BRCA2, and Associated Proteins[END_REF] With the deepening understanding of DNA Damage reponse, a variety of proteins that shoot at DNA repair have been identified as potential therapeutic targets. Reversible 

PARP1 AND PARP1 inhibitors

Chambon et al. described the DNA-dependent synthesis of a polyadenylic acid-like compound in 1963 [START_REF] Prakash | Homologous Recombination and Human Health: The Roles of BRCA1, BRCA2, and Associated Proteins[END_REF], it was later identified as ADP-ribose units, which transferred from nicotinamide adenine dinucleotide (NAD + ). The study of nuclear extracts from a variety of eukaryotic cell types implicates that it exists a chromatin-bound enzyme, which could link polymers of poly(ADP-ribose) (PAR) covalently to histones and other nuclear proteins [START_REF] Schreiber | Poly(ADP-ribose): novel functions for an old molecule[END_REF]. Further studies indicated that this enzymatic activity was Higher when cells are exposed to the DNA damage chemicals, which induced DNA SSB or DSB. Through the observation of PARylation at sites of X-ray irradiation in vitro, with occurring subsequent repair of related DNA nicks, confirmed the role of modification happening in the strand break repair response [START_REF]ADP-Ribosylation in Mammalian Cell Ghosts[END_REF]. PARP1 was purified and the encoding gene cloned by several independent groups in 1987. There are about 17 members of the human PARP family described in the research study, PARP1 appears to be responsible for 90% of nuclear enzyme to cellular PARylation activity [START_REF] Kamaletdinova | The Enigmatic Function of PARP1: From PARylation Activity to PAR Readers[END_REF].

PARP-1 in mammal is a 116-kDa protein, which could be divided into ( 1 PARP1 has an important role in the DDR and has been studied extensively. There are usually in a low basal levels of PAR polymers in non-treated cells. In the presence of DNA lesion due to the endogenous or exogenous injury, PARP1 will be recruited to sites of damage with its DNA-binding capacity. It is reported that PARP-1 binds to multiple DNA structures, such as apurinic and apyrimidinic sites. The aberrant DNA sites could be discerned by zinc finger FI/Zn1 and FII/Zn2 motifs of PARP-1. This stimulates activity of PARP1 to synthesize PAR chains on itself or on histone and non-histone proteins. The enzymatic reaction results based on the process of transesterification, which ADP-ribose units being covalently bonded to Glu, Asp or Lys residues of acceptor proteins. PARP1 catalytic activity increased and lead to the rapidly High levels of PAR polymers from 10-to 500-fold (PARPs and the DNA damage response) [START_REF] Hassa | The diverse biological roles of mammalian PARPS, a small but powerful family of poly-ADP-ribose polymerases[END_REF]. Proteins associated with the DDR could bind to PAR on PARP proteins through non-covalent binding, which will be also attracted to sites of DNA damage.

PAR glycohydrolase (PARG) is well-known poly(ADP-ribose) (PAR)-degrading enzyme. In mammalian cells, there are three isoforms of PARG including 110 kDa nuclear isoform and two cytoplasmic isoforms of 99 kDa and 102 kDa respectively [START_REF] Ohashi | Subcellular localization of poly(ADP-ribose) glycohydrolase in mammalian cells[END_REF]. PARG involves a catalytic domain of PAR-binding module.

Covalently attached PAR can be hydrolyzed to free PAR or mono(ADP-ribose) by PAR glycohydrolase (PARG) (Figure 1.4), which possesses both endoglycosidic and exoglycosidic activities, and PAR hydrolase (ARH3), which also has PARG activity. PARG cleaves the 2′,1″-O-glycosidic ribose-ribose bonds that covalently link the mono-ADP-ribose of PAR. PAR is rapidly turned over in the cell, with a half-life on the order of minutes [START_REF] Gagné | Quantitative proteomics profiling of the poly(ADP-ribose)-related response to genotoxic stress[END_REF]. Free or protein-bound PAR polymers work as signal transducers by binding other proteins through their conserved PAR recognition modules, including PAR-binding motifs (PBMs), PAR-binding zinc finger (PBZF) domains, and macrodomains. PAR, which is a negatively charged polymer, alters the biochemical properties of modified or interacting proteins, modulating their structure, function, and localization [START_REF] Krishnakumar | The PARP side of the nucleus: molecular actions, physiological outcomes, and clinical targets[END_REF]. PARG plays an important role in the maintenance of PAR levels in cells and its dysfunction might affect multiple cellular processes, like DNA repair and cell apoptosis [START_REF] Meyer | Two small enzyme isoforms mediate mammalian mitochondrial poly(ADP-ribose) glycohydrolase (PARG) activity[END_REF]. Mice, which were knockout for the nuclear isoform of PARG, are highly sensitive to genotoxic stress. It implicates the significance of PARG in cellular metabolism. ARH3 resides in the nucleus, cytoplasm and the mitochondria. The target structure in PAR is different from PARG, while it could also eliminate O-acetyl groups from O-acetyl-ADP ribose, which is a product of NAD + metabolism. Despite the fact that PAR has a half-life of seconds to minutes, the effects of PAR metabolism on cellular homeostasis can last for hours or even days after PARP1 and the hydrolases have acted. The bioenergetic sensor AMP-activated protein kinase (AMPK) is activated when polymer synthesis absorbs a significant amount of NAD + and PAR cleavage produces a significant amount of AMP. As a result, the diverse effects of PARP1 activation reflect the combined effects of PAR synthesis on PARP1 substrates, protein binding to PAR, changes in cellular NAD + (and ATP) levels during PAR synthesis, and changes in AMP levels due to PAR degradation (Figure 1.4). PARP1 is activated in conditions that cause excessive DNA damage, such as post-ischaemic heart or brain damage.

Except crucial character in DDR, PARP1 also play roles in chromatin modulation, and transcription. PARP1 is reported on the modulation of chromatin structure, which help facilitates repair with the backgroup of various DNA damages. When DNA damage happens, PARP1 is recruited to single strand breaks (SSB), where it is activated and catalyzes the polymerization of local substrates (ADP-ribosyl), including histones or itself. PARP1 could also PARylates histone tails, conferring negative charge to histones, which results in electrostatic repulsion from the DNA. It loosens the chromatin and exclude nucleosome from the DNA. This will help recruit various of chromatin remodellers necessary for the DNA repair, and not only makes chromatin easier to react with repair factors, but also makes the genes accessible to the transcriptional reaction. With the development of poly (ADP-ribosyl) and the expansion of PAR polymers, histones thus acquire a negative charge, resulting in electrostatic repulsion of the proteins and DNA with which they interact. As a result, nucleopolymerization (ADP-ribosylation) promoted the relaxation of superhelical DNA structure and act as a scaffold for other DNA repair enzymes. It binds to nucleosomes containing intact DNA, as well as to damaged DNA structures under conditions of genotoxic stress, leading to the activation of its enzymatic activity. PARP-1 is enriched at the promoters of actively transcribed genes, where it plays a key role in modulating the chromatin environment to regulate gene expression, especially in response to cellular signaling pathways. PARP-1 interacts with histoneand chromatin-modifying enzymes to control their activity at target gene promoters, ultimately affecting chromatin-dependent gene expression outcomes. PARP-1 also interacts with nicotinamide mononucleotide (NMN) adenylyltransferase-1 (NMNAT-1), a nuclear NAD + synthesis, which provides NAD + for the nuclear functions of nuclear NAD + consuming enzymes such as PARP-1 and the NAD + -dependent protein deacetylase SIRT1 [START_REF] Cantó | Crosstalk between poly(ADP-ribose) polymerase and sirtuin enzymes[END_REF]. As such, PARP-1 plays a key role in a number of distinct nuclear processes, integrating NAD + availability with molecular outcomes.

The discovery that ionizing radiation and DNA-methylating agents significantly activate PARP1, provided the initial impetus for investigating the synergistic effect of PARP inhibitors and DNA-damaging agents. While depleting PARP1's substrate NAD + or using catalytic inhibitors could theoretically be used to design the drugs, the latter method has been much more thoroughly investigated. Diphtheria toxin has been found to effectively inhibit PARP activity in many studies [START_REF] Ekblad | PARP inhibitors: polypharmacology versus selective inhibition[END_REF]. In vitro studies of PARP inhibitors in the 1980s, first class of compounds represented by nicotinamide and its analogue benzamide have the function of specific genotoxic endpoints and inhibiting PARP enzyme. These early inhibitors, such as 3-aminobenzamide (3-AB), were based on nicotinamide, act as a poor inhibitor of PARP1 and a by-product of the PARP reaction that converts NAD + to PAR. The other class is typically represented by theophylline. Both drugs have the effect of reducing clone formation and slowing cell proliferation, but nicotinamide analogues can effectively cause the frequency of sister-chromatid exchange (SCE). This effect of theophylline was weaker than benzamide [START_REF] Banasik | Specific inhibitors of poly(ADP-ribose) synthetase and mono(ADP-ribosyl)transferase[END_REF].

Four third-generation PARP inhibitors have now proved by FDA after comprehensive medical chemistry studies (Table 1 Small-molecule PARP inhibitors are considered to work as catalytic inhibitors, preventing the repair of DNA single-strand breaks. However, the mechanism of action of PARP inhibitors on cancer cells still need further study. The automodification of highly negatively charged PAR polymers could help PARP enzymes to release from DNA, which is a well-known process. PARP inhibitors trap the PARP1 and PARP2 enzymes at damaged DNA, also referring it as PARP trapping [START_REF] Alemasova | Poly(ADP-ribosyl)ation by PARP1: reaction mechanism and regulatory proteins[END_REF][START_REF] Murai | Trapping of PARP1 and PARP2 by Clinical PARP Inhibitors[END_REF]. Evidence has shown the fact that trapped PARP-DNA complexes were more lethal than unrepaired SSBs induced by PARP inactivation. PARP inhibitors differ in their ability to stabilize PARP-DNA complexes, regardless of their relative efficacy to block PARP catalytic activity. PARP1 knockout cells were highly resistant to olaparib, demonstrating the PARP1 dependent specificity. Otherwise, olaparib did not affect the cell cycle of PARP1 KO cells, while it caused G2 accumulation in wild-type cells and thus increase the stress of replication. In wild-type cells, olaparib boosted -H2AX levels considerably, but not in PARP1 KO cells. These findings reveal that PARP1 trapping is essential for cytotoxicity of some PARP inhibitors like olaparib and niraparib et al, and the inhibition of PARP is not the same as deleting PARP. 

Immunogenic Cell Death

Most conventional chemotherapy drugs that directly damage DNA have been found to have varying degrees of immunosuppressive effects. For example, a common immunosuppressive effect is lymphopenia. Therefore, the level of lymphocytes is often used to observe the toxicity of drugs, while in the context of some special anti-cancer chemotherapy, some clinical data confirm that tumor immune response can affect the anti-tumor effect of toxic compounds [START_REF] Adams | The volumes of pars distalis, pars intermedia and infundibular process of the pituitary gland of the rat, with special reference to the effect of stalk section[END_REF]. This phenomenon is manifested after the tumor cells are treated with chemotherapeutic drugs, by promoting the local lymphocyte infiltrate, or increasing the ratio of cytotoxic T 

DNA repair response and immunogenic cell death in cancer therapy

Apoptosis does not evoke the immune response, but the question is that in the absence of pathogens and their derivatives, how antigen-presenting cells (APC) promote tumor antigens presentation to effector T cell in the tumor microenvironment effectively. Studies have pointed out that under sterile conditions, the pattern recognition receptor (PRR) of dendritic cells (DC) can be activated by endogenous factors. This system can also help the immune system to distinguish intrinsic dangerous and harmless signals [START_REF] Matzinger | An innate sense of danger[END_REF]. Microbial DNA detection system helps to evoke the host's immune system to remove the source of infection, but this detection system also needs to distinguish between endogenous DNA and exogenous DNA. Current evidence shows that cGAS can also be activated by the instability of mitochondrial DNA even micro-nuclei, which are caused by genomic instability and exhibit chromatin like structures, sometimes surrounded by fragile layered B1 membranes [START_REF] Mackenzie | cGAS surveillance of micronuclei links genome instability to innate immunity[END_REF]. cGAS then activates STING through an signal cascade. After the conformation of the activated STING changes, it migrates from the endoplasmic reticulum to the perinuclear endosome, where it is activated and phosphorylated by TBK1. TBK1 phosphorylates interferon regulatory factor 3 (IRF3) at the same time, and IRF3 transfers to the nucleus to drive type I interferon (IFN) genes (including IFNβ). Finally, the transcription factors (mainly IRF3 and NF-kB) that jointly induce type I IFN response and up-regulate PDL1 expression in some cancer cells [START_REF] Tanaka | STING specifies IRF3 phosphorylation by TBK1 in the cytosolic DNA signaling pathway[END_REF].

