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Over the past decades, immunotherapy has demonstrated a prominent clinical efficacy in a wide variety of human tumors. For many years, apoptosis has been considered a non-immunogenic or tolerogenic process whereas necrosis or necroptosis has long been acknowledged to play a key role in inflammation and immune-related processes. However, the new concept of “immunogenic cell death” (ICD) has challenged this traditional view and has granted apoptosis with immunogenic abilities. This paradigm shift offers clear implications in designing novel anti-cancer therapeutic approaches. To date, several screening studies have been carried out to discover bona fide ICD inducers and reveal the inherent capacity of a wide variety of drugs to induce cell death-associated exposure of danger signals and to bring about in vivo anti-cancer immune responses. Recent shreds of evidence place ER stress at the core of all the scenarios where ICD occur. Furthermore, ER stress and the unfolded protein response (UPR) have emerged as important targets in different human cancers. Notably, in multiple myeloma (MM), a lethal plasma cell disorder, the elevated production of immunoglobulins leaves these cells heavily reliant on the survival arm of the UPR. For that reason, drugs that disrupt ER homeostasis and engage ER stress-associated cell death, such as proteasome inhibitors, which are currently used for the treatment of MM, as well as novel ER stressors are intended to be promising therapeutic agents in MM. This not only holds true for their capacity to induce cell death, but also to their potential ability to activate the immunogenic arm of the ER stress response, with the ensuing exposure of danger signals. We provide here an overview of the up-to-date knowledge regarding the cell death mechanisms involved in situations of ER stress with a special focus on the connections with the drug-induced ER stress pathways that evoke ICD. We will also discuss how this could assist in optimizing and developing better immunotherapeutic approaches, especially in MM treatment.
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INTRODUCTION

Every day in the human body, billions of cells pass away and are kindly replaced by newborn members leaving no trace behind, allowing in this way conservation of whole-body homeostasis. In order to occur without catastrophic consequences, this process must remain almost completely unnoticed to the immune system. During this physiological, programmed cell death, mainly in the form of apoptosis, intracellular content is confined within membranous bodies that are rapidly cleared by phagocytes in an immunological “silent” manner. Hence, apoptosis has long been considered a non-immunogenic or even tolerogenic process, whereas necrosis and necroptosis have been shown to play a key role in inflammation and immune related processes (Poon et al., 2014; Yatim et al., 2015). However, the new concept of “immunogenic cell death” (ICD) has challenged this traditional view and has granted apoptosis with immunogenic abilities. This immunostimulatory kind of apoptosis is characterized by the ability of dying cells to elicit robust adaptive immune responses against altered self-antigens/cancer-derived neo-epitopes, in the case of tumor cells, or against pathogen-derived antigens (Ags) during the course of an infection (Galluzzi et al., 2017). Besides antigenicity, another vital factor needed to unleash a genuine immune response is adjuvanticity, which is conferred by microorganism- and/or danger-associated molecular patterns (MAMPs and DAMPs, respectively). These are molecules that are exposed or released by dying cells and let the immune system know the existence of a menace to the organism (Fuchs and Steller, 2015). This “danger” state is sensed in the human body by pattern recognition receptors (PRRs) displayed by innate immune cells such as monocytes, macrophages and dendritic cells (DCs), hence promoting activation and maturation of these cells to engage the adaptive arm of the immune system (Matzinger, 2002).

Screening studies have been carried out to unveil the immunogenic potential of myriads of anti-cancer agents (Sukkurwala et al., 2014). To date, only a small yet diverse collection of anti-cancer therapies, whether chemotherapeutic drugs (e.g., anthracyclines, oxaliplatin, bortezomib) (Obeid et al., 2007; Garg et al., 2017) or physical modalities [e.g., radiotherapy, hypericin-based photodynamic therapy (Hyp-PDT), and high hydrostatic pressure (HHP)] (Golden et al., 2012; Adkins et al., 2014) have been shown to induce bona-fide ICD. However, a common denominator can be extracted from the action mechanisms of all these approaches: ER stress and ROS generation. Thus, activation of the ER stress pathways also known as the unfolded protein response (UPR), and specially, the PERK-mediated arm of the UPR is vital for the vast majority, if not all, the scenarios where ICD occurs (Rufo et al., 2017). Moreover, during tumor development, cancer cells have to cope with harsh conditions that trigger ER stress. Thus, UPR activation constitutes an important hallmark of several human cancers that endow cancer cells with the ability to acquire essential characteristics required for tumor progression (Corazzari et al., 2017). Of note, although UPR activation is initially intended to restore cell homeostasis, it can also shift the cellular fate toward cell death. All the aforementioned has clear implications for cancer therapy. The UPR-dependency of tumor cells together with the connection of ER-stress and the emission of danger signals (or ER stress-ICD connection), can be harnessed to design novel therapeutic tools. These therapeutic approaches not only would reduce tumor burden, but also improve the immunogenic capacity of dying cancer cells to elicit long-term adaptive immune responses. In particular, in multiple myeloma (MM), a lethal plasma cell disorder, the elevated production of immunoglobulins leaves these cells heavily reliant on the survival arm of the UPR. Nevertheless, although myeloma cells rely on the UPR to thrive, they are extremely sensitive to ER-stress associated cell death. This feature explains why proteasome inhibitors show a prominent clinical efficacy in the treatment of MM (Merin and Kelly, 2014; Scalzulli et al., 2018). Sadly, resistance to therapy is recurrent, and in most of the cases accounts for the lethality of the disease (Robak et al., 2018). MM is also a genuine neoplasia where the immune system is compromised. Nonetheless, immunotherapeutic interventions in this disease have potential to be successful, as graft-vs-myeloma effect has been evidenced in patients subjected to allogenic stem-cell transplantation or under donor lymphocyte infusions (Ladetto et al., 2016). In fact, current immunotherapeutic approaches are giving promising results in relapsed and refractory patients. Among the novel and more promising immune-based therapies that are under investigation, we can include: (1) Antibody-based therapies with daratumumab and elotuzumab as the flagships of this kind of approach, (2) Boost the immune effector line of defense with adoptive cell therapy (ACT), either with expanded tumor-infiltrating lymphocytes (TILs), NK cells or CAR-T cells, (3) Releasing the brakes of immune response with immune-checkpoint blockade, (4) Enhancing general anti-tumor immunity through vaccination strategies, and finally (5) Combinatorial strategies of the immunotherapies themselves or combined with immunogenic chemo- or radiotherapies. Noteworthy, all of these approaches can theoretically be benefited by ICD. Hence, the immunostimulatory potential of chemotherapeutics or other ICD-related modalities could be exploited to enhance general immunity or at least create an immune-friendly tumor microenvironment. This way, some of the drawbacks occurring in the clinical setting could be circumvented to achieve an effective immune response in cancer patients (Montico et al., 2018).

THE UNFOLDED PROTEIN RESPONSE

Tumor cells are constantly coping with aggressive insults and subjected to different types of cellular stress. Some of these extrinsic (hypoxia, nutrient deprivation, acidosis) and intrinsic (oncogenic activation, genetic alterations, exacerbated secretory capacity) factors are common instigators of ER stress (Dufey et al., 2016). To cope with ER stress, cells activate an adaptive and well-conserved mechanism called UPR. The UPR is a fine-tuned process controlled by three membrane-bound ER stress sensors: Protein Kinase RNA-activated (PKR)-like ER Kinase (PERK), Inositol-Requiring transmembrane kinase/Endonuclease (IRE1) and Activating Transcription Factor 6 (ATF6). These sensors remain inactive in basal conditions due to the interaction with Binding Immunoglobulin Protein (BIP, also known as GRP78) through their ER luminal domains. Under ER stress conditions, BIP dissociates from the ER stress sensors to help in protein folding (Almanza et al., 2018). This event allows ER stress sensors to self-activate by homodimerization/oligomerization and trans-auto-phosphorylation in the case of PERK and IRE1, and translocation to the Golgi in the case of ATF6. First, the UPR tries to restore cell homeostasis, by attenuating protein translation, enhancing degradation of misfolded proteins and increasing levels of ER chaperones and redox enzymes to increase folding capacity (Almanza et al., 2018). However, if ER stress persists, the UPR can trigger proapoptotic programs controlled mainly by the IRE1 and PERK arms. IRE1 is a Ser/Thr kinase that also has an endoribonuclease domain. When activated, IRE1 drives XBP1 mRNA splicing, leading to a more stable XBP1s protein that acts as a transcription factor upregulating genes controlling ER homeostasis maintenance (Sano and Reed, 2013). Moreover, during the chronic phase of ER stress, IRE1 is also able to degrade many ER-targeted mRNAs through regulated IRE1-dependent mRNA decay (RIDD) process. Activation of PERK signaling leads to phosphorylation of eIF2α, which results in inhibition of global protein translation in order to reduce protein load. Nonetheless, some transcripts like ATF4 are translated more efficiently during ER stress. ATF4 increases the expression of genes involved in aminoacid and redox metabolism, ubiquitin ligases and the transcription factor CAAT/enhancer-binding protein (C/EBP) homologous protein (CHOP/GADD153). ATF4 and CHOP are also key determinants of ER stress-induced cell death. Finally, the cytosolic domain of ATF6 also acts as a transcription factor that mainly regulates the expression of genes involved in the ER-associated degradation (ERAD) pathway (Dufey et al., 2016).

IMMUNOGENIC CELL DEATH

During the last decade, our conception of the characteristics of different types of cell death has significantly changed. Necrosis was first conceived as an accidental, pathological and pro-inflammatory form of cell death, whereas apoptosis was recognized to be a non-immunogenic, physiological and regulated way of cell demise (Poon et al., 2014). However, these features are no longer so clear-cut since programmed necrosis (necroptosis) has been shown to be triggered by a genetically encoded, well-regulated molecular program (Golstein and Kroemer, 2007; Vanden Berghe et al., 2009; Dhuriya and Sharma, 2018). On the other hand, apoptosis is no longer considered to be an immunologically “silent” process, since some apoptotic cells are able to induce antigen-specific immune responses (Obeid et al., 2007). In cancer research, the role of the immune system has been overlooked for many years due, in part, to the way chemotherapy and other anticancer therapies were usually tested. Particularly, the frequent use of immunodeficient mice to assess the efficacy of these treatments has precluded from gaining insight on the precise role of the immune system in cancer therapy (Krysko et al., 2012). Nonetheless, the re-evaluation of concepts like cancer antigenicity and ICD, as well as the interpretations from Danger Theory, has redirected the focus in oncological research toward novel or improved immunotherapeutic protocols (Garg et al., 2015a).

