INTRODUCTION 1. Immunogenic cell death: building the antitumor immune response 1.1 Regulated cell death

Cells of our body are teared down in a continuous turnover through tightly regulated processes, just like buildings are demolished to be replaced by new ones. Many types of regulated cell death have been characterized 1 and hereafter, apoptosis, necroptosis, pyroptosis and ferroptosis as well as autophagic cell death will be briefly described (description of all types of regulated cell death goes beyond the aim of this chapter).

Apoptosis

Apoptosis is the first cell death modality described to be tightly regulated. Regardless of the molecular pathway triggering apoptosis (see Box 1), a family of proteases, caspases, is always activated to carry out cell demolition. 2 These proteases cleave many cellular components, thus being responsible for the morphological changes observed during death. 3 First of all, upon activation, caspases cleave components of the cytoskeleton, such as actin, tubulin and microfilament proteins, 4 contributing to rounding and retraction of the cell, characteristic of the early stages of apoptosis. Moreover, components of the nuclear envelope are caspase substrates.

Their cleavage weakens the whole envelope contributing to nuclear fragmentation. [START_REF] Rao | Lamin proteolysis facilitates nuclear events during apoptosis[END_REF] Then, within the nucleus, chromatin is condensed and DNA fragmented. [START_REF] Williams | Association of mammalian cell death with a specific endonucleolytic degradation of DNA[END_REF] In addition, caspases cleave structural and stacking proteins of the endoplasmic reticulum (ER) and Golgi apparatus, [START_REF] Chiu | A caspase cleavage fragment of p115 induces fragmentation of the Golgi apparatus and apoptosis[END_REF][START_REF] Lowe | Caspase-mediated cleavage of syntaxin 5 and giantin accompanies inhibition of secretory traffic during apoptosis[END_REF][START_REF] Mancini | Caspase-2 is localized at the Golgi complex and cleaves golgin-160 during apoptosis[END_REF] respectively, driving fragmentation of these organelles . Finally, multiple transcription and translation initiation factors are inactivated after caspase cleavage 4 shutting down both processes. [START_REF] Taylor | Apoptosis: controlled demolition at the cellular level[END_REF] 

Necroptosis

Necroptosis is tightly regulated as apoptosis. [START_REF] Degterev | Chemical inhibitor of nonapoptotic cell death with therapeutic potential for ischemic brain injury[END_REF] It is triggered by binding of transmembrane receptors, called death receptors, to their cognate ligands. Death receptors include tumor necrosis factor receptor superfamily member (TNFR) 1 and 6 (or FAS). Necroptosis activation results in cell membrane permeabilization, thus swelling and finally death. In more detail, engagement of death receptors induces recruitment of a protein complex on the cytoplasmic tail of the receptors constituted by two protein kinases, receptor-interacting serine/threonine-protein kinase (RIPK) 1 and RIPK3. Their recruitment is followed by phosphorylation. Once phosphorylated, they recruit and phosphorylate a third kinase, mixed lineage kinase domain like pseudokinase (MLKL). Then, MLKL oligomerizes and migrates to the plasma membrane where it binds phosphatidylinositol lipids, contributing to the permeabilization of the cell membrane and cell swelling, ultimately resulting in cell death [START_REF] Ms | Cell death: a review of the major forms of apoptosis, necrosis and autophagy[END_REF][START_REF] Dondelinger | MLKL compromises plasma membrane integrity by binding to phosphatidylinositol phosphates[END_REF][START_REF] Wang | Mixed lineage kinase domain-like protein MLKL causes necrotic membrane disruption upon phosphorylation by RIP3[END_REF] (Fig. 1) .

Pyroptosis

Pyroptosis was originally described as a regulated form of cell death resembling apoptosis, dependent on caspase-1 activation and occurring in immune cells, such as monocytes or macrophages, upon bacterial infection. [START_REF] Cookson | Pro-inflammatory programmed cell death[END_REF][START_REF] Willingham | Microbial pathogen-induced necrotic cell death mediated by the inflammasome components CIAS1/cryopyrin/NLRP3 and ASC[END_REF][START_REF] Zychlinsky | Shigella flexneri induces apoptosis in infected macrophages[END_REF] However, recent findings proved that many other caspases induce pyroptosis and that it occurs in cell types other than monocytes or macrophages.

More in depth, lipopolysaccharides from gram-negative bacteria trigger pyroptosis binding caspase-11 -4 and -5, leading to their oligomerization, hence activation. [START_REF] Shi | Inflammatory caspases are innate immune receptors for intracellular LPS[END_REF] Once activated, caspases initiate pyroptosis cleaving gasdermin D (GSDMD), [START_REF] Shi | Cleavage of GSDMD by inflammatory caspases determines pyroptotic cell death[END_REF] which subsequently translocates to the inner leaflet of the plasma membrane. 20 21 Here, GSDMD molecules oligomerize forming pores, causing cell membrane permeabilization and ultimately cell death. [START_REF] Liu | Inflammasome-activated gasdermin D causes pyroptosis by forming membrane pores[END_REF] Increasing evidences showed that other members of the gasdermin family of proteins display a similar pore-forming and pyroptotic ability as GSDMD [START_REF] Ding | Pore-forming activity and structural autoinhibition of the gasdermin family[END_REF] (Fig. 2). 1.1.4 Ferroptosis Ferroptosis is a cell death modality induced by the increase in lipid peroxides and consequently of reactive oxygen species (ROS) in a Fe-dependent manner. Morphologically, during ferroptosis, mitochondria reduce in volume and their crests disappear. However, cell membrane as well as nuclear membrane remain intact and there is no chromatin condensation. 23 24 Intracellular pathways leading to ferroptosis are still being elucidated. Nevertheless, the role of glutathione peroxidase 4 (GPX4) has been very well established. GPX4 reduces cytotoxic lipid peroxides, simultaneously oxidizing glutathione. Thus, genetic or pharmacologic inhibition of GPX4 activity regulates sensitivity to ferroptosis [START_REF] Yang | Regulation of ferroptotic cancer cell death by GPX4[END_REF] (Fig. 2).

Autophagic cell death

Adaptation to stress is often accompanied by autophagy (see Box 2). Thus, intuitively, autophagy prevents cell death and its inhibition by genetic or pharmacologic means accelerates death.

However, in various settings autophagy contributes to cell death. First, an autophagy-dependent cell death takes place during development. For instance, metamorphosis of Drosophila melanogaster from larva to pupa relies on the autophagic process. In particular, degradation of larval midgut is blocked upon autophagy inhibition and removal of salivary glands is delayed when autophagy is disabled. [START_REF] Berry | Growth arrest and autophagy are required for salivary gland cell degradation in Drosophila[END_REF][START_REF] Denton | Larval midgut destruction in Drosophila: not dependent on caspases but suppressed by the loss of autophagy[END_REF][START_REF] Denton | Autophagy, not apoptosis, is essential for midgut cell death in Drosophila[END_REF] In addition, autophagy-dependent cell death may play a role in mammal development. Accordingly, deletion of a gene of the autophagy-related (ATG) family in mice apoptosis-deficient further delays interdigital web clearance, impedes T lymphocyte negative selection (events clearly relying on regulated cell death); exacerbates brain malformations and increases resistance to several stressors. [START_REF] Arakawa | Role of Atg5-dependent cell death in the embryonic development of Bax/Bak double-knockout mice[END_REF] Beside autophagy-dependent cell death, autophagy sustains other forms of cell death. For instance, FAS-induced extrinsic apoptosis is encouraged by autophagy through the degradation of a known negative regulator of FAS-mediated cell death (protein tyrosine phosphatase nonreceptor type 13 (PTPN13)); [START_REF] Gump | Autophagy variation within a cell population determines cell fate through selective degradation of Fap-1[END_REF] autophagosomal membranes function as scaffold of necroptotic mediators, facilitating necroptosis; 31 32 and autophagy-mediated degradation of ferritin induces ferroptosis. 33 34 

Box 1. Intrinsic and extrinsic apoptosis

In mammals, different pathways activate apoptosis, distinguishing intrinsic from extrinsic apoptosis. [START_REF] Riedl | The apoptosome: signalling platform of cell death[END_REF] Different stimuli inducing cell stress and damage trigger the intrinsic, or mitochondrial, apoptosis, activating two pro-apoptotic molecules of the B-cell lymphoma 2 (Bcl2) family, Bcl-2-associated X (BAX) and Bcl-2 homologous antagonist/killer (BAK). [START_REF] Czabotar | Control of apoptosis by the BCL-2 protein family: implications for physiology and therapy[END_REF] Following activation, BAX and BAK assembly in oligomers to form pores within the mitochondrial outer membrane. These pores facilitate the efflux of intermembrane space proteins, such as cytochrome c. Once released into the cytosol, cytochrome c together with apoptotic peptidase activating factor 1 (Apaf-1), forms a platform that recruits several molecules of caspase-9 in its inactive form (or procaspase). Physical proximity of two molecules of procaspase-9 enable autocleavage and activation. [START_REF] Yuan | Apoptosome structure, assembly, and procaspase activation[END_REF] Activated caspase-9 cleaves activating procaspase-3, which initiates the cascade of proteolytic cleavages leading to cell demolition.

Alternatively, extrinsic apoptosis is triggered by binding of transmembrane death receptors, such as TNFR1 and FAS, to their cognate ligands. [START_REF] Nagata | Apoptosis by death factor[END_REF] Receptor engagement causes recruitment of a protein complex serving as platform where procaspase-8 is cleaved and activated. [START_REF] Lavrik | Regulation of CD95/Fas signaling at the DISC[END_REF] Active caspase-8 activates caspase-3, which carries out cell death (Fig. 1). Ferroptotic cell death is triggered by the accumulation of lipid peroxides, which, in turn, increase ROS intracellular level. Key regulator of ferroptosis is GPX4, which reduces lipid peroxidation while oxidizing glutathione (GSH). Pyroptosis is triggered (in no-immune cells) by binding of LPS to caspase-4, -5 or -11, which, once activated, cleave GSDMD. GSDMD, then, migrates to the cell membrane, where it forms pores leading to cell permeabilization and death.

Immunogenic cell death

When induced by specific stimuli, cell death provides the building blocks to develop an immune response against dead cell antigens. This process has been defined as Immunogenic Cell Death (ICD). [START_REF] Kroemer | Immunogenic cell death in cancer therapy[END_REF] The concept of ICD was described for the first time in the context of tumor immunology [START_REF] Casares | Caspase-dependent immunogenicity of doxorubicininduced tumor cell death[END_REF] when certain chemotherapeutic agents, commonly used in the clinic to treat cancer patients, were described to cause cancer cell apoptotic death and simultaneously induce a specific and durable immune response, which arrested tumor growth. In other words, therapeutic efficacy of such chemotherapies relied on a functional immune system. Since then, also necroptotic [START_REF] Aaes | Vaccination with Necroptotic Cancer Cells Induces Efficient Anti-tumor Immunity[END_REF] as well as pyroptotic [START_REF] Zhang | Gasdermin E suppresses tumour growth by activating anti-tumour immunity[END_REF] and ferroptotic [START_REF] Efimova | Vaccination with early ferroptotic cancer cells induces efficient antitumor immunity[END_REF] cell deaths have been described to be immunogenic. In addition, many more stimuli, both chemical and physical, (see Table 1) have been described to induce cancer cell death in an immunogenic fashion. [START_REF] Galluzzi | Immunostimulation with chemotherapy in the era of immune checkpoint inhibitors[END_REF] Many experimental and clinical evidences demonstrated that growth of tumors is under immune control. Immune cells, indeed, can specifically recognize and kill cancer cells. In order to do so, a series of step-wise events must take place. First of all, dendritic cells (DCs), already present or recruited to the tumor bed uptake tumor antigens of malignant cell corpses. After processing, antigens are presented as major histocompatibility complex (MHC)-peptide complexes to prime T lymphocytes. Finally, CD8 + and CD4 + T cells carry out the effector phase of the immune response, killing cancer cells or secreting mediators (cytokines) that create an environment unfavorable to tumor cell proliferation. [START_REF] Chen | Oncology meets immunology: the cancer-immunity cycle[END_REF] ICD provides the building blocks (or signals) for each of these steps to take place and they will be detailed in the following paragraphs.

ATP, foundation stone to recruit dendritic cells

First of all, establishing a specific antitumor immune response requires DC migration toward and infiltration within the tumor bed. DCs have a pivotal role because, first, they sample the environment and uptake tumor antigens. Then, after processing, they present these antigens to T lymphocytes and together with the expression of costimulatory molecules prime them. Primed T cells recognize these antigens presented onto MHC molecules on the tumor cell surface and create an environment unfavorable to tumor growth. [START_REF] Chen | Oncology meets immunology: the cancer-immunity cycle[END_REF] There are several subsets of DCs: plasmacytoid, conventional and monocytederived/inflammatory. [START_REF] Veglia | Dendritic cells in cancer: the role revisited[END_REF] Each subset can infiltrate tumors and their infiltration is almost invariably associated with a better clinical outcome in cancer patients. [START_REF] Wenzel | Type I interferon-associated recruitment of cytotoxic lymphocytes: a common mechanism in regressive melanocytic lesions[END_REF][START_REF] Sluijter | Arming the Melanoma Sentinel Lymph Node through Local Administration of CpG-B and GM-CSF: Recruitment and Activation of BDCA3/CD141(+) Dendritic Cells and Enhanced Cross-Presentation[END_REF][START_REF] Broz | Dissecting the tumor myeloid compartment reveals rare activating antigen-presenting cells critical for T cell immunity[END_REF][START_REF] Segura | Human inflammatory dendritic cells induce Th17 cell differentiation[END_REF] The rate-limiting step determining DC abundance within tumors is their migration to the tumor environment. Chemokines, known to direct movements of immune cells, also guide DC infiltration into tumors. For instance, C-X-C motif chemokine ligand (CXCL) 1, C-C motif chemokine ligand (CCL) 2 and CCL20, produced by tumor cells themselves 52 53 or CCL5 and X-C motif chemokine ligand 1 (XCL1), produced by other immune cells [START_REF] Bottcher | NK Cells Stimulate Recruitment of cDC1 into the Tumor Microenvironment Promoting Cancer Immune Control[END_REF] lead DC infiltration into the tumor bed. However, other families of molecules do so. ICD provides a crucial mediator that guides DC recruitment and infiltration: adenosine triphosphate (ATP). ATP is the first indispensable building block of the antitumor immune response.

Ghiringhelli and collaborators in 2009, [START_REF] Ghiringhelli | Activation of the NLRP3 inflammasome in dendritic cells induces IL-1beta-dependent adaptive immunity against tumors[END_REF] first, showed that tumor cells released ATP in the extracellular space after in vitro treatment with various ICD inducing agents, [START_REF] Ghiringhelli | Activation of the NLRP3 inflammasome in dendritic cells induces IL-1beta-dependent adaptive immunity against tumors[END_REF] such as anthracyclines (mitoxantrone, MTX, and doxorubicin, DOXO) and oxaliplatin (OXA). Then, Michaud and colleagues, [START_REF] Michaud | Autophagy-dependent anticancer immune responses induced by chemotherapeutic agents in mice[END_REF] in 2011, proved that, following ICD, tumor cells released ATP also in vivo. In more detail, they took advantage of luciferase ability to produce light, oxidizing its substrate, luciferin, only if sufficient ATP is present. Therefore, they engineered tumor cells to express luciferase on the outer leaflet of the plasma membrane and used these cells to establish subcutaneous tumors in mice. They observed that after treatment with MTX, tumors produced light owing to the increase in local extracellular ATP as a result of ICD. [START_REF] Michaud | Autophagy-dependent anticancer immune responses induced by chemotherapeutic agents in mice[END_REF] Ma and collaborators, in 2013, [START_REF] Ma | Anticancer chemotherapy-induced intratumoral recruitment and differentiation of antigen-presenting cells[END_REF] proved that ATP guided DC infiltration within tumors. First, they observed that murine subcutaneous tumors accumulated cells of myeloid origin after treatment with MTX or DOXO as early as 12 hours after treatment. Then, using tumor cells overexpressing the ecto-ATPase CD39 (converting ATP in adenosine monophosphate), they proved that ATP was absolutely required for DC recruitment. CD39 expressing tumor cells, indeed, failed to attract myeloid cells after ICD induction. [START_REF] Ma | Anticancer chemotherapy-induced intratumoral recruitment and differentiation of antigen-presenting cells[END_REF] ATP lays the foundations to build the antitumor immune response. Released in the extracellular environment, following ICD, ATP guides DC recruitment and infiltration in the tumor bed acting as chemoattractant.