At present, the biggest prospect of agonists developed with STING as the target is their potential combination with other immuno-checkpoint blockade drugs. STING agonists turnover the non-immunogenicity to immunogenic tumors, thus improve the response of certain cold cancers to ICB. For example, it was found in research that STING agonists can reverse the resistance of anti-PD-1 in mouse tumor models.

Therefore, immuno-chemotherapy combinations may be inherently important for the therapeutic benefits of STING agonists, because STING activation causes immunosuppressive proteins such as PD-L1 and CCR2, providing therapeutic targets for currently known immunotherapies [START_REF] Ding | Targeting Myeloid Cells in Combination Treatments for Glioma and Other Tumors[END_REF].

Beyond 

Correlation between PARP1 activity, prognostic value and immune infiltrate in NSCLC

In a previous study of our lab, the long-term selection of human NSCLC cells with CDDP, a strong DNA damage inducer, entails a complex phenotypic change, including the acquisition of CDDP resistance, and the stable upregulation of poly (ADP-ribose) polymerase-1 (PARP1) with the consequent PAR-modified proteins as compared to the WT cells. Even upon the withdrawal of CDDP, the higher baseline levels of PAR-containing proteins and CDDP resistance is maintained in NSCLC clones suggesting the presence of genetic or epigenetic modifications that stabilize the hyperactivation of PARP1. Importantly, PARPi could selectively kill CDDP-resistant cells with a high PARP activity [START_REF] Michels | Cisplatin Resistance Associated with PARP Hyperactivation[END_REF].

On the basis of these premises, our group have tested whether PAR levels would be 

Objective of research works

Until today, CDDP is still used as a first-line treatment for NSCLC. In previous experiments, we found that CDDP-resistant cell clones have higher PARP1 activity.

The specific mechanism remains to be elucidated. Importantly, CDDP-resistant NSCLC clones show more sensitivity to PARPi. It provides a new target for clinical treatment. In addition, due to the negative correlation between PARP activity and the overall survival rate of NSCLC patients, it may even affect the infiltration of cytotoxic CD8 + T cells. Based on the above findings, our objective was to investigate the relationship between high PARP1 activity and compromised immunosurveillance.

For this purpose, we generated PAR high CDDP-resistant clones from mouse-derived Lewis lung cancer (LLC) and tissue culture 1(TC1) cell lines, and knockout PARP1 with crisper cas9 technology. With these approach, we compared PAR high clones to PARP1 knock-out clones,that derived from the same PAR high parental clone.

We have addressed the following questions:

 Does PARP1 KO sensitize cells to cisplatin?

 Does PARP1 KO clones becomes resistant to the PARP inhibitors?

 Does the knockout of PARP1 improve the immuno surveillance in vivo?

 Does tumors derived from cisplatin resistance cancer cells (PAR High ) exposed to PARP inhibitors could be turned into hot tumors by inducing ICD?

 Does PARP inhibitors modulate immune checkpoint markers on T cells or cancer cells, and does mice with PAR High tumors could benefit from the immune checkpoint blockade?

Materials and Methods

Cell lines, culture conditions, and chemicals

Mouse wild-type (WT) lung cancer cells were purchased from American Type Culture Collection (ATCC, Rockefeller, MD, USA). Culture media and cell culture supplements were purchased from Gibco-Invitrogen Life Technologies Inc (Carlsbad, CA, USA) unless otherwise specifically mentioned. The following culture media were used for both parental Lewis Lung carcinoma (LLC) and tissue cell-1 (TC1) WT cells and their CDDP-resistant counterparts (generated as depicted in Fig. 

Cytofluorometric quantification of cell death

For the simultaneous quantification of plasma membrane integrity and mitochondrial transmembrane potential (m), both adherent and non-adherent cells were collected, washed, and co-stained with 1 µg/mL propidium iodide (PI, which only incorporates into dead cells) and 40 nmol/L 3,3'-dihexyloxacarbocyanine iodide DiOC6(3), a mitochondrial transmembrane potential sensitive dye, (Molecular Probes-Invitrogen. Cytofluorometric acquisitions were carried out on a Miltenyi cytofluorometer (MACSQuant® Analyzer 10), and statistical analyses were performed by using the FlowJo software (LLC, Oregon, USA) upon gating on events exhibiting normal forward scatter (FSC) and side scatter (SSC) parameters. 

Mouse housing and murine cancer models

In vivocombination therapies

Eight-week-old female C57Bl/6 mice were pretreated with 100µg/mice of anti-CD8 and anti-CD4 respectively or isotype control two days before tumor cells implantation, then once a week. When LLC tumors reached ~25 mm 2 or ~20 mm 3 

Quantitative RT -PCR

Interferon alfa 1(IFNA1), Interferon alfa 2(IFNA2), 1Interferon beta 1 (IFNB1) and C-X-C motif chemokine 10 (CXCL10) ,C-X-C motif chemokine 11(CXCL11) ,Chemokine (C-C motif) ligand 5 probe were purchased from Thermofisher. Following treatment, total RNA was extracted using the Rneasy plus mini kit (Qiagen, Hilden, Germany) following manufacturer's instruction. Genomic kept at 4 o C. Flow cytometry acquisition was performed on a MACSQuant (Miltenyi Biotec), and data analysis was conducted with the FlowJo software.

Cytofluorometric analysis of polyploidy

Cells were seeded in 12-well plates (20,000 cells per well for LLC and TC1 cells), after 24h adaptation, cells were treated with Niraparib and BMN for 72h. Cells were then collected and fixed with -20°C 80% cold alcohol while vortex. Samples were kept in -20°C overnight and stained with FxCycle TM PI.RNase Staining Solution (Invitrogen TM ). Flow cytometry acquisition was performed on a MACSQuant (Miltenyi Biotec), and data analysis was conducted with the FlowJo software.

DNA damage foci measured by immunofluorescence detection of phosphorylated histone H2AX (H2AX)

Cells were seeded into 384 wells black microplates (5000 cells/well) and cultured in normal conditions or in the presence of niraparib (1.5-24µM) for 72h. After washing twice with PBS, plates were fixed with 4% PFA/PBS containing Hoechst 33342 (2 μg mL -1 ) for 10 min, washed twice with PBS Then cells were washed with PBS and permeabilized with 0.1% Triton-X 100 for 10 min, and rinsed twice with PBS. Plates were blocked with 2% BSA in PBST (PBS, 0.01% Tween-20; v:v) for 30 min before incubation with anti-phospho-histone H2A.X (Ser139) antibody (Merck Millipore) overnight at 4 o C. Then the cells were rinsed twice with PBS and incubated with secondary antibodies for 30 min at room temperature in the dark. After additional washing steps, 50 μL PBS were added to each well. The cells were subjected to automated image acquisition and subsequent image analysis

Sample preparation for metabolome analysis.

LLC or TC1 cells were seeded in 6-well plates and cultured for 24 hours in complete medium. Forty eight hours before extraction, medium was changed and cells were cultured either in complete medium (CTL) or in the presence of niraparib. Five replicates per condition. Subsequently, cells were washed 5 times with cold PBS before rincing with water, and then scraped in 500 µl of methanol (90%)-water (10%).

Then, 100 µl chloroform were added. After centrifugation (10 000 g, 10 min, 4°C), the whole supernatant was evaporated at 40°C to obtain dried extracts. 300 µl of methanol were added on dried extract and split in two 150 µl fractions for GC-MS and LC-MS analyses respectively. For GC-MS assay, methanol solubilized aliquots were transfered to glass tubes and solvent was evaporated. [START_REF] Kamaletdinova | The Enigmatic Function of PARP1: From PARylation Activity to PAR Readers[END_REF] coupled to a triple quadrupole (QQQ) mass spectrometer The GC-MS/MS method was performed on a 7890A gas chromatography (Agilent Technologies, Waldbronn, Germany) coupled to a triple quadrupole 7000C (Agilent Technologies, Waldbronn, Germany) equipped with an electronic impact source (EI) operating in positive mode.

The injection was performed in splitless mode with a front inlet temperature set to 250°C. The transfer line and the ionsource temperature were, respectively, at 250 and 230°C. The septum purge flow was fixed at 3 ml/min. The purge flow set to split vent and operated at 80 ml/min during 1 min. Gas saver mode was set to 15 ml/min after 5 min. The helium gas flowed at 1 ml/min through the column (J&WScientificHP-5MS, 30 m × 0.25 mm, i.d. 0.25 mm, d.f., Agilent Technologies Inc.). Column temperature was held at 60°C for 1 min, then raised to 210°C (10°C/min), followed by a step to 230°C (5°C/min), and reached 325°C (15°C/min), and be held at this temperature for 5 min. The collision gas was nitrogen. Peak detection and integration were performed Altogether, these results establish that PARP1 overactivation is causally involved in CDDP resistance. expressed on CD8 + and CD4 + Foxp3 -T cells from PARP1 KO LLC tumors than on their counterparts from PAR High tumors (Fig. 2.2F). However, PD-1 blockade with an antibody failed to affect the growth of both PARP1 KO and PAR High LLC tumors (Fig. S2.4). In addition, dendritic cells (defined as CD45 + Ly6G -CD11b + C11c + (Fig. S2.3B) exhibited higher levels of MHC class II expression in PARP1 KO than PAR High LLC cancers (Fig. 2.2G) . In contrast, the frequency of macrophage-like cells (defined as CD45 + Ly6G -Ly6C LowInt ) were not different among the two groups (Fig. 2.2G). We also investigated the growth of PAR High and PARP1 KO TC1 clones in immunocompetent versus T cell-deficient mice. (Fig. 2.3A). Again, the growth of PAR High tumors was not affected by the depletion of T cells. In sharp contrast, PARP1 KO TC1 were unable to form tumors in immunocompetent mice, but grew on T cell-depleted mice (Fig. 

using

Results

PARP

On-target and off-targets effects of PARP inhibitors.

We next wondered whether pharmacological PARP1 inhibition with niraparib, which is clinically approved for the treatment of platinum-resistant cancer. While PAR High LLC1 cells died after a latency (7 days) in culture with niraparib (3 to 12 µM), PARP1 KO LLC1 cells only showed a marginal response at the highest niraparib dose Moreover, PARP1 KO cells showed a rather minor metabolic response to niraparib (Fig. 6C).

We also investigated whether PAR High and PARP1 KO 

Effects of PARP inhibitors on PARP1-deficient tumors in vivo.

Since pharmacological PARP inhibition has little or no effects on PARP1 KO cells, it becomes possible to investigate potential effects of PARP inhibitor on immunosurveillance that occur independently from their inhibitory effects on PARP1 expressed by malignant cells (Fig. 2.8 A). PAR High tumors implanted in immunocompetent mice reduced their growth upon treatment with niraparib, and this effect was similar in T cell-depleted mice (Fig. 2.8B). Moreover, niraparib similarly extended the survival of immunocompetent and immunocompromised mice bearing PAR High tumors (Fig. 

Discussion

PARP1 is an enzyme involved in the DNA damage response, and its activity is strongly induced by platinum-based chemotherapeutics. We have shown in the past that PARP1 activity is durably increased in cancer cells that have been selected by cultured in the presence of normally lethal CDDP doses, causing an increase in the PARP1 product PAR. Of note, in patients with NSCLC treated with chemotherapy, a high abundance of PAR indicates poor prognosis, suggesting that PARP1 activity indeed is clinically relevant [START_REF] Castedo | Apoptosis regulation in tetraploid cancer cells[END_REF]. Here, we show that knockout of PARP1 eliminates PAR accumulation in cisplatin resistant NSCLC cells, indicating that is indeed only PARP1 (and none of the other PARP isoforms) that accounts for PAR accumulation.

Moreover, the deletion of PARP1 reverses CDDP resistance, formally proving the importance of PARP1 activity at the genetic level.