The ICD concept has been defined as an unique class of regulated cell death capable of eliciting complete antigen-specific adaptive immune responses through the emission of a spatiotemporally defined set of danger signals or DAMPs (Casares et al., 2005; Kroemer et al., 2013). These signals are endogenous molecules that perform conventional intracellular functions but when extracellularly exposed, gain immunogenic competences. The release or membrane exposure of these molecules, allow their interaction with their cognate PRRs displayed by innate immune cells such as monocytes, macrophages and DCs. This leads to activation and maturation of these cells that migrate to draining lymph nodes loaded with cancer-derived antigen-specific cargoes. Cancer antigens are then presented to T cells (CD4+ and CD8+ T lymphocytes) which enable a potent anticancer adaptive immune response (Chen and Mellman, 2013). To date, four modes of ICD have been described, each related to a particular type of inducing stimulus and to the emission of a specific set of danger signals (Galluzzi et al., 2017) (see Figure 1): (1) Pathogen-driven ICD, as one of the defense mechanisms against invading pathogens; (2) ICD exhibited by physical cues, such as Hyp-PDT, irradiation and HHP; (3) Necroptosis, but not accidental necrosis, since this regulated form of cell death was able to vaccinate syngenic mice against a rechallenge with cells of the same type (Aaes et al., 2016). According to this, RIPK3 or MLKL deficiency abrogated the ability of these cells to secrete the required immunogenic signals that lead to an anticancer immune response in mice (Yang et al., 2016); and (4) ICD evoked by some chemotherapeutics targeting different types of essential cell components or processes that induce cell death pathways. It has been demonstrated that a diverse panel of drugs can elicit protective immune responses in mice (Apetoh et al., 2007; Obeid et al., 2007; Michaud et al., 2011). Of note, despite some screening studies using large drug libraries have been performed, only a small group of candidates have emerged to be valid ICD inducers (Obeid et al., 2007; Martins et al., 2011; Menger et al., 2012; Sukkurwala et al., 2014). The chemical nature of these agents, is considerably diverse: oxazophorines like cyclophosphamide (Schiavoni et al., 2011); Pt-based compounds as oxaliplatin (Tesniere et al., 2009); anthracyclines (Minotti et al., 2004) such as idarubicin and doxorubicin; anthracenediones such as mitoxantrone and dipeptides such as bortezomib (Merin and Kelly, 2014). Similar to bortezomib, carfilzomib another proteasome inhibitor used in the treatment of MM, has also shown to expose CRT in different MM cell lines (Jarauta et al., 2016). Although it may appear attractive, no simple structure-function relationship has been found that could predict the suitability of drugs to trigger ICD. This is clearly exemplified by the oxaliplatin-cisplatin or the melphalan-cyclophosphamide paradigms (Tesniere et al., 2009; Martins et al., 2011; Dudek-Perić et al., 2015). Several factors, such as the type of cell death, the ICD stimuli and the interconnection between various cellular stress responses, influence the type of danger signals emitted during the course of cell death (Agostinis, 2017). On the other hand, combinatorial strategies can be exploited to compensate for DAMPs generation scarcity displayed by some agents, restore immunogenicity and hence transform tolerogenic cell death into immunogenic modalities (Martins et al., 2011; Bezu et al., 2015). Furthermore, not all the DAMPs exposed during cell death are immunostimulatory. In fact, there are some molecules (Prostaglandin E2, adenosine, etc.) (Agostinis, 2017; Galluzzi et al., 2017) that exhibit immunosuppressive properties and play important roles in tolerance to dead cells. Among all members of DAMP family, the best studied, and those who have been shown to be pivotal for ICD are described in the next section.


[image: image]

FIGURE 1. Immunogenic cell death cycle and forms of ICD. (A) Cancer cells subjected to some type of chemotherapeutics and other anti-cancer therapies expose calreticulin (CRT) and other endoplasmic reticulum chaperones, such as Hsp70, Hsp90 or Bip on their surface, secrete ATP, initiate type I interferon (IFN) response that is able to trigger the production of CXC-chemokineligand 10 (CXCL10), and release high-mobility group box 1 (HMGB1) and annexin A1 (ANXA1). When secreted or exposed extracellularly, they bind to their cognate receptors on the surface of myeloid or lymphoid cells, which enables the engulfment of cell corpses by antigen-presenting cells, including DCs. This process in the context of proper immunostimulatory signals, eventually leads to the priming of an adaptive immune response involving both αβ and γδ T cells. This culminates in the establishment of a CTL-mediated anti-cancer immune response with potential to kill therapy-resistant cancer cells via an IFNγ-dependent mechanism. In the clinical setting, cancer cells with higher expression of some DAMPs have been found. Depending on the cancer type, this could be correlated with good or bad prognosis, as well as to markers of an active anti-cancer immune response. (B) Forms of ICD. Different variants of ICD could be evoked by distinct types of stimuli that are associated with a differential set of danger signals. Even in the form of immunogenic chemotherapy, each drug could instigate differential danger signaling pathways (Galluzzi et al., 2017); P2RX7, purinergic receptor P2X7; P2RY2, purinergic receptor P2Y2; TLR4, Toll-like receptor 4.



Calreticulin and ER Chaperones

Calreticulin (CRT) is a, highly conserved, soluble, ER-associated chaperone with numerous functions inside and outside the ER (calcium homeostasis, assembly of MHC-I, etc.) (Johnson et al., 2001; Michalak et al., 2009). In stressed or dying cells, CRT is exposed in the outer leaflet of the plasma membrane (ecto-CRT) where it functions as a potent “eat-me” signal. CRT binds to LRP1 (also known as CD91), and possibly other scavenger receptors, displayed by phagocytic cells. This role in phagocytic clearance of dead cells was first described by Gardai et al. (2005). Nonetheless, Obeid et al. (2007) went a step further and demonstrated that CRT exposure was a key determinant in ICD-driven anticancer immunity. Actually, cancer cells undergoing cell death triggered by certain chemotherapeutics, expose CRT on their surface. This event leads to the engulfment of cancer material by DCs and, more importantly, to tumor antigen presentation and anticancer cytotoxic T lymphocyte (CTL) specific responses (Kroemer et al., 2013). Furthermore, ecto-CRT has been shown to prompt IL-6 and TNF expression on DCs, priming pro-inflammatory T-helper type 17 (Th17) polarization (Pawaria and Binder, 2011). Likewise, other ER-resident chaperones such as heat-shock protein 70 (Hsp70) and Hsp90, play also an important role in the immunogenicity of dying cancer cells. Thus, ecto-Hsp90 has been reported to enhance DC uptake of bortezomib-treated MM cells, including primary cells isolated from MM patients and induction of anticancer immunity (Spisek et al., 2007). On the contrary, Dudek-Perić et al. (2015), using blocking antibodies against Hsp90 in a DC maturation assay, reported that this chaperone was not (or at least partially) involved in the immunogenicity of melanoma cells treated with melphalan. The specific role of Hsp70 in the immunogenicity of cancer cells has not been studied so extensively. However, it has been reported that in shikonin- or gemcitabine-treated cells, Hsp70 was involved in DC-mediated activation of CD4+ and CD8+ T cells (Pei et al., 2014; Lin et al., 2015). In the case of Hyp-PDT treatment, Hsp70 promotes nitric oxide (NO) generation in innate immune cells (Song et al., 2013). In a different context, Hsp70 has shown to efficiently vaccinate mice against murine MM cells using a DNA-based vaccination strategy (Liu et al., 2018). BIP, a fundamental regulator of ER function and the UPR, has been described to be secreted and participate in the cross-presentation of tumor-derived Ags in DCs, inducing Ag-specific CTL immune responses (Tamura et al., 2011). Indeed, chaperones as efficient protein folding mediators, are often present bound to antigenic peptides. When released, these chaperone-peptides complexes enter APCs by endocytosis via CD91 receptors and are cross-presented on MHC-I and MHC-II molecules to CD8+ and CD4+ T cells (Feng et al., 2001, 2003). Thereby, these molecules not only potentiate immunogenicity of dying cancer cells by acting merely as potent danger signals, but also contribute to boost cancer antigenicity assisting in the cross-presentation process.

With regards to the kinetics and the cellular pathways involved in the exposure of CRT (depicted in Figure 2), it has been documented that they may differ depending on both the apoptotic phase under evaluation and the inducing stimulus (Krysko et al., 2012). For example, there are some instances where ecto-CRT exposure precedes phosphatidylserine externalization (Panaretakis et al., 2009; Osman et al., 2017), is systemically accompanied by ERp57 to the plasma membrane and requires PERK-mediated phosphorylation of eIF2α. This is followed by caspase-8 activation and specific cleavage of BAP31, leading to the subsequent activation of BAX and BAK. CRT relocation also requires anterograde ER-Golgi trafficking and the exocytic pathway in a SNAP23-dependent manner (Panaretakis et al., 2009). On the contrary, Hyp-PDT mediated CRT exposure requires PERK, BAX, BAK and the secretory pathway but not eIF2α phosphorylation and caspase-8 activation (Garg et al., 2012c). However, there are other ways by which CRT can be relocated to the cell surface and that are independent from the aforementioned mechanisms. Other studies claimed that CRT can bind with high-affinity to phosphatydilserine (Païdassi et al., 2011; Wijeyesakere et al., 2016) in a Ca2+-dependent manner, and thus during cell death these two molecules are co-translocated at the same time in a caspase-independent fashion (Tarr et al., 2010).
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FIGURE 2. Mechanisms of DAMPs exposure. Differential mobilization pathways can be observed between Type I and Type II ICD inducers, defined by their off-targeted or targeted effect on the ER, respectively. Exposure of CRT in the plasma membrane upon treatment with Type I ICD inducers requires an intrincate pathway with activation of the ER stress–ROS signaling mediated by the activation of the PERK, and the ensuing phosphorylation of eiF2α. This is followed by the required cleavage of B-cell receptor-associated protein 31 (BAP31) by preapoptotic caspase-8. Bax/Bak activation is also mandatory in this process. Finally CRT relocation also requires anterograde ER-Golgi trafficking and the exocytic pathway in a SNAP23-dependent manner (Panaretakis et al., 2009). Along all the way from the ER to the plasma membrane, CRT is accompanied by ERp57. Upon treatment with Type II ICD inducers fewer requirements are needed, since this pathway only relies on PERK, Bax, Bak, and the secretory pathway. Regarding ATP secretion upon type II ICD inducers treatment, it follows a pathway quite similar to that of CRT, except for Bax/Bak and involving partially caspase 8. Type I ICD inducers require an independent pathway mediated by autophagy as ATG5, ATG7 and BCN1 are required in ATP release. Moreover, other molecules involved in different cellular processes like lysosomal exocytosis (LAMP1), membrane blebbing (ROCK1), apoptotic machinery (caspases) and membrane permeabilization (PANX1) have been shown to be essential in type I ICD-induced ATP externalization (Martins et al., 2014). CRT, calreticulin; eIF2a, eukaryotic initiation factor 2; ER, endoplasmic reticulum; ICD, immunogenic cancer cell death; PANX1, Pannexin 1; PERK, protein kinase R-like ER kinase; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; ROCK1, rho-associated, coiled-coil-containing protein kinase 1; ROS, reactive oxygen species; SNARE, SNAP (soluble N-ethylmaleimide-sensitive factor attachment protein) receptor.