ANXA1, compass for dendritic cells

Once DCs reached the tumor environment, they must come into close contact with dying tumor cells to uptake tumor antigens. ICD provides an additional signal (building block) directing DCs toward dying cells: Annexin A1 (ANXA1). Tumor cells release ANXA1 in the extracellular space after treatment with anthracyclines. ANXA1 binds formyl peptide receptor 1 (FPR1), expressed on DC surface. Vacchelli and collaborators 58 demonstrated that ANXA1-FPR1 interaction guided DCs towards dying tumor cells measuring the distance of DCs from dying cells (caspase3-positive) or living cells (caspase3-negative). DCs were closer to dying cells than to living cells only if the interaction between ANXA1 and FPR1 was preserved. [START_REF] Vacchelli | Chemotherapy-induced antitumor immunity requires formyl peptide receptor 1[END_REF] 1.2.3 Calreticulin exposure guides tumor cell uptake Once DCs approached dying tumor cells, they must phagocyte them. Caspase activation, as discussed in the first paragraph, causes massive alteration of all cytosolic organelles as well as of the plasma membrane. For instance, phosphatidylserine, normally facing the inner layer of the plasma membrane, is externalized following caspase activation. 59 60 Many macrophage and DC surface receptors (brain-specific angiogenesis inhibitor 1 or BAI1, T-cell membrane protein 4 or TIM-4, or stabilin-2) [START_REF] Kobayashi | TIM-1 and TIM-4 glycoproteins bind phosphatidylserine and mediate uptake of apoptotic cells[END_REF][START_REF] Park | BAI1 is an engulfment receptor for apoptotic cells upstream of the ELMO/Dock180/Rac module[END_REF][START_REF] Park | Rapid cell corpse clearance by stabilin-2, a membrane phosphatidylserine receptor[END_REF] bind directly phosphatidylserine. Alternatively, many others (MER tyrosine kinase or MERTK, AXL, and TYRO3) [START_REF] Graham | The TAM family: phosphatidylserine sensing receptor tyrosine kinases gone awry in cancer[END_REF] require bridging molecules that simultaneously bind phosphatidylserine and macrophage and DC receptors. Anyhow, once engaged by phosphatidylserine, these receptors trigger dying cell engulfment.

During ICD, plasma membrane becomes enriched with calreticulin (CALR), third building block indispensable to trigger the antitumor immune response. CALR normally resides in the ER but translocates to the cell surface after treatment with ICD-inducing agents. Its exposure occurs very quickly after treatment and mediates the uptake of dying tumor cells by DCs. Accordingly, Obeid and collaborators [START_REF] Obeid | Calreticulin exposure is required for the immunogenicity of gamma-irradiation and UVC light-induced apoptosis[END_REF] observed a positive correlation between the amount of CALR exposed following ICD and the ability of DCs to phagocytize dying tumor cells in vitro. Consequently, phagocytosis failed when binding of CALR to its receptor was blocked using an anti-CALR antibody or when CALR expression (in tumor cells) was downregulated by genetic means. Interestingly, addition of recombinant CALR to the surface of cells that have downregulated CALR restored phagocytosis. [START_REF] Obeid | Calreticulin exposure is required for the immunogenicity of gamma-irradiation and UVC light-induced apoptosis[END_REF] On dying cell surface, CALR docks to CD91, identified as its receptor by an in silico approach. [START_REF] Garg | A novel pathway combining calreticulin exposure and ATP secretion in immunogenic cancer cell death[END_REF] CD91 is also expressed by DCs. [START_REF] Hart | A CD91-positive subset of CD11c+ blood dendritic cells: characterization of the APC that functions to enhance adaptive immune responses against CD91-targeted antigens[END_REF] Therefore, CD91 possibly tethers CALR on the surface of dying cells and at the same time mediates dying cell uptake by phagocytes.

Following DC entry in the tumor, CALR exposure on the outer leaflet of the plasma membrane mediates phagocytosis of dying tumor cells by DCs, which is a prerequisite for antigen processing and presentation, resulting in T effector cell activation.

HMGB1-TLR4 interaction controls tumor antigen processing

DCs engulf dying tumor cells in a cell compartment (phagosome) where cellular components are digested and peptides loaded onto MHC molecules. Then, MHC-peptide complexes are transported to the cell surface and presented to T lymphocytes. In more detail, phagosomes fuse with lysosomes, which bring hydrolases that digest phagosomal content. Lysosomal hydrolases perform optimally at low pH. Therefore, phagolysosome acidification influences the rate of protein degradation, hence peptide production, and most likely peptide nature (length and sequence).

Then, MHC class I (MHC-I) or class II (MHC-II) molecules, actively transported to phagosomes, bind peptides. Finally, newborn MHC-peptides complexes are transported to the cell surface where they are presented to CD4 + or CD8 + T lymphocytes.

The process of antigen processing and presentation is tightly regulated in each step. Products of cellular demise participate in its regulation, such as high mobility group box 1 (HMGB1). HMGB1 is a non-histone DNA binding protein. It organizes DNA and regulates transcription. However, upon ICD, HMGB1 is released from the nucleus to reach the extracellular environment.

Apetoh and colleagues, [START_REF] Apetoh | Toll-like receptor 4-dependent contribution of the immune system to anticancer chemotherapy and radiotherapy[END_REF] in 2007, uncovered the role of HMGB1 in the context of ICD. HMGB1 was released from dying tumor cells, following anthracyclines and OXA treatment, by still an unidentified mechanism. Once released in the tumor environment, it binds to toll-like receptor 4 (TLR4) expressed on the surface of DCs. TLR4 activation controls the translocation of MHC-peptide complexes to DC surface. As a matter of fact, knock out of TLR4 in DCs slowed down the exposure of a MHC-peptide complexes following engulfment of dying tumor cells. Interestingly, two agents that alkalize lysosomes (chloroquine and bafilomycin A1), reducing hydrolases activity, restored MHC-peptide complexes exposure on the surface of DCs lacking TLR4. [START_REF] Apetoh | Toll-like receptor 4-dependent contribution of the immune system to anticancer chemotherapy and radiotherapy[END_REF] Altogether, these data elucidated the importance of TLR4-HMGB1 interaction: TLR4 activation inhibited lysosomedependent degradation of phagosomal content. As a consequence, engagement of TLR4 favored MHC-peptide complex formation and antigen presentation in the form of MHC-peptide complexes. When antigen processing failed, due to a lack of TLR4 or downregulation of HMGB1, DCs were incapable of activating T cells.

After dying tumor cell uptake, DCs must process and present tumor-derived antigens to fulfill the antitumor immune response. HMGB1, released in the tumor environment, controls tumor-derived protein degradation, thus peptide production and ultimately antigen presentation on DC surface. Ghiringhelli and colleagues [START_REF] Ghiringhelli | Activation of the NLRP3 inflammasome in dendritic cells induces IL-1beta-dependent adaptive immunity against tumors[END_REF] uncovered the role of ATP in priming of the antitumor immune response, taking advantage of an in vivo T cell priming assay. More in detail, dying tumor cells were inoculated in mouse foot pad. Five days later, cells isolated from draining lymph nodes were stimulated ex vivo with a specific antigen, and interferon gamma (IFNγ) was quantified in the supernatant, as a surrogate of lymphocyte activation. However, lymphocytes produced and secreted IFNγ, upon stimulation, only if they had been previously primed to respond to that antigen. Lymphocytes failed to secrete IFNγ when dying tumor cells were injected together with an enzyme that hydrolyzed ATP or when mice lacked purinergic receptor P2X 7 (P2RX7), caspase-1, or interleukin 1 beta (IL1β) receptor. [START_REF] Ghiringhelli | Activation of the NLRP3 inflammasome in dendritic cells induces IL-1beta-dependent adaptive immunity against tumors[END_REF] These observations helped elucidating the mechanism underlying T cell priming throughout ICD: engagement of P2RX7 by ATP activated caspase-1 that cleaved the precursor of the cytokine IL1β. In its active form, IL1β could be secreted in the extracellular environment where it guided T cell priming and activation. Furthermore, IL1β skewed T cell differentiation toward an IFNγ-producing subtype (Type-1 CD4 + helper and CD8 + cytotoxic T cells), creating a microenvironment unfavorable to tumor growth.

CXCL10, downstream of Type-I interferons, recruits/retains T cells

According to a classical model, building up a specific immune response requires antigen uptake by DCs followed by their migration to draining lymph nodes where T cell priming occurs. Primed T lymphocytes, then, migrate to the inflamed site where they exert their effector function.

However, this classical concept has been challenged, at least in the context of antitumor immunity, suggesting that T cell priming can occur also within the tumor environment. Indeed, tumor draining lymph node ablation before tumor implantation in mice failed to reduce the efficacy of immunogenic chemotherapy. More in depth studies are needed to clarify this point.

Supposing the classical model to be true, activated T lymphocytes need to migrate toward and infiltrate the tumor environment. On the contrary, if priming occurs within the tumor environment, activated T cells need to be retained. Once more, cell death provides the signal (brick) required to recruit and retain activated T cells: CXCL10. Sistigu and colleagues [START_REF] Sistigu | Cancer cell-autonomous contribution of type I interferon signaling to the efficacy of chemotherapy[END_REF] observed that CXCL10 was secreted by dying tumor cells during ICD, creating a chemoattractant gradient that recruited and retained activated T cells. Moreover, they uncovered the pathway that led to CXCL10 secretion after anthracycline treatment. Tumor cells dying in an immunogenic fashion upregulated a plethora of genes regulated by type I interferons (Type-I-IFNs), such as Type-I-IFNs themselves and CXCL10. Transcriptional upregulation also led to interferon beta 1 (IFNB1) and CXCL10 protein secretion during ICD. Moreover, CXCL10 secretion was abolished if antibodies blocking Type-I-IFNs or their receptor were added together with the ICD inducing agent. In addition, secretion of both CXCL10 and IFNB1 failed if tumor cells lacked TLR3 (activated by DNA or RNA) or when RNase A (enzyme degrading single-stranded RNA) was added to the anthracycline treatment. [START_REF] Sistigu | Cancer cell-autonomous contribution of type I interferon signaling to the efficacy of chemotherapy[END_REF] All these evidences supported a scenario in which cell demise causes the release of RNAs, which activate TLR3, inducing Type-I-IFNs upregulation and secretion. Type-I-IFNs induce upregulation and consequent release of CXCL10 in an autocrine and paracrine manner.

According to a simplified model, immunosurveillance is accomplished by T cells. CD8 + T cells, specifically recognize and kill tumor cells. In parallel, activated CD4 + T cells secrete cytokines that create an unfavorable environment for tumor cell growth. Therefore, recruiting T lymphocytes to the tumor bed is the last building block necessary to fulfill the fight against tumors. CXCL10 secretion, downstream of Type-I-IFNs, mediates T cell recruitment and retention, ultimately leading to immune-mediated tumor growth control. 

ICD-induced tumor growth control: in vivo evidences

Establishment of a specific antitumor immune response was compared in the previous paragraphs to the construction of a building where each single building block is absolutely necessary to complete the structure. Likewise, each signal provided by ICD is required to establish the antitumor immune response that ultimately control tumor growth (Fig. 3). Access to dying tumor cells is as crucial to proceed building the antitumor immune response. In line with this, immunogenic chemotherapy fails to control established tumors that are KO for ANXA1, or if FPR1 in immune cells is missing. [START_REF] Vacchelli | Chemotherapy-induced antitumor immunity requires formyl peptide receptor 1[END_REF] After that, CALR mediates phagocytosis of dying tumor cells. CALR deserves particular attention because the magnitude of its exposure, upon treatment with a cell death-inducing agent, positively correlates with the percentage of mice protected in a vaccination assay. Moreover, cytotoxic agents incapable of inducing CALR translocation to the plasma membrane control tumor growth less efficiently when compared to cytotoxicants capable of doing so. However, tumor growth control can be restored if dying cells are artificially covered with rCALR by intratumoral injection. [START_REF] Obeid | Calreticulin exposure dictates the immunogenicity of cancer cell death[END_REF] After phagocytosis, tumor antigens must be processed by DCs and presented to T lymphocytes in order for immunogenic chemotherapy to have any effect in vivo. This happens only when the interaction between HMGB1 and TLR4 is preserved. [START_REF] Apetoh | Toll-like receptor 4-dependent contribution of the immune system to anticancer chemotherapy and radiotherapy[END_REF] Finally, IL1β and CXCL10 contribute to prime and recruit effector cells, respectively. Accordingly, tumors lacking Type-I-IFN receptor or TLR3 are unresponsive to DOXO as well as tumors treated with the combination of DOXO and an antibody blocking CXCL10. [START_REF] Sistigu | Cancer cell-autonomous contribution of type I interferon signaling to the efficacy of chemotherapy[END_REF] ER stress response is orchestrated by three proteins which span the ER membrane:

ICD-mediated

serine/threonine-protein kinase/endoribonuclease inositol-requiring enzyme 1 α (IRE1α), protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) and activating transcription factor 6 (ATF6). These sensors exhibit the same activation mechanisms. They all bind intraluminally the chaperon binding immunoglobulin protein (BIP) that locks them in their monomeric inactive form.

When unfolded proteins accumulate in the ER, BIP dissociates from IRE1α, PERK and ATF6

triggering their activation. After BIP dissociation, IRE1α dimerizes and autophosphorylates, thus activating its endoribonuclease domain. This nuclease catalyzes the spicing of X-box binding protein 1 (XBP1) mRNA, which allows its translation. XBP1 is a transcription factor that positively regulates the expression of proteins indispensable to resolve the stress condition. Like IRE1α, following BIP dissociation, PERK dimerizes and autophosphorylates. Once activated, it phosphorylates, inactivating, eukaryotic translation initiation factor 2 α (eiF2α), thus reducing the overall rate of mRNA translation. However, translation of a specific transcription factor, activating transcription factor 4 (ATF4), is increased. After BIP dissociation, ATF6 translocates to the Golgi apparatus where its cleavage occurs. In its shortened form, ATF6 is transported to the nucleus, where, together with ATF4, induces extensive changes in protein expression to cope with stress. 117 CALR exposure relies on the activation of the ER stress response. In more detail, anthracyclines cause a rapid phosphorylation of eiF2α leaving unaffected the two other sensors of ER stress, IR1α and ATF6. 118 The very first observation that ICD activates this arm of the ER stress response came genotype with the frequency of metastases at 5-years after surgery. The metastasis-free survival was significantly lower in the group of women carrying the SNP Asp299Gly, suggesting that anthracyclines efficacy relied, at least to some extent, on the ability to induce ICD. [START_REF] Apetoh | Toll-like receptor 4-dependent contribution of the immune system to anticancer chemotherapy and radiotherapy[END_REF] Likewise, Ghiringhelli and colleagues [START_REF] Ghiringhelli | Activation of the NLRP3 inflammasome in dendritic cells induces IL-1beta-dependent adaptive immunity against tumors[END_REF] observed that a loss-of-function polymorphism affecting the ability of P2RX7 to bind ATP (Glu496Ala) had a negative prognostic impact on metastasis-free survival of a cohort of women with similar characteristic. [START_REF] Ghiringhelli | Activation of the NLRP3 inflammasome in dendritic cells induces IL-1beta-dependent adaptive immunity against tumors[END_REF] Then, using public available transcriptomic data and focusing on breast cancer patients treated with anthracyclines (before surgery/neoadjuvant setting), Sistigu and colleagues [START_REF] Sistigu | Cancer cell-autonomous contribution of type I interferon signaling to the efficacy of chemotherapy[END_REF] showed that expression of MX1 (notoriously induced by Type-I-IFNs) was correlated with the probability of pathological complete response in two out of three cohorts. [START_REF] Sistigu | Cancer cell-autonomous contribution of type I interferon signaling to the efficacy of chemotherapy[END_REF] In addition, loss-of-function polymorphism (Glu346Ala) of FPR1 was associated with lower overall survival and metastasis-free survival of breast cancer patients treated with adjuvant anthracycline-based chemotherapy. [START_REF] Vacchelli | Chemotherapy-induced antitumor immunity requires formyl peptide receptor 1[END_REF] Finally, surface CALR had a prognostic impact in acute myeloid leukemia patients. In more detail, when patients were stratified according to the percentage of blasts expressing CALR on their surface in CALR High and CALR Low , CALR High patient population showed better relapse free and overall survival compared to CALR Low population. 119 Similar prognostic potential of intratumoral CALR was described in ovarian carcinoma 120 and non-small cell lung cancer. 121 Altogether, these correlations provided strong evidences arguing in favor of the clinical relevance of ICD in cancer patients.