Importantly, PAR High cells were susceptible to cytostatic and cytotoxic effects of PARP1 inhibitors that were not observed with PARP1KO cells, supporting that the pharmacological inhibitors that we characterized here (niraparib, talazoparib) are indeed highly specific for PARP1, lacking major off-target effects. In accord with this interpretation, niraparib caused DNA damage, polyploidization, metabolic effects (with a prominent upregulation of nucleosides, perhaps reflecting stalled DNA synthesis) and the upregulation of immune-relevant surface molecules (PD-L1, MHC class I and II, when added to PAR High cells, but had no such effects on PARP1KO cells, again supporting its specificity for PARP1. It is important to note that PARP1KO cells lacked signs of spontaneous DNA damage, had a normal ploidy, were metabolically close-to-undistinguishable from their PAR High counterparts, and did not show any upregulation of immune-relevant surface molecules. Hence, the long-term effects of the knockout of PARP1, which is followed by a phase of clonal selection, is not the same as the pharmacological inhibition of PARP1. This may reflect kinetic effects, namely chronic (genetic) inhibition allowing for adaptive mechanisms to come into action versus acute (pharmacological) inhibition. Moreover, enzymatic inhibition of PARP1 may cause the protein to stall DNA replication, a phenomenon that would not occur in the absence of PARP1. Thus, the absence of PARP1 caused by the knockout of the gene may have different cellular effects than the drug-mediated inhibition of PARP1.

In this context, it appears intriguing that pharmacological PARP1 inhibition does reduce the growth of PAR High tumors in a fashion that apparently is mediated by cell-autonomous effects since depletion of T cells (which are required for tumor growth reduction by anthracyclines or oxaliplatin), does not interfere with this therapeutic effect. In sharp contrast, knockout of PARP1 did change the cancer-immune dialogue in the sense that PARP1 KO tumors accelerated their growth upon depletion of T cells (by combined injection of anti-CD4 and anti-CD8 antibodies), a phenomenon not seen for PAR High tumors. An interesting difference was observed between LLC and TC1 NSCLC lines, knowing that TC1 are transduced with the E6 protein of human papilloma virus (HPV), rendering them highly antigenic.

PARP1 KO TC1 cells were unable to form tumors in immunocompetent mice and only did so after depletion of T cells. Mice that had been exposed PARP1KO TC1 cells visibly were immunized against TC1 epitopes since they became resistant against the inoculation of PAR High TC1 cells that readily form tumors in naïve immunocompetent recipients. PARP1 KO LLC cells did form macroscopic cancers in immunocompetent mice, allowing to compare their immune infiltrate with that of PAR High LLC tumors.

Of note, dendritic cells present in such PARP1 KO LLC tumors had higher levels of MHC class-II expression than those found in PAR High LLC tumors. Moreover, T cells infiltrating PARP1 KO LLC tumors exhibited signs of enhanced activation and reduced exhaustion when compared to T lymphocytes recovered from PAR High LLC tumors.

These results strongly suggest that the levels of PARP1 activation may shape the tumor microenvironment, establishing a causal link. Thus, the clinical observation that PAR Low NSCLCs contain more CD8+ T cells than PAR High NSCLC does not only reflect a correlation, but likely reflects a cause-effect relationship. However, no precise mechanistic explanation can be provided for the enhanced immunogenicity of PARP1 KO (or PAR Low ) NSCLC. Indeed, when compared to their PAR High counterparts, PARP1 KO cells do not exhibit any major changes in immunogenic surface molecules nor in their metabolism. Future studies, for instance of the surface proteome or the immunopeptidome, must address this question.

Another observation requiring further investigation concerns the capacity of niraparib to reduce the growth of PARP1 KO tumors in mice. This effect cannot be explained by cell-autonomous effects because, at least in cell culture, PARP1KO cells are resistant against the DNA damage-inducing and cytotoxic effects of niraparib. This effect seems to involve T lymphocytes. At this point, the mode of action of niraparib on PARP1 KO NSCLC remains quite enigmatic. Future studies must determine which host cell type (including fibroblasts or leukocytes) or processes (such as angiogenesis) may be affected by niraparib to explain its paradoxical effects on PARP1 KO NSCLC.

Perspectives

First, it appears obvious that the levels of PAR detectable in NSCLC cells predict the cell-autonomous response to PARP inhibitors and DNA-damaging chemotherapeutics.

In substance, PAR-negative cancer cells lacking PARP activity are insensitive to the on-target effects of PARP inhibitors but sensitive to DNA-damaging agents including cisplatin. Thus, retrospective and prospective clinical studies should evaluate to which extent PAR levels can predict the therapeutic response to PARP inhibitors and conventional chemotherapies. Since PARP inhibitors may have non-cell-autonomous anticancer effects that do not involve PARP inhibition in cancer cells, at least at the preclinical level, it will be important to elucidate this enigma.

Second, it appears clear that PARP activity in cancer cells has a hitherto unsuspected impact on the tumor microenvironment that might be clinically exploited at two levels.

On one hand, the immunohistochemical detection of critical immune effectors (and in particular CD3+CD8+ T lymphocytes) might be combined with the detection of PAR for optimal risk stratification of patients. On the other hand, it might be attempted to subject patients falling into different categories (e.g. PAR High versus low, immune cold versus hot) to specific therapeutic interventions involving for example immunogenic chemotherapies (such as anthracyclines, lurbinectidin or oxaliplatin) to render immune cold tumors hot, perhaps followed by immunotherapies targeting for example CTLA-4 (noting that PD-1 blockade had no effect in our preclinical studies). This possibility requires further preclinical investigation.

Here, we found that PARP1 activity within tumor cells influences the composition of the immune infiltrate. However, the mechanistic links between PARP1 activation and local immunosubversion are elusive. One possibility is that PARP1 activity could change the immune repertoire of tumor cells leading to an higher immune tolerance.

Conversely, PARP1 could favor the expression of immuno-modulating molecules at the cell surface leading to an active suppression of the local immune T cells. To test these hypotheses, we will analyse the immunopeptidome and the surface proteome of PAR High and PARP KO cancer cells.

In addition, we would like to find treatments to convert cold PARhigh tumors into hot tumors. Indeed, we will explore the capacity of potentially immunogenic drugs (oxaliplatin, anthracyclines, lurbinectidin) to induce immunogenic cell death of PARhigh LLC and TC1 cells and/or to increase the production of cytokines and chemokines (i.e. IFNα1, IFNβ1, INFα2, CCL5, CXCL10 and CXCL11) involved in the recruitment and activation of CD8+T cells. PAR High tumor cells will be treated in vitro with the immunogenic drugs as monotherapy or combined to PARP inhibitors (niraparib, talazoparib). The treatments which will prove to be of interest will be evaluated for their capacity to decrease tumor growth in immunocompetent and immunodeficient mice.

Interestingly, we observed in preliminary experiments that, at the basal level, TC1

PARP1 KO cells expressed significantly more CCL5, CXCL10 and CXCL11 mRNA than TC1 PARP High ones. We will try to confirm these results with LLC cells. It has been well documented in the litterature that cytosolic DNA fragments generated in the context of inefficient DNA repair can activate the cGAS/STING pathway leading to a Type-1 interferon response known to enhance the production of CCL5 and CXCL10.

Using double PARP1/ STING KO LLC and TC1 cells now at our disposal, we will determine if the cGAS/STING KO reduced the production of chemokines by PARP KO cancer cells in vitro. A constitutive activation of the cGAS/STING pathway could explain why PARP1 KO LLC tumors exhibited local signs of T cell activation.

Another point to elucidate is how PARP1 KO tumors growth is affected by niraparib. It will be useful to identify the composition, density, and function of the tumor immune infiltrate in niraparib treated mice. In addition, secreted metabolites or proteins will be characterized for their effects on immunosurveillance.

INTRODUCTION

Cancer cell-intrinsic properties drive alterations in the microecosystem that is composed by malignant cells, stromal elements as well as tumor-infiltrating leukocytes. This latter point has been neglected for a long time, yet spurred ever expanding interest since the discoveries that (i) the presence of certain immune effectors, in particular CD8 + cytotoxic T lymphocytes (CTLs) and activated dendritic cells (DCs) have a major prognostic impact in most extracranial cancer types 1 and (ii) immunotherapy with antibodies neutralizing the cytotoxic T-lymphocyte associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1)/programmed cell death ligand 1 (PD-L1) has the potential to become a close-to-universal antineoplastic treatment. 2 Today, it is common knowledge that tumors, to become truly life threatening, must fulfill a compendium of conditions including malignancy (ie, the unrestrained proliferation and dissemination of neoplastic cells) and escape from immunosurveillance (ie, camouflage of tumor cells to become invisible to the immune system and/or active immunosuppression). 3 The metabolic features of tumors may also be interpreted in the sense of a constant dialog between malignant and immune cells. In essence, tumor cells must rewire their metabolisms to produce biomass, initially often in a hostile context with scarce supply of growth factors, glucose, amino acids and oxygen. Beyond these anabolic capacities and an increased capacity to 'capture' nutrients from the environment, oncometabolism also may subvert immunosurveillance (and hence interfere with immunometabolism). For example, lactate produced by malignant cells and low extracellular pH interfere with T cell on July 22, 2021 at INSERM Consortia. Protected by copyright. http://jitc.bmj.com/ Open access functions. 4 In addition, the expression levels of metabolic enzymes such as aldehyde dehydrogenase 7 family, member A1 (ALDH7A1) are associated with a paucity of immune effectors within the tumor bed, while that of lipase C, hepatic type (LIPC) positively correlates with abundant tumor infiltration by myeloid and lymphoid cells in several different human cancer types. 5 As an extreme, some cancers have developed the capacity to engulf and cannibalize lymphocytes, thus converting their enemies into nutrients. 6 Cancer cells can also rewire their metabolism in response to iatrogenic stresses. For example, cisplatinbased chemotherapy causes a selection/adaptation of malignant cells that often leads to the downregulation of the vitamin B6 activating enzyme pyridoxal kinase (PDXK) 7 and the upregulation of the enzymatic activity of poly(ADP-ribose) (PAR) polymerase (PARP1) that requires a supply of nicotinamide adenine dinucleotide (NAD). 8 Nicotinamide is also known as vitamin B3. These alterations are causatively involved in cisplatin resistance because re-expression of PDXK or depletion/inhibition of PARP1 restores cisplatin sensitivity of cancer cells. 7 9 Moreover, low PDXK expression or high abundance of the PARP1 product PAR within malignant cells indicates poor prognosis in patients with non-small cell lung cancer (NSCLC). 7 10 Here, we investigated the possibility that markers of the vitamin B metabolism, namely PDXK and PAR, would affect the density of the antigen presenting cells (ie, DCs measured by dendritic cell lysosomal associated membrane glycoprotein (DC-LAMP)) and the adaptive immune response as measured by the density of the CD8 T cells, in locally advanced cervical squamous cell carcinoma, which is known to be under CTL-mediated surveillance, 11-13 and NSCLC, for both of which cisplatin still belongs to the standard of care.

MATERIALS AND METHODS Patients and survival data

The cohort of patients with cervical cancer (n=66) included paraffin-embedded baseline tumor biopsies from patients with locally advanced cervical cancer (LACC) undergoing curative-intent concurrent chemoradiation followed by uterovaginal brachytherapy boost. They were treated in our institution between March 2004 and August 2011. 14 Only squamous cell carcinomas, which is the most frequent histology, were included in the analysis. A second cohort of paraffin-embedded baseline NSCLC surgical samples was evaluated from patients (stage I to III-IV according to 7th edition TNM classification) undergoing primary surgery at Hôtel-Dieu Hospital (Paris, France) between 2001 and 2005. 15 All tumor specimens were collected before chemotherapy. The patients' main clinical and pathological features are described in online supplemental tables S1 and S2. A written informed consent was obtained from all patients, in application with the article L.1121-1 of French law and the two studies were approved by the local ethics committee (CPP 2012-0612).

Pearson's correlation coefficients with their significance value were calculated and depicted in scatter plots. Kaplan-Meier curves were stratified using the median value of the cohort for PAR and PDXK expression and DC-LAMP and CD8 infiltration and the log-rank test was used to compare overall and relapse-free survival of patients between groups. The start of follow-up was the date of biopsy for patients with LACC and NSCLC. Statistical testing was done at the two-tailed α level of 0.05. Statistics were managed using R software V.3.4.2 (R Foundation for Statistical Computing, Vienna, Austria; https:// www. R-project. org/, packages survival, survminer, Hmisc and corrplot).