Many studies investigating the role of CRT in ICD, carried out either in vitro or using in vivo animal models, assume the fact that CRT exposure is a consequence of the therapy itself. However, these studies have not considered basal surface expression of CRT on cancer cells and its potential implication on immunogenicity. Clinical studies supporting tumor cell-dependent immunity associated to basal CRT exposure are scarce and direct immunogenic effects of cells killed by chemotherapy in cancer patients have been rarely observed. It has been proposed that this is probably due to the fact that the chemotherapeutic dose needed to efficiently induce ICD is not reached in the clinical practice (Montico et al., 2018). Most of the available data indicate that tumor tissues express higher levels of CRT than healthy tissues, and that CRT expression may correlate with cancer progression and aggressiveness (Fucikova et al., 2018). Moreover, increasing clinical evidence is supporting the notion that CRT exposure, as well as other DAMPs may serve as important prognostic biomarkers in cancer patients (Fucikova et al., 2018). Different studies have shown that, depending on the cancer cell type, CRT expression could stand as a positive or negative prognostic factor for cancer patients. For example, in acute myeloid leukemia (AML), indolent B-cell lymphoma, non-small cell lung cancer (NSCLC), ovarian cancer, glioblastoma, endometrial cancer or colon cancer, the increased expression of CRT correlates with a favorable clinical outcome, as well as (in some cases) with increased levels of biological markers related to an active anti-cancer immune response (Peng et al., 2010; Zappasodi et al., 2010; Garg et al., 2015b; Stoll et al., 2016; Fucikova et al., 2016a,b, 2018; Xu et al., 2018). Meanwhile, in other cancer types like gastric cancer, pancreatic cancer, neuroblastoma, bladder carcinoma and mantle cell lymphoma, higher CRT levels were related to a poor clinical outcome (Chen et al., 2009; Chao et al., 2010; Sheng et al., 2014). In some cases like in esophageal squamous carcinoma, no differences in overall survival between CRT-high and low expression groups were found (Suzuki et al., 2012; Fucikova et al., 2018). In some of these studies, other markers involved in ICD or ER stress response such as phosphorylation of eIF2α, Hsp70, Hsp90 and BiP (GRP78/HSPA5), correlated with CRT expression and patient prognosis (Uramoto et al., 2005; He et al., 2011; Fucikova et al., 2016a,b). As mentioned above, only in a few studies a correlation between increased CRT expression and the chemotherapy regimen and good prognosis was found. For example, ovarian tumors from patients that displayed high levels of CRT showed a good clinical response to radiotherapy or treatment with paclitaxel (which are well-known ICD inducers) (Garg et al., 2015b). Similarly, in endometrial cancer patients, low CRT expression was associated with poor survival rates and resistance to doxorubicin (another reported ICD inducer) (Xu et al., 2018). However, in other cases such as in patients with NSCLC or AML, cancer cells exposed heterogeneous levels of CRT, regardless of the treatment received. Cancer cells can also experiment stress prior to chemotherapy, perhaps due to the oncogenic malignant transformation itself (Fucikova et al., 2018). This alternative source of stress also activates ER stress responses culminating in CRT translocation and danger signaling (Fucikova et al., 2018). This process facilitates anti-cancer immunosurveillance, represented by the higher amount of infiltrating mature DCs and effector T cells in the case of NSCLC patients (Stoll et al., 2016) and increased numbers of circulating NK cells and IFN-γ producing CD4+ and CD8+ T cells in AML patients (Fucikova et al., 2016b). Moreover, cancer cells that express low levels of CRT have shown to correlate, in some cases, with therapy resistance, such as in endometrial cancer patients (Xu et al., 2018). It is possible that this reduced CRT expression may arise from the ability of cancer cells to resist ER stress conditions (whether oncogenic- or chemotherapy-driven). Therefore, this situation might be overcome by using ER stressors that directly target ER stress response, possibly sensitizing to conventional chemotherapy and restoring danger signaling and the ensuing anti-cancer immunosurveillance.

ATP

During the course of ICD, dying cells expel ATP (Ghiringhelli et al., 2009; Michaud et al., 2011) to the extracellular milieu where it functions as a powerful short-range “find me” signal (Elliott et al., 2009). Once secreted, ATP binds to ionotropic (P2X7) and metabotropic (P2Y2) purinergic receptors on APCs (Elliott et al., 2009; Ghiringhelli et al., 2009), stimulating their phenotypic maturation and chemotactic attraction, respectively (Galluzzi et al., 2015). In particular, extracellular ATP can activate the caspase-1 dependent NLRP3 complex (the so called inflammasome) triggering IL-1β secretion (Ghiringhelli et al., 2009), which in turn promotes CD8+ T cell (Ghiringhelli et al., 2009), as well as, IL-17 producing-γδ T cell (Ma et al., 2011) anti-tumor responses. According to this, mice lacking any of these components (Nlrp3-/-, P2rx7-/- or Casp1-/-) seem to be incapable of promoting adaptive immune responses during drug-induced ICD (Ghiringhelli et al., 2009; Ma et al., 2011). The molecular mechanisms of ATP secretion during ICD are also dependent on ICD-inducing stimulus. In mitoxantrone- or oxaliplatin-driven early apoptotic ATP secretion, autophagy has been demonstrated to be mandatory, since depletion of important autophagy proteins (ATG5, ATG7 and BCN1) prevented ATP release (Martins et al., 2014). Moreover, other molecules involved in other cellular processes such as lysosomal exocytosis (LAMP1, VAMP1), membrane blebbing (ROCK1, myosin II), apoptotic machinery (caspases) and membrane permeabilization (pannexin 1, PANX1) have been shown to be essential for ICD-induced ATP release (Martins et al., 2014). Interestingly, PANX1 activation and surface exposure, as well as, LAMP1 translocation are strongly dependent on caspases rather than on the autophagic machinery (Martins et al., 2014). In fact, it is possible that remodeling of autophagic effectors and lysosomal effectors or PANX1 hemichannels by caspases rather than the mere presence of these components per se, are the real originators of ATP secretion (Garg et al., 2014; Martins et al., 2014). However, as it occurs in Hyp-PDT induced CRT relocation, ATP secretion mechanisms may differ from those described for chemotherapy-induced ICD. In particular, Hyp-PDT mediated ATP is autophagy independent (Garg et al., 2013) and rather requires the PERK-mediated proximal secretory pathway and PI3K-regulated exocytosis (Garg et al., 2012c).

HMGB1

High mobility group Box 1 is a non-histone chromatin-binding protein localized in the nucleus, where it interacts with DNA and regulates transcription (Garg et al., 2010). In particular, it regulates the activity of NF-κB and p53 and other transcription factors and favors VD(J) recombination (Müller et al., 2004; Krysko et al., 2012). Extracellularly, HMGB1 can perform cytokine-based (distinct from DAMP-based) functions in monocytes and macrophages under the influence of pro-inflammatory molecules (TNF, LPS, IL-1β) (Scaffidi et al., 2002; Müller et al., 2004; Krysko et al., 2012). When released from dying cells, HMBG1 exerts potent immunostimulatory effects by interacting with distinct PRRs (TLR2, TLR4 and RAGE) (Sims et al., 2010). During chemotherapy- or radiotherapy-induced cell death, HMGB1 is released from dying cells and signals through TLR4-MyD88 axis on DCs, facilitating antigen processing and presentation (Apetoh et al., 2007; Saenz et al., 2014). The molecular pathways that participate in release of this DAMP remains to be elucidated. It has been documented that necrotic cells passively release huge amounts of HMGB1, acting as a potent mediator of inflammation (Scaffidi et al., 2002). Similarly, HMGB1 is also released by secondary necrotic cells and the use of Z-VAD-fmk (a broad caspase inhibitor that delays secondary necrosis) impede HMGB1 discharge in cells undergoing ICD (Bell et al., 2006; Apetoh et al., 2007). The immune related features of HMBG1 are strongly influenced by its redox status (Venereau et al., 2012; Yang et al., 2012), and this may account for the observed contradictory results (Palumbo et al., 2004; Jube et al., 2012). This redox modulation as well as the different behaviors observed in different studies have precluded from drawing definitive conclusions (Garg et al., 2014).

ICD – ER STRESS CONNECTION

As stated before, numerous studies have been carried out to decipher ICD mechanisms and large screening studies (Martins et al., 2011; Menger et al., 2012; Sukkurwala et al., 2014) have been performed to unveil the immunogenic potential of myriads of anti-cancer agents. All this work has converged toward a common denominator in ICD molecular pathways: ER stress and ROS generation (Tesniere et al., 2008; Rufo et al., 2017). Then, activation of the ER stress control pathways, also known as the UPR, and specially the PERK-mediated arm, is vital for the vast majority if not all the scenarios where ICD occurs (Panaretakis et al., 2009; Rufo et al., 2017). As mentioned in previous sections, CRT exposure induced by chemotherapeutics requires ER stress with a decisive participation of PERK-mediated phosphorylation of eIF2α (Panaretakis et al., 2009). Meanwhile, in hypericin-PDT induced ICD, the ER stress module is similarly required being PERK fundamental, but not eIF2α phosphorylation. Here, PERK may modulate proper secretory pathway functioning, in both ecto-CRT induction and ATP secretion (Garg et al., 2012c; van Vliet et al., 2015). Regardless of these dissimilarities, PERK abrogation through genetic maneuvers, significantly diminished (but not completely abolished) the immunogenicity of stressed cancer cells in vivo (Panaretakis et al., 2009; Garg et al., 2012c). Altogether, PERK have shown to be a major player in ICD-derived emission of danger signal(s). Depending on the trigger stimuli it could be involved only in CRT emission or both in ATP and CRT emission (Kepp et al., 2013; van Vliet et al., 2015; Rufo et al., 2017). Nevertheless, this context dependency determines whether PERK contribution arise from its UPR-related function (Panaretakis et al., 2009) or through its ability to modulate the proximal secretory pathway (Garg et al., 2012c). Moreover, other novel PERK cellular functions related to actin cytoskeleton dynamics and formation of ER-plasma membrane contact sites, may sustain DAMP trafficking in ICD (van Vliet et al., 2015, 2017; van Vliet and Agostinis, 2016; Rufo et al., 2017). Interestingly, although the three branches of the UPR (PERK, IRE1α and ATF6) were triggered under cardiac glycoside treatment (Menger et al., 2012), abrogation of IRE1α and ATF6 pathways through genetic interventions did not alter CRT exposure in dying cells under the influence of different types of therapies (mitoxantrone, oxaliplatin, UVC irradiation) (Panaretakis et al., 2009). Furthermore, tunicamycin and thapsigargin, two potent chemical ER stressors, both of which induce strong UPR responses (Obeng et al., 2006; Almanza et al., 2018; Shen et al., 2018), have been shown to efficiently restore CRT relocation and/or in vivo immunogenicity of cis-platinum or mytomicin C (Martins et al., 2011), two reported non-ICD inducers. Of note, it seems that ER stress alone is not sufficient to trigger CRT translocation or in vivo immune responses (Kepp et al., 2013). In line with this, tunicamycin and thapsigargin have been shown to be ineffective (or at least less effective as other bona fide ICD inducers) in eliciting ICD (Martins et al., 2011; Kepp et al., 2013). In contrast, thapsigargin has reflected the opposite in some scenarios (Peters and Raghavan, 2011). The relative importance of ER stress (the process itself and also its kinetics and intensity) is underscored by the classification of ICD inducers. There are two main groups of ICD inducers, type I and type II (Krysko et al., 2012; Rufo et al., 2017), depending on cell death is either a consequence of a primary effect of ER stress or death is triggered through a different path and ER stress is merely a secondary effect of the therapeutic agent under consideration (Krysko et al., 2012). For example, some oncolytic viruses (Newcastle disease virus) (van Vloten et al., 2018; Ye et al., 2018), Pt(II) N-heterocyclic carbene complex (Wong et al., 2015) and hypericin-PDT (Garg et al., 2012c) fall within type II ICD inducer category as they selectively target the ER provoking intense ROS-based ER stress (Krysko et al., 2012; Rufo et al., 2017). Conversely, anthracyclines (type I ICD inducers) exert its cytotoxic effects primarily on the nucleus, where they are mainly localized (Minotti et al., 2004) and leave the ER stress as a secondary side-effect. Bortezomib is also considered a type I ICD inducer. Although bortezomib affects ER homeostasis generating a potent ER stress response (Obeng et al., 2006; Verfaillie et al., 2013; Gandolfi et al., 2017; Manasanch and Orlowski, 2017) and elevation cellular ROS levels (Lipchick et al., 2016), its direct cellular target is the inhibition of 26S proteasome (Gandolfi et al., 2017). Thus, as the cellular targets of these two types of ICD inducers are different, it is conceivable that the cellular responses triggered (particularly in the ER stress context) are different both in their kinetics and potency. Consequently, this has clear implications in the quality and amount of danger signals emitted. In fact, it has been shown that hypericin-PDT (a type II ICD inducer) has a superior capacity of emitting faster, a higher number and a broader spectrum of DAMPs, compared to type I ICD inducers (Garg et al., 2012a,b,c; Krysko et al., 2012; Rufo et al., 2017).