Radiation-induced abscopal effect

Radiation therapy has been listed as a physical agent causing ICD (see Table 1). Notably, vaccination using cells dying upon irradiation (-and UVC-radiation as well as Bi particles) induced rejection of living cells after rechallenge. 65 122 123 In addition, such protection paralleled with exposure of CALR on the cell surface, 65 122 secretion of ATP, 124 Type-I-IFNs, 125 126 IL-1 127 and release of HMGB1. 128 129 Interestingly, local irradiation of a tumor often causes regression of the irradiated as well as non-irradiated concomitant tumors (or metastases), phenomenon defined abscopal effect. 130 131 Such effect relies on radiation-induced ICD and subsequent activation of tumor-specific T cells. Although, abscopal response in cancer patients is unpredictable (or governed by rules we do not fully understand yet), case reports describing such response continue to accumulate. For instance, in 2018 Azami and colleagues 132 reported the case of a 64-years old woman with breast cancer and multiple lung and bone metastases. As palliative treatment, primary tumor and some of the bone metastases were irradiated. Surprisingly, not only irradiated lesions but also non-irradiated metastases regressed, and patient experienced a dramatic improvement of the quality of life. 132 The beneficial effect of irradiating individual lesions to achieve a systemic response was also observed in a lung adenocarcinoma case. First, the patient underwent a lobectomy but three years later several lymphnode metastases appeared. Then, local metastases were irradiated. After that, lung and additional lymphnode metastases occurred but disappeared or remained stable soon after, without any treatment, suggesting irradiation-induced abscopal effect. 133 In conclusion, irradiation therapeutic efficacy goes beyond the local induction of tumor cell death.

Notably, by improving tumor immunosurveillance, through ICD, it has systemic effects. Such phenomenon, also described in cancer patients, is another proof of the importance of ICD in clinical settings.

Targeted therapies & tumor immunosurveillance 2.1 Oncogenic pathways guide tumor immune escape

Throughout the last century, it became clear that cancer is a genetic disease. First, Boveri and von

Hansemann observed chromosomal abnormalities in cancer cells. 134 Then, oncogenes were described as positive regulators of cell proliferation that, when excessively activated, cause tumor cell transformation. Soon after that, oncosuppressors were identified as negative regulators of cell proliferation or inducers of apoptosis. When inactivated, cells escape death and proliferate uncontrollably. 135 Genetic aberrations affecting oncogenes and oncosuppressors transform normal cells in cancer cells, yet transformed cells form an invasive tumor only in a favorable environment, where sufficient food and oxygen are available and where the immune environment is tolerogenic.

Oncogene activation or oncosuppressor inactivation shape cancer cell environment, providing nutrients and mediating escape from immune-mediated recognition and elimination. In other words, there is a close dependency between tumor cell genetics and tumor environment.

This chapter discusses the causal relationship between tumor cell genetics and tumor immune environment. In particular, it focuses on three main mechanisms through which oncogene activation (see Box 3) guides tumor immune escape: (i) recruitment of immunosuppressive populations; (ii) hiding tumor cells from recognition by immune cells; (iii) and exhaustion of immune effector populations.

Box 3. Oncogenes in brief

Myc belongs to a family of so-called super-transcription factors that regulate a plethora of genes.

At least 15% of the genome is regulated by Myc. 136 Therefore, it controls many cellular processes, such as survival and proliferation as well as differentiation. It is overproduced in more than 50% of human cancers, 137 driving excessive proliferation and eluding apoptosis.

Kirsten rat sarcoma viral oncogene homolog (KRAS) is a GTPase which cycles between its guanosine diphosphate (GDP)-bound (inactive) state to its guanosine triphosphate (GTP)-bound Epidermal growth factor receptor (EGFR) is a transmembrane receptor with tyrosine kinase activity.

Binding to its ligand triggers its dimerization autophosphorylation and activation. As a consequence, several intracellular pathways, including MAPK pathway, are activated. 143 KIT is a transmembrane receptor with tyrosine kinase activity. Activation is triggered by binding to its ligand, namely stem cell factor (SCF), which causes KIT dimerization, autophosphorylation, and activation of a phosphorylation cascade resulting in the positive regulation of cell growth.

Gain-of-function mutations triggering constitutive KIT activation lead to tumorigenesis. Moreover, G-CSF signature inversely correlated with the risk of distant metastases, confirming the clinical relevance of these observations. 146

Altogether, these evidences elucidated how specific oncogenic pathways support tumor growth dampening the immune response against cancer cells: recruitment of cell populations with intrinsic immunosuppressive properties (Fig. 4).

Exclusion of the immune cell populations indispensable to build the antitumor immune response equally fits in this first mechanism. One example concerns β-catenin activation in melanoma.

Spranger and colleagues 147 dissected its impact on the establishment of an immune-mediated surveillance of melanoma using a mouse model carrying a mutation in v-Raf murine sarcoma viral oncogene homolog B1 (BRAF), lacking phosphatase and tensin homolog (PTEN) oncosuppressor and expressing active β-catenin. They noticed that murine melanoma tumors with active β-catenin were completely devoid of T lymphocytes compared to tumors carrying only BRAF mutation and PTEN deficient. They hypothesized that the lack of T lymphocytes was due to a defect in the early onset of T cell activation, hence priming. Therefore, they engineered tumors to express a model antigen and then adoptively transferred T cells specific for that antigen. Following transfer, they observed that T lymphocytes migrated to the tumor draining lymph nodes but, there, they failed to proliferate and later to infiltrate tumors.

T cell priming classically occurs in tumor draining lymph nodes after DCs have uptaken tumor antigens at the primary tumor site. This is the reason why, Spranger and colleagues 147 successively quantified DCs into tumors with constitutive β-catenin activation. These tumors, indeed, were also completely devoid of DCs, required for tumor antigen cross-presentation. β-catenin suppressed, even though indirectly, CCL4 expression, known to trigger DC migration toward the tumor environment.

The clinical relevance of this relationship was confirmed by the observation that human metastatic melanoma tumors that were less infiltrated by T cells preferentially expressed genes belonging to the β-catenin partway. 147 In conclusion, tumor cell genetics, namely abnormal activation of individual oncogenic pathways, drives tumor transformation, yet supports tumor growth shifting the immune environment towards an immunosuppressive state. collaborators 150 clearly proved that a specific oncogenic pathway contributes to hide tumor cells from the immune system, internalizing T cell cognate antigens (Fig. 4).

Oncogenic pathways hamper T-cell mediated elimination of tumor cells

Inactivation of T lymphocyte effector functions is the last mechanism described accounting for the tumor-promoting effects of oncogenic pathways.

Briefly, activation of T cell effector functions is also accompanied by activation of a series of feedback mechanisms that concurrently terminate the activating signaling. One of these mechanisms is the expression of surface receptors that interfere with the activation signal, such as programmed cell death protein-1 (PD-1). PD-1 is upregulated following T cell activation and when it binds to its ligand, programmed death-ligand-1 (PD-L1), shuts down the activation signal.

This negative feedback mechanism avoids excessive T cell activation, which may damage tissues. 151 However, tumor cells exploit this feedback to avoid T cell-mediated killing. They do so by expressing ligands of co-inhibitory receptors, such as PD-L1. Specific oncogenic pathways control the expression of these ligands. 152 For example, Myc controls PD-L1 expression in T cell acute lymphoblastic leukemia (T-ALL) and hepatocellular carcinoma (HCC), as elucidated by Casey and colleagues. 153 In both models, Myc positively regulated PD-L1 at the mRNA and protein level. Myc, expressed at oncogenic levels, directly bound to the promoter of PD-L1-encoding gene (namely CD274) and regulated its transcription. Then, in vivo, my inactivation caused PD-L1 downmodulation and tumor regression.

However, regressions might result from termination of my-induced pro-proliferation activity. Several others oncogenes control PD-L1 exposure on tumor cell surface. Among them, KRAS drives PD-L1 expression in non-small-cell lung carcinoma (NSCLC). Sumimoto and colleagues 154 quantified the level of PD-L1 mRNA in a panel of 20 human NSCLC cell lines and observed that KRAS was mutated more frequently in cell lines with high PD-L1 expression (Fig. 4).

In conclusion, oncogenic pathways mediate tumor immune escape through several mechanisms.

Among them, induction of PD-L1 expression contributes to prevent T-cell mediated elimination of tumor cells.

Targeted therapies strengthen immune-mediated surveillance of tumors

Genetic aberrations leading to oncogene activation drive tumor transformation and proliferation, yet contribute to hide tumor cells from immune recognition and elimination. Accordingly, targeting these hyperactivated pathways arrests tumor cell proliferation and concomitantly unleash the control of these pathways over the immune environment. In other words, targeted therapies reduce tumor growth arresting proliferation and strengthening immune-mediated surveillance. This section describes how targeted therapies improve tumor immunosurveillance.

Following the same scheme presented in the previous paragraph, three main mechanisms will be detailed: (i) recruiting immune stimulatory populations; (ii) unmasking recognition by T lymphocytes; and (ii) releasing T cell from inactivation. These findings were also translated to GIST human tumors treated with imatinib. Thirteen freshly isolated tumors were tested for IDO protein expression by flow cytometry and simultaneously for CD8 + / Treg ratio. Consistently, also in human GIST, CD8 + T cell/Treg ratio was inversely correlated with IDO protein level. In addition, IDO mRNA levels distinguished tumors sensitive to imatinib from tumor resistant to the tyrosine kinase inhibitor, confirming that reduction of IDO contributes to establish an antitumor immune response mediating imatinib-therapeutic activity. 156 In conclusion, these examples elucidated how targeted therapies, through their on-target effects, create an immune environment favorable to cancer immunosurveillance leading to tumor growth control. BRAF and MEK inhibition positively regulated antigen presentation also in metastatic melanoma patients. 158 Frederick and colleagues 158 compared the expression of several melanocyte differentiation antigens in biopsies pre-and post-treatment with a BRAF inhibitor or a combination of BRAF and MEK inhibitors. All post-treatment biopsies showed increased mRNA levels of melanocyte differentiation antigens. Moreover, the increased expression of tumor antigens paralleled with a significant increase of CD8 + T cells within tumors, as assessed by immunohistochemistry.

In conclusion, targeted therapies, through the reversion of the immune escape mechanisms instated by oncogene activation, unmask tumor cells to T lymphocyte recognition. Effector T cells, once activated, launch the attack against tumor cells, ultimately controlling tumor growth.

Targeted therapies contribute to reinstate T cell effector functions

Several oncogenic pathways positively regulate the expression of T cell inhibitory ligands, such as PD-L1, as outlined in the previous paragraph. Such inhibitory receptors, when activated, dampen T cell proliferation and effector functions. Therefore, inhibition of these oncogenic pathways should reinstate T cell effector functions by reverting this inhibitory mechanism.

Chen and colleagues, 159 first, showed that PD-L1 expression, both at the mRNA and protein level, Therefore, ALK biological importance seems to decrease throughout phylogenesis. As a matter of fact, mice lacking ALK are viable, even though they exhibit defects in neurogenesis and testosterone production. [184][185][186] Interestingly, ALK has recently been described to control body weight. ALK in hypothalamic neurons, through the sympathetic tone, regulated energy expenditure and lipolysis in fat tissues, hence weight gain. Notably, mice bearing ALK deletion maintained a thin phenotype if fed a standard diet, upon challenge with high-caloric diet or when additional mutations causing obesity were introduced. 187 ALK is pathologically expressed and activated in cancer. Since 1994, when it was first described in ALCL, ALK expression was uncovered in many other cancers. 188 The most common mechanism underlying ALK abnormal expression and activation in cancers is exemplified by ALCL. The majority of ALCL tumors bear a translocation between chromosomes 2 and 5 (t(2;5)), which fuses nucleophosmin 1 (NPM1) gene with ALK. NPM1 encodes for an ubiquitously expressed multifunctional protein, involved in transport of pre-ribosomal particles to the nucleolus, regulation of cell division, DNA repair, transcription and genomic stability. 189 T(2;5) chromosomal translocation has two main consequences. First, it creates a gene product, NPM1-ALK, expressed under the control of NPM1 promoter, hence in tissues where ALK is not physiologically expressed, such as lymphoid tissues. Secondly, NPM1, because of its oligomerization domain, allows NPM1-ALK dimerization and ALK activation by trans(auto)phosphorylation. A similar scenario occurs in a subset of NSCLC patients, 190 where a chromosomal inversion fuses ALK with EML4, creating EML4-ALK fusion protein. EML4 coiled-coil domain mediates EML4-ALK dimerization, activating ALK tyrosine kinase activity. NPM1-ALK and EML4-ALK are the most common fusion proteins in ALCL and NSCLC, respectively. However, many other fusion proteins have been and continue to be described in ALCL [191][192][193][194] and NSCLC. [195][196][197][198][199][200][201][202] In addition, many other cancers exhibit chromosomal rearrangements involving ALK. [203][204][205][206][207][208] Interestingly, where ALK is physiologically expressed, mutations of its kinase domain occur and drive tumor of nerve cells, such as neuroblastoma. In conclusion, NPM1-ALK oncogene promotes tumor transformation and sustains tumor cell survival and proliferation by controlling the negative regulators of these processes.

ALK controls apoptotic modules

Transforming cells are continuously challenged with apoptosis-inducing stimuli, such as excessive DNA damage or lack of nutrients, and they must cope with these challenges to fulfill the transformation process. Once again, oncogenes are instrumental in doing so.

Apoptosis is a tightly regulated process (see chapter 1) and key regulators are proteins of the Bcl2 family. Some members of this family promote apoptosis while some others are anti-apoptotic and their overall regulation sets the sensibility to apoptosis-inducing stimuli. In conclusion, NPM1-ALK-driven transformation lies also in the ability to skew the balance between anti-and pro-apoptotic modules toward the former, helping tumor cells to avoid programmed cell death.

NPM1-ALK protects cells from apoptosis

ALK as therapeutic target

ALK inhibitors

As highlighted in the previous paragraph, ALK, is a pivotal driver of tumor transformation.

Therefore, great efforts have been made to target it with specific tyrosine kinase inhibitors.

Interestingly, ALK expression in adult tissues (with the only exception of the brain) is negligible, making ALK an excellent target to inhibit tumor cell proliferation with minor side effects. Many tyrosine kinase inhibitors have been and continue to be developed to specifically target ALK.

Among them, crizotinib (first generation), ceritinib, alectinib, brigatinib (second generation) and lorlatinib (third generation) should be mentioned. [228][229][230][231][232] In addition, very recently entrectinib has been described as a new ALK inhibitor. 233 They are ATP-competitive inhibitors or in other words, they compete with ATP for ALK binding, impeding trans(auto)phosphorylation, hence activation.

As a consequence, they halt all pathways downstream of ALK, arresting proliferation of ALKdependent tumor cells, and ultimately causing cell death. Based on these premise, ALK inhibitors have been introduced in the clinic and demonstrated great efficacy. Considerable clinical data concern NSCLC patients because, even though the percentage of NSCLC expressing ALK is low (around 5%), the absolute number is greater than that of any other cancer due to the higher worldwide incidence of NSCLC. Two pivotal clinical trials proved the greater therapeutic efficacy of crizotinib over standard chemotherapy in treating ALK + NSCLC. 234 The first one enrolled 347 patients, who progressed after standard chemotherapy, and randomly assigned to crizotinib or second line chemotherapy. Patients treated with crizotinib showed improved PFS and objective response rate. 234 Similar results were obtained by the second trial, which enrolled chemotherapynaïve patients, 235 and confirmed the advantage of ALK-targeted therapy for ALK + NSCLC.