IMMUNOHISTOCHEMISTRY

In the lung cancer cohort, tumor samples were fixed in neutral buffered 10% formalin solution and paraffin embedded. Tumors were freshly cut for immunohistochemical analysis, paraffin section was dewaxed, followed by antigen retrieval with Target Retrieval Solution (Dako) in a preheated water bath (98°C, 30 min). Sections were cooled at room temperature for 30 min and endogenous peroxidase was blocked with 3% hydrogen peroxide. Thereafter, sections were incubated with diluted 5% human serum for 30 min and incubated with PAR (AM80, Calbiochem), PDXK (AP7167a, Abgent), DC-LAMP (DDX0191, clone 1010E1.01) and CD8 (clone SP16, Spring Bioscience) antibodies. We chose to evaluate PAR activity and not protein expression because, as previously shown, low PARP1 protein levels do not preclude a high activity of this enzyme 10 and PARP1 expression do not correlate with survival. 16 PAR and PDXK were manually evaluated by trained observers. In the NSCLC cohort, 186 samples were available for PAR/PDXK staining. The correlations were calculated according to the median (ie, marker high equivalent or superior to the median, marker low is less than the median). DC-LAMP + cells were counted manually by two trained observers on five selected regions of interest and expressed as an absolute number of positive cells/mm 2 (density) of tumor. CD8 positive cells were counted using Visiopharm image analysis software on the same five manually selected regions of interest and expressed as an absolute number (density) of positive cells/mm 2 of tumor.

SCORING OF EXPRESSION LEVELS

Staining percentage of reactive tumor cells was scored on a 0%-100% scale for PDXK and PAR. The correlations and survival were calculated according to the median (ie, marker high equivalent or superior to the median, marker low is less than the median). The median value for the five regions of the density for DC-LAMP + and CD8 was taken into account for the survival and correlation analyses.

Open access containing 40 nM 3,3' dihexiloxalocarbocyanine iodide (DiOC 6 (3)), Molecular Probes-Invitrogen), a mitochondrial transmembrane potential-sensitive dye, and 1 µg/ mL propidium iodide, which only accumulates in cells exhibiting plasma membrane permeabilization. Cytofluorometric acquisitions were carried out on a Milteny cytofluorometer (MACSQuant Analyzer 10), and statistical analyses were performed by using the FlowJo software (LLC, Oregon, USA) on gating on events exhibiting normal forward scatter and side scatter parameters.

Immunoblotting

Cells were trypsinized, collected, washed twice with phosphate-buffered saline (PBS) and lysed in a buffer containing 50 mM Tris HCl pH 6.8, glycerol 10%, 2% Sodium dodecyl sulfate (SDS), 10 mM ithiothréitol (DTT) and 0.005% bromophenol blue. Subsequently, 30 µg of proteins were separated on 4%-12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels (Invitrogen) and electrotransferred to nitrocellulose membranes (Biorad) followed by immunoblotting with a primary antibody specific for PAR (Clone 10H, mAb to poly ADP-ribose, Abcam, 1:1000). An antiactin antibody (mAb to beta actin, ab 49900, Abcam, 1:5000) was used to control equal lane loading. Thereafter, membranes were incubated with appropriate horseradish peroxides-conjugated secondary antibodies (Southern Biotech), followed by chemiluminescence detection with the ECLTM Prime Western Blotting Detection Reagent (GE Healthcare), before being revealed by the ImageQuantTM LAS 4000 Biomolecular Imager (GE Healthcare Life Sciences). Finally, protein expression was quantified by ImageJ software (NIH, USA).

Mouse housing and murine cancer model

Eight-week-old female C57Bl/6 mice were purchased from Envigo France. Animals were maintained in specific pathogen-free conditions, at 25°C with 12 hours light/12 hours dark cycles. All animals were used under an approved protocol by the local Ethics Committee (C2EA 

RESULTS

Relationship between the immune infiltrate and metabolic parameters in patients with LACC

We found a positive effect of tumor infiltration by CD8 + T lymphocytes (determined by immunohistochemistry, figure 1A) to be associated with improved overall survival (figure 1C) and a trend for improved relapsefree survival (figure 1D) in patients with LACC stratified by tumor stage. We also determined the density of the tumor infiltrating DC-LAMP + cells (which are activated DCs) by immunohistochemistry (figure 1B). None of the women with a DC-LAMP high tumor died, meaning that high DC-LAMP + density was significantly (p=0.0081, log-rank test) associated with overall survival (figure 1E) as well as a tendency for improved relapse-free survival (figure 1F) (online supplemental table S3). DC-LAMP high tumors were densely infiltrated by CD8 + T cells (p=0.03 by χ 2 test, p=0.08 when computed as continuous values) (figure 2A,B). The combination of a low infiltration by both CD8 and DCs carried a significantly worse prognosis compared with tumors highly infiltrated (p=0.003, logrank test) (figure 2C,D). We also determined the expression level of PDXK (figure 3A,B) and PAR (figure 3C,D) by cancer cells. Of note, we observed a positive correlation (Pearson test, p=0.002) between DC-LAMP density and PDXK expression, as well as a significant (p=0.0034) negative correlation between CD8 density and PAR expression (figure 3E,F). PAR high /PDXK low tumors showed a tendency for worse overall (figure 4A) and relapse-free (figure 4B) survival. These results suggest that tumor cell-intrinsic metabolic characteristics may affect local immunosurveillance.

Immunological and metabolic characteristics of non-small cell lung cancer

Intrigued by the aforementioned results, we decided to evaluate our observations in a different neoplastic disease, NSCLC, for which it was known that low expression of PDXK and high abundance of PAR are negative prognostic markers. 7 10 Pearson analyses revealed a negative correlation (p=0.017) between PAR levels and CD8 + T lymphocytes (figure 5A) and a positive trend (p=0.057) between PDXK expression and infiltration by DC-LAMP + cells (figure 5B). As expected, 17 18 the detection of high levels of CD8 + or DC-LAMP + cells in tumors was associated with improved overall survival (figure 5C,D) (online supplemental table S4), and this effect was independent from age, gender, histology, smoking status and tumor stage in a multivariate Cox model (p=0.001 and <0.001 for CD8 and DC-LAMP). The combined low infiltration by CD8 and DCs have a significantly worse prognosis compared with tumors highly infiltrated (p=0.0001, logrank test) (figure 5E,F). Patients with PAR high /PDXK low Open access cancers had a reduced overall survival, particularly in stage I-II tumors (figure 6), and this effect was independent from age, gender, histology, smoking status and tumor stage (p=0.02). Altogether, these results confirm the conjecture that tumor cell-intrinsic metabolic alterations may impact the composition of the local immune infiltrate.

Cause-effect relationship between PARP1 activation and immunosuppression

In human cervical and lung cancers, high abundance of PAR correlated with a reduced density of CD8 + T lymphocytes in the tumors. To establish a causal relationship between high PAR levels and reduced tumor immunosurveillance, we took advantage of Lewis lung cancer (LLC) cells (a mouse NSCLC cell line) that had been selected in vitro for cisplatin resistance, hence enhancing their capacity to maintain mitochondrial function and viability in vitro (figure 7A,B). Such cells manifested upregulation of PAR, as detectable by immunoblot analyses (figure 7C). Parental WT (online supplemental figure S1A,B) and cisplatin resistant (R) clones were injected subcutaneously into mice and their immune infiltrate was characterized by immunofluorescence and flow cytometry (online supplemental figures S1C and S2) when the tumors had reached a surface of 1 cm 2 . Importantly, the density of CD8 + T cells was reduced for resistant (PAR high ) tumors (p=0.028). Moreover, the LLC PAR high tumors were less infiltrated in antigen presenting cells, (i) activated DCs (CD45 + CD11c + MHCII + ) (p=0.0859) and (ii) myeloid cells (CD45 + CD11b + Ly6G -Ly6C low/intermediate ) (p=0.0012) as compared with their PAR low counterparts (figure 7D-F).

These results indicate that the metabolic phenotype of tumor cells may indeed shape the tumor microenvironment at the immunological level.

DISCUSSION

In an attempt to extend the general rule that oncometabolism may affect immunosurveillance, we have investigated the expression/activity of two enzymes, PDXK and PARP1, both implicated in the vitamin B metabolism, in the context of two distinct malignant diseases, cervical cancer and NSCLC. We observed that PDXK expression by malignant cells correlated with tumor infiltration by DCs, while PAR (which reflects PARP1 activity) anticorrelated with the local presence of CTLs. This is supported by transcriptional data for the positive correlation between myeloid DCs and PDXK and the negative correlation of T cells and PARP in patients with NSCLC. 5 In mice, tumors formed by cisplatin-resistant PAR high cells were scarcely infiltrated by CD8 + T lymphocytes, hinting to a potential link between the tumor-intrinsic changes in metabolism and the local immune tonus (rather than the selection of PAR low cells by immunosurveillance). Hence, PARP1 and PDXK activity within tumor cells may influence the composition of the immune infiltrate. Chemotherapies are rarely given with a curative intent in metastatic solid tumors. Cisplatin is a poor stimulator of anticancer immune responses when compared with other common chemotherapeutics including anthracyclines, cyclophosphamide, oxaliplatin and taxanes. 19 Moreover, the scenario emerges that metabolic adaptations of cancer cells that render them cisplatin-resistant are actually contributing to immunosubversion. Thus, the downregulation of PDXK expression and activity Open access may selectively diminish the recruitment of DCs (or their precursors) into the tumor bed. Moreover, high PARP1 activity may impede the infiltration of tumors by CD8 + T cells. Thus, cisplatin would cause cancer cell resistance to its cell-autonomous tumoricidal effects and alter the phenotype of cancer cells in a way that they escape from immunosurveillance. Of note, we have previously reported a synergy of cisplatin and the vitamin B6 precursor pyridoxine with LLC tumors that was only observed if the immune system was intact. 20 Thus, Open access metabolic manipulations of the tumors might impact their immune infiltration. Admittedly, the mechanistic links between PDXK downregulation or PARP1 activation and local immunosubversion are elusive. However, from the pharmacological point of view, both alterations appear druggable. Thus, high-dose supplementation with pyridoxine (vitamin B6) does improve the tumor growth-reducing activity of cisplatin 20 and actually stimulates immunosurveillance, as we have recently shown for hormone-induced breast cancer. 21 Moreover, it appears that PARP1 inhibition does cell-autonomously enhance DNA damage in cancer cells 22 and increases the infiltration of tumors by T cells 23-28 and sensitizes tumors to immune checkpoint blockade, as shown in mouse models 27 and in human tumors. 28 Obviously, the possibility to combine PARP inhibitors with immune checkpoint inhibitors is under active clinical investigation (NCT02571725 and NCT03598270). Mechanistically, DNA fragments generated in the context of inefficient DNA repair can activate the cGAS/STING pathway and elicit a Type-1 interferon response that has been well documented to enhance the production of T cell-recruiting chemokines. 27 Extracellular PAR has been shown to activate Toll-like receptors 2 and 4, suggesting yet another possible link between oncometabolism and innate immune effectors. 29 Perhaps more importantly, PARP1 activation may be expected to locally deplete NAD, which is consumed by PARP1, and supplementation with nicotinamide (which replenishes NAD) can stimulate anticancer immunosurveillance. 21 In preclinical experiments, nicotinamide can be advantageously combined with PD-1 blocking antibodies to achieve tumor control. 21 In essence, oncometabolic aberrations may yield novel actionable targets for improving cancer immunosurveillance.

The most important limitation of this study is the relatively low number of samples subjected to complete (clinical+metabolic+immunological) characterization, a weakness that is partially compensated for the fact that similar overall trends were found for two distinct cancer types, LACC and NSCLC. One limitation of this study is that the correlations between metabolic features (PDXK protein expression and PARP activity resulting into PAR accumulation) and features of immunosurveillance (presence of CD8+ T cells and DCs in the tumor) are relatively weak, perhaps reflecting the heterogeneity among the tumor types investigated in this paper. There are precedents for other metabolic properties of cancer (like the mRNA expression levels of aldehyde dehydrogenase 7 family member A1, ALDH7A1 and LIPC) correlates with the abundance of immune effectors in the tumor bed, 5 suggesting that a whole series of metabolismrelated characteristics may affect (or be affected by) the local immune system. Future studies should validate the findings obtained in this work in prospective studies, in the context of state-of-the-art immunotherapies. If the conjecture that low PDXK and high PARP1 activities subvert anticancer immunosurveillance in patients can be confirmed, future combination trials that combine metabolism-targeting agents with immune checkpoint blockers might profit from a patient stratification that includes PDXK and PAR expression levels. Ces cellules injectées à des souris immunodéficientes ou immunocompétentes nous ont permis montrer que l'activité élevée de PARP1 dans les cellules malignes a un effet immunosuppresseur. De plus, nous avons montré in vivo l'effet thérapeutique du Niraparib, un inhibiteur de PARP1, sur les cellules cancéreuses avec une forte activité de PARP1 sans l'intervention des lymphocytes T alors que l'efficacité inattendue du Niraparib sur les tumeurs issues de cellules malignes dépourvues de PARP1 dépendait strictement des cellules T.