It’s important to mention that, in some regulated variants of cell demise, ROS-mediated ER stress may be dispensable for triggering ICD and the ensuing in vivo immune responses (Aaes et al., 2016; Rufo et al., 2017). Specially, different to hypericin-PDT based and anthracycline-induced ICD, the necroptotic variant occurred in absence of apparent/perceptible ER stress or PERK activation (Aaes et al., 2016). This reveals that there may be alternative mechanisms that may take part in the induction of danger signaling and further reinforce the idea that ICD induction may be stimulus and context-dependent.

ER stress could also instigate immunosuppressive effects in the tumor microenvironment. In particular, transmissible ER stress has been observed in myeloid cells incubated with tumor supernatants obtained under ER stress conditions (Mahadevan et al., 2011; Colegio et al., 2014; Parker et al., 2015; De Sanctis et al., 2016). Moreover, tumor cells can activate in a paracrine fashion the UPR in tumor-infiltrated myeloid cells (DCs, MDSCs) that adopt an immunosuppressive phenotype, showing an impaired antigen presenting capacity, secretion of pro-inflammatory cytokines (IL-6, TNFα, IL-23, ...) as well as other immune-restraining factors (Mahadevan et al., 2011, 2012). Supporting this notion, mice tumors exposed to thapsigargin displayed exacerbated tumor growth which correlated with the increased numbers and aggressive phenotype of MDSCs (Lee et al., 2014). To our knowledge, although transmissible ER stress has not been directly demonstrated in MM, this system share common players with MM pathogenesis (IL-6, MDSCs, alteration of DCs). Therefore, as MM cell suffer from ER stress, it is not rare to think that transmissible ER stress might contribute to the characteristic immunosuppressive BM microenvironment in MM patients. Collectively, all these data seem to point to the fact that low to moderate ER stress may contribute to create an immunosuppressive environment, whereas high-level ER stress, such as the one occurred in ICD, could bring about immunostimulatory responses (Cubillos-Ruiz et al., 2017).

Besides the contributions to ICD stated before, ER stress may further boost DAMP signaling abilities of stressed cancer cells through the induction of autophagy (Martins et al., 2014; van Vliet et al., 2015). It is known that upon UPR activation, autophagy is activated as a defense mechanism to promote cell survival (Høyer-Hansen and Jäättelä, 2007; Velasco et al., 2010; Michallet et al., 2011; Corazzari et al., 2017). Moreover, as mentioned in previous sections, autophagy plays a crucial role in ATP secretion during ICD driven by chemotherapeutics (Martins et al., 2014). For these reasons, it may seem feasible that ER stress-induced autophagy triggered by ICD inducers further contributes to the immunogenicity of dying cancer cells. However, whether autophagy is directly induced by these drugs or is just a consequence of ROS-based ER stress in the context of ICD, needs to be thoroughly explored. Nonetheless, there are at least three facts that question the involvement of ER stress-induced autophagy in ICD: (1) The extensive characterization of molecular pathways involved in autophagy-mediated ATP secretion comprise molecular mechanisms (caspases, LAMP1-dependent trafficking, PANX1 channels lysosomal exocytosis) that seem to be independent of ER stress/UPR pathways (Martins et al., 2014). (2) In chemotherapy-induced ICD, autophagy do not regulate the emission of DAMPs which are dependent on ER stress pathways (Panaretakis et al., 2009; Michaud et al., 2011; Martins et al., 2014). (3) Finally, ATP secretion and CRT exposure appear to follow a different time-course, since CRT mobilization has been shown to occur prior phosphatidylserine externalization, whereas ATP is expelled during the blebbing phase of apoptosis. Altogether, these considerations may point to ER stress and autophagy as two independent constituents of ICD, at least in chemotherapeutic-driven ICD. On the other side, under Hyp-PDT treatment, autophagy has also been shown to be activated and to confer resistance against ROS-mediated cytotoxicity of stressed cancer cells (Dewaele et al., 2011; Rubio et al., 2012). One might argue that as hypericin is a direct ER sensitizer (Garg et al., 2012a) (type II ICD inducer), autophagy is triggered as a consequence of ER stress induction. Meanwhile in type I ICD inducers, as ER stress is not the primary target, autophagy could be induced upon interaction with other cellular targets. Furthermore, the ICD pathways involved in danger signaling are not identical when triggered by type I or type II ICD inducers. Thus, contrary to chemotherapy-induced ATP secretion, in the Hyp-PDT scenario ATP secretion is not dependent on autophagy machinery (Garg et al., 2013). Outstandingly, autophagy was found to attenuate CRT translocation and DCs maturation as well as suppress DC-mediated proliferation of CD4 and CD8 T cells (Garg et al., 2013). This has been rationalized as the autophagy machinery is able to clear oxidized proteins and organelles (Rubio et al., 2012; Garg et al., 2013), which in turn would alleviate the ER retention system that becomes overwhelmed under ER stress conditions (Johnson et al., 2001; Wiersma et al., 2015). Hence, during Hyp-PDT treatment, ER stress and ROS production allow oxidized proteins to accumulate leaving the ER retention system saturated (Dewaele et al., 2011; Rubio et al., 2012). Under these conditions, autophagy inhibition would increase the amount of oxidized proteins (possibly by augmenting ROS-based ER stress) and would favor that ER resident chaperones such as CRT could escape from ER confinement (Johnson et al., 2001; Peters and Raghavan, 2011; Garg et al., 2013). Similarly, in a model of melanoma, in wild-type as well as in BRAF-resistant cells, concurrent silencing of ATG5 and treatment with a MEK-inhibitor (U0126), amplified the levels of ecto-CRT and ecto-HSP90 compared to those cells in which autophagy was intact (Martin et al., 2015). Additionally, emerging mechanisms underpinning the crosstalk between the autophagic flux and the endosomal pathway could contribute to unravel the interplay of autophagy in modulation of ER-stress driven DAMP trafficking (Kim et al., 2012; Hyttinen et al., 2013; McKnight et al., 2014; van Vliet et al., 2015). ER stress could also have an impact over intracellular ATP levels through stimulation of mitochondrial respiration and bioenergetics (Bravo et al., 2012). This way the cell fill their bioenergetic stores to restore cell homeostasis. Given the chemotactic power of ATP, by increasing its cellular levels, the cell may also be preparing to alert the immune system that something is wrong. Finally, ER stress and the UPR could also impact on cytokine production in multiple levels (PRRs, transcription factors involved in cytokine production, etc.) (Smith et al., 2018). The mechanisms involved in this process are out of the scope of this manuscript and have been recently reviewed in Reverendo et al. (2019) and Smith et al. (2018).

ER STRESS-ASSOCIATED CELL DEATH

With all these players around the table, it seems tempting to target PERK and/or ER stress in cancer. In fact, ER stress as a target, is increasingly getting more adepts in the cancer crusade. During tumor development cancer cells have to cope with harsh conditions that are widely known to trigger ER stress (e.g., nutrient deprivation, hypoxia, acidic pH) (Sano and Reed, 2013). Thus, UPR activation constitutes an important hallmark of numerous human cancers (Riha et al., 2017). This process endows cancer cells with the ability to acquire essential characteristics (dormancy, resistance to therapy, tumor-driven angiogenesis, etc.) required for tumor progression (Sano and Reed, 2013; Corazzari et al., 2017; Mohamed et al., 2017). As stated before, ER stress could also negatively influence immunity at different levels, favoring this way tumor development (Mahadevan et al., 2011; De Sanctis et al., 2016; Cubillos-Ruiz et al., 2017). In the particular case of MM, their exacerbated secretory phenotype leave these cells heavily reliant on the survival arm of the UPR. Therefore, as plasma cell development and survival strongly relies on an intact UPR (Reimold et al., 2001; Iwakoshi et al., 2003), it does not seem unusual that UPR activity increases with MM progression (Nakamura et al., 2006). Furthermore, whole genome sequencing studies have revealed that MM patients frequently harbor mutations in genes related to the UPR (Chapman et al., 2011). Among the UPR mediators, XBP1 has been found to be overexpressed in MM and has also been identified to be mutated in a small subpopulation of patients (Carrasco et al., 2007; Bagratuni et al., 2010; Chapman et al., 2011; Nikesitch et al., 2018). Nevertheless, although myeloma cells count on the UPR to thrive, they are extremely sensitive to ER stress-associated cell death (Obeng et al., 2006; Ling et al., 2012; Gandolfi et al., 2017). This feature explains why proteasome inhibitors, have shown a prominent clinical efficacy in the treatment of MM (Leleu et al., 2018; Scalzulli et al., 2018), although resistance to therapy is recurrent and in most of the cases accounts for the lethality of the disease (Nikesitch et al., 2018; Robak et al., 2018). For these reasons, novel ER stress/UPR-targeting therapies have emerged. Given its important role in myeloma pathogenesis, novel drugs targeting the RNAse domain of IRE1 (4μ8C, MKC-3946, STF083010) have been developed. These drugs showed significant tumor growth inhibition in mouse myeloma models (Papandreou et al., 2011; Mimura et al., 2012), as well as in primary myeloma plasma cells (Papandreou et al., 2011). In addition, new potent and selective first-in-class inhibitors have been developed against PERK (GSK2606414 and the derived form GSK2656157) (Atkins et al., 2013; Hoi et al., 2013). These drugs have shown promising pre-clinical results in a model of pancreatic cancer (Atkins et al., 2013; van Vliet et al., 2015). Nonetheless, given the dual role of ER stress and UPR related pathways in cancer, a word of caution about needs to be taken when targeting these cellular pathways. On one side we may be inhibiting the pro-tumorigenic role of UPR mediators but in the other, we may reduce the immunogenicity of cancer cells dampening danger signaling (or vice versa). Therefore, future investigations assessing the repercussion on overall immunity, as well as cell-autonomous responses on cancer cells, on immunocompetent mice models are needed in order to truly evaluate the therapeutic relevance of these approaches in cancer.

Although UPR activation is initially conceived to restore cell homeostasis, it is also able to shift the cellular demise toward cell death. When ER stress persists, the UPR is able to trigger proapoptotic programs controlled mainly by IRE1 and PERK arms. Activated IRE1 can act as a docking platform to recruit other proteins such as the adaptor protein TRAF2, that subsequently tethers ASK1 which causes activation of JNK/p38 MAPK pathway. These downstream stress kinases, are reported to promote apoptosis in several ways. For example, JNK phosphorylation has been shown to inhibit the anti-apoptotic members Bcl-2, Bcl-xL and Mcl-1, while activating pro-apoptotic members BID and BIM (Deng et al., 2001; Lei and Davis, 2003; Almanza et al., 2018). As regards to p38 MAPK, it phosphorylates and activates transcription factor CHOP which contributes to apoptosis controlling several Bcl-2 family members (Yamaguchi and Wang, 2004; Puthalakath et al., 2007). As in the case of PERK signaling, it increases the expression of ATF4 and CHOP, two key determinants of ER stress-induced cell death. CHOP can increase the transcription of BH3-only proteins BIM (Puthalakath et al., 2007) and PUMA (Cazanave et al., 2010). Moreover, Noxa has been reported to be upregulated by ATF4 (Armstrong et al., 2010). ATF4/CHOP pathway also downregulates the expression of Bcl-2 and Mcl-1 anti-apoptotic proteins, contributing in this way to cell death (Puthalakath et al., 2007; Gomez-Bougie et al., 2016). Moreover, PUMA, BID and BIM deficient cells, as well as BAX and BAK double-knock-out cells, are protected from cell death by external ER insults (Ren et al., 2010; Almanza et al., 2018). The extrinsic apoptotic pathway could also be upregulated under ER stress conditions. Thus, CHOP and ATF4 have been shown to increase the expression of DR4 and DR5 receptors (Hiramatsu et al., 2015; Iurlaro et al., 2017). In fact, bortezomib have been shown to cooperate and potentiate cell death induced by Apo2L/TRAIL in MM cell lines (Balsas et al., 2009).