ALK inhibition as therapeutic option for ALK + ALCL

ALK inhibitors have been tested also in ALK + ALCL (see 

ALK as target of immune-mediated recognition of tumors

Multiple lines of evidence suggest that ALK might drive natural immunosurveillance of ALK + ALCL.

First, ALK is physiologically expressed in an immune-privileged site, the brain. Therefore, immune tolerance, especially peripheral tolerance, should be negligible. Then, its ectopic expression in lymphoid or epithelial cells (in ALK + ALCL and ALK + NSCLC, respectively) is abundant. Finally, ALK is invariably expressed as fusion proteins, which do not exist naturally. The three above-mentioned features might contribute to tumor cell recognition as non-self by the immune system. Indeed, these characteristics describe a model tumor antigen.

Already 20 years ago, Pulford and colleagues 240 detected circulating anti-ALK antibodies in the sera of ALK + ALCL patients, using an immunocytochemical technique. More in depth, sera were used to stain cells transfected with NPM1-ALK cDNA and positive staining was detected for all ALK + ACLC patients' sera. In contrast, sera of healthy controls or patients with ALK-negative tumors failed to stain transfected cells. Importantly, serum was collected before as well as after treatment.

Therefore, any impact of the treatment on anti-ALK antibody production could not be addressed. 240 In 2009, Mussolin and colleagues 241 compared anti-ALK levels in sera of 28 NPM1-ALK + ALCL patients collected at diagnosis and at the end of therapy. The great majority of patients (24 out of 28) experienced a decrease of antibody titer following therapy. However, at relapse, antibody levels increased again, suggesting the spontaneous production of anti-ALK antibodies, boosted by the presence of tumor cells. 241 In 2010, Ait-Tahar and collaborators 242 proved the clinical relevance of anti-ALK antibodies in ALK + ALCL patients. They correlated anti-ALK titer with the clinical disease stage. More in detail, patients with mild stage disease had more frequently high antibody titer. Conversely, low antibody titer was associated with greater disease severity. Finally, levels of antibodies at diagnosis predicted patient event-free survival. In particular, lower abundance correlated with a higher risk of relapsing after treatment. 242

These first observations of circulating anti-ALK antibodies in ALK + ALCL patients argue in favor of ALK immunogenicity, promoting natural immunosurveillance of ALK + ALCL tumors.

The presence of circulating antibodies recognizing NPM1-ALK + cells encouraged to explore whether T lymphocytes played a major role in the immune-mediated recognition of ALK + ALCLs.

Passoni and colleagues 243 quantified ALK-specific CD8 + T cells within PBMCs of ALK + ALCL patients and healthy donors using a tetrameric MHC specific for an ALK-derived peptide. Both healthy donors and ALK + ALCL patients exhibited high frequency of circulating ALK-specific CD8 + T cells.

However, deeper characterization of their phenotype revealed a substantial difference. ALKspecific CD8 + T cells of healthy donors had a naïve phenotype. In other words, they were never activated following antigen recognition. In contrast, ALK-specific CD8 + T cells of ALK + ALCL patients had effector or memory phenotype, meaning that they were activated upon antigen recognition. 

AIM OF THE PROJECT

Cancer was initially described as a genetic disease, in which oncogene activation drove abnormal cell proliferation, resulting in tumor invading surrounding tissues. 134 245 Afterwards, it became clear that transformed cells formed invasive tumors only in a favorable environment, 246 for instance, where immune-mediated recognition and elimination of tumor cells is circumvented.

Treatment of cancer patients has progressed enormously over the course of the last decades. First, therapies hitting all proliferating cells were introduced. 177 Then, targeted agents, halting prosurvival and -proliferation pathways unique to tumor cells, revolutionized cancer treatment. 247 Nowadays, great attention is paid to immunotherapies, such as immune checkpoint blockers. They have shown major clinical success, enhancing tumor immunosurveillance, and are being approved for many oncological indications. 248 249 This schematic view of cancer therapies has been challenged in the past fifteen years by the observation that certain chemotherapeutics, designed to target proliferating cells, also induce a specific immune response against tumors, causing immunogenic cell death (ICD). [START_REF] Casares | Caspase-dependent immunogenicity of doxorubicininduced tumor cell death[END_REF] In other words, such chemotherapeutic agents transform the tumor in its own "vaccine", hence relying on the immune-mediated elimination of cancer cells for their therapeutic efficacy.

One more challenge presented when it became clear that oncogene activation was instrumental in guiding tumor immune escape and oncogenic pathway-targeted therapies halt tumor cell proliferation, yet enhance tumor immunosurveillance. 145 153 One piece of the puzzle is missing: is ICD a mechanism through which targeted therapies enhance immunosurveillance of tumors?

My thesis project tested whether inhibition of an oncogenic kinase, anaplastic lymphoma kinase (ALK), caused ICD, using ALK-positive anaplastic large cell lymphoma (ALK + ALCL) as a model, where ALK is expressed and activated following a chromosomal translocation (t(2;5)) leading to the fusion with nucleophosmin 1. We investigated the ICD-inducing effects of two ALK tyrosine kinase inhibitors, crizotinib and ceritinib, in vitro. Then, we explored ceritinib immunogenicity in vivo with the objective to combine it to immunotherapeutic approaches and improve ALK + ALCL therapeutic options.

The paragraphs "Materials and Methods", "Results" and "Discussion" are extracted from the manuscript "Pharmacological inhibitors of anaplastic lymphoma kinase (ALK) induce immunogenic cell death through on-target effects" submitted to the "Journal of Immunotherapy of Cancer" as first author (January 2021). 

MATERIAL AND METHODS

Cell lines and culture conditions

Cell treatments

ALCL cells were harvested, seeded at 2.5-5x10 5 /mL and concurrently treated with pharmacological inhibitors. Inhibitors used throughout this study were: Crizotinib (CR; Sigma-Aldrich, St. Louis, Missouri, USA), Ceritinib (CE; Selleck Chemicals, Houston, Texas, USA), BEZ235 (Selleck Chemicals), BKM120 (Selleck Chemicals), PD0325901 (Sigma-Aldrich), Stattic (Selleck Chemicals), U73122

(Tocris, Bristol, UK) and Q-VD-OPh (Calbiochem, San Diego, California, USA). SU-DHL-1 TTA were treated with 1 µg/mL of doxycycline (Sigma-Aldrich). Adenosine triphosphate (ATP) secretion ATP secreted in the extracellular milieu upon treatment was quantified using the ENLITEN ATP assay (Promega, Madison, Wisconsin, USA). Cell supernatant was collected and transferred to a 96-well plate and cell debris removed centrifuging the plate at 1000 g for 5 min. Then, 20 µl of supernatant were transferred to an opaque-walled 96-well plate together with ATP diluted at 10 - 7 M, 10 -8 M, 10 -9 M, 10 -10 M and 10 -11 M as standards and water (blank). Afterwards, 100 µl of rLuciferase/Luciferin (rL/L) reagent were added to supernatants and standards and emitted bioluminescence was measured with a plate reading luminometer (Victor, PerkinElmer, Waltham, Massachusetts, USA). ATP concentration was calculated using four-parameter logistics.

Immunogenic cell death assays

Cell death analysis

gene, GAPDH, generating Δcts; fold change of expression between crizotinib or ceritinib-treated and vehicle-treated samples was calculated using the formula: 2^(-ΔΔCt).

Quinacrine staining

Treated cells were transferred to a 96-well plate and washed twice with 150 µl/well of "Krebs solution" (125 mM NaCl, 5 mM KCl, 1 mM MgSO4, 0.7 mM KH2PO4, 2 mM CaCl2, 6 mM Glucose, 25 mM HEPES, H2O). Afterwards, they were resuspended in 100 µl/well of quinacrine diluted in "Krebs solution" at 2 µM and incubated for 30 min at 37°C/5% CO2. Then, after two more washing steps, cells were resuspended in 120 µl/well of "Krebs solution" supplemented with 1 µg/mL of DAPI and fluorescence intensity of single cells was acquired using a MACSQuant flow cytometer (Miltenyi Biotec). Data were analyzed with FlowJo software.

Immunoblotting

After treatment, cells were lysed in 150 µl of RIPA buffer (Sigma-Aldrich) for 45 min on ice. After removal of cell debris, centrifuging at 14000 rpm for 15 min, protein extracts were loaded onto 4-12% polyacrylamide gel (Invitrogen-Molecular Probes) and then transferred to a 0.2 µm nitrocellulose membrane (Bio-Rad, Hercules, California, USA). Unspecific binding sites were saturated incubating membranes with Tris-buffered saline (TBS) supplemented with 0.05% Tween 20 (TBST) and 5% non-fat powdered milk or BSA. Thereafter, membranes were incubated with primary antibodies diluted in TBST/5% BSA for 16-18 h at 4°C. Antibody protein binding was revealed using a suitable secondary antibody coupled to horseradish peroxidase conjugates (HRP) diluted in TBST/5% milk and incubated for 1 h, followed by chemiluminescence-based detection (Amersham, Little Chalfont, UK). Images were acquired using the ImageQuant LAS 4000 softwareassisted imager (GE Healthcare, Chicago, Illinois, USA).

Antibodies

Anti-CALR (ab2907) antibody was purchased from Abcam. Anti-ALK (3633), -phospho-Akt (9271), -total Akt (9272), -caspase-3 (9662), -caspase-8 (9746), -phospho-eIF2α (9721), -total eIF2α (9722)

-phospho-ERK1/2 (4370), -total ERK1/2 (4695), were purchased from Cell Signaling Technology (Danvers, Massachusetts, USA). Anti-CD11c coupled to PE-Vio770 was purchased from Miltenyi Biotec. Anti-rabbit (4050-05) and anti-mouse (1031-05) secondary antibodies conjugated to horseradish peroxidase (HRP) were purchased from Southern Biotech (Birmingham, Alabama, USA); anti-rabbit secondary antibodies coupled to Alexa Fluor 488 (A-11034) or Alexa Fluor 647 (A-21245) came from Invitrogen-Molecular probes. Antibodies for in vivo purpose: anti-PD-1 (BE0273, clone 29F.1A12) and rat IgG2a anti-trinitrophenol isotype control (BE0089, clone LTF-2)

were purchased from BioXcell (Lebanon, New Hampshire, USA).

Phagocytosis assay

BMDCs -Bone marrow-derived dendritic cells (BMDCs) were generated from bone marrow of femurs and tibias of C57BL/6 mice. First, bone marrows were collected purging bones with PBS supplemented with Pen/Strep and 2% FBS. Then, red blood cells were lysed with 5 mL of lysis buffer (BioLegend, San Diego, California, USA). After filtration through a 70 µm cell strainer and washing, cells were resuspended in RPMI 1640 medium supplemented with Pen/Strep, 10 mM HEPES, 1% Non-Essential Amino Acids Solutions, 10% FBS, 50 nM β-mercaptoethanol and 20 nM of recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF) (Peprotech, Rocky

Hill, New Jersey, USA) (complete medium) and seeded into 6-well plates at 7.5x10 5 /mL. After three days of culture, 1 mL of complete medium was added to each well and after three additional days, half of the culture medium was replaced. On day 7 BMDCs were harvested and resuspended at 4x10 5 /mL for co-culture.

Tumor cells -R80 cells were stained with 0.5 mM of the CellTracker green 5chloromethylfluorescein diacetate (CFMDA; Thermo Fisher Scientific). Briefly, cells were harvested and resuspended at 2x10 6 /mL in serum-free medium and incubated with CFMDA for 15 min at 37°C/5% CO2. Free CFMDA was neutralized adding an equal volume of FBS. After centrifugation, cells were resuspended in serum-containing medium and incubated for 30 min at 37°C/5% CO2.

Afterwards, R80 cells were treated with ALK inhibitors and subsequently co-cultured with BMDCs at 1:4 ratio (BMDC:murine tumor cells).

Co-culture -After 4 h, cells were detached with a cell scraper and co-culture was transferred to a 96-well plate. After washing with 150 µl/well of cold PBS, 50 µl/well of the anti-CD11c antibody coupled with PE-Vio770 fluorophore (clone N418) diluted in PBS/1% BSA were added. After 30 min of incubation on ice, cells were washed and fixed with 3.7% formaldehyde (diluted in PBS).

Finally, fluorescence intensity of single cells was acquired using a MACSQuant flow cytometer (Miltenyi Biotec) and data were analyzed with FlowJo software. Percentage of phagocytized cells equaled to the percentage of CFMDA + cells within CD11c + BMDCs.

In vivo experiments

Animals

Six-to eight-week-old female wild type C57BL/6 and Foxn1 nu mice were purchased from Envigo (Indianapolis, Indiana, USA) and housed in a pathogen-free, temperature-controlled environment with 12-h day and night cycles. while survival was assessed using the Long-rank test with GraphPad Prism software 6.

Statistical analyses

In vitro-, ex vivo-data are presented as means ± SD of three technical replicates of one representative experiment, among at least two independent, or as means ± SEM of three independent experiments as specified in the figure legends. Statistical significance was calculated using the Student's t-test with GraphPad Prism software 6.

In vivo-tumor growth data are depicted as means ± SEM of mice belonging to the same group.

Statistical significance was calculated using the type II ANOVA test using the TumGrowth software package 250 freely available at https://github.com/kroemerlab. Analysis of survival was performed using the Long-rank test or Chi-square test with GraphPad Prism software 6.

Statistical significance was represented as following: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p<0.0001.

RESULTS

ALK inhibitors-induced immunogenic cell death in vitro

NPM1-ALK-positive (NPM1-ALK + ) tumors rely on ALK kinase activity for survival and proliferation.

Thus, ALK inhibition causes tumor cells to halt proliferation and die. 251 We quantified cell death induced by ALK inhibitors using a cytofluorometric approach. This method measures two main features of cell death: the initial loss of mitochondrial transmembrane potential (m) and the subsequent loss of the plasma membrane integrity, using 3,3'-dihexyloxacarbocyanine iodide was apoptotic (caspase-dependent) (Fig. S1). On the contrary, the NPM1-ALK-negative (NPM1-ALK -) FEPD and MAC-1 cell lines were insensitive to ALK inhibitors, which caused cell death only at the highest concentration tested (5 µM) and later in time (48 h) when compared to NPM1-ALK + cells (Fig. 8A,B). Thus, low concentrations of ALK inhibitors (≤2 µM) have specific effects on NPM1-ALK + but not NPM1-ALK -ALCL cell lines.

We proceeded exploring the potential immunogenicity of crizotinib-and ceritinib-induced cell death, testing their capability to trigger the surrogate markers of ICD (Fig. 8C-G). First, when added to SU-DHL-1 cells, crizotinib and ceritinib caused CALR translocation from the endoplasmic reticulum to the plasma membrane (Fig. 8C,D). Moreover, both inhibitors significantly induced ATP secretion (Fig. 8E) and HMGB1 release (Fig. 8F) into the extracellular space. Finally, crizotinib upregulated two pivotal genes of the Type-I-interferon signature, IFNB1 and CXCL10 at the mRNA level (Fig. 8G). Altogether, our data suggest that crizotinib and ceritinib, cause immunogenic cell death of ALK-dependent tumors. 

Specific ALK inhibition causes immunogenic cell death

Crizotinib and ceritinib inhibit ALK, as well as other tyrosine kinases (such as ROS1, MET or IGF1R).

Therefore, we attempted to rule out off-target effects of these ALK inhibitors, using two different approaches. In a first set of experiments, we used a human NPM1-ALK + ALCL cell line (SU-DHL-1-TTA) expressing a doxycycline-inducible shRNA against ALK. 252 After doxycycline addition, SU-DHL-1 TTA downregulated ALK, halted proliferation and finally died (Fig. 9A-C). In parallel, they externalized CALR (Fig. 9B,D), secreted ATP and released HMGB1 (Fig. 9E,F) into the extracellular milieu. Thus, genetic (non-pharmacological) inhibition of ALK had similar effects as low-doses crizotinib and ceritinib.

In a second set of experiments, we took advantage of an NPM1-ALK + cell line resistant to crizotinib (SUP-M2 CR03) because of a point mutation in the ALK kinase domain that impairs crizotinib binding. 253 As expected, SUP-M2 CR03 resisted crizotinib-induced cell death compared to the parental cell line (Fig. 9G). Concomitantly, these crizotinib-resistant cells exposed significantly less CALR on their surface and released less ATP and HMGB1 than the parental cell line upon challenge with the TKI (Fig. 9H-L). Hence, an ALK mutation that confers resistance to crizotinib-induced cell death also attenuated the stigmata of ICD.