Title : Cancer cell-autonomous inhibition of PARP1 improves immunosurveillance

Keywords : Anticancer immune response, metabolism, tumor microenvironment, cisplatin Abstract : Poly (ADP-ribose) polymerase 1 (PARP1) is an enzyme whose high activity in non-small cell lung cancer (NSCLC) in humans has a poor prognosis and correlates with low tumor infiltration of cytotoxic lymphocytes. Here, we wanted to determine whether the activity of PARP1 could alter the immunosurveillance of NSCLC. We developed mouse lung cancer cells with high, low or no PARP1 activity. These cells injected into immunodeficient or immunocompetent mice allowed us to show that the high activity of PARP1 in malignant cells has an immunosuppressive effect. In addition, we showed in vivo that the therapeutic effect of Niraparib, a clinically used PARP1 inhibitor, on cancer cells with a strong activity of PARP1 occurs without the intervention of T lymphocytes while the unexpected efficacy of Niraparib on tumors lacking PARP1 activity depends on T cells.
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 11 Figure 1.1 Timeline highlights some of the pivotal discoveries and clinical studies that have transformed the management of NSCLC over the past two decades. 1L, first

  kinase inhibitors (TKIs) have provided an illustrative example of the successes in targeting oncogene addiction in cancer and the role of tumor-specific adaptations conferring therapeutic resistance. Almost all patients treated with EGFR TKIs eventually develop resistance. It has been reported that activation of the oncogenic EGFR pathway enhances susceptibility of the lung tumors to PD-1 blockade in mouse model, suggesting combination of PD1 blockade with EGFR TKIs may become a promising therapeutic strategy. Nivolumab combined with erlotinib was associated with 19% of grade 3 toxicities. The combination of osimertinib plus durvalumab in pretreated or chemo naive NSCLC patients showed encouraging clinical activity.
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 12 Figure 1.2 Modes of action of cisplatin. Because of the relatively low (compared with the extracellular microenvironment) concentration of chloride ions, intracellular cisplatin quickly becomes aquated and hence Highly reactive. Aquated cisplatin can
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 13 Figure 1.3 DNA damage response pathways being targeted in the clinic. Specific types of DNA damagemismatches due to replication, single-strand DNA breaks (SSBs) or double-strand DNA breaks (DSBs)result in the activation of specific signalling and repair cascades. DNA damage response (DDR) pathways mitigate replication stress and repair DNA; thus, deficiencies in these pathways result in the accumulation of SSBs and DSBs and increased immunogenicity owing to the generation of neoantigens from mutant proteins. Poly(ADP-ribose) polymerase (PARP) enzymes are key to activating a host of downstream repair mechanisms and are primary proteins involved in SSB repair or base-excision repair (BER). The repair of DSBs occurs predominately through the rapid, error-prone non-homologous end joining (NHEJ) repair pathway in conjunction with the much slower Higher-fidelity, error-free homologous recombination (HR) repair pathway. DNA replication is a

  posttranslational modifications (PTM) such as phosphorylation, ADP-ribosylation, methylation, acetylation, ubiquitylation, sumoylation, and neddylation control each stage of the DDR. While DDR-specific kinase and ADP-ribosylation inhibitors are already in clinical development/use, especially for the PARP inhibitors. So far, only small molecule compounds targeting PARP enzymes,such as niraprib ,olaparib and talazoparib, have achieved good clinical effects and proved to the clinic.

  ) an N-terminal DNA-binding domain (DBD), (2) a central automodification domain, (3) a BRCA1 C-terminal (BRCT) phosphopeptide-binding motif (Figure). The DBD is composed of three zinc-binding domains (FI/Zn1 and FII/Zn2, and FIII/Zn3) and a nuclear localization sequence (NLS). FIII/Zn3 mediates DNA-binding /dependent concerning enzyme activation; a nuclear localization signal and a caspase-3 cleavage site. The automodification domain contains a BRCT (BRCA1 C-terminal) fold that mediates protein-protein interactions which contains several glutamate, aspartate, and lysine residues as putative acceptors for auto(ADP-ribosyl)ation, that mediates homodimerization or heterodimerization. The C-terminal catalytic domain is the most conserved domain in the PARP family, which contains the most conserved tryptophan-, glycine-, and arginine-rich (WGR) domain and a PARP signature motif required for binding NAD + and transfer of its ADP-ribose moiety for PAR synthesis[51].

FabricioFigure 1 . 4

 14 Figure 1.4 Poly(ADP-ribosyl)ation reaction. In response to DNA damage or other cellular stimulus, PARPs 1-3 hydrolyse NAD + and catalyse the successive transfer of the ADP-ribose moiety to protein acceptors, releasing nicotinamide (NAM) and one proton (H þ ). The ADPr units are linked to each other via glycosidic riboseribose bonds resulting in linear or multibranched poly(ADP-ribose) polyanions. These PAR polymers are rapidly degraded by poly(ADP-ribose) glycohydrolase (PARG) and poly(ADP-ribose) hydrolase 3 (ARH3) enzymes (the chemical structures were based on REF. 9 and plotted using ACD/ChemSketch 12.0).

  .1). These compounds are made to compete with NAD + for the active site of the enzyme. Since they are primarily based on benzamide or purine structures, they have the ability to inhibit other NAD + -dependent enzymes, such as other members of the PARP family. So far, US Food and Drug Administration (FDA) has approved PARP inhibitors include olaparib, rucaparib, and niraparib for the treatment of High-grade serous ovarian cancer, and olaparib and talazoparib in metastatic breast cancer. Poly (ADP-ribose) polymerase (PARP) 1 is an important molecule in DNA damage response, which will lead to synthetic lethality and induce cell death by exploiting a defect in DNA repair especially in BRCA mutated tumors. PARP inhibitors (PARPi) have presented significant therapeutic efficacy against BRCA1/2 mutated cancers by synthesizing lethal interactions. PARP1/2 enzymatic inhibitors have been developed for cancer therapy, presumably by blocking PAR dependent SSB repair. The DNA nicks accumulated due to the lack of PARP1/2 enzymatic activity can then be converted to DNA double-strand breaks (DSBs) in replicating cancer cells to activate DNA damage checkpoints and eventually lead to cell death. Given that DNA damage is the cornerstone of chemo-and radio-therapy widely used for the treatment of cancer, DNA breaks recruit and activate PARP1, which deposit poly-ADP-ibose (PAR) on protein accepter by consuming the NAD + as substrate to recruit repair factors to promote DNA Repair. This offers a therapeutic target to selectively induce synthetic lethality of homologous repair-deficient (e.g., BRCA1-or BRCA2-deficient) tumors by inhibiting PARP-1 activation-dependent repair pathways with the inhibitors. PARP inhibitors represent a novel class of anti-cancer agents.

  inhibitor and the by-product of the PARP reaction. In cell-based studies, High (mM) concentrations are required to inhibit PARP. Has many pharmacological actions other than inhibiting PARP. Virtually all PARP inhibitors contain the inhibitor. In cell-based studies, High (mM) concentrations are required to inhibit PARP. Many other members of the benzamide class are PARP inhibitors. Benzamides have many additional pharmacological actions, including free radical scavenging. Banasik and colleagues. Commonly used as an experimental tool to investigate the role of PARP in DNA repair and cell death. The structurally related, water-soluble compound 5-aminoisoquinoline has also been commonly used in various in vivo experiments. Another isoquinoline originally discovered by Guilford Inc. known as GPI 6150 was frequently used in in vitro and in vivo experiments in the 1990s and early 2000s. PJ-34 20 nM Originally identified and characterized by Jagtap and colleagues. Commonly used to study the biological roles of PARP in vitro and in vivo. In the High µM range, it also acts as a matrix metalloproteinase inhibitor.

  lymphocytes (CTL) to regulatory T cells ( FOXP3 +), which indicate a good response to chemotherapy. During this process, dendritic cells (DC) also play an important role in the immune response caused by chemotherapeutic drugs. Antigens, which are released from dying tumor cells, are swallowed, processed and presented to DC, and then activate effector T cells. DC receiving ICD antigen signal depends on the expression Toll-like receptor 4 (Tlr4) and purinergic receptor P2rx7[START_REF] Apetoh | Toll-like receptor 4-dependent contribution of the immune system to anticancer chemotherapy and radiotherapy[END_REF][START_REF] Ghiringhelli | Activation of the NLRP3 inflammasome in dendritic cells induces IL-1 beta-dependent adaptive immunity against tumors[END_REF].Chemotherapeutic drugs can also induce a stress response in tumor cells and promote the expression of DAMPS on the cell surface. And secretion can also increase the immunogenicity of cells. As mentioned earlier in the article, cytosolic DNA is a powerful DAMP[START_REF] Apetoh | Toll-like receptor 4-dependent contribution of the immune system to anticancer chemotherapy and radiotherapy[END_REF][START_REF] Ghiringhelli | Activation of the NLRP3 inflammasome in dendritic cells induces IL-1 beta-dependent adaptive immunity against tumors[END_REF]. In addition, many other cellular proteins also play as DAMPs, including the extracellular ATP released, High Mobility Group Box 1 (HMGB1), calreticulin, hyaluronan, and heat-shock proteins[START_REF] Krysko | Immunogenic cell death and DAMPs in cancer therapy[END_REF]. These secreted DAMPs cause cells to produce an immune response similar to that of the host against pathogens. Stimulation of type I IFN secretion and other chemokines activates DC cells and CD8+ T cells. This dying cell with ICD characteristics induced by chemotherapeutic drugs can be used as a vaccine to stimulate the immune system to produce a specific immune response to the same tumor. Our research group has made a definition: as an operational definition of ICD, we consider that ICD must satisfy the following two criteria (Figure1. 5). First, cancer cells succumbing to ICD in vitro and administered in the absence of any adjuvant must elicit an immune response that protects mice against cancers. In some models of preclinical studies, researchers have discovered that many chemotherapeutic drugs have one or two functions.Neoadjuvant paclitaxel increased the percentage of tumor infiltrating lymphocytes (TILs) in patients with breast cancer. Anthracyclines can up-regulate the expression of toll-like receptor-3 and stimulate the expression of Type I IFN to induce immunogenic cell death[START_REF] Krysko | Immunogenic cell death and DAMPs in cancer therapy[END_REF], and a type I IFN gene signature could predict the response to anthracycline therapy of breast cancer treatment in clinic. Formyl peptide receptor 1 (FPR1) is necessary for the dying cells to activate T cells in Anthracycline-induced antitumor immunity[START_REF] Vacchelli | Chemotherapy-induced antitumor immunity requires formyl peptide receptor 1[END_REF]. Autophagy could help to recruits immune cell in present of ICD relating chemotherapy, while the suppression of autophagy decrease the ecto-ATP from dying tumor cells. DNA-damaging chemotherapy can also increase expression of MHC class I and cancer-testis antigens as well as decrease expression of inhibitory mediators such as PD-L1 from the cancer cell surface.
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 15 Figure 1.5. a subsequent challenge with live tumor cells of the same type. Second, ICD occurring in vivo must drive a local immune response featuring the recruitment of innate and cognate immune effector cells into the tumor bed and hence result in the inhibition of tumor growth via mechanisms that depend (at least in part) on the immune system .