Bcl-2 family are better known for their roles in controlling mitochondrial permeability and cell death mechanisms. However, they also play important roles in regulating calcium ER homeostasis and ER stress-induced cell death. Interestingly, an intense crosstalk between mitochondria and ER organelles exists, which even increases during ER stress conditions (Bhat et al., 2017). For example, BAX and BAK are capable of modulating IRE1 activity during ER stress by interacting with IRE1 (Hetz, 2006). In similar way to mitochondria, BAX and BAK can also oligomerize at the ER membrane under ER stress conditions. This results in an increase of ER-membrane permeability and the release of ER resident proteins such as calreticulin, BIP, PDI and GRP94, which could aggravate ER stress and ROS production (Rodriguez et al., 2011; Pihán et al., 2017). This process is triggered by BH3-only members and counteracted by Bcl-2 and Bcl-xL (Wang et al., 2011; Kanekura et al., 2015). The mechanism by which ER permeabilization leads to cell death is still unknown. However, it has been speculated that ER permeabilization could bring about release of ER-Ca2+ stores and increase Ca2+ flux to the mitochondria through mitochondria ER-associated membranes (MAMs). This would instigate cell death by mitochondrial permeabilization transition pore (mPTP) (Pihán et al., 2017). Taken together, these studies delineate the ER as an important stress sensor and integrator where also cell fate decisions may take place, with Bcl-2 family as the critical circuitry that connect and modulate the mechanisms involved in cell fate (UPR, apoptosis and also autophagy).

IMMUNOTHERAPY IN MM

Multiple myeloma is a hematological malignancy that arises due to uncontrolled proliferation of abnormal plasma cells. It accounts for 10–20% of all hematological neoplasms and 0.9% of all newly diagnosed cancer cases worldwide (Bray et al., 2018). Over the past two decades, treatment regimens and survival rates of myeloma patients have witnessed a radical improvement, with ASCT, IMiDs, proteasome inhibitors and monoclonal antibodies as the contributors to this advance. Among them, proteasome inhibitors, stand out as the cornerstone of this scientific and medical achievement (Scalzulli et al., 2018). However, although overall survival and patient outcomes have considerably improved, drug resistance is still a major concern and accounts for the fatality of the disease (Nikesitch et al., 2018; Robak et al., 2018). That is why novel and more efficient (immuno)therapeutic approaches may take the relief. It is important to point out that MM is a genuine example where the immune system is compromised. Deficits in antibody production/immunoglobulin levels due to a reduction of bone marrow (BM) B-cell progenitors are common in MM (Rawstron et al., 1998). General disruption of T-cell immune profile has also been observed, characterized by increased numbers of regulatory T cells (Tregs), aberrant CD4/CD8 ratios and altered CD4+ T cell numbers among others (Braga et al., 2014; Joshua et al., 2016; Chen et al., 2017). MM is also characterized by augmented expression of programmed cell death ligand 1 (PD-L1), one of the immune checkpoint inhibitory ligands that counterbalance T cell activity by binding to PD-1 on activated T cells (Paiva et al., 2015; Jung et al., 2017). MDSCs are also a major issue in MM, as expansion of this population usually correlates with disease progression and a negative clinical outcome (Malek et al., 2016). In addition, MM also finds good allies in BM stromal cells (BMSCs), which are important players sculpting a permissive BM microenvironment (Mahindra et al., 2010). Through cell-to-cell (Mondello et al., 2017) o exosome-mediated contacts (Wang et al., 2014) with MM cells, they secrete cytokines that favor the recruitment of immunosupressive populations such as Tregs and MDSCs (Giallongo et al., 2016; Malek et al., 2016). Finally, several studies have documented an impaired DC function and although contradictory results have been reported, alterations in DCs frequencies and phenotypes have been found in in MM patients (Pasiarski et al., 2013; Leone et al., 2015; Brown et al., 2018). Despite all these stones in the immunotherapeutic path, immune-interventions have potential to be successful in this disease. Graft-vs-myeloma effect was firstly evidenced in patients subjected to ASCT or under donor lymphocyte infusions, suggesting an active immune response against myelomatous cells (Ladetto et al., 2016). Current immunotherapeutic approaches that are giving positive results in relapsed and refractory patients are going to be described below (see also Figure 3).
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FIGURE 3. Current clinical immunological scenario in MM. MM is a genuine example where the immune system is compromised. It is characterized by: (1) Deficits in antibody production due to a reduction of bone marrow (BM) B-cell progenitors (Rawstron et al., 1998). (2) General disruption of T-cell immune profile, characterized by increased numbers of regulatory T cells (Tregs), aberrant CD4/CD8 ratios and altered CD4+ T cell numbers among others (Braga et al., 2014; Joshua et al., 2016; Chen et al., 2017). (3) Increased expression of programmed cell death ligand 1 (PD-L1), one of the immune checkpoint inhibitory ligands that counterbalance T cell activity (Paiva et al., 2015; Jung et al., 2017). (4) MDSCs and BMSCs are also a major issue in MM. They are important players sculpting a permissive BM microenvironment, through cell-to-cell (Mondello et al., 2017) o exosome-mediated contacts (Wang et al., 2014) with MM cells, they secrete cytokines that favor the recruitment of immunosupressive populations such as Tregs. (5) An impaired DC function and alterations in DCs frequencies and phenotypes have been found in MM patients (Pasiarski et al., 2013; Leone et al., 2015; Brown et al., 2018). At the right is depicted the current immunotherapeutic repertoire in MM therapy. All these immunotherapeutic approaches could be virtually benefited from the immunostiumulatory effect of ICD-related therapies.



Antibody-Based Therapy

Although monoclonal antibodies (moAbs) have been in the anticancer therapeutic armamentarium for some years, effectively treating some solid and hematological cancers, it was only a few years ago that Daratumumab was approved for the treatment of MM. Daratumumab is a moAb that selectively targets CD38, an antigen highly expressed in aberrant plasma cells and at relatively low levels on normal lymphoid and myeloid cells, including normal PCs. Similarly, other anti-CD38 moAbs are currently under investigation such as isatuximab and MOR22. As single agent, Daratumumab showed a promising efficacy, observing objective response rates (ORRs) of approximately 30%, progression free survival (PFS) of 4 months and overall survival (OS) of 20 months, in relapsed and refractory MM (RRMM) patients heavily treated with at least two prior lines of therapy (Lokhorst et al., 2015; Lonial et al., 2016; Rodríguez-Otero et al., 2017). Daratumumab has been shown to kill MM cells through a plethora of mechanisms ranging from antibody-dependent cell mediated cytotoxicity (ADCC) mediated by NK cells, complement-medicated cytotoxicity (CDC), antibody-dependent cell phagocytosis (ADCP) mediated by macrophages and even apoptosis via direct cross-linking (van de Donk and Usmani, 2018). NK cell-mediated cytotoxicity seems to be one of the main mechanisms, and since patient NK cell status may vary, this could explain differences in response between patients (van der Veer et al., 2011). Nowadays, another moAb, elotuzumab, has been approved in MM therapy targeting the SLAMF7 molecule expressed among normal and myeloma PCs, NK, and T cells. The mechanism of action of Elotuzumab is thought to differ from that of daratumumab. This thought is based on the fact that elotuzumab alone has not reached objective responses in MM patients but when combined with lenalidomide and dexamethasone, in a phase II trial and afterward in the Eloquent-2 phase III trial, significantly improved ORRs and OS in RRMM patients (Lonial et al., 2015; Rodríguez-Otero et al., 2017).

Combination of chemotherapy with this kind of approach could render synergistic effects and improve patient’s outcomes. Interestingly, IMiDs have shown to prime MM cell lines to Daratumumab-induced NK cell-mediated cell death (Fedele et al., 2018). In fact, several clinical trials combining IMiDs and Daratumumab have been performed obtaining good results (Gavriatopoulou et al., 2018). Similarly, the efficacy of Daratumumab alone was even improved with combination regimens of daratumumab plus lenalidomide and dexamethasone or daratumumab with bortezomib plus dexamethasone, significantly extending PFS period with strong and durable responses (Blair, 2017; Rodríguez-Otero et al., 2017). As Carfilzomib has shown better survival curves compared to bortezomib, combinations of Daratumumab plus carfilzomib and dexamethasone are currently under phase I investigation (clinical trial NCT03158688).

Other novel and promising designs of these kind of therapy are the conjugated antibodies and the bi-specific T cell engagers (BiTEs). Conjugated antibodies carry in their structure cytotoxic molecules that are guided by the specificity of the antibody part and delivered directly into the target. In particular, an anti-BCMA specific antibody linked to a new class of antimitotic agent, monomethyl auristatin F, has been developed (GSK2857916). This formulation has demonstrated in a phase I trial a 60% response rate and PFS of 7.9 months in RRMM patients with at least three prior lines of therapy (Trudel et al., 2018). Regarding the BiTEs, these are bispecific antibodies that hold on one side specificity for the target cancer cell epitope and on the other recognizes (generally) CD3 molecules on T cells facilitating the contact between them. This way, contact between effector cells and cancer cells is facilitated. There are several BiTEs targeting the BCMA antigen that are currently under development (BI 836909, EM801 and JNJ-64007957) and showed positive results in preclinical models (Cho et al., 2018). Some of these have now entered clinical trials (NCT02514239, NCT03145181, NCT03269136 and NCT03269136), we will have to wait to new updates of these and other studies to check the efficacy of these new formulations.