Altogether, these data strongly argue in favor of direct on-target effects of ALK inhibitors with respect to the induction of the surrogate markers of ICD. 

ALK downstream pathways mediating immunogenic cell death

Constitutively active ALK is a clinically relevant oncogene because it ignites several downstream molecular pathways, driving malignant transformation and promoting tumor cell survival and proliferation 254 (Fig. 10A). We asked which molecular pathway might account for ICD. Therefore, we pharmacologically inhibited each pathway by using inhibitors of PI3K/mTOR, PI3K, ERK1/2, STATs and PLC (BEZ235, BKM120, PD0325901, Stattic and U73122, respectively). All these pharmacological inhibitors killed SU-DHL-1 cells, whereas SUP-M2 cells proved to be resistant to the ERK1/2 inhibitor PD0325901, as previously reported 225 (Fig. 10B). However, only BEZ235, BKM120, PD0325901 induced cell death of SU-DHL-1 cells, and only BEZ235 and BKM120 killed SUP-M2 cells in a dose dependent manner. Hence, we only used these inhibitors to assess the ICD hallmarks (Fig. 10B). Moreover, we chose concentrations that yielded comparable levels of cell death. Inhibition of PI3K, PI3K/mTOR or ERK1/2 activated the molecular pathways leading to CALR translocation to the plasma membrane surface (Fig. 10C, Fig. S2). In addition, BEZ235, BKM120 and PD0325901 provoked HMGB1 and ATP accumulation in the extracellular milieu (Fig. 10C-E).

We used an alternative method, quinacrine orange staining, to confirm ATP secretion. Quinacrine accumulates in ATP-rich intracellular vesicles. Thus, ATP secretion coincides with a decrease in quinacrine fluorescence intensity. 255 This method confirmed that inhibition of PI3K, mTOR or ERK1/2 induced a reduction in cellular ATP content (Fig. 10F). Among the distinct inhibitors, BKM120 (a PI3K inhibitor) appeared to be the most efficient in inducing signs of ICD (Fig. 10C-F).

In conclusion, it appears that several pathways operating downstream of ALK mimic the ICDinducing effects of crizotinib, and among these pathways, PI3K stands out at as a particularly important ICD repressor. 

Immune-dependent effects of ALK-inhibitors in vivo

Next, we characterized the immunogenicity of ALK inhibitors in vivo. First, we validated the induction of surrogate ICD markers in a murine cell line, R80, generated from transgenic C57BL/6 mice expressing human NPM1-ALK. R80 cells show evidence of ICD after ALK inhibition by crizotinib or ceritinib (Fig. 11). Moreover, when cells were exposed to crizotinib or ceritinib and then co-cultured with bone marrow-derived dendritic cells (BMDCs), clear evidence was found that they were engulfed by BMDCs (Fig. 12A-C).

frequency of long-term (≥60 days) cures, which increased from 3 out of 9 cases in R80 lymphoma bearing C57BL/6 mice treated with ceritinib plus isotype control antibody to 5 out of 9 cases in mice treated with ceritinib plus anti-PD-1 antibody (Fig. 14).

We conclude from these results that ALK inhibition by ceritinib can result in therapeutically relevant ICD induction. When tumors reached a surface of 30-35 mm 2 mice were randomized and treated with ceritinib (50 mg/Kg, i.p.) on the day of the randomization (d0) and 2 days later (d2). Then, on d8, d12, d16 mice were injected i.p. with 200 µg of anti-PD-1 or isotype control antibodies (A). Tumor surface is represented as mean ± SEM of mice belonging to the same group (B) or for single mice (C). Survival is depicted in (D). Solvent + isotype n=8; solvent + anti-PD-1 n=8; ceritinib + isotype n=9; ceritinib + anti-PD-1 n=9. Comparison between tumor growth curves was assessed using a type II ANOVA test, while statistical significance of survival data was calculated using the Long-rank test. ns, non-significant.

In vivo treatment of ALK + ALCL bearing mice with ceritinib showed that ALK inhibition acted in two complementary ways. First, ceritinib clearly mediated a therapeutic effect that was independent of adaptive T cell responses and hence significantly reduced the volume of established lymphomas irrespective of the host immune status. Second, tumor shrinkage was followed by relapse, which occurred more frequently (p<0.05, Chi square test) in immunodeficient (10 out of 10) mice (Fig. 13) than in immunocompetent hosts (14 out of 20, Fig. 13 and14), especially when combined with PD-1 blockade (5 out of 9, Fig. 14). Hence, 30% of immunocompetent mice could be cured from ALK + ALCL by ceritinib, (Fig. 13 and14) and addition of PD-1 blockade (Fig. 14) lead to an increase of this percentage to 55% (p<0.05, Chi square test for data pooled from Fig. 13 and14).

These results strongly indicate that the cell-autonomous effects of ALK inhibitors are complemented by an additional, immune-mediated mechanism of tumor control.

The last decades witnessed great progresses in the treatment of hematological cancers, with a transition from chemotherapeutic regimes hitting all proliferating cells to drugs targeting tumor cell specific survival pathways, such as tyrosine kinase inhibitors. Although this shift has led to a spectacular amelioration of cure rates, there is still room for improvement. Recent developments plead in favor of the adoption of immunological concepts to blood cancers. For example, PD-1 blockade showed great clinical success in relapsed or refractory Hodgkin lymphoma. 259 260 Another promising immunotherapeutic approach is vaccination. In chronic myeloid leukemia patients, remissions have been achieved after vaccination with BCR-ABL-derived peptides. 261 Concerning ALK + ALCL, several studies unequivocally demonstrated that patients develop a specific antitumor immune response. Pulford and collaborators 240 showed the presence of autoantibodies against NPM1-ALK in ALCL patients and higher antibody titers were correlated with improved overall and progression free survival, as well as reduced relapse rates. 242 In addition, ALK-specific CD8 + T cells occur naturally in healthy subjects and ALCL patients. However, the former show a naïve phenotype, while the latter show an effector or memory phenotype, suggesting a relatively recent activation. 243 Altogether, these observations suggest that immunotherapy might be a therapeutic option for ALK + ALCL. Indeed, two case reports demonstrated that, in relapsed ALK + ALCL patients, PD-1 blockade led to complete and long-lasting remissions. 262 263 In addition, preclinical data demonstrated that vaccination with DNA plasmids encoding for the cytoplasmic domain of ALK successfully prevented the occurrence of systemic ALK + ALCL. 264 The present work demonstrates that TKIs designed to inhibit ALK oncogenic kinase induce hallmarks of ICD in ALK-dependent tumors, through a rigorously on-target effect. These effects are also reflected by ALK-induced anti-lymphoma immune response in a preclinical model. Hence, the successful treatment of ALCL most likely relies, at least in part, on improved immunosurveillance. Future studies must explore the clinical utility of combining ALK inhibitors with immunotherapeutic strategies for the definitive cure of ALK + ALCL.

OPEN QUESTIONS AND PERSPECTIVES 1. Is ALK inhibition-induced immune response ALK specific?

As outlined in the introduction section, anaplastic lymphoma kinase (ALK) triggers cell transformation and mediates immune-mediated recognition of tumors.

Our data demonstrated that ALK specific inhibition increased immunosurveillance of ALK-positive anaplastic large cell lymphoma (ALK + ALCL) tumors. However, we did not address whether ALK was the dominant antigen recognized by immune cells. We know that ALK + ALCL patients develop a spontaneous, ALK-specific, immune response and that there is a natural immunosurveillance (therapy-independent) also in our settings. Such observation possibly suggests that ALK is recognized by immune cells in our model. However, further studies are required to clarify this point. Besides ALK, many other mutated proteins might serve as tumor antigens before or after treatment with ALK inhibitors. In addition, ALK inhibition might also modify the antigenic repertoire of ALK + tumors. For instance, treatment with specific cyclin-dependent kinase (CDK) 4/6 inhibitors alters the antigenic profile of breast cancer. Breast cancer cell lines treated either with abemaciclib or palbociclib presented significantly more new peptides presented onto major histocompatibility complex class I (MHC-I). Moreover, these peptides were attributed to proteins typically enriched in G1/S phase of the cell cycle, consistent with the known mechanism of cell cycle arrest induced by abemaciclib or palbociclib. Therefore, CDK4/6 specific inhibitors, blocking cell cycle, unintentionally alter proteome nature and quantity, leading to modification of the entire set of peptides presented to immune cells (or immunopeptidome). 265 Similar changes of the immunopeptidome were described in melanoma cell lines after treatment with palbociclib. 266 In a similar fashion, we might speculate that ALK inhibitors, hitting many pathways, induce substantial changes in protein composition, which will be reflected, then, in the quantity and nature of peptides presented to immune cells.

Is ceritinib-anti-PD-1 the right combination therapy for ALK + ALCL?

2.1 PD-1 blockade therapy in hematologic malignancies

Great attention has been paid to immune checkpoint blockade therapy for lymphomas when great successes have been achieved in Hodgkin lymphoma (HL) patients after treatment with antiprogrammed cell death protein-1 (PD-1) antibody. Secondly, we should not forget that HL is a B cell-lymphoma and B lymphocytes are professional antigen presenting cells (APCs). Professional APCs express MHC-I, as all nucleated cells, but also MHC class II (MHC-II). The former contributes to CD8 + T cell activation, whereas the latter to CD4 + T cell activation. Moreover, they bear co-stimulatory molecules on their surface, which promote T lymphocytes activation. [273][274][275] Although negative regulation of MHC-I and MHC-II has been described in HL, 276 277 residual antigen presenting abilities could favor clinically relevant responses after PD-1/PD-L1 blockade therapy.

Finally, immune environment of classical HL tumors is enriched in T cells, in particular CD4 + T cells, [278][279][280] which might drive an efficient antitumor immune response once released from their inactive state.

On the other hand, clinical outcome of PD-1/PD-L1 blockade therapy in other type of lymphomas has been less impressive and subtype-dependent. [281][282][283] In ALK + ALCL patients, clinical data are scarce. Nevertheless, PD-1 blockade therapy seems to drive clinically relevant and durable responses. A first case report, published in 2016, described nivolumab (anti-PD-1) effects in a patient heavily pretreated with chemotherapy, brentuximab vedotin (anti-CD30 antibody conjugated with a microtubular poison) combined with crizotinib, allogenic stem cell transplantation, crizotinib and brentuximab vedotin again. Treatment with nivolumab rapidly improved symptoms, leading to complete and durable remission. Height months from the start of nivolumab the patient remained relapse-free. 263 In 2017, another case report described nivolumab success in one more patients previously treated with chemotherapy and then crizotinib. Also in this case, response to nivolumab was rapid, leading to complete remission within 5 months from the beginning of the therapy. At the time of the report, 18 months after the start of nivolumab, the patient was still relapse-free. 262 Even though clinical trials are required to test the efficacy of PD-1 blockade in a larger cohort of ALK + ALCL patients, these first reports suggest that boosting (or unblocking) ALK + ALCL anti-tumor immune response might lead to clinically relevant outcomes.

Combination of ALK inhibitors and anti-PD-1 blocking antibody

Our results suggested that specific ALK inhibitors, through ICD, improved ALK + ALCL tumor immunosurveillance. Accordingly, we combined ceritinib, second generation ALK inhibitor, with anti-PD-1, proven to be efficacious also in human patients, thinking to achieve significant synergistic effects. Our results showed that the combination of ceritinib with anti-PD-1 tended to increase the percentage of mice completely cured from subcutaneous ALK + ALCL tumors, although the effect failed to be synergistic. Two reasons could explain such lack of synergy. First of all, PD-L1 expression in ALK + ALCLs is controlled by ALK tyrosine kinase activity. As showed by Marzec However, alternative immunotherapeutic targets, other than PD-1/PD-L1 pathway, seem to be required. For this reason, we sequenced the transcriptome of a human ALK + ALCL cell line (SU-DHL-1) treated with ceritinib or vehicle control. Then, we compared the expression levels of a panel of genes, known to guide the interaction between tumor and immune cells (Fig. 16).

We confirmed ceritinib-mediated negative regulation of immunotherapeutic targets such as PD-L1 (CD274) or ICOS and cytokines known to be regulated by NPM1-ALK (interleukin-10 and transforming growth factor beta). Many other immune-related genes seem to be regulated by ALK, thus by ceritinib treatment. Ideally, a desirable target of immunomodulatory combinations would be positively regulated by ceritinib and known to engage in immunosuppressive interactions. Consequently, targeted immunotherapy combined with ceritinib would achieve therapeutic efficacy in three ways: inducing cell death, hence reducing growth of tumor; improving immunosurveillance through ICD; improving immune-mediated elimination of residual tumor cells releasing the immunosuppressive pathway. 
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In conclusion, combination of ALK inhibitors and immunotherapies could potentially be a powerful therapeutic approach for ALK + ALCL patients for three reasons: (i) natural immunogenicity of ALK + ALCL tumors (ii) proven ICD-inducing ability of ALK inhibitors; and (iii) efficacy of immunotherapeutic approaches, such as PD-1 blockade, as monotherapy, in heavily pretreated ALK + ALCL patients. However, PD-1 blockade might be an imperfect choice of immunotherapy.

Consequently, we are placing our efforts in finding a more powerful immunotherapeutic target to block in combination with ALK inhibitors with the ultimate goal of achieving complete cure of ALK + ALCL.

Figure 1 .

 1 Figure 1. Apoptotic and necroptotic cell death pathways. Binding of death receptors activates necroptosis upon RIPK1, RIPK3 and MKLK phosphorylation. MKLK migrates to the cell membrane promoting cell permeabilization, swelling and finally death. Death receptors engagement also ignites apoptosis through caspase-8 cleavage and activation. Activated caspase-8 cleaves, activating, caspase-3, which carries out cell death (extrinsic apoptosis). Cell stress or DNA damage, among

Figure 2 .

 2 Figure 2. Ferroptosis and pyroptosis scheme.
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 25 Dual role of ATP, from dendritic cell recruitment to T cell priming DCs have a pivotal role in T lymphocyte activation. They present tumor antigens, express costimulatory molecules and secrete proinflammatory cytokines, settling T cell activation. ICD provides the signal for DCs to fulfill this task: ATP. As a matter of fact, this metabolite has a dual role. Besides promoting DC recruitment toward the tumor environment, it controls T cell priming.

  photochemotherapy

Figure 3 .