  The innate immunosensor was activated and lead to the releases of type 1 IFN, which could activate antigen-presenting cells (APC). The antigen is processed by APC and cross-presented to effector T cells to finish the immune response. Studies in the past ten years have shown that DNA in the cytoplasm can activate and release type1 IFN through the cGAS-STING pathway to initiate tumor-related immune responses.Cyclic guanosine monophosphate (GMP)-Adenosine monophosphate (AMP) synthase (cGAS) is a DNA sensor that can trigger the innate immune response by generating the second messenger cyclic GMP-AMP (cGAMP). This second messenger cyclic GMP-AMP (cGAMP) binds and activates the adaptor protein STING (Figure1.6). In various cancers, the expression of type I IFN is positively correlated with effector T cells in the tumor micro-environment[START_REF] Leticia | Innate immune signaling and regulation in cancer immunotherapy[END_REF]. In addition, studies have found that cGAS in APC can be activated by DNA in tumor cells. Tumor cells produce enough cytosolic DNA due to stress response, hypoxia, or genomic instability, which could be swallowed by tumor-related APCs. The cytosolic DNA of tumor cells inside APC cells avoids becoming phagosomes through an uncertain mechanism and activates cGAS and STING. Cytoplasmic DNA is a key step in the early activation of APC and determines the anti-tumor immune response[START_REF] Woo | STING-dependent cytosolic DNA sensing mediates innate immune recognition of immunogenic tumors[END_REF].

Figure 1 .

 1 Figure 1.6 cGAS-STING signaling in immunity. cGAS is an innate immune sensor that recognizes a diverse array of cytosolic dsDNA, which includes DNA with viral, apoptotic, exosomal, mitochondrial, micronuclei, and retroelement origins. cGAS

  associated with prognosis in a cohort of stage I NSCLC patients (training cohort) that were treated neither in a neoadjuvant nor in an adjuvant setting. Representative images of immunohistochemical detection of PAR and PARP levels in biopsies from stage I NSCLC patients are reported in figure 1.7. Ninety two NSCLC specimens were scored on a continuous scale of 0-300% and patients were stratified (separated by the median) into PAR low , PAR High , PARP low and PARP High groups. While High PAR levels had a significant negative impact on both disease-free (DFS) and overall survival (OS) (p=0.0127 and 0.00879, respectively), PARP expression did not correlate with either of these outcome. indicating that the enzymatic activity of PARP does not necessarily correlate with the overall abundance of the protein. The prognostic impact of PAR was confirmed in a validation cohort composed by patients with resected NSCLC in either stage I or II[START_REF] Michels | Negative prognostic value of High levels of intracellular poly(ADP-ribose) in non-small cell lung cancer[END_REF].More recently, we decided to investigate the impact of PAR levels on the local immunosurveillance in two different tumor types: tumors from patients with locally advanced cervical carcinoma (LACC) and non-small cell lung cancer (NSCLC) were stained for PAR and CD8+T lymphocyte infiltration. We found that the infiltration of tumors by CD8 T cells was associated with a favorable overall survival in LACC and NSCLC. Of note, Pearson analyses revealed a negative correlation between PAR levels and CD8+ T lymphocytes in advanced LACC and NSCLC. Altogether, these results suggest that tumor cell-intrinsic PAR level (PAR activity) could impact the composition of the local immune infiltrate (Joseph Adrien, Juncheng Pan et al. 2021, accepted for publication in Journal for ImmunoTherapy of Cancer ).

Figure 1 . 7

 17 Figure 1.7 Prognostic value of poly(ADP-ribose) (PAR) in non-small cell lung carcinoma (NSCLC) patients (training cohort). (A and B) Immunohistochemical detection of PAR and poly(ADP-ribose) polymerase (PARP) levels in resected tumors from stage I NSCLC patients. Representative images are reported. (C) Correlation between PAR and PARP levels in NSCLC, asdetermined by immunohistochemistry with specific antibodies on biopsies from stage I NSCLC patients. A total of 81

  Figure 2A, Figure 3A. Mice were pretreated with anti-CD8a (clone YTS 169.4, BioXcell) and anti-CD4 (clone GK1.5, BioXcell) antibodies or control isotype (clone LFT-2, BioXcell), two days before tumor implantation, then once a week. 1x 10 6 LLC and TC1 cells were resuspended in 100 μL of PBS and subcutaneously (s.c.)injected in the right flank of mice under anesthesia with 2.5% isoflurane. Tumor growth was monitored via repeated measurements of the tumor size using a digital caliper. The area of mammary tumors was calculated as follows: The volume of LLC and TC1 tumors was calculated using the following formula: tumor size (mm 3 ) = (length x width x height)/8 x 4/3 x π. Mean tumor growth curves were calculated by carrying over the last tumor size values of the mice that reached endpoint and interrupted when more than 50% of the group had reached endpoint. Mouse survival was carefully monitored. Tumor size exceeding 1500 mm 3 , tumor ulceration, weight loss superior to 20% as compared to the beginning of the treatment and poor body condition were considered as endpoints.

  , respectively, mice were randomized across the different groups. Treatment schedules are detailed in the Figure 2.8A. Alternatively, anti-PD-1 (clone 29F.1A12) or isotype control (clone 2A3) was injected i.p. at 200 μg per mouse. Niraparib was dissolved in 0.5% methyl cellulose (Sigma-Aldrich) and stirred overnight. The mice were administered 80 mg/kg niraparib orally once daily for 5 days on and 2 days off per week, antibodies or combination. All neutralizing antibodies and control isotypes were purchased from BioXCell. Ex vivotumor processing and phenotyping of immune infiltrate LLC PAR high and PARP KO tumors were harvested, weighed and transferred on ice in gentle MACS C tubes (Miltenyi Biotec™) containing 1 ml of Dulbecco's Modified Eagle's Medium (DMEM). Tumors were dissociated mechanically with scissors, then enzymatically using Miltenyi Biotec™ mouse tumor dissociation kit and gentleMACS Octo Dissociator following the manufacturer's instructions. Tumor homogenates were filtered through 70μM MACS® SmartStrainers (Miltenyi Biotec™) and washed twice with PBS. Finally, bulk tumor cells were homogenized in PBS at a concentration corresponding to 250 mg of the initial tumor weight per mL. Thereafter, tumor cells, each corresponding to 50 mg of the initial tumor sample, were stained with LIVE/DEAD™ Fixable Yellow dye (Thermo Fisher Scientific™). Fc receptors were blocked with anti-mouse CD16/CD32 (clone 2.4G2, Mouse BD Fc Block™, BD Pharmingen™). Surface staining of murine immune cell populations infiltrating the tumor was performed with the following fluorochrome-conjugated antibodies: 1) "Myeloid cell" panel: anti-CD45 APC-Fire750 (clone 30F-11, BioLegend™), anti-Ly-6G PE (clone 1A8, BD Pharmingen™), anti-Ly-6C FITC (cloneAL-21, BD Pharmingen™), anti-CD11b V450 (clone M1/70, BD Pharmingen™), anti-CD11c PE-Vio770 (REA754, Miltenyi Biotec™), anti-CD80 PerCP-Cy5.5 (16-10A1, BD Pharmingen™), and anti-I-A/E (MHC-II) APC (clone M5/114.15.2, BioLegend™); 2) "T-cell activation/exhaustion" panel:anti-CD3 APC V450 (clone 17A2, Thermo Fisher Scientific™),anti-CD8 PE (clone 53-6.7, BD Pharmingen™), anti-CD4 PerCP-Cy5.5 (clone RM4-5, Thermo Fisher Scientific™), anti-CD25 PE-Cy7 (clone PC61.5, Thermo Fisher Scientific™), anti-ICOS BV421 (clone 7E.17G9, BD Pharmingen™), and anti-PD-1 APC-Fire750 (clone 29F.1A12, BioLegend™); Then, cells were fixed and permeabilized in BD Cytofix/Cytoperm™ buffer (BD Pharmingen™), with the exception of the samples undergoing T cell immunophenotyping that were incubated instead in eBioscience™ Foxp3/ Transcription Factor Staining Buffer (Thermo Fisher Scientific™). Finally, stained samples were run through a BD LSR II flow cytometer. Data were acquired using BD FACSDiva™ software (BD biosciences) and analyzed using FlowJo software (TreeStar, Inc.). Absolute counts of leukocytes and tumor cells were normalized considering the following parameters: weight of the harvested tumor and total volume of the dissociated tumor cell suspension (cell concentration typically set to 250 mg/ml in PBS), proportion of the whole cell suspension stained (typically 200 μl containing 50 mg of bulk tumor cell suspension) and proportion of the stained cell suspension ran through the flow cytometer (typically 300 out of 400 μl of the stained cell suspension).

  knockout reverses CDDP resistance. Continuous culture of two murine non-small cell lung cancer (NSCLC) cell lines (Lewis lung cancer, LLC, and tumor cell-1, TC1) in the presence of CDDP led to the identification of cisplatin-resistant clones, which often demonstrate the overactivation (but not overexpression) of PARP1, resulting in the intracellular accumulation of PAR, as determined by immunoblot analyses (Fig. S2.1). We chose two clones (LLC R7 and TC1 R18) for transfection with a CRISPR/Cas9-GFP vector that either targets PARP1 or lacks a guidance RNA, selected cells that transiently express GFP and derived clones that possess an elevated PARP1 activity, comparable to the parental clones (PAR High cells), or that lack PARP1 expression and activity (Fig. 2.1A-C). The knockout of PARP1 sensitized the cells to cell death induction by CDDP. Thus, a Higher proportion PARP1 KO cells treated with CDDP tended to reduce their mitochondrial transmembrane potential (measured with DiOC6(3)) and to incorporate the vital dye propidium iodine (PI) than PAR High cells (Fig. 2.1D-G).

Figure 2 . 1 .

 21 Figure 2.1. PARP activity and response to cisplatin of mouse lung cancer cells. (A) Illustration of the strategy to obtain PARHigh and PARP1 knockout mouse lung cancer cells. (B) LLC cisplatin resistant clone (R7) and their CRISPR/Cas9 derivatives were cultured in normal growth medium and processed for the immunoblotting-based assessment of PAR-containing proteins. Actin levels were monitored to ensure equal loading of lanes. (C) TC1 cisplatin resistant clone (R18) and their CRISPR/Cas9 derivatives were cultured in normal growth medium and processed as described in B. (D-G) Parental cisplatin resistant cells cells and their CRISPR/Cas9 derivatives were treated with the indicated concentrations of cisplatin for 72h. Thereafter, cells were subjected to the cytofluorometric assessment of cell death-related parameters upon co-staining with the vital dye propidium iodide (PI) and the mitochondrial membrane potential-sensing dye DiOC6 (3). D and F illustrate representative dot plots of LLC and TC1 respectively (numbers refer to the percentage of cells found in each quadrant), whereas E and G show quantitative data (mean ± SEM; n = 3). White and black columnsillustrate the percentage of dying and dead cells respectively (means ± SEM, n = 3). *P <0.05; ** P < 0.01; *** P < 0.001 (Student t-test), compared with equally treated parental R cells.

Figure 2 . 3 .

 23 Figure 2.3. Knockout of PARP1 on TC1 cancer cells abolishes tumor formation in immunocompetent mice. (A) Schedule of the implantation and treatment of syngeneic subcutaneous TC1 cancer cells in naïve immunocompetent C57Bl/6 mice. PAR High cells and PARP1KO TC1 cells were subcutaneously grafted into C57BL/6 mice (n=10 mice per group). Control isotypes or CD4 and CD8-specific antibodies were intraperitoneally administrated for depletion of CD8 and CD4 cells two days before injection of tumor cells and then weekly. (B,C) Mean tumor growth and Kaplan-Meier survival curves of mice subcutaneously grafted with PAR High cancer cells irespectively. (D, E) Mean tumor growth and Kaplan-Meier curves respectively of mice subcutaneously grafted with PARP1KO cells. Mean tumor growth curves were interrupted when more than 50% of the group had reached endpoint. Error bars indicate SEM. P values were calculated as compared to control group (Wald test, type 2 ANOVA). For Kaplan-Meier, p values were determined by means of the log-rank test. (F-H) PAR High TC1 cells were injected into the left flank of immunocompetent C57BL/6 naïve tumor free mice or tumor free mice previously (1 month before) inoculated with PARP1KO TC1 cells in the right flank (n=9-10 mice per group) (F).The evolution of tumor incidence over time was reported as tumor growth (G) and Kaplan-Meier (H) curves.

Figure 2 . 4 .

 24 Figure 2.4. Related expression of chemokine and cytokine mRNA. Real time PCR analysis of mRNA expression of CCL5, CXCL10, CXCL11 and IFN1 in PAR High and PARP1 KO TC1 cancer cells. *P<0.05;***P<0.001. n.s= Statistically non significant.

(Fig. 2 .