Adoptive Cell Therapy

Another way to confront the tumor is by directly using and improving patient’s own defenses (immune effector cells) to kill cancer cells with ACT. By expanding, activating and even engineering NK or T cells outside the immunosuppressive tumor microenvironment, some of the immune barriers may be successfully, or at least partially overcome. As mentioned earlier, graft versus myeloma effect has been observed in patients subjected to autologous stem cell transplantation (ASCT). This effect is thought to be mainly mediated by T cells. Therefore, this population and more specifically, tumor infiltrating lymphocytes (TILs), MILs in the case of myeloma, represents one of the major immune effector cells that could be used to fight MM. Although clinical data in this issue is still scarce, encouraging results has been reported. Noonan et al. (2015) reported that a 90% reduction of tumor burden was achieved with a PFS of 25.1 months, hence demonstrating the feasibility and efficacy of this approach. Genetically engineered T cells stand as a novel and a leading therapeutic opportunity in cancer in general and also in MM. There are two categories: (1) Transgenic TCRs, with specificity toward a tumor antigen in the context of MHC molecule and (2) chimeric antigen receptor (CAR) T cells, which are fusion proteins composed of a single-chain variable fragment (scFv) that directs the specificity toward the cancer cell antigen, coupled to intracellular signaling modules (CD3ζ) or costimulatory molecules (CD28 or CD137/4-1BB). TCR engineered T cells have the advantage to recognize both intracellular and surface antigens, therefore virtually any tumor antigen could be targeted. However, they are restricted to the HLA-I type limiting the patient eligibility criteria (Rodríguez-Otero et al., 2017). Moreover, potential recombination with TCR α and β chains could lead to off-target toxicities due to generation of unexpected MHC-TCR-peptide complex (Cohen, 2018). Fatal and sudden toxicities have been observed in two patients receiving transgenic TCR T cells with specificity to MAGE-A3 class I peptide, due to unwanted specificity of transgenic TCR toward the myocardial protein titin (Linette et al., 2013). Therefore, caution in selecting the proper Ag must be taken. In myeloma, transgenic TCR T cells for NY-ESO1 peptide and its homolog LAGE are currently under clinical testing (Rapoport et al., 2015). Regarding the use of CAR T cells, one of its limitations is that only surface antigens can be targeted, so the number of available targets is lower with this approach. Therefore, the success of this therapy relies on selecting the appropriate target, to selectively kill the cancer cell limiting off-target and targeted-toxicities on healthy tissue. To date CD19 CAR T cells has shown remarkable results on acute lymphoblastic leukemia, chronic lymphocytic leukemia and non-Hodgkin lymphoma (Porter et al., 2015; Maude et al., 2018). Nowadays, there are several antigens in the anti-myeloma CAR T cell repertoire including CD19, CD138, CD38 and SLAMF7. To date BCMA CAR T cell formulation is the one that has been developed in further extent (Cohen, 2018). Several clinical trials have tested or are currently testing BCMA CAR T cells in heavily treated RRMM patients reporting encouraging results. In these studies, overall response rates were close to 80% or even higher and CRs were achieved in an important proportion of patients (Castella et al., 2018; Cohen, 2018).

Similarly, NK cells also pose as a committed ally in cancer therapy. They do not rely on MHC restriction or antigen recognition, but rather they are dependent on the balance between activating and inhibitory receptors. In MM, NK cell numbers and functionality are usually altered, therefore it is feasible to think that restoration of NK cell compartment with ACT could represent a suitable opportunity to face this disease. There are many therapeutic options that are currently under clinical evaluation. They mainly differ in their source (umbilical cord vs. peripheral blood), in their allo-reactivity (autologous vs. allogeneic), and the expansion and stimulation protocols used to prepare and improve these cells (Fionda et al., 2018). One conclusion may be drawn out from all these studies and that is the superior capacity of allo-reactive NK cells to bring myeloma down. Regarding the use of CAR NK cells in MM, they are still under preclinical studies and have not move yet to clinical investigation.

Here chemotherapy could also improve the effectiveness of these approaches. In particular, Lenalidomide has shown to improve the function and persistence of anti-myeloma CS1 CAR T cells in vivo (Wang et al., 2018). Carfilzomib has also shown activating and sensitizing activities over NK cells and MM cells, respectively (Chang et al., 2018). In addition, the combination of expanded and activated allogeneic NK cells (eNK) with therapeutic mAbs directed against tumor antigens (e.g., daratumumab in the case of MM), could give excellent results through ADCC mediated by eNK cells (Sanchez-Martinez et al., 2018).

Releasing the Brakes With Checkpoint Blockade

T cell activation is a complex and well-regulated process. When the menace have been removed, returning to the homeostatic state and preventing damage of tissues requires negative feedback signals that terminate with the immune response. To that end, checkpoint inhibitors are the major class of receptors that provide these attenuation signals to limit the T cell response. Multiple inhibitory checkpoints have been discovered so far: CTLA-4, PD-1, LAG-3, TIM-3, etc. Although, currently both stimulatory and inhibitory checkpoints are under investigation, the checkpoint drugs on which clinical therapies have been developed are CTLA-4, PD-1 and PD-L1. CTLA-4 is an inhibitory receptor expressed on activated T cells and binds to B7 costimulatory molecules on APCs with higher affinity than CD28. Therefore, CTLA-4 blocks and displaces costimulatory interactions eventually leading to abrogation of T cell activation. Ipilimumab, a blocking antibody against CTLA-4, was the first of these type of drugs clinically tested, showing important improvements in metastatic melanoma patients (Robert et al., 2011; Sharma and Allison, 2015). Like CTLA-4, PD-1 is also a checkpoint inhibitory receptor expressed on activated T cells and has two known ligands, PD-L1 and PD-L2. PD-1/PD-L1 (PD-L2) signaling axis interferes with TCR signaling and contributes to T cell exhaustion. PD-L1 / PD-L2 are widely expressed among different cell types and their expression is known to increase under IFN-γ exposure (Sharma and Allison, 2015). Hence, it is thought that this pathway is a late mechanism of protection from T cell activation and represents a physiological way to regulate termination of inflammatory reactions (Sharma and Allison, 2015; Cogdill et al., 2017). PD-L1 is upregulated in tumor cells acting as a disguise mechanism that allow them to escape from T cell-mediated tumor surveillance. Moreover, PD-L1 expression has been linked with poor prognosis in a variety of human cancers (Ghebeh et al., 2006; Mu et al., 2011). On the other hand, probably due to the immunosuppressive character of the tumor microenvironment, TILs show higher expression of PD-1 (Fourcade et al., 2010; Zhang et al., 2010). In MM, PD-L1 expression is upregulated on myeloma cells but not in normal plasma cells from healthy donors (Liu et al., 2007; Tamura et al., 2012; Paiva et al., 2015; Yousef et al., 2015). In fact, higher PD-L1 expression in MM cells was associated with disease progression as shown in the differences of PD-L1 expression between MGUS, MM and relapsed/refractory MM (RRMM) patients (Paiva et al., 2015). Blocking PD-1 alone with nivolumab has not reached good clinical objective responses with half of the patients experiencing disease stabilization in a phase I study (Lesokhin et al., 2016; Rodríguez-Otero et al., 2017). Similarly, on KEYNOTE-013 study, Ribrag and colleagues assessed the clinical efficacy of the anti-PD-1 mAb pembrolizumab as single agent in patients with RRMM. No patient of the 30 enrolled in the study experienced any response and the best outcome observed was again disease stabilization (Paul et al., 2018).

Although checkpoint blockade therapy alone has shown promising results in some cancer patients, this response is not universal and strongly relies on the tumor microenvironment. Thus, checkpoint blockade efficacy may also be refined by induction of more propitious immunogenic conditions in the tumor tissue through ICD. Recent preclinical studies have shown that immunogenic chemotherapy may sensitize cancer cells to checkpoint blockade leading to synergistic responses. In a lung mouse cancer model, an approved clinical chemotherapy regimen (Oxaliplatin plus cyclophosphamide) were able to foster CD8+ T cell infiltration and increase TLR4+ DCs in tumor tissue, which leads to sensitization of tumors to immune checkpoint therapy (Pfirschke et al., 2016). Another study also showed that the CDK inhibitor dinaciclib was able to increase immune infiltration and activation within tumors and combination with anti-PD1 therapy resulted in enhanced anticancer activity in three different syngeneic mouse cancer models (Varpe et al., 2012). In the clinical practice, NSCLC patients treated with combined regimens of chemotherapy (platinum-based) with different anti-PD1 agents have demonstrated considerable higher response rates and improved clinical outcome compared to that seen on single-agent modalities (Mathew et al., 2018). In patients with metastatic renal cell carcinoma, combination of anti-PD1 (nivolumab) plus pazopanib or sunitib also showed promising clinical responses (Amin et al., 2014).

In MM, preclinical data shows that lenalidomide, one of the so-called immunomodulatory drugs (IMiDs), reduce the expression of PD-1 and PD-L1 in MM cells and BM accessory cells isolated from RRMM patients. Moreover, a synergistic effect between lenalidomide and anti-PD-1 or anti-PD-L1 was observed (Görgün et al., 2015). These results encouraged the rationale of using PD-1/PD-L1 blockade in combination with IMiDs in the treatment of MM. Hence, phase I and phase II clinical trials on RRMM patients who underwent at least three prior lines of therapy have been conducted (Wilson et al., 2016; Badros et al., 2017). These studies showed ORRs of 60% with even some cases of complete response. Therefore, development of phase III clinical trials were the following step to test these combination modalities (Malavasi et al., 2018). Pembrolizumab plus Len and Dex (KEYNOTE-185, NTC02579863), Pembrolizumab plus Pom and Dex (KEYNOTE-183, NTC02576977) and another phase III study testing three different combination regimens (Poma and Dex vs. nivolumab, Pom and Dex vs. nivolumab, elotuzumab, Pom and Dex; CheckMate 602, NCT02726581) were developed. However, these studies were discontinued due to an increase of unprecedented deaths in the pembrolizumab group as well as that no objective responses were observed in the tested groups.

DC-Based Vaccines and Its Enhancement/Upgrade With ICD

Due to its particular nature, DCs are at the fine-tuned crossroads between innate and adaptive immunity, playing a pivotal role in anti-cancer host immune responses. Therefore, DC-based vaccines seem to be a good option to re-educate the host immune system against myeloma, leading not only to the expansion of anti-tumor specific T cells, but also to long-term memory generation. Since its first documented clinical use on melanoma patients in 1995 (Mukherji et al., 1995), DC-based vaccines have gained momentum in anti-cancer therapy. In fact, this approach has showed positive survival benefits in a diverse set of human cancers (Kantoff et al., 2010; Nakai et al., 2010; Anguille et al., 2014; Cao et al., 2014). In the particular case of MM, DC-MM fusion vaccines achieved anti-cancer immune responses and disease stabilization in the vast majority of patients (Rosenblatt et al., 2011; Rosenblatt et al., 2013). In hematological cancers, following ASCT a complete “resetting” of the hematological system occurs, leaving a huge opening to vaccination strategies to succeed (Rodríguez-Otero et al., 2017). However, although considerable objective clinical responses have been observed, the overall clinical outcome still has not reached the expected standards (Anguille et al., 2014; Vandenberk et al., 2015). As mentioned earlier, due to the hostile microenvironment surrounding MM cells, DC populations are dysfunctional in MM, showing impaired T-cell stimulation capacity (Guillerey et al., 2016; Chung, 2017). Moreover, it is said that the antigens displayed by myeloma cells are presented to DCs in absence of the appropriate costimulatory signals. Therefore, these interactions lead to inadequate immune responses and even create tolerance against cancer Ags (Chung, 2017). For these reasons, there is a consensus that DC vaccines may need to be optimized and standardized in order to enhance their clinical efficacy. There are several factors that have a direct impact on DC biology and the quality and potency of the ensuing T cell responses: route of administration and frequency of injection, delivery system, use and type of adjuvants, nature of DC vaccine formulations, and nature of tumor cell lysates/antigen cargo (Vandenberk et al., 2015; Rodríguez-Otero et al., 2017). Among them, the immunogenicity of dying cancer cells used to load DCs could be easily and notably improved by using ICD-inducers. Numerous studies have proven the potential of ICD-inducers to have a huge impact on DC biology and improve the ability of DCs to stimulate effector cells and enhance anti-cancer T cell responses in vivo. For example, γ-irradiation, has been shown to effectively induce DCs maturation and stimulate in vivo CTL responses (Goldszmid et al., 2003). Moreover, γ-irradiated cells efficiently immunized mice against a subsequent rechallenge with live syngeneic cancer cells in various preclinical models (Strome et al., 2002). Different ICD-related modalities such as UV light (Brusa et al., 2008), oncolytic viruses (Donnelly et al., 2011), HHP (Mikyšková et al., 2016), heat shock (Adkins et al., 2017) among others have shown to upregulate maturation markers in DCs as well as prime antigen specific T-cell responses both in vitro and in vivo. Hyp-PDT is also equally effective in inducing complete tumor regression in vivo both in curative and prophylactic vaccination settings (Sanovic et al., 2011). DCs charged with Hyp-PDT treated cells significantly enhanced CTL responses, IFN-γ producing CD8+ T cells and Th1-driven immunity in ectopic murine mammary tumors (Jung et al., 2012) as well as orthotopic glioma mice models (Garg et al., 2016).