 3 Figure 3. Immunogenic cell death. When physical or chemical stimuli cause cell death accompanied by CALR exposure on the plasma membrane, ATP, HMGB1 and ANXA1 release as well as activation of a Type-I-IFN response, immunogenicity of dying cells increases. ATP recruits DCs in the tumor bed and ANXA1 contributes to their orientation towards dying cells. CALR mediates tumor cell phagocytosis by DCs, which, then, undergo activation and maturation thanks to the HMGB1-TLR4 interaction. Type-I-IFNs induce CXCL10 secretion, pivotal in recruiting T lymphocytes, which ultimately control tumor growth and establish a long-lasting antitumor immune response. 114
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 2007844 Obeid and colleagues[START_REF] Obeid | Calreticulin exposure is required for the immunogenicity of gamma-irradiation and UVC light-induced apoptosis[END_REF] used inhibitors of the phosphatase complex that dephosphorylates eiF2α to induce CALR exposure on the cell surface. Soon after that, Panaretakis and collaborators 101 uncovered the overall pathway underlying CALR exposure. Following eiF2α phosphorylation, procaspase-8 was cleaved and activated. Active caspase-8 cleaved B cell receptor associated protein 31 (BCAP31), an ER sessile protein, producing two fragments. The smallest one stimulated Ca 2+ efflux from the ER. Then, after BAX and BAK activation, CALR was packaged into vesicles and transported from the ER to the Golgi apparatus and then to the plasma membrane.101 More recently, identification of dactinomycin as new ICD inducer allowed to identify an additional mechanism underlying ICD: inhibition of transcription. Humeau and collaborators[START_REF] Humeau | Inhibition of transcription by dactinomycin reveals a new characteristic of immunogenic cell stress[END_REF] observed that dactinomycin, as well as many other ICD inducers, such as anthracyclines and OXA, induced a drop in transcription rate. Conversely, compounds, which failed to induce ICD, such as microtubule inhibitors, had no effect on transcription. Moreover, testing a library of commonly used antineoplastic agents, they observed a positive correlation between inhibition of transcription and major ICD signals. Clinical relevance of ICD1.4.1 ICD as a predictor of chemotherapeutic success One question remains unanswered: is ICD relevant in cancer patients? The first proof of principle demonstrating so came in 2007. Apetoh and colleagues 68 genotyped a cohort of women with breast cancer treated with anthracyclines (after surgery/adjuvant setting) for a non-synonymous single nucleotide polymorphism (SNP) of TLR4 (Asp299Gly). The SNP Asp299Gly causes a conformational change in TLR4 receptor that impairs HMGB1 binding. Then, they correlated TLR4

(

  active) state to transduce signals from the cytoplasm to the nucleus. In its active form, it switches on mitogen-activated protein kinase (MAPK) signaling pathway, inducing cell proliferation. In many cancers KRAS undergoes mutations that impair GTP hydrolysis, thus locking it in its active form.138 Mechanistic target of rapamycin (mTOR) is a serine-threonine kinase part of two distinct protein complexes. The first one is senses nutritional and environmental cues, such as growth factors, energy levels, cellular stress, and amino acids and couples these signals to cell growth. The second complex regulates cytoskeletal dynamics, hence cell growth and proliferation.139 β-catenin is a crucial transcription factor of the Wingless-Int (Wnt) signaling pathway, which regulates cell fate specification during embryogenesis and in adult tissues. Typically, cytoplasmic levels of β-catenin are kept low through its continuous, phosphorylation-induced proteasomal degradation. Upon activation of Wnt signaling, degradation ceases and β-catenin is free to translocate to the nucleus, where it triggers the transcription of various genes inducing proliferation. Among them, Myc and cyclinD1 should be mentioned. Mutations of β-catenin phosphorylation sites occur in different cancers. They hinder β-catenin degradation, increasing its cytoplasmic level, thus its proliferation-promoting activity. 140 141 v-Raf murine sarcoma viral oncogene homolog B1 (BRAF) is a serine-threonine kinase, regulated by Ras. Following activation, it phosphorylates, activating, the extracellular signal-regulated kinase (ERK) signaling pathway, a well-described proliferation-inducing pathway. Mutations of BRAF kinase domain mimic its activated state and are frequent in cancer.142 
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 11 Oncogenic pathways shape tumor immune environment A first mechanism linking genetic aberrations proper to transformed cells and tumor immune landscape is the recruitment of immunosuppressive cell populations. This mechanism takes place, for instance, in tumors where Myc is hyperactivated, such as non-small cell lung cancer, as described by Kortlever and colleagues. They used a genetically engineered mouse model where tumors develop in two steps. First, expression of mutated KRAS in lung epithelial cells triggers noninvasive adenomas. Then, Myc expression, which can be artificially switched on, induces aggressive and invasive adenocarcinomas. Kortlever and collaborators 145 observed that Myc accelerated tumor progression, exacerbating invasiveness. Concurrently, tumor immune environment underwent rapid and profound changes. In more detail, Myc caused a dramatic influx of macrophages and a concomitant loss of T lymphocytes and natural killer (NK) cells. Typically, within tumors, macrophages trigger angiogenesis, augmenting oxygen and nutrient flux. By contrast, T and NK cells recognize and kill tumor cells. Consequently, Myc activation contributed to establish an immunosuppressive environment. It did so by causing CCL9 and IL-23 secretion. Notably, CCL9 triggered macrophage influx, while IL-23 excluded T and NK cells. Myc expression was continuously needed to preserve the composition of the immune environment because soon after Myc was switched off macrophages exited and T and NK cells repopulated tumors, inducing tumor cell apoptosis. 145 Activation of mammalian target of rapamycin (mTOR) pathway had a similar impact as demonstrated by Welte and colleagues. 146 They observed that aberrant activation of the mTOR pathway caused accumulation of myeloid-derived suppressor cells (MDSCs) into breast tumor environment in different pre-clinical models. MDSCs are a heterogeneous population of immune cells known to blunt antitumor immune response, blocking proliferation and inducing apoptosis of T and NK cells. MTOR induced the recruitment of MDSCs through the secretion of granulocytecolony stimulating factor (G-CSF), which caused accumulation of MDSCs both in peripheral blood and in tumors. Welte and colleagues 146 translated these observations to human patients measuring mTOR activity together with G-CSF mRNA level and MDSCs accumulation in patientderived xenografts. There was, indeed, a strong positive correlation between mTOR activity, G-CSF levels and MDSCs accumulation, confirming the relevance of this correlation in patientderived tumors. In addition, Welte and colleagues 146 identified a set of genes modulated by G-CSF and showed that this G-CSF-associated gene signature positively correlated with mTOR activity in human breast cancer using public data from The Cancer Genome Atlas (TCGA).

Figure 4 .

 4 Figure 4. Oncogene activation drives tumor escape from immune-mediated control. Oncogenic pathways guide tumor immune escape by recruiting immunosuppressive populations, such as MDSCs and some macrophages, and excluding cytotoxic cells, such as T and NK cells. Oncogene activation contributes hiding tumor cells from immune recognition, by negatively regulating T cell antigen exposure on their surface. Oncogenic pathways positively regulate PD-L1 to switch off T lymphocyte activation signal.

  Casey and collaborators 153 confirmed the causal relationship between PD-L1 downregulation and tumor regression by engineering T-ALL cells so that they constitutively express PD-L1 in a Mycindependent fashion. When transplanted in mice, these cells failed to negatively modulate PD-L1 after Myc inactivation. Accordingly, tumors reduced in volume only slightly, confirming that Myc supported tumor growth through tumor cell-intrinsic effects but more importantly, by guiding immune escape, through PD-L1 upregulation.153 
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 21 Targeted therapies operate a switch of the tumor immune environment from immunosuppressive to immunostimulatory A first example of therapy that targets specific oncogenic pathways and improves tumor immunosurveillance is cabozantinib, a cellular mesenchymal-epithelial transition factor (c-MET) and vascular endothelial growth factor receptor 2 (VEGFR2) tyrosine kinase inhibitor. The immunemediated therapeutic efficacy of cabozantinib was studied in a mouse model of prostate cancer lacking the tumor suppressors PTEN and TP53. 155 Cabozantinib caused rapid and complete regression of established prostate tumors and concurrently induced a massive infiltration of neutrophils within tumors. Two chemokines led to neutrophil influx into the tumor: CXCL12 and HMGB1; secreted by tumor cells (in vivo and ex vivo) following cabozantinib treatment, they triggered neutrophil infiltration, which ultimately caused tumor regression. Neutrophil-mediated tumor growth control was proved by two observations. First, neutrophil influx positively correlated with caspase-3 activation (surrogate marker of apoptotic cell death) within tumors. Secondly, blockade of neutrophil infiltration into tumors or their depletion after influx, with blocking antibodies, completely abolished cabozantinib-induced tumor regression. However, Patnaik and colleagues 155 failed to prove that neutrophil recruitment, through CXCL4-and HMGB1-induced secretion, relied on the inhibition of c-MET (preferred target of cabozantinib). As a matter of fact, a different inhibitor of c-MET failed to mimic cabozantinib effects. Despite this shortcoming, this work clearly demonstrated that the therapeutic effects of a tyrosine kinase inhibitor relied on neutrophil ability to create a cytotoxic environment, ultimately causing tumor regression. 155 Balachandran and colleagues 156 went further. They showed that imatinib, an inhibitor of breakpoint cluster region-Abelson tyrosine protein kinase (BCR-ABL) and c-KIT kinases, skewed the tumor immune environment from immunosuppressive to immune stimulatory through its ontarget effects. Imatinib immunomodulatory effects were elucidated using a transgenic mouse model that spontaneously develops gastrointestinal stromal tumors (GISTs) due to an activating mutation of the tyrosine kinase KIT. Treatment of GIST-bearing mice with imatinib significantly decreased tumor burden by causing cell death of KIT-expressing tumor cells. However, it simultaneously operated a switch of the immune environment from immunosuppressive to cytotoxic for tumor cells. As a matter of fact, CD8 + T cell count, activation and cytolytic capacities increased after imatinib treatment, while the number of regulatory T cells (Treg, known to blunt antitumor immune response) significantly decreased because they underwent apoptosis. Immunomodulatory activity of imatinib relied on the negative regulation of IDO, an enzyme that catalyzes the conversion of tryptophan into an immunosuppressive metabolite, kynurenine, which promotes Treg activation while inhibiting CD8 + T cell functions. Imatinib-induced IDO downmodulation mediated tumor growth reduction. Accordingly, IDO specific inhibition recapitulated imatinib-induced increase of intratumoral CD8 + T cell proliferation and activation as well as the reduction of Treg number and tumor growth control. Conversely, when imatinib was combined with a cocktail of immunosuppressive tryptophan-derived metabolites, it failed to induce T cell activation and Treg apoptosis, resulting in tumor escaping from growth control (Fig. and colleagues 156 elegantly demonstrated that imatinib negatively regulated IDO through the specific inhibition of c-KIT. They measured IDO mRNA level, following imatinib treatment, in a human GIST cell line sensitive to the drug and a subclone resistant to it (because of a mutation that impairs imatinib binding). They observed a transcriptional inhibition of IDO only in the cell line sensitive to imatinib. Therefore, they clearly demonstrated that the inhibition of c-KIT accounted for imatinib-induced downregulation of IDO.
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 5 Figure 5. Targeted therapies revert the immune escape mechanisms instated by oncogene activation. Three main mechanisms are schematized through three illustrative inhibitors. Imatinib induces cytotoxic T cells proliferation and activation while triggering Treg apoptosis. Cabozantinib triggers neutrophil recruitment, which creates an environment unfavorable to tumor growth. MEK or BRAF inhibitors modulate antigen presentation, while ALK and EGFR inhibitors negatively regulate PD-L1 expression.

  correlated with epidermal growth factor receptor (EGFR) activation. Both physiological and pathological EGFR activation positively regulated PD-L1. Accordingly, epidermal growth factor (EGF) addition to a human lung bronchial epithelial cell line as well as EGFR mutation in human NSCLC cell line increased PD-L1 expression. Consistently, gefitinib, first generation EGFR inhibitor, decreased PD-L1 expression in EGFR mutant NSCLC cell lines. Consequently, only gefitinib-treated cells stimulated IFN-γ secretion by human PBMCs after co-culture, demonstrating that gefitinibinduced downmodulation of PD-L1 reestablished T cell effector functions.159 PD-L1 is regulated in a similar fashion by anaplastic lymphoma kinase (ALK) oncogene. ALK positively regulated PD-L1 both at the mRNA and protein levels in NSCLC cell lines and anaplastic large cell lymphoma (ALCL) cell lines.[160][161][162][163] Consistently, PD-L1 expression decreased after genetic or pharmacologic inhibition of ALK. PD-L1 regulation by echinoderm microtubule-associated protein-like 4 (EML4)-ALK was also confirmed in patients. Koh and colleagues 164 showed that a higher proportion of pulmonary adenocarcinoma patients carrying EML4-ALK chromosomal inversion overexpressed PD-L1 when compared to patients carrying KRAS mutations. In addition, the proportion of EML4-ALK-positive tumors showing strong PD-L1 expression was significantly higher.164 Alternatively, Lin and colleagues 165 investigated the clinical relevance of PD-L1 expression in NSCLC patients who exhibited EGFR mutations and received tyrosine kinase inhibitors. They observed that patients with PD-L1-positive tumors had a better disease control rate compared with patients with PD-L1-negative tumors after treatment with gefitinib or erlotinib. Moreover, the progression free (PFS) and overall survival (OS) of PD-L1-positive patients were extended.165 On the other hand, among EML4-ALK-positive patients, higher PD-L1 expression, before crizotinib treatment, was predictive of a worse clinical outcome in term of PFS and OS, suggesting that crizotinib-induced PD-L1 downmodulation resulted in a better clinical outcome, unless PD-L1 expression was too strong. One could speculate that beyond a threshold of PD-L1 expression, ALK inhibition is insufficient to reinstate tumor immunosurveillance 164 (Fig.5).In conclusion, targeted therapies promote T lymphocyte-mediated killing of tumor cells by negatively regulating ligands of inhibitory receptors. Immunosurveillance improved by targeted therapies results in tumor growth control and ultimately in clinical advantage.To sum up, therapies targeting specific pro-survival and -proliferation pathways reduce tumor growth by switching off these oncogenic pathways. Concomitantly, they improve tumor immunosurveillance. Therefore, combination of such targeted therapies with immunotherapeutic strategies designed to boost antitumor immune response might have synergistic effects. In line with this, great efforts are being made to test these combinations in cancer patients. These efforts become clear searching for on-going clinical trials testing combinations of tyrosine kinase inhibitors, targeting pro-survival and -proliferation pathways proper to tumor cells, with immunotherapeutic approaches in oncological indications (source clinicaltrial.gov). In February 2021, 120 active clinical trials tested combination of such tyrosine kinase inhibitors with immunotherapies. The preferred immunotherapeutic approach is PD-1/PD-L1 blockade therapy.However, other immunotherapeutic approaches are being used. For instance, the efficacy of vaccination using DC and sorafenib (inhibitor of multiple tyrosine kinases) is tested in hepatocellular carcinoma (Phase II NCT04317248); or ruxolitinib (Janus kinase 1/2 inhibitor) is being tested in combination with chimeric antigen receptor T cells specific for tumor antigen (Phase II-III NCT03117751).
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 266 Figure 6. Scheme of NPM1-ALK signaling pathway. Phosphorylated NPM1-ALK recruits adaptor proteins (IRS1, SRC, SHC), which activate ERK1/2 pathway. JAK3 binds phospho-NPM1-ALK and activates STAT3 signaling node. PI3K and PLCare recruited directly by NPM1-ALK and ignite AKT and PKC pathways, respectively. Such pathways transduce pro-survival and proproliferation signals to the nucleus.

  -inducing stimuli regulating three members of Bcl2 family: B-cell lymphoma-extra-large (Bcl-xL); myeloid leukemia cell differentiation protein (Mcl-1); and Bcl2 associated agonist of cell death (BAD). Bcl-xL and Mcl-1 are anti-apoptotic members of Bcl2 family. Coluccia and collaborators 226 showed that NPM1-ALK + ALCL cell lines expressed Bcl-xL protein in NPM1-ALK dependent manner. Accordingly, forced expression of NPM1-ALK in murine pro-B cells increased Bcl-xL protein levels. NPM1-ALK-induced Bcl-xL expression was protumorigenic. As a matter of fact, negative regulation of Bcl-xL by genetic means induced apoptosis of NPM1-ALK + cells in vitro. Moreover, absence of Bcl-xL prevented tumor establishment after injection of NPM1-ALK-expressing pro-B cells in vivo. 226 Alternatively, Desjobert and colleagues 227 described NPM1-ALK-mediated regulation of Mcl-1 and elucidated the underlying mechanism. First, they noticed an inverse correlation between Mcl1 and miRNA29a expression in both human tumors and cell lines, suggesting that miRNA29a negatively regulated Mcl1 translation. Accordingly, transfection of ALK + ALCL cell lines with miRNA29a decreased Mcl1 protein levels. NPM1-ALK controlled miRNA29a transcription. As a matter of fact, negative regulation of NPM1-ALK, as well as STAT3, increased miRNA29a and decreased Mcl1 levels. DNMT3B levels were also reduced, suggesting the following scenario: NPM1-ALK, through STAT3, positively regulates the transcription of DNMT3B-encoding gene; DNMT3B methylates CpG islands upstream of miRNA29a locus and represses its transcription. 227NPM1-ALK also regulates BAD phosphorylation. BAD is a pro-apoptotic member of Bcl2 family, which, upon apoptosis-inducing stimuli, migrates to mitochondria and associates with Bcl-xL to permeabilize mitochondrial membrane. Akt, downstream of NPM1-ALK mediates BAD phosphorylation, blocking its translocation to mitochondria, hence apoptosis.226 

  Moreover, in these patients, percentage of memory cells increased significantly overtime. Then, to test the functional activity of antitumor T lymphocytes, PBMCs from ALK + ALCL patients or healthy donors were stimulated ex vivo with ALK derived peptides. IFN-γ production was used as a surrogate marker of T cell activation. PBMCs isolated from ALK + ALCL patients produced significantly more IFN-γ when compared to PBMCs of healthy donors, confirming the functional activity of ALK-specific T cells. Although limited by the very few patients, this work confirmed ALK immunogenicity, describing anti-ALK specific T cells in tumor-free donors. In addition, it clearly demonstrated that ALK-specific T cells had an activated phenotype in ALK + ALCL patients, arguing in favor of T cell-mediated recognition of ALK + tumor cells. However, the consequence of treatment could not be addressed because PBMCs were collected at diagnosis (1 patients), at relapse before treatment (1 patient) or after treatment (4 patients).243 More recently, in 2019, Singh and colleagues 244 narrowed down NPM1-ALK immunogenicity to ALK kinase domain. More in depth, they stimulated T cells isolated from ALK + ALCL patients with DCs pulsed with overlapping peptides derived from NPM1-ALK. The majority of patients responding to stimulation recognized a region of ALK kinase domain.244 

  Human NPM1-ALK-positive (NPM1-ALK + ) anaplastic large cell lymphoma (ALCL) SU-DHL-1 cell line was purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany). Human NPM1-ALK + ALCL SUP-M2 and NPM1-ALK-negative (NPM1-ALK -) ALCL MAC-1 and FEPD cell lines were kindly provided by Dr. Meggetto (Centre de Recherches en Cancérologie de Toulouse, France); human NPM1-ALK + ALCL SUP-M2 cell line crizotinib-resistant (SUP-M2 CR03) by Dr. Ceccon and Prof. Gambacorti-Passerini (Università degli Studi di Milano-Bicocca, Italy) and human NPM1-ALK + ALCL SU-DHL-1-TTA cell line by Dr. Ducray (University of Cambridge, United Kingdom). Prof. Chiarle (Boston Children's Hospital, Massachusetts, USA) and Dr. Poggio (Uniklinik Freiburg, Germany) provided the murine NPM1-ALK + cell line R80. Cells were cultured in RPMI 1640 supplemented with 100 units/mL of penicillin, 100 µg/mL of streptomycin (Pen/Strep) and 10% fetal bovine serum (FBS) or 10% tetracycline-free FBS (PAN-Biotech, Aidenbach, Germany) (for SU-DHL-1 TTA cell line). All cell lines were cultured at 37°C and 5% CO2. All media and supplements were purchased from Gibco-Invitrogen (Waltham, Massachusetts, USA).