 2 Fig.2.6A,B) commensurate with an increase in nuclear size (Fig.2.6A) that reflects an increase in ploidy, as determined by cytofluorometric analyses of ethanol-fixed, RNAse-digested and PI-stained cells (Fig.2.6C,D). Again, the response of PARP1 KO cells to niraparib was much attenuated (Fig.2.6). Mass spectrometric metabolomics confirmed the preferential response of PAR High LLC cells to niraparib (Fig.2.7A). Of note, only two metabolites were significantly changed by the PARP knockout, namely -glutamylthreonine, which both were reduced as compared to PAR High cells (Fig. S2.6). Volcano plots revealed that PAR High cells responding to niraparib upregulated numerous nucleoside-relevant metabolites (such as guanosine, hypoxanthine, inosine, succinyladenosine, uridine, uridine monophosphate, xanthine) as well as Krebs cycle intermediates (fumarate, malate) (Fig.2.7B). In contrast, only two metabolites (fructose-1-6-biphosphate, ureidosuccinate) were significantly downregulated by PAR High LLC cells (Fig.3.7B).

  NSCLC cells might differ in their immunological characteristics, determining the expression levels of PD-L1, MHC class I molecules (H2K b ), MHC class II and by cytofluorometric staining. Altogether, these results demonstrate that clinically used PARP1 inhibitors have minor effects on cancer cells lacking PARP1, confirming that have scarce off-target effects.

Figure 2 . 5 .

 25 Figure 2.5. PARP inhibitors kill cisplatin resistant PAR High NSCLC cell clones. Mouse lung PAR High and PARP1 KO LLC (A-B) or TC1 (C-D) cells were maintained in control conditions or treated with the indicated concentrations of niraparib for 7 days. Thereafter, cells were subjected to the cytofluorometric assessment of cell death-related parameters upon co-staining with the vital dye propidium iodide (PI) and the mitochondrial membrane potential-sensing dye DiOC6 (3). Representative dot plots are shown in A and C whereas B and D show quantitative data (mean ± SEM; n = 3).

Figure 2 . 6 .

 26 Figure 2.6. Niraparib induces DNA damage and hyperpolyploization of PAR High LLC lung cancer cells. (A,B) PAR High and PARP1 KO LLC cells were cultured in normal condition or in the presence of niraparib at the indicated concentrations for 72 hours, then processed for the immunofluorescence detection of phosphorylated histone 2AX (γH2AX, green fluorescence) and chromatin (Hoechst 33342). Representative immunofluorescence microscopy images 27 (scale bar, 10 μm) are shown in A. Quantitative data are depicted B. Columns illustrate the number of γH2AX foci per cell (mean ± SEM, n=4). (C, D) PAR High and PARP1 KO LLC cells

Figure 2 . 7 .

 27 Figure 2. 7. Metabolic response of PAR High LLC lung cancer cells to niraparib. PAR High and PARP1 KO LLC cells were cultured for 72 hours in normal condition or in the presence of niraparib (6 μM). (A) Heatmap represents metabolite differences between control condition and the presence of niraparib shown as a color gradient (log2 scale). Five replicates per condition. Metabolites were clustered by means of the Ward method on the Euclidean distance matrix. (B) Vulcano plot identifying the metabolites that significantly differ between PAR High LLC cells cultured in normal situation and PAR High LLC cells incubated in the presence of niraparib (6 μM). Each metabolites are represented by a dot. The metabolites which significantly increase or decrease the most (adjusted p value <0.05, with a logarithmic fold change >2) between the two conditions are in green. These metabolites are indicated in the list bellow the volcano plot, ranked by decreasing fold-change. (C) Vulcano plot identifying the only metabolite that significantly differ between PARP1 KO LLC cells between cultured in normal situation and PARP1 KO LLC cells exposed to niraparib (green dot, adjusted p value <0.05, with a logarithmic fold change >2).

2 .

 2 8C), suggesting that the tumor growth-reducing effect of niraparib does not require the action of T lymphocytes. The anticancer activity of niraparib was not enhanced by PD-1 blockade (Fig. S2.4). Of note, niraparib also reduced the growth of in PARP1 KO cancers and extended the animal survival. The magnitude of tumor growth reduction was affected by T cell depletion, and the acceleration of death by injection of anti-CD4 and anti-CD8 antibodies was reversed by niraparib (Fig. 2.8 D,E). These latter results suggest that niraparib can mediate anticancer effects that do not require PARP1 expression in tumor cells and depend on T cells. The anticancer activity of niraparib on both PARP1 KO and PAR High was not enhanced by PD-1 blockade (Fig S2.9).

Figure 2 . 8 .

 28 Figure 2.8. Effect of niraparib in vivo on tumors derived from PAR High cells and PARP1 KO LLC cells. (A) Experimental schedule of the implantation and treatment of syngeneic subcutaneous lung cancer in C57Bl/6 mice. PAR High cells and PARP1 KO LLC cells were implanted into C57BL/6 mice (n=10-15 mice per group) and treated with vehicle or niraparib along with an isotype control or a combination of anti-CD8 and anti-CD4 neutralizing antibodies. Mean tumor growth curves and Kaplan-Meier survival curves of mice subcutaneously grafted with PARHigh cells (B, C) or PARP KO cells (D, E). Tumor curves were interrupted when more than 50% of the group had reached endpoint. Tumor growth is reported as means ± SEM. P values were

Figure S2. 5

 5 Figure S2.5 PARP inhibitors kill cisplatin resistant PARhigh NSCLC cell clones. Mouse lung PARhigh and PARP1KO LLC (A-B) or TC1 (C-D) cells were maintained in control conditions or treated with the indicated concentrations of talazoparib for 7 days. Thereafter, cells were subjected to the cytofluorometric assessment of cell death-related parameters.Representative dot plots are shown in A and B whereas B and D show quantitative data (mean ± SEM; n = 3).

Figure S2. 6

 6 Figure S2.6 Metabolic changes induced by the knockout of PARP1. PARhigh and PARP1KO LLC cells were cultured for 72 hours in normal growth medium. (A) Vulcano plot showing the metabolites that significantly differ between PARhigh and PARP1KO cells. (green dot, adjusted p value <0.05, with a logarithmic fold change >2). (B) Levels of NADH and gamma-glutamylthreonine in PARhigh and PARP1KO cancer cells (five replicates per group). Data are shown as area of the metabolite peak. Means ± SEM of five replicates. P values were determined by Student's t-test, as compared PARhigh cells compared to PARP1KO counterparts.

Figure.S2. 7

 7 Figure.S2.7 Expression levels of PD-L1, MHC class I molecules (H2Kb), MHC class II of PARhigh and PARP1KO LLC by cytofluorometric staining. Mean ± SEM, n=6. *P < 0.05; ** P < 0.01; *** P < 0.001 (Student t-test), in comparison with untreated cells of the same type. #P < 0.05; ## P < 0.01; ### P < 0.001 compared with equally treated PARhigh cells. n.s: statistically non significant.

Figure. S2. 8

 8 Figure. S2.8 Expression levels of PD-L1, MHC class I molecules (H2Kb), MHC class II of PARhigh and PARP1KO TC-1 by cytofluorometric staining. Mean ± SEM, n=6 experiments. *P < 0.05; ** P < 0.01; *** P < 0.001 (Student t-test), in comparison with untreated cells of the same type. #P < 0.05; ## P < 0.01; ### P < 0.001 compared with equally treated PARhigh cells. n.s: statistically non significant.

Figure S2. 9 .

 9 Figure S2.9. PD-1 blockade with an antibody failed to affect the growth of both PARP1 KO and PAR High LLC tumors treated with niraparib. Ten mice per group. Mean tumor growth curves ± SEM. n.s= non-significant.

Figure 2

 2 Figure 2 Correlation between CD8 and DC-LAMP in patients with locally advanced squamous cell cervical cancer. (A) Number of patients in each group at baseline as determined by immunohistochemistry. Distribution in CD8 and DC-LAMP groups were compared by means of the χ² test. (B) Correlation between CD8 and DC-LAMP densities. A total of 30 patients' samples were evaluable. Each point represents one patient, with rug added on X and Y axis. The regression line from a linear regression model between CD8 and DC-LAMP densities is depicted in blue with its 95% CI in gray. P values were based on Pearson's product moment correlation coefficient. (C,D) Kaplan-Meier curves of overall survival (C) and relapse-free survival (D) on stratification of patients according to FIGO stage and CD8 low /DC-LAMP low status. Tables summarize the number of patients at risk in each group at baseline and at several time points. DC-LAMP, dendritic cell lysosomal associated membrane glycoprotein; FIGO, International Federation of Gynecology and Obstetrics.

Figure 4 Figure 5

 45 Figure 4 Kaplan-Meier curves of overall survival (A) and relapse-free survival (B) on stratification of patients with advanced squamous cell cervical cancer according to FIGO stage and PAR high /PDXK low status. P values were determined by means of the log-rank test. Tables summarize the number of patients at risk in each group at several time points. Two-by-two comparisons show non-significant poorer overall survivals in PAR high /PDXK low tumors compared with others in both FIGO stage IIb (p=0.5) and stage IIIa-IVb (p=0.7) and relapse-free survivals in PAR high /PDXK low tumors FIGO stage IIb (p=0.3) and stage IIIa-IVb (p=0.3). FIGO, International Federation of Gynecology and Obstetrics; PAR, poly adenosine ribose; PDXK, pyridoxal kinase.

Figure 6

 6 Figure 6 Kaplan-Meier curve of overall survival on stratification of patients with lung cancer according to tumor stage and PAR high /PDXK low status. P values were determined by means of the log-rank test. Tables summarize the number of patients at risk in each group at several time points. Two-by-two comparisons show a trend towards poorer overall survival in PAR high / PDXK low tumors in stage I-II (p=0.1) and not in stage III-IV (p=0.6). PAR, poly adenosine ribose; PDXK, pyridoxal kinase.

Figure 7

 7 Figure 7 Immune infiltrate and PARP activity in a mouse lung cancer model. (A) Illustration of the strategy to obtain cisplatinresistant LLC cells, test cisplatin sensitivity and PARylation level, inject selected clones subcutaneously in C57BL/6 mice and analyze peritumoral immune infiltrate by flow cytometry. (B) Parental WT mouse LLC lung cancer cells and cisplatin-resistant derivatives (R) were maintained in control conditions or treated with increasing concentrations of cisplatin (5, 10, 20, 30 and 50 µmol/L) for 48 hours. Thereafter, cells were subjected to the cytofluorometric assessment of apoptosis-related parameters on costaining with the vital dye PI and the mitochondrial membrane potential-sensing dye DiOC6(3). White and black columns illustrate the percentage of dying [DiOC6(3)lowPI -] and dead (PI + ) cells, respectively (means±SEM, n=3). *P<0.05; **p<0.01 (Student t-test), compared with equally treated WT cells. (C) WT LLC cell line and R derivatives were cultured in normal growth medium and processed for the immunoblotting-based assessment of PAR-containing proteins. Actin levels were monitored to ensure equal loading of lanes. (D-F) Characterization of the T cell infiltrate in mouse lung cancers derived from PAR high and parental PAR low cells. C57BL/6 mice were injected subcutaneously with PAR low and PAR high clones (55 and 53 mice, respectively; three independent experiments). Boxplots illustrate the proportion of CD8 + (among CD3 + cells), CD11c + MHCII + (among CD11c + cells) and Ly6G -CD11b + Ly6C low/intermediate (among CD45 + cells), respectively, in PAR high and PAR low tumors. P values were calculated by Student's t test. *P<0.05, NS, non-significant, as compared with T cell infiltrate in WT tumors. CD, cluster of differentiation; LLC, Lewis-lung cancer; PAR, poly adenosine ribose; PI, propidium iodide; WT, wild type. on July 22, 2021 at INSERM Consortia. Protected by copyright. http://jitc.bmj.com/ J Immunother Cancer: first published as 10.1136/jitc-2021-002362 on 23 June 2021. Downloaded from

  Maison du doctorat de l'Université Paris-Saclay 2 ème étage aile ouest, Ecole normale supérieure Paris-Saclay 4 avenue des Sciences, 91190 Gif sur Yvette, France Titre : L'inhibition de PARP1 autonome des cellules cancéreuses améliore l'immunosurveillance Mots clés : Réponse immunitaire anticancéreuse, métabolisme, microenvironnement tumoral, cisplatine Résumé : La poly(ADP-ribose) polymérase 1 (PARP1) est une enzyme dont l'activité élevée dans les cancers pulmonaires non à petites cellules (CPNPC) chez l'homme est de mauvais pronostic et corrélée à une faible infiltration tumorale de lymphocytes cytotoxiques. Ici, nous avons voulu déterminer si l'activité de PARP1 pouvait altérer l'immunosurveillance des CPNPC. Nous avons développé des cellules de cancers de poumon de souris avec une activité élevée, basse ou inexistante de PARP1.