In the clinical practice, melanoma and high-grade glioma patients have successfully been treated with DC vaccines loaded with γ-irradiated tumor cells (Cho et al., 2012). In the case of glioblastoma multiforme, patients who underwent conventional treatment plus DC-based therapy showed an increased short-term (1–3 years) survival rates compared to control group receiving conventional therapy (Cho et al., 2012). Relapsed Non-Hodgkin’s B-cell lymphoma (NHL) patients have also benefited from DC vaccines pulsed with γ-irradiated, heat shock or UV light-treated tumor cells (Zappasodi et al., 2010). Accordingly, CRT and HSP90 expression levels on NHL cells positively correlated with the observed clinical and immune responses (Zappasodi et al., 2010).

In MM, data regarding the use of ICD-dying cells to provide an enhanced immunogenic feed to DCs and the expected in vivo anti-cancer immune responses are still lacking. In particular lenalidomide has shown to impact DCs biology and enhance CD8+ T cell cross-priming by primed DCs (Henry et al., 2013). Another study evaluated ICD induced by bortezomib in MM cell lines and MM primary cells, as well as the capacity of bortezomib-treated cells to increase maturation markers in DCs and to induce proliferation and polarization toward IFN-γ producing T cells in vitro (Spisek et al., 2007). There is currently an ongoing phase II clinical trial testing DC/MM fusion vaccines in combination with lenalidomide and GM-CSF (NCT02728102). We will need to wait for further studies to see the clinical advantages of combining this type of approaches.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Over the past years, ICD and ER stress are gaining momentum in anti-cancer therapy. The ability of chemotherapeutics and other anti-cancer therapies, not only to mount an active immune response against the tumor, but also to modulate the cancer immune environment, has transformed the therapeutic scenario in oncoimmunology. Moreover, understanding of the molecular pathways involved in all these processes, is uncovering a whole new set of potential prognostic biomarkers with which cancer patients could be better monitored and stratified to determine their optimal therapeutic regimen. However, given that certain danger signaling markers have been found both in treated and untreated patients, further investigations are needed to unravel the real repercussion of therapy driven-ICD, as well as oncogenic-driven DAMP exposure in the clinical setting. Furthermore, special caution is needed when targeting ER stress and UPR pathways, as it could pose both beneficial and detrimental consequences on patient’s outcome. On one sid, we may be enhancing cell death pathways or boosting immunogenicity of cell death, but on the other we could also be fostering the cytoprotective function of the UPR as well as some ER stress-related immunosuppressive effects. Nonetheless, given the adaptability and complexity of cancer, it is becoming increasingly clear that future anti-cancer therapeutic approaches will take advantage from combination of immunogenic (chemo)therapeutic modalities with current and novel immunotherapeutic regimens. In particular, in MM, this type of combinatorial approaches have a great opportunity to success, since encouraging results have been already obtained. Nonetheless further investigations awaits to circumvent and manage some of the basic problems and clinical adverse events that arise with these novel kind of approaches.

AUTHOR CONTRIBUTIONS

All authors wrote the review and revised the bibliography. AS performed the figures.

FUNDING

This work was supported by grant SAF2016-76338-R from Ministerio de Economía y Competitividad (MINECO), and by Gobierno de Aragón/Fondo Social Europeo Grant B31_17R. AS was supported by a predoctoral fellowship from Gobierno de Aragón.

REFERENCES

Aaes, T. L., Kaczmarek, A., Delvaeye, T., De Craene, B., De Koker, S., Heyndrickx, L., et al. (2016). Vaccination with necroptotic cancer cells induces efficient anti-tumor immunity. Cell Rep. 15, 274–287. doi: 10.1016/j.celrep.2016.03.037

Adkins, I., Fucikova, J., Garg, A. D., Agostinis, P., and Špíšek, R. (2014). Physical modalities inducing immunogenic tumor cell death for cancer immunotherapy. Oncoimmunology 3:e968434. doi: 10.4161/21624011.2014.968434

Adkins, I., Sadilkova, L., Hradilova, N., Tomala, J., Kovar, M., and Spisek, R. (2017). Severe, but not mild heat-shock treatment induces immunogenic cell death in cancer cells. Oncoimmunology 6:e1311433. doi: 10.1080/2162402X.2017.1311433

Agostinis, P. (2017). Cell death and immunity in cancer?: from danger signals to mimicry of pathogen defense responses. Immunol. Rev. 280, 126–148. doi: 10.1111/imr.12574

Almanza, A., Carlesso, A., Chintha, C., Creedican, S., Doultsinos, D., Leuzzi, B., et al. (2018). Endoplasmic Reticulum Stress signalling - from basic mechanisms to clinical applications. FEBS J. 286, 241–278. doi: 10.1111/febs.14608

Amin, A., Plimack, E. R., Infante, J. R., Ernstoff, M. S., Rini, B. I., McDermott, D. F., et al. (2014). Nivolumab (anti-PD-1; BMS-936558, ONO-4538) in combination with sunitinib or pazopanib in patients (pts) with metastatic renal cell carcinoma (mRCC). J. Clin. Oncol. 32:5010.

Anguille, S., Smits, E. L., Lion, E., van Tendeloo, V. F., and Berneman, Z. N. (2014). Clinical use of dendritic cells for cancer therapy. Lancet Oncol. 15, e257–e267. doi: 10.1016/S1470-2045(13)70585-0

Apetoh, L., Ghiringhelli, F., Tesniere, A., Obeid, M., Ortiz, C., Criollo, A., et al. (2007). Toll-like receptor 4-dependent contribution of the immune system to anticancer chemotherapy and radiotherapy. Nat. Med. 13, 1050–1059. doi: 10.1038/nm1622

Armstrong, J. L., Flockhart, R., Veal, G. J., Lovat, P. E., and Redfern, C. P. F. (2010). Regulation of endoplasmic reticulum stress-induced cell death by ATF4 in neuroectodermal tumor cells. J. Biol. Chem. 285, 6091–6100. doi: 10.1074/jbc.M109.014092

Atkins, C., Liu, Q., Minthorn, E., Zhang, S. Y., Figueroa, D. J., Moss, K., et al. (2013). Characterization of a novel PERK kinase inhibitor with antitumor and antiangiogenic activity. Cancer Res. 73, 1993–2002. doi: 10.1158/0008-5472.CAN-12-3109

Badros, A., Hyjek, E., Ma, N., Lesokhin, A., Dogan, A., Rapoport, A. P., et al. (2017). Pembrolizumab, pomalidomide, and low-dose dexamethasone for relapsed/refractory multiple myeloma. Blood 130, 1189–1197. doi: 10.1182/blood-2017-03-775122

Bagratuni, T., Wu, P., Gonzalez De Castro, D., Davenport, E. L., Dickens, N. J., Walker, B. A., et al. (2010). XBP1s levels are implicated in the biology and outcome of myeloma mediating different clinical outcomes to thalidomide-based treatments. Blood 116, 250–253. doi: 10.1182/blood-2010-01-263236

Balsas, P., Lopez-Royuela, N., Galan-Malo, P., Anel, A., Marzo, I., and Naval, J. (2009). Cooperation between Apo2L/TRAIL and bortezomib in multiple myeloma apoptosis. Biochem. Pharmacol. 77, 804–812. doi: 10.1016/j.bcp.2008.11.024

Bell, C. W., Jiang, W., Reich, C. F., and Pisetsky, D. S. (2006). The extracellular release of HMGB1 during apoptotic cell death. AJP Cell Physiol. 291, C1318–C1325.

Bezu, L., Gomes-de-Silva, L. C., Dewitte, H., Breckpot, K., Fucikova, J., Spisek, R., et al. (2015). Combinatorial strategies for the induction of immunogenic cell death. Front. Immunol. 6:187. doi: 10.3389/fimmu.2015.00187

Bhat, T. A., Chaudhary, A. K., Kumar, S., O’Malley, J., Inigo, J. R., Kumar, R., et al. (2017). Endoplasmic reticulum-mediated unfolded protein response and mitochondrial apoptosis in cancer. Biochim. Biophys. Acta Rev. Cancer 1867, 58–66. doi: 10.1016/j.bbcan.2016.12.002

Blair, H. A. (2017). Daratumumab: a review in relapsed and/or refractory multiple myeloma. Drugs 77, 2013–2024. doi: 10.1007/s40265-017-0837-7

Braga, W. M. T., da Silva, B. R., de Carvalho, A. C., Maekawa, Y. H., Bortoluzzo, A. B., Rizzatti, E. G., et al. (2014). FOXP3 and CTLA4 overexpression in multiple myeloma bone marrow as a sign of accumulation of CD4+ T regulatory cells. Cancer Immunol. Immunother. 63, 1189–1197. doi: 10.1007/s00262-014-1589-9

Bravo, R., Gutierrez, T., Paredes, F., Gatica, D., Rodriguez, A. E., Pedrozo, Z., et al. (2012). Endoplasmic reticulum: ER stress regulates mitochondrial bioenergetics. Int. J. Biochem. Cell Biol. 44, 16–20. doi: 10.1016/j.biocel.2011.10.012

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A. (2018). Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 68, 394–424. doi: 10.3322/caac.21492

Brown, R. D., Pope, B., Murray, A., Esdale, W., Sze, D. M., Gibson, J., et al. (2018). Dendritic cells from patients with myeloma are numerically normal but functionally defective as they fail to up-regulate CD80 (B7-1) expression after huCD40LT stimulation because of inhibition by transforming growth factor-beta1 and interleukin-10. Blood 98, 2992–2999.