  Cell death was assessed by flow cytometry employing the following fluorescent dyes: 3,3dihexyloxacarbocyanine iodide (DiOC6(3), 20 nM; Invitrogen-Molecular Probes, Eugene, Oregon, USA) selective for mitochondria of live cells; 4′,6-diamidino-2-phenylindole (DAPI; 1 µg/mL, Sigma-Aldrich) incorporated by dead cells after cell membrane rupture. After treatment, cells were incubated with DiOC6(3) and DAPI diluted in medium, for 30 min at 37°C/5% CO2. Then, fluorescence intensity of single cells was acquired using a MACSQuant flow cytometer (Miltenyi Biotec, Bergisch Gladbach, Germany) and data were analyzed with FlowJo software (Ashland, Oregon, USA).Calreticulin (CALR) exposureFollowing treatments, cells were transferred to a 96-well plate and washed twice with 150 µl/well of cold PBS (Gibco-Invitrogen). Then, they were resuspended in 50 µl/well anti-CALR antibody (Abcam, Cambridge, UK) diluted in PBS supplemented with 1% bovine serum albumin (BSA) and incubated for 45 min on ice. Afterwards, cells were washed twice with 150 µl/well cold PBS and resuspended in 50 µl/well goat anti-rabbit IgG-Alexa Fluor 488 (Invitrogen-Molecular probes) diluted in PBS/1% BSA. After 30 min of incubation on ice and two additional washing steps, cells were resuspended in 120 µl/well cold PBS supplemented with 1 µg/mL of DAPI. Fluorescence intensity of single cells was acquired using a MACSQuant flow cytometer (Miltenyi Biotec) and data analyzed with FlowJo software.

(DiOC6( 3 )

 3 ) and 4',6-diamidino-2-phenylindole (DAPI) as fluorescent dyes. Over the course of cell death, as m is lost, DiOC6(3) staining intensity decreases; whereas loss of membrane integrity facilitates DAPI staining. Crizotinib and ceritinib, first and second generation ALK inhibitors, respectively, reduced the number of live NPM1-ALK + ALCL cells (DiOC6(3) + DAPI -), triggering cell death in a dose and time-dependent manner (Fig. 8A, B). Cell viability was partially rescued by the pan-caspase inhibitor Q-VD-OPh, implying that crizotinib-and ceritinib-induced cell death

Figure 8 .

 8 Figure 8. Crizotinib and ceritinib-induced immunogenic cell death Human NPM1-ALK-positive (NPM1-ALK + ) SU-DHL-1 and SUP-M2 cells and the NPM1-ALK-negative (NPM1-ALK -) FEPD and MAC-1 cells were treated with increasing concentrations of crizotinib (CR) (A) or ceritinib (CE) (B) for 16-18, 24 or 48 h. Cell death was evaluated using the mitochondrial transmembrane potential-sensible dye 3,3′-dihexyloxacarbocyanine iodide (DiOC6(3)) and 4′,6-diamidino-2-phenylindole (DAPI). Number of live cells (DIOC + DAPI -) normalized to vehicle control is represented as mean of triplicates ± SD (A, B). NPM1-ALK + SU-DHL-1 cells were treated with CR or CE, at the indicated concentrations, for 6 h and calreticulin (CALR) exposed on the cell surface was quantified by flow cytometry using an indirect staining. DAPI was used to exclude permeabilized cells. Representative gating strategy is shown in (C) and percentage of CALR + DAPI -cells is depicted as mean of triplicates ± SD in (D). NPM1-ALK + SU-DHL-1 cellswere treated with CR or CE for 24 h and ATP secreted in the extracellular milieu was quantified using a luciferase-dependent assay. Mean of triplicates ± SD is depicted (E). NPM1-ALK + SU-DHL-1 cells were

Figure S1 .

 S1 Figure S1. Caspase-dependency of cell death induced by crizotinib and ceritinib Human NPM1-ALK + SU-DHL-1 (A) and SUP-M2 (B) cells were pre-treated for 30 min with 10 µM of the pancaspase inhibitor Q-VD-Oph and then, without washing, challenged with increasing concentrations of CR or CE for 24 h. Cell death was assessed by flow cytometry using DiOC6(3), which permeate only viable mitochondria, and DAPI, excluded by cells with an intact membrane. Percentage of DIOC -DAPI -or DAPI + cells is depicted as mean of triplicate ± SD of one representative experiment, out of at least two. Statistical significance was calculated using the Student's t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. CR or CE treatment without Q-VD-Oph (DAPI + cells). #p < 0.05, ##p < 0.01, ###p < 0.001 vs. CR or CE treatment without Q-VD-Oph (DIOC -DAPI -cells) (A, B).

Figure 9 .

 9 Figure 9. Specific ALK inhibition induces immunogenic cell death Immunogenic cell death of human NPM1-ALK + SU-DHL-1 TTA cell line expressing a doxycycline-inducible shRNA against ALK (A-F). shRNA induction was achieved after treatment with 1 µg/mL of doxycycline. ALK protein down-regulation was verified by western blot 1, 2 or 3 days after shRNA induction. Actin was used as loading control. The images shown are representative of one experiment, n=2 (A). SU-DHL-1 TTA cell line was treated with 1 µg/mL of doxycycline for 3 or 4 days and cells death (% DAPI + cells) together with CALR exposed on the plasma membrane were quantified by flow cytometry (B-D). Identical experimental conditions were used to quantify ATP secretion (E) and the HMGB1 release (F) with a luciferase-based assay and ELISA, respectively. Means of triplicates ± SD are shown. One representative out of at least two experiments is shown. Statistical significance was calculated using the Student's t-test. *p < 0.05, **p < 0.01, ****p < 0.0001 vs. vehicle-treated cells (B-F). Evaluation of the immunogenic cell death hallmarks in human NPM1-ALK + cell line resistant to crizotinib (G-L). Crizotinib-resistant (SUP-M2 CR03) and parental (SUP-M2) cell lines were treated with increasing concentrations of CR for 24 h and cell death was evaluated using DiOC6(3), which permeate only mitochondria of live cells, and DAPI entering cells only after membrane rupture. Number of live cells (DIOC + DAPI -) normalized to vehicle control is represented as mean of triplicates ± SD of one of at least two independent experiments (G). CALR translocated to the plasma membrane was quantified by flow cytometry after treatment with CR for 20 h. Fold change increase was calculated dividing the CALR median of fluorescent intensity (MFI) of DAPI -treated cells by CALR MFI of vehicle-treated DAPI -cells (H). ATP (I) and HMGB1 (L) released after 16-18 or 48 h of treatment, respectively, were quantified using a luciferase-based assay or an ELISA test. Fold change increase equaled to the amount of ATP or HMGB1 released by CR-treated cells divided by the amount released by vehicle-treated cells. The mean of three independent experiments is shown ± SEM and statistical significance was calculated using the multiple Student's t-test; *p < 0.05 (H-L). N.D., non-detectable.

Figure 10 .

 10 Figure 10. Dissection of ALK downstream pathways inducing immunogenic cell death Scheme of ALK downstream signaling pathways (A). Human NPM1-ALK + SU-DHL-1 and SUP-M2 cells were treated with PI3K, PI3K/mTOR, ERK1/2, PLCɣ and STAT3 inhibitors (BEZ235, BKM120, PD0325901, U73122, Stattic, respectively) at 100 nM, 200 nM, 500 nM, 1 µM, 2 µM, 5 µM, 10 µM, 20 µM and 50 µM and cell death was evaluated using DiOC6(3) and DAPI after 24 h. The number of live cells (DIOC + DAPI -), normalized to vehicle control, is represented as mean of triplicates ± SD (B). NPM1-ALK + SU-DHL-1 and SUP-M2 cells were treated with 2 or 5 µM of BEZ235; 2 µM of BKM120; 1 or 2 µM of PD0325901; 0.1 or 0.5 µM of CR. After 16-18 h (SU-DHL-1) or 24 h (SUP-M2) CALR was indirectly stained on the plasma membrane and percentage of CALR + DAPI -cells was quantified by flow cytometry (C). ATP (E) and HMGB1 (D) were quantified in the extracellular milieu of NPM1-ALK + SU-DHL-1 and SUP-M2 cells treated for 16-18 (E) or 24 (D) h, using a luciferase-dependent assay or an ELISA, respectively. Quinacrine propensity to accumulate in ATP-rich vesicles was exploited to quantify the intracellular content of ATP by flow cytometry after 16-18 h of treatment. DAPI was employed as exclusion dye for permeabilized cells. Percentage of Quinacrine low cells within DAPI -population is displayed (F). Means of triplicates ± SD of one representative experiment, out of at least two independent, are depicted. Statistical significance was calculated using the Student's t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. vehicle-treated cells (B-F). N.D., non-detectable.

Figure S2 .

 S2 Figure S2. ALK downstream pathways analysisHuman NPM1-ALK + SU-DHL-1 (A) and SUP-M2 (B) cells were treated for 4 h with mTOR/PI3K, PI3K, ERK1/2 or ALK inhibitors at the indicated concentrations. After treatment, proteins were extracted, separated on polyacrylamide gels and transferred to nitrocellulose membranes. Phosphorylation levels of eIF2α, Akt and ERK1/2, together with caspase-3 and -8 cleavage, were evaluated. Actin was used as loading control. The images are representative of one experiment out of n=3.

Figure 11 .

 11 Figure 11. Immunogenic cell death of murine ALK-positive cell line Murine NPM1-ALK + R80 cell line was treated with increasing concentrations of CR or CE for 6 h. Twenty h later, exposed CALR was quantified by flow cytometry using an indirect fluorescent staining on the surface of DAPI -cells. Representative dot plots are shown in (A) and percentage of CALR + DAPI -in (B). ATP (C) or HMGB1 (D) released in the extracellular milieu of murine NPM1-ALK + R80 cell line treated with CR or CE were assessed using a luciferase-based assay or an ELISA after 6 or 24 h, respectively. Mean of triplicates ± SD of one representative experiment out of at least two are shown (A-D). Statistical significance was calculated using the Student's t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. vehicle-treated cells. N.D., non-detectable.

Figure 12 .

 12 Figure 12. ALK inhibition activates the immune systemAs illustrated in the phagocytosis assay scheme (A), murine tumor cells are stained with the green cell tracker (CFMDA) and treated with ALK inhibitors, while bone marrow-derived dendritic cells (BMDCs) are being isolated and differentiated from syngeneic mice. After co-culture, percentage of phagocytized cells is assessed by flow cytometry. Murine NPM1-ALK + R80 cells were treated for 16-18 h with 200 nM of CR or CE and then co-cultured with BMDCs for 4 h (B). Co-culture was stained using a fluorescent anti-CD11c antibody. Percentage of phagocytized cells equaled to the percentage of CFMDA + cells within CD11c + BMDCs (B, C). This is depicted as mean of triplicates ± SD; n=2; **p < 0.01, ****p < 0.0001(Student's t-test) 

Figure 13 .

 13 Figure 13. Immune-dependent effect of ceritinib in lymphoma ALK-drivenOne million NPM1-ALK + R80 cells were injected into the right flank of C57BL/6 or Foxn1 nu mice. When tumors reached a surface of 30-35 mm 2 mice were randomized and treated with ceritinib (50mg/Kg i.p.) on the day of the randomization (d0) and 2 days later (d2) (A). Tumor surface is represented as mean ± SEM of mice belonging to the same group (B) or for single mice (C). Survival is depicted in (D). Hazard ratio relative to the comparison between survival of immunocompetent vs immunodeficient mice, vehicle-treated vs ceritinib-treated is shown in (E). Solvent immunocompetent n=10; solvent immunodeficient n=9; ceritinib immunocompetent n=11; ceritinib immunodeficient n=9. Comparison between tumor growth curves was assessed using a type II ANOVA test, while statistical significance of survival data was calculated using the Long-rank test. ****p < 0.0001. Cured mice (n=3) and naïve controls (n=4) were challenged with 1x10 6 R80 into the left flank and 5x10 5 unrelated lymphoma cell line, EL4, into the right flank. Tumor growth of EL4 and R80 lymphomas are shown in (F).

Figure 14 . 1

 141 Figure 14. In vivo combination of ceritinib and anti-PD-1One million murine NPM1-ALK + R80 cells were injected into the right flank of syngeneic mice (C57BL/6).

  260 267-269 At least three characteristic mechanisms may explain such success: (i) abundant programmed death-ligand-1 (PD-L1) expression in tumor cells; (ii) antigen presenting professional abilities; (iii) inflamed tumor environment.First, classical HL cell lines as well as patients' samples express abundant PD-L1, often following amplification of the genomic region (on chromosome 9) encoding for PD-L1 and programmed death-ligand-2 (PD-L2). In addition, expression and activation of Janus kinase (JAK) 2 (encoded by the same genomic region often amplified in HL patients) further contributes to PD-L1 abundant expression by positively regulating its transcription.270 Moreover, HBV infection, also prevalent in HL patients, induces PD-L1 expression as well. 271 PD-L1 abundance on tumor cell surface, suggests PD-1/PD-L1 interaction to be the major immunosuppressive mechanism, 272 which, once inhibited, might reinstate tumor immunosurveillance, and lead to clinically relevant responses.

  and collaborators, 161 ALK inhibitors negatively regulated PD-L1 mRNA and protein expression in ALK + ALCL cell lines. Conversely, NPM1-ALK forced expression in ALK-negative cells induced PD-L1 expression. Signal transducer and activator of transcription (STAT) 3, downstream of NPM1-

Figure 15 .

 15 Figure 15. T cell immune checkpoints. Overview of ligand and receptors governing T cell activation. Immune checkpoint receptors are scattered over T cell surface. Binding to cognate ligands, expressed by tumor cells or dendritic cells, transduces activating or inhibitory signals.

Figure 16 .

 16 Figure 16. Ceritinib-induced modulation of immune-related transcripts. RNAs from SUDHL1 cells treated with ceritinib (50nM for 24h) or vehicle control were sequenced. Expression level of immune-related transcripts of ceritinib-treated cells was compared to vehicle-treated cells and fold changes (in logarithmic scale) are depicted. Grey equals to non-expressed (Unpublished data).