  

  

  

  

  

  

  

  

Table 1 .

 1 

	Third generation, FDA-approved PARP inhibitors
		Developed and first used in patients by the
		UK-based biotechnology company KuDOS
		Pharmaceuticals[63]. The first PARP inhibitor to
		demonstrate single-agent activity in BRCA-mutated
		cancers and to be given FDA approval for
		maintenance therapy for relapsed
	Olaparib	
	1 nM	platinum-sensitive ovarian cancer in December
	(Lynparza)	
		2014. Received FDA approval in December 2018
		for first-line maintenance therapy in ovarian cancer
		and in December 2019 for first-line maintenance
		therapy in germ line BRCA-mutant pancreatic
		cancer. It has FDA breakthrough status in
		castration-resistant prostate cancer.
		Discovered through a collaboration between the
		Northern Institute of Cancer Research and the
		Medical School of Newcastle University and
	Rucaparib	
	1 nM	Agouron Pharmaceuticals in San Diego,
	(Rubraca)	
		California[64]. Accelerated FDA approval in
		December 2016 with companion diagnostic;
		subsequent approval in April 2018 independent of

1. Notable PARP inhibitors, from first-generation inhibitors to approved drugs

[START_REF] Litton | Talazoparib in Patients with Advanced Breast Cancer and a Germline BRCA Mutation[END_REF]

.

  µl of methoxyamine (20 mg/ml in pyridine) were added on dried extracts, then stored at room temperature in dark, during 16 hours. The day after, 80 µl of MSTFA was added and final derivatization occured during 30 minutes at 40°C. Samples were then transferred to Waldbronn, Germany) coupled to a Triple Quadrupole6410 (Agilent Technologies) equipped with an electrospray source operating in positive mode. The gas temperature was set to 350°C with a gas flow of 12 l/min. The capillary voltage was set to 3.5 kV.

	10 ll of sample were injected on a Zorbax Eclipse Plus C18 column (100 × 2.1 mm
	particle size 1.8 lm) from Agilent technologies, protected by a guard column
	XDB-C18 (5 × 2.1 mm particle size 1.8 lm), and heated at 40°C. The gradient mobile
	phase consisted of 2 mM of dibutylamine ammonium acetate (DBAA) in water (A)
	and acetonitrile (B). The flow rate was set to 0.2 ml/min, with the gradient as follows:
	initial condition was 90% phase A and 10% phase B, maintained during 4 min, from
	10 to 95% phase B over 3 min, 95% mobile phase B for 3 min, and finally 10%
	mobile phase B for 3 min. The autosampler was kept at 4°C. Peak detection and
	integration were performed using the Agilent MassHunter quantitative software

vials and directly injected into GC-MS. After a second evaporation round, LC-MS dried extracts were solubilized with 300µl of MilliQ water, centrifuged (10 min at 15000g 4°C) and aliquoted in 3 microcentrifuge tubes (100µl). Aliquots were transferred in UHPLC vials and injected into the UHPLC/MS or kept at -80 °C until injection.

(B.07.01). Targeted analysis of intracellular metabolites gas chromatography (GC)

  the Agilent MassHunter software (B.07.01). Data were presented in hitmaps generated with Gene E software, Broad Institute, Cambridge, USA. groups of interest using the freely available TumGrowth software package freely available at https://github.com/kroemerlab/TumGrowth. For graphing, tumor growth data are represented in group-averaged tumor size alongside its SEM at each time point. Survival data are represented in Kaplan-Meier survival curves. Log-rank test was used to compute P-values.
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DNA was digested during RNA purification using the RNase-Free DNase Set (Qiagen) according to manufacturer's guidance. Next, total RNA was reverse transcribed to cDNA using SuperScript™ IV VILO™ Master Mix (Thermo Fisher Scientific).

Briefly, 1 to 2.5 µg of RNA were diluted in 16 µl of nuclease-free water and 4 µl of SuperScript™ IV VILO™ Master Mix were added. Reverse transcription was performed under the following conditions: primer annealing at 25 °C for 10 min, reverse transcription at 50 °C for 10 min, and heat inactivation at 85 °C for 5 min.

Thereafter, IFNB1, CXCL10, or GAPDH were amplified using specific TaqMan Gene Expression assays (Thermo Fisher Scientific) using the TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific) on the StepOnePlus RealTime PCR System (Applied Biosystems, Waltham, Massachusetts, USA). Running conditions were 50 °C for 2 min, 95 °C for 2 min followed by 40 cycle of target gene amplification (95 °C for 1 s and 60 °C for 20 s). Finally, threshold cycle (Ct) values of genes of interest were subtracted to Ct values of the housekeeping gene, PP1A, generating ΔCts; fold change of expression between PAR high and PARP KO samples was calculated using the formula: 2(-ΔΔCt).

In vitro analysis of PD-L1, MHC Class I and MHC Class II expression by flow cytometry.

Cells were seeded in 96-well plates (10,000 cells per well for murine cells) in 100 μL growth medium and let adapt for 24 h before treatment. 1260 System (Agilent Technologies, Waldbronn, Germany) coupled to a QTOF 6520 (Agilent Technologies) equipped with an electrospray source operating in both positive and negative mode and full scan mode from 50 to 1,000 Da. The gas temperature was set to 350°C with a gas flow of 12 l/min.The capillary voltage was set to 3.5 kV and the fragmentor at 120 V. Two reference masses were used to maintain the mass accuracy during analysis: m/z 121.050873 and m/z 922.009798 in positive mode and m/z 112.985587 and m/z 980.016375 in negative mode. 10 ll of sample was injected on a SB-Aq column (100 × 2.1 mm particle size 1.8 lm) from Agilent Technologies,protected by a guard column XDB-C18 (5 × 2.1 mm particle size 1.8 lm), and heated at 40°C. The gradient mobile phase consisted of water with 0.2% of acetic acid (A) and acetonitrile (B). The flow rate was set to 0.3 ml/min. Initial condition is 98% phase A and 2% phase B. Molecules were then eluted using a gradient from 2 to 95% phase B in 7 min. The column was washed using 95% mobile phase B for 3 min and equilibrated using 2% mobile phase B for 3 min. The autosampler was kept at 4°C. Data processing was performed using in-house script to align molecular features found by the Agilent MassHunter qualitative software (B.07.00).

Targeted analysis of intracellular metabolites by ultra-high performance liquid chromatography (UHPLC) coupled to a triple quadrupole (QQQ) mass spectrometer

Targeted analysis was performed on a LC 1260 System (Agilent Technologies, Targeted analysis of intracellular metabolites gas chromatography (GC) coupled to a triple quadrupole (QQQ) mass spectrometer.

The GC-MS/MS method was performed on a 7890A gas chromatography (Agilent Technologies, Waldbronn, Germany) coupled to a triple quadrupole 7000C (Agilent Technologies, Waldbronn, Germany) equipped with an electronic impact source (EI) operating in positive mode. The injection was performed in splitless mode with a front inlet temperature set to 250°C. The transfer line and the ion-source temperature were respectively at 250°C and 230°C. The septum purge flow was fixed at 3mL/min. The purge flow set to split vent and operated at 80mL/min during 1min. Gas saver mode was set to 15 mL/min after 5 min. The helium gas flowed at 1mL/min through the column (J&WScientificHP-5MS, 30mx0.25 mm,i.d. 0.25 mm, d.f., Agilent Technologies Inc.). Column temperature was held at 60°C for 1min, then raised to 210°C (10°C/min), followed by a step to 230°C (5°C/min) and reached 325°C (15°C/min), and be held at this temperature for 5 min. The collision gas was nitrogen.

Peak detection and integration were performed using the Agilent MassHunter software (B.07.01). Data were presented in hitmaps generated with Gene E software, Broad Institute, Cambridge, USA.

Statistical analyses

In vitro, unless otherwise specified, experiments were conducted in duplicates and independently repeated at least 3 times, yielding comparable results. Data were analyzed with GraphPad Prism 8 (Microsoft Co.) and statistical significance was assessed by means of Student t tests. P-values were considered significant when lower than 0.05.

In vivo, longitudinal analyses of tumor growth data were carried out by linear mixed-effect modeling on tumor sizes. Wald tests were used to compute P-values by testing jointly that both tumor growth slopes and intercepts were the same between PARP1 KO TC1 cells (Fig. 2.3F), they subsequently also became resistant against PAR High cells inoculated into the opposite flank (Fig. 2.3G-H). These results demonstrate that PARP1 KO TC1 cells cause an anticancer immune response leaving a memory of the antigenic encounter. In vitro q PCR analysis with TC1 cancer cells, PARPKO could increase the release of chemokine like CCL5, CXCL10 and CXCL11, which could help recruit more T cells (Fig. ABSTRACT Background Tumors rewire their metabolism to achieve robust anabolism and resistance against therapeutic interventions like cisplatin treatment. For example, a prolonged exposure to cisplatin causes downregulation of pyridoxal kinase (PDXK), the enzyme that generates the active vitamin B6, and upregulation of poly ADP-ribose (PAR) polymerase-1 (PARP1) activity that requires a supply of nicotinamide (vitamin B3) adenine dinucleotide. We investigated the impact of the levels of PDXK and PAR on the local immunosurveillance (ie, density of the antigen presenting cells and adaptive immune response by CD8 T lymphocytes) in two different tumor types. Methods Tumors from patients with locally advanced cervical carcinoma (LACC) and non-small cell lung cancer (NSCLC) were stained for PAR, PDXK, dendritic cell lysosomal associated membrane glycoprotein (DC-LAMP) and CD8 T cell infiltration. Their correlations and prognostic impact were assessed. Cisplatin-resistant NSCLC cell clones isolated from Lewis-lung cancer (LLC) cells were evaluated for PAR levels by immunoblot. Parental (PAR low ) and cisplatin-resistant (PAR high ) clones were subcutaneously injected into the flank of C57BL/6 mice. Tumors were harvested to evaluate their immune infiltration by flow cytometry. Results The infiltration of tumors by CD8 T and DC-LAMP + cells was associated with a favorable overall survival in patients with LACC (p=0.006 and p=0.008, respectively) and NSCLC (p<0.001 for both CD8 T and DC-LAMP cells). We observed a positive correlation between PDXK expression and the infiltration by DC-LAMP (R=0.44, p=0.02 in LACC, R=0.14, p=0.057 in NSCLC), and a negative correlation between PAR levels and CD8 T lymphocytes (R=-0.39, p=0.034 in LACC, R=-0.18, p=0.017 in NSCLC). PARP1 is constitutively hyperactivated in cisplatin-resistant LLC cells manifesting elevated intracellular levels of poly(ADP-ribosyl)ated proteins (PAR high ). Tumors formed by such cancer cells injected into immunocompetent mice were scarcely infiltrated by CD8 T (p=0.028) and antigen presenting cells (p=0.086). Conclusions Oncometabolic features can impact local immunosurveillance, providing new functional links between cisplatin resistance and therapeutic failure.

Open access

Cell lines, culture conditions and chemicals Culture media and cell culture supplements were purchased from Life Technologies (Carlsbad, California, USA). Cells were routinely maintained at 37°C under 5% CO 2 , in the following culture medium: Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 units/mL penicillin G sodium and 100 mg/mL streptomycin sulfate. Mouse Lewis lung carcinoma (LLC) cell line was purchased from American Type Culture Collection. Cisplatin-resistant clones were obtained in vitro by prolonged culture of parental (also known as wild type (WT)) cells with sublethal concentrations of cisplatin (Sigma-Aldrich). In parallel, control clones were obtained from the untreated WT cells. Both parental and cisplatin-resistant cells were never passaged more than 1 month before use in experimental determinations.

Quantification of apoptotic features

Adherent and non-adherent cells were collected and costained for 30 min at 37°C in 300 µL of culture medium WT and cisplatin-resistant (R) LLC cells were resuspended in 100 µL of PBS and subcutaneously injected in the flank of mice under anesthesia (2.5% isoflurane). The estimation of the tumor area (longest dimension × perpendicular dimension) was measured using a common caliper. Tumor ulceration, weight loss superior to 20% as compared with the beginning of the treatment and poor body condition were considered as endpoints.

Ex vivo analysis of mouse tumor immune infiltrate

When the surface of the tumors derived from WT and cisplatin-resistant LLC cells reached 1 cm