  

  

  

Table 1 .

 1 Immunogenic cell death inducers (adapted from[START_REF] Galluzzi | Immunostimulation with chemotherapy in the era of immune checkpoint inhibitors[END_REF] 

	ICD inducer	Agent nature	Tumor model	ICD signals Ref
		Anti-EGFR		
	7A7		Murine Lewis lung carcinoma LLC	CALR
		monoclonal antibody		

3. Anaplastic lymphoma kinase: driving force and vulnerability of ALK- positive tumors 3.1 ALK as driving force of tumor transformation 3

  .1.1 ALK physiological and pathological expression "ALK" stands for Anaplastic Lymphoma Kinase because ALK was, first, identified taking part in a chromosomal translocation characteristic of anaplastic large cell lymphoma.166 ALK is a receptor with tyrosine kinase activity. It consists of an extracellular ligand-binding domain, Danio rerio, there are two ALK family members and fishes lacking one or the other show impaired neurogenesis or loss of iridophores (pigment cells developing form the neural crest).[181][182][183] 

	addition, zebrafish ALK ligands also activated human ALK in neuroblastoma cell lines, suggesting
	the evolutionary conservation of this interaction. 174
	ALK protein is physiologically expressed during embryogenesis. Its functional role during
	development has been extensively studied in Drosophila melanogaster, Caenorhabditis elegans
	and Danio rerio. For instance, in Drosophila melanogaster ALK homolog is crucial for embryonic
	development and flies lacking ALK homolog die. 169 170 175 In adult flies ALK homolog remains

a short transmembrane segment and an intracellular domain endowed with tyrosine kinase activity.

167 168 

Receptor dimerization (triggered by binding to ALK ligand) and trans(auto)phosphorylation is a prerequisite for activation. Phosphate groups act as docking sites for several adaptor proteins, igniting many downstream pathways. ALK ligands were clearly identified in the fruit fly Drosophila melanogaster and the nematode Caenorhabditis elegans. 169 170 171 In contrast, in vertebrate, ALK ligands (ALKALs) have been described only recently. ALKAL1 and ALKAL2, previously defined family with sequence similarity 150 (FAM150) or augmentor (AUG), have been described to activate human ALK in culture. 172 173 However, only in 2018, Fadeev and colleagues 174 showed that knockout of zebrafish (Danio rerio) homologs of human ALKALs mimicked leukocyte receptor tyrosine kinase (Ltk) (zebrafish closest homolog to human ALK) loss of function, definitively proving that ALK activation is triggered by binding to its ligands. In important for nervous system functions.

[176][177][178] 

In contrast, in Caenorhabditis elegans, ALK homolog is dispensable throughout development but it is necessary to integrate sensory inputs.

179 180 

In

Table 2 )

 2 . In 2010, two ALK + ALCL patients, for the first time, received crizotinib. Both patients had relapsed twice after first and second line chemotherapeutic regimes. Crizotinib caused symptom resolution within a week, and all lesions regressed. In one patient response persisted for 6 months.236 However, upon treatment discontinuation, patients rapidly relapsed. For instance, after 4 years of treatment and no sign of disease, one patient interrupted crizotinib and ALK + ALCL recurred in less than a month, 237 pointing out the first downfall of tyrosine kinase inhibitors: treatment must be continuous to avoid relapses. Indeed, the second downfall of tyrosine kinase inhibitor treatment is the selection (or development) of mutants conferring resistance.Description of resistance mechanisms to ALK inhibitors has been exhaustive in NSCLC 239 and is beyond the purpose of this chapter. Briefly, two main resistance mechanisms have been described:

	Subsequently, the trial was extended to 11 patients with ALK

+ lymphomas and overall response remained high. As a matter of fact, ten out of eleven patients (90.5%) experienced tumor regressions. However, 4 patients relapsed, due to selection (or development) of crizotinib-resistant clones. 238 apoptosis-inducing signals. However, ALK also constitutes a vulnerability of ALK-dependent tumors. Accordingly, ALK inhibition cause tumor cell death. Several specific inhibitors have been developed and proven to be efficacious in treating patients with ALK + malignancies. Although extremely efficient, they showed two main pitfalls: necessity of continuous administration and development resistance. Several strategies are being explored to address these problems, from next-generation inhibitors to combination therapies.

Table 2 .

 2 Active clinical trial of ALK inhibitors for ALK + ALCL (at January 2021)

	ALK inhibitor	Naïve/relapsed	Phase	Clinical trial number	Notes
	Crizotinib	Relapsed to	Phase II	NCT02419287	
		chemotherapy			
	Crizotinib	Relapsed to	Phase IV	NCT03707847	Plus etoposide and
		chemotherapy			followed by Auto-
					HSCT
	Crizotinib		Phase I	NCT00585195	Plus Rifampin and
					Itraconazole
	Lorlatinib	Relapse to ALK	Phase II	NCT03505554	
		inhibitor			

  They received water and food ad libitum. Animal experiments were conducted in compliance with the EU Directive 63/2010 and with protocol #18967-2019020612051799v2 by the local Ethical Committee ("C. Darwin" registered at the French Ministry of Research). Kg. 200 g of anti-PD-1 or isotype control, diluted in 200 µl of PBS, were administered i.p, 6, 10 and 14 days after the last injection of ceritinib. Tumor length and width were assessed with a caliper 3 times/week and tumor areas were calculated multiplying length and width. Mice were sacrificed when tumors reached 1.8-2 cm 2 or if depicting any signs of discomfort. Tumor growth was analyzed with the TumGrowth software package, 250

	Vaccination assay
	R80 cells were treated with ceritinib for 24 h to reach 50-70% mortality. After washing with cold
	PBS, they were resuspended at 50x10 6 /mL. 100 µl of dying cells were injected subcutaneously (s.c.)
	into the left flank of immunocompetent C57BL/6 animals. Two weeks later, 1x10 6 of live R80 tumor
	cells were injected s.c. into the opposite flank and tumor appearance and growth were monitored.
	Tumor length and width were measured with a caliper 3 times/week and tumor areas were
	calculated multiplying length and width. Mice were sacrificed when tumors reached 1.8-2 cm 2 or
	if depicting any signs of discomfort. Tumor growth was analyzed with the TumGrowth software
	package, 250 while survival was assessed using the Long-rank test with GraphPad Prism software 6
	(San Diego, California, USA).
	Tumor growth
	C57BL/6 and Foxn1 nu mice were injected with 1x10 6 R80 tumor cells s.c. into the right flank. When
	tumors reached a surface of approximately 30-35 mm 2 , mice were randomized based on tumor
	size and treated. Ceritinib, diluted in 76% physiological solution, 10% Tween80, 10% polyethylene
	glycol (PEG) 400 and 4% DMSO, was administered intraperitoneal (i.p.) twice (on the day of the
	randomization and 2 days later) at 50 mg/
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To sum up, ALK + ALCL patients develop an antitumor immune response directed to ALK. In other words, ALK drives tumor cell transformation and T cell-mediated recognition (Fig. 7). Hence, ALK is the driving force of ALK + tumors but the main vulnerability also because of its immunogenicity. High-Mobility Group Box 1 (HMGB1) release HMGB1 released in the extracellular environment after treatment was quantified using a sandwich ELISA following manufacturer's instructions (IBL International, Hamburg, Germany). Briefly, supernatant was collected and transferred to a 96-well plate. Cell debris were removed by centrifuging the plate at 1000 g for 5 min. Then, 10 µl of supernatant or HMGB1 standards were added to the microtiter plate together with 100 µl/well of "diluent buffer". After 20-24 h of incubation at 37°C and five washing steps with 400 µl/well of "washing buffer", 100 µl/well of "enzyme conjugate" were added and the plate was incubated for 2 h at room temperature. After five additional washing steps, 100 µl/well of "color solution" were added and incubated for 30 min at room temperature. Color development was stopped with 100 µl/well of "stop solution". Finally, absorbance at 450 nm was measured using a spectrophotometer (Victor, PerkinElmer).

Absorbance values of each standard were plotted against their known concentration and HMGB1 concentration in supernatants was calculated using four-parameter logistics.

Interferon Beta 1 (IFNB1) and C-X-C motif chemokine 10 (CXCL10) upregulation Following treatment, total RNA was extracted using the Rneasy plus mini kit (Quiagen, Hilden, Germany) following manufacturer's instruction. Genomic DNA was digested during RNA purification using the RNase-Free DNase Set according to manufacturer's guidance (Quiagen).

Next, total RNA was reverse transcribed to cDNA using SuperScript™ IV VILO™ Master Mix (Thermo Fisher Scientific, Waltham, Massachusetts, USA). 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 Real-Time PCR System (Life Technologies-Applied Biosystems, Waltham, Massachusetts, USA). Running conditions were the following: 50°C for 2 min, 95°C for 2 min followed by 40 cycle of target gene amplification (95°C for 1 sec and 60°C for 20 sec). Finally, threshold cycle (Ct) values of genes of interest were subtracted to Ct values of the housekeeping A standard in vivo assay for ICD consists in the subcutaneous injection of dying/dead cells into immunocompetent mice, followed by rechallenge with live tumor cells 1-2 weeks later into the opposite flank to interpret the reduction of tumor growth as an indication of successful anticancer vaccination. 111 R80 cells were treated with ceritinib in vitro, washed, and then injected subcutaneously (s.c.) into immunocompetent syngeneic C57BL/6. After two weeks, these animals were re-challenged with live R80 injected into the opposite flank (Fig. 12D). Mice vaccinated with ceritinib-treated R80 cells exhibited a delay in tumor growth when compared to non-vaccinated mice (Fig. 12E). These results suggest that R80 cells are indeed immunogenic upon ALK inhibition with ceritinib.

Next, we established subcutaneous R80 lymphomas on immunocompetent C57BL/6 mice or immunodeficient Foxn1 nu mice (which are athymic and hence lack thymus-derived T lymphocytes) and treated them with ceritinib or vehicle-only (Fig. 13A). Of note, in this system, vehicle-treated R80 lymphomas developed more quickly on immunodeficient than on immunocompetent mice, suggesting that they are under natural (therapy-independent) immunosurveillance. Ceritinibtreated tumors regressed in a transient fashion, both in immunocompetent and in immunodeficient hosts (Fig. 13B,C). After approximately 10 days, the majority of tumors grew back but 3 out of 11 mice were permanently (≥60 days) cured in immunocompetent hosts (Fig. 13B,C,E). This is in sharp contrast with the effects of ceritinib observed against R80 lymphomas growing on immunodeficient mice, which all relapsed rather quickly in less than 10 days (Fig. 13B,C,E). These T lymphocyte-dependent ceritinib effects also influenced the survival of R80 lymphoma-bearing mice. In immunocompetent R80 lymphoma-bearing mice, ceritinib extended median survival by ~20 days, while this interval was reduced to ~10 day in immunodeficient mice (Fig. 13D). When cured mice (which were all immunocompetent) were re-inoculated with R80 tumor cells, 2 out of 3 exhibited a long-term protection. In contrast naïve mice always (in this experiment in 4 out of 4 mice) allowed for R80 lymphoma cells to generate subcutaneous tumors.

Antigenically unrelated EL4 lymphoma cells indistinguishably formed tumors in naïve mice and animals ridden from heir R80 lymphomas (Fig. 13F). Of note, repeated injection of a PD-1blocking antibody failed to significantly improve tumor growth reduction, but enhanced the

DISCUSSION AND CONCLUSION

Immunogenic cell death (ICD) has mostly been characterized in the context of cytotoxic agents that non-specifically target general cellular functions such as DNA-to-RNA transcription or microtubular polymerization. Thus, historically, anthracyclines and oxaliplatin have been listed among the first ICD inducers. 41 102 The most recent clinically approved ICD inducers are lurbinectedin, an inhibitor of transcription that was FDA approved for the treatment of small cell lung cancer in June 2020 256 as well as an anti-BCMA antibody (belantamab mafodotin) that bears a microtubular poison and was FDA approved on August 2020. 257 Our recent work suggests that specific tyrosine kinase inhibitors (TKIs) may have ICD-inducing effects as well. Indeed, a screening initially performed on osteosarcoma U2OS cells revealed that several TKIs, including crizotinib, used at concentration ≥ 10 µM could elicit the stigmata of ICD in vitro. Since U2OS cells lack ALK constitutive activation, this effect is clearly off-target and could be attributed to the simultaneous inhibition of several tyrosine kinases by high crizotinib doses. Nevertheless, these observations created the precedent that TKIs can induce ICD, though through off-target effects. [START_REF] Liu | Crizotinib-induced immunogenic cell death in non-small cell lung cancer[END_REF] In the present paper, we characterized on-target effects of crizotinib by specifically evaluating its effects on ALK-positive anaplastic large cell lymphoma (ALK + ALCL) (which depends on ALK as a major oncogenic and trophic factor). Specificity was assured by several parallel strategies, namely by (i) reducing the concentration of crizotinib to lower doses (≤2 µM) that do not affect ALKindependent lymphomas, (ii) replacing crizotinib by ceritinib, which has a higher potency and specificity for ALK, 258 (iii) assuring that genetic inhibition (inducible knockdown) of ALK mirrored the effects of its pharmacological interference, (iv) evaluating crizotinib effects on cells that had become resistant to this inhibitor due to mutation of ALK kinase domain. Of note, results obtained by these approaches plead in favor of specific ALK inhibition inducing ICD. Both human and mouse ALK + ALCL cells displayed the hallmarks of ICD (CALR exposure, ATP release, HMGB1 exodus).

Moreover, vaccination of mice with ceritinib-treated ALK-dependent ALCL was able to restrain the progression of the same lymphoma inoculated 2 weeks later. ALK, promoted PD-L1 transcriptional activation, migrating to the nucleus and binding to the promoter region of PD-L1-encoding gene. 161 More recently, Zhang and colleagues 163 elucidated an alternative pathway leading to PD-L1 expression in ALK + ALCL by performing a signaling-focused CRISPR screening. The screening confirmed previous results, including STAT3-mediated PD-L1 regulation; 161 yet it identified novel candidates controlling PD-L1 expression in ALK + ALCL cell lines. More in detail, deletion of interferon regulatory factor (IRF) 4, son of sevenless homolog (SOS) 1 and growth factor receptor bound protein (GRB) 2 as well as components of the RAS-mitogen-activated protein kinase kinase (MEK)-extracellular signal-regulated kinases (ERK) and phosphatidylinositol 3-kinase (PI3K)-Ak strain transforming (Akt)-mechanistic target of rapamycin (mTOR) pathway, decreased PD-L1 surface expression. Deletion or inhibition of these key candidates by genetic or pharmacologic means followed by rescuing with IRF4 coding region, delineated the following scenario: GRB2/SOS1, binding to phosphorylated NPM1-ALK, engages MEK-ERK and PI3K pathways, which, in turn, control IRF4 expression; then, IRF4, together with basic leucine zipper ATF-like transcription factor (BATF) 3, binds the enhancer region of PD-L1-encoding gene and promotes its transcription. Besides, STAT3, downstream of NPM1-ALK, contributes to PD-L1 expression by binding directly to its promoter, but also, at least in part, by controlling IRF4 and BATF3 expression.

Zhang and collaborators attempted to confirm the relevance of IRF4-mediated PD-L1 regulation in patients by investigating IRF4 and PD-L1 protein expression in 14 primary cases of ALK + ALCL by immunohistochemistry. Notably, high-PD-L1 expression was more common in IRF4-high cases, resulting in a positive correlation between PD-L1 and IRF4 immunohistochemistry-scores. 163 We confirmed ceritinib-induced decrease of PD-L1 surface expression in our murine model (data not shown).

Therefore, ceritinib, by itself, counteracts PD-1-PD-L1 T cell inhibitory interaction, by downmodulating PD-L1 on tumor cells. Hence, PD-1 blockade therapy, hitting the same pathway, improved only slightly ceritinib-induced immunosurveillance.

After that, we should acknowledge the limit of using subcutaneous injection of tumor cells to reproduce a hematologic cancer. As many blood tumors, ALK + ALCL presents with lymph nodes involvement. There, tumor cells are physically surrounded by immune cells, environment which cannot be reproduced by subcutaneously injecting tumor cells.