Brusa, D., Garetto, S., Chiorino, G., Scatolini, M., Migliore, E., Camussi, G., et al. (2008). Post-apoptotic tumors are more palatable to dendritic cells and enhance their antigen cross-presentation activity. Vaccine 26, 6422–6432. doi: 10.1016/j.vaccine.2008.08.063

Cao, J., Zhang, X., Liu, J., Li, D., Li, J., Liu, Y., et al. (2014). Clinical efficacy of tumor antigen-pulsed DC treatment for high-grade glioma Patients?: evidence from a meta-analysis. PLoS One 9:e107173. doi: 10.1371/journal.pone.0107173

Carrasco, D. R., Sukhdeo, K., Protopopova, M., Sinha, R., Enos, M., Carrasco, D. E. E., et al. (2007). The differentiation and stress response factor XBP-1 drives multiple myeloma pathogenesis. Cancer Cell 11, 349–360. doi: 10.1016/j.ccr.2007.02.015

Casares, N., Pequignot, M. O., Tesniere, A., Ghiringhelli, F., Roux, S., Chaput, N., et al. (2005). Caspase-dependent immunogenicity of doxorubicin-induced tumor cell death. J. Exp. Med. 202, 1691–1701. doi: 10.1084/jem.20050915

Castella, M., Fernández de Larrea, C., and Martín-Antonio, B. (2018). Immunotherapy: a novel era of promising treatments for multiple myeloma. Int. J. Mol. Sci. 19:E3613. doi: 10.3390/ijms19113613

Cazanave, S. C., Elmi, N. A., Akazawa, Y., Bronk, S. F., Mott, J. L., and Gores, G. J. (2010). CHOP and AP-1 cooperatively mediate PUMA expression during lipoapoptosis. Am. J. Physiol. Gastrointest. Liver Physiol. 299, G236–G243. doi: 10.1152/ajpgi.00091.2010

Chang, S. K., Hou, J., Chen, G. G., Yu, D. D., Wu, H. Q., Xie, Y. S., et al. (2018). Carfilzomib combined with ex vivo-expanded patient autologous natural killer cells for myeloma immunotherapy. Neoplasma 65, 720–729. doi: 10.4149/neo_2018_171019N668

Chao, M. P., Chao, M. P., Jaiswal, S., Weissman-tsukamoto, R., Alizadeh, A. A., Park, C. Y., et al. (2010). Calreticulin is the dominant pro-phagocytic signal on multiple human cancers and is counterbalanced by CD47. Sci. Transl. Med. 2:63ra94. doi: 10.1126/scitranslmed.3001375

Chapman, M. A., Lawrence, M. S., Keats, J. J., Cibulskis, K., Sougnez, C., Schinzel, A. C., et al. (2011). Initial genome sequencing and analysis of multiple myeloma. Nature 471, 467–472. doi: 10.1038/nature09837

Chen, C.-N., Chang, C.-C., Su, T.-E., Hsu, W.-M., Jeng, Y.-M., Ho, M.-C., et al. (2009). Identification of calreticulin as a prognosis marker and angiogenic regulator in human gastric cancer. Ann. Surg. Oncol. 16, 524–533. doi: 10.1245/s10434-008-0243-1

Chen, D. S., and Mellman, I. (2013). Oncology meets immunology: the cancer-immunity cycle. Immunity 39, 1–10. doi: 10.1016/j.immuni.2013.07.012

Chen, J., Ye, Y., Liu, P., Yu, W., Wei, F., Li, H., et al. (2017). Suppression of T cells by myeloid-derived suppressor cells in cancer. Hum. Immunol. 78, 113–119. doi: 10.1016/j.humimm.2016.12.001

Cho, D. Y., Yang, W. K., Lee, H. C., Hsu, D. M., Lin, H. L., Lin, S. Z., et al. (2012). Adjuvant immunotherapy with whole-cell lysate dendritic cells vaccine for glioblastoma multiforme: a phase II clinical trial. World Neurosurg. 77, 736–744. doi: 10.1016/j.wneu.2011.08.020

Cho, S.-F., Anderson, K. C., and Tai, Y.-T. (2018). Targeting B cell maturation antigen (BCMA) in multiple myeloma: potential uses of BCMA-based immunotherapy. Front. Immunol. 9:1821. doi: 10.3389/fimmu.2018.01821

Chung, C. (2017). Role of immunotherapy in targeting the bone marrow microenvironment in multiple myeloma: an evolving therapeutic strategy. Pharmacotherapy 37, 129–143. doi: 10.1002/phar.1871

Cogdill, A. P., Andrews, M. C., and Wargo, J. A. (2017). Hallmarks of response to immune checkpoint blockade. Br. J. Cancer 117, 1–7. doi: 10.1038/bjc.2017.136

Cohen, A. D. (2018). CAR T cells and other cellular therapies for multiple myeloma: 2018 update. Am. Soc. Clin. Oncol. Educ. B 38, e6–e15. doi: 10.1200/EDBK_200889

Colegio, O. R., Chu, N., Szabo, A. L., Chu, T., Rhebergen, A. M., Jairam, V., et al. (2014). Functional polarization of tumour-associated macrophages by tumour-derived lactic acid. Nature 513, 559–563. doi: 10.1038/nature13490

Corazzari, M., Gagliardi, M., Fimia, G. M., and Piacentini, M. (2017). Endoplasmic reticulum stress, unfolded protein response, and cancer cell fate. Front. Oncol. 7:78. doi: 10.3389/fonc.2017.00078

Cubillos-Ruiz, J. R., Mohamed, E., and Rodriguez, P. C. (2017). Unfolding anti-tumor immunity: ER stress responses sculpt tolerogenic myeloid cells in cancer. J. Immunother. Cancer 5:5. doi: 10.1186/s40425-016-0203-4

De Sanctis, F., Solito, S., Ugel, S., Molon, B., Bronte, V., and Marigo, I. (2016). MDSCs in cancer: conceiving new prognostic and therapeutic targets. Biochim. Biophys. Acta Rev. Cancer 1865, 35–48. doi: 10.1016/j.bbcan.2015.08.001

Deng, X., Xiao, L., Lang, W., Gao, F., Ruvolo, P., and May, W. S. (2001). Novel role for JNK as a stress-activated Bcl2 kinase. J. Biol. Chem. 276, 23681–23688. doi: 10.1074/jbc.m100279200

Dewaele, M., Martinet, W., Rubio, N., Verfaillie, T., de Witte, P. A., Piette, J., et al. (2011). Autophagy pathways activated in response to PDT contribute to cell resistance against ROS damage. J. Cell. Mol. Med. 15, 1402–1414. doi: 10.1111/j.1582-4934.2010.01118.x

Dhuriya, Y. K., and Sharma, D. (2018). Necroptosis: a regulated inflammatory mode of cell death. J. Neuroinflammation 15:199. doi: 10.1186/s12974-018-1235-0

Donnelly, O. G., Errington-Mais, F., Steele, L., Hadac, E., Jennings, V., Scott, K., et al. (2011). Measles virus causes immunogenic cell death in human melanoma. Gene Ther. 20, 7–15. doi: 10.1038/gt.2011.205

Dudek-Perić, A. M., Ferreira, G. B., Muchowicz, A., Wouters, J., Prada, N., Martin, S., et al. (2015). Antitumor immunity triggered by melphalan is potentiated by melanoma cell surface-associated calreticulin. Cancer Res. 75, 1603–1614. doi: 10.1158/0008-5472.CAN-14-2089

Dufey, E., Hetz, C., Chevet, E., Urra, H., and Avril, T. (2016). Endoplasmic reticulum stress and the hallmarks of cancer. Trends Cancer 2, 252–262. doi: 10.1016/j.trecan.2016.03.007

Elliott, M. R., Chekeni, F. B., Trampont, P. C., Lazarowski, E. R., Kadl, A., Walk, S. F., et al. (2009). Nucleotides released by apoptotic cells act as a find-me signal to promote phagocytic clearance. Nature 461, 282–286. doi: 10.1038/nature08296

Fedele, P. L., Willis, S. N., Liao, Y., Low, M. S., Rautela, J., Segal, D. H., et al. (2018). IMiDs prime myeloma cells for daratumumab-mediated cytotoxicity through loss of Ikaros and Aiolos. Blood 132, 2166–2178. doi: 10.1182/blood-2018-05-850727

Feng, H., Zeng, Y., Graner, M. W., Likhacheva, A., and Katsanis, E. (2003). Exogenous stress proteins enhance the immunogenicity of apoptotic tumor cells and stimulate antitumor immunity. Blood 101, 245–252. doi: 10.1182/blood-2002-05-1580

Feng, H., Zeng, Y., Whitesell, L., and Katsanis, E. (2001). Stressed apoptotic tumor cells express heat shock proteins and elicit tumor-specific immunity. Blood 97, 3505–3512. doi: 10.1182/blood.v97.11.3505

Fionda, C., Stabile, H., Molfetta, R., Soriani, A., Bernardini, G., Zingoni, A., et al. (2018). Translating the anti-myeloma activity of Natural Killer cells into clinical application. Cancer Treat. Rev. 70, 255–264. doi: 10.1016/j.ctrv.2018.10.005

Fourcade, J., Sun, Z., Benallaoua, M., Guillaume, P., Luescher, I. F., Sander, C., et al. (2010). Upregulation of Tim-3 and PD-1 expression is associated with tumor antigen–specific CD8 + T cell dysfunction in melanoma patients. J. Exp. Med. 207, 2175–2186. doi: 10.1084/jem.20100637

Fuchs, Y., and Steller, H. (2015). Live to die another way: modes of programmed cell death and the signals emanating from dying cells. Nat. Rev. Mol. Cell Biol. 6, 329–344. doi: 10.1038/nrm3999

Fucikova, J., Becht, E., Iribarren, K., Goc, J., Remark, R., Damotte, D., et al. (2016a). Calreticulin expression in human non-small cell lung cancers correlates with increased accumulation of antitumor immune cells and favorable prognosis. Cancer Res. 76, 1746–1756. doi: 10.1158/0008-5472.CAN-15-1142

Fucikova, J., Truxova, I., Hensler, M., Becht, E., Kasikova, L., Moserova, I., et al. (2016b). Calreticulin exposure by malignant blasts correlates with robust anticancer immunity and improved clinical outcome in AML patients. Blood 128, 3113–3124. doi: 10.1182/blood-2016-08-731737

Fucikova, J., Kasikova, L., Truxova, I., Laco, J., Skapa, P., Ryska, A., et al. (2018). Relevance of the chaperone-like protein calreticulin for the biological behavior and clinical outcome of cancer. Immunol. Lett. 193, 25–34. doi: 10.1016/j.imlet.2017.11.006

Galluzzi, L., Buqué, A., Kepp, O., Zitvogel, L., and Kroemer, G. (2017). Immunogenic cell death in cancer and infectious disease. Nat. Rev. Immunol. 17, 97–111. doi: 10.1038/nri.2016.107

Galluzzi, L., Pietrocola, F., Pedro, J. M. B., Ravi, K., Maiuri, M. C., Martin, S. J., et al. (2015). Autophagy in malignant transformation and cancer progression. EMBO J. 34, 856–880.

Gandolfi, S., Laubach, J. P., Hideshima, T., Chauhan, D., Anderson, K. C., and Richardson, P. G. (2017). The proteasome and proteasome inhibitors in multiple myeloma. Cancer Metastasis Rev. 36, 561–584. doi: 10.1007/s10555-017-9707-8

Gardai, S. J., Mcphillips, K. A., Frasch, S. C., Janssen, W. J., Starefeldt, A., Murphy-ullrich, J. E., et al. (2005). Cell-surface calreticulin initiates clearance of viable or apoptotic cells through trans -activation of LRP on the phagocyte. Cell 123, 321–334. doi: 10.1016/j.cell.2005.08.032

Garg, A. D., Dudek, A. M., Ferreira, G. B., Verfaillie, T., Vandenabeele, P., Krysko, D. V., et al. (2013). ROS-induced autophagy in cancer cells assists in evasion from determinants of immunogenic cell death. Autophagy 9, 1292–1307. doi: 10.4161/auto.25399

Garg, A. D., Dudek-Peric, A. M., Romano, E., and Agostinis, P. (2015a). Immunogenic cell death. Int. J. Dev. Biol. 59, 131–140.

Garg, A. D., Elsen, S., Krysko, D. V., Vandenabeele, P., de Witte, P., and Agostinis, P. (2015b). Resistance to anticancer vaccination effect is controlled by a cancer cell-autonomous phenotype that disrupts immunogenic phagocytic removal. Oncotarget 6, 26841–26860.

Garg, A. D., Krysko, D. V., Vandenabeele, P., and Agostinis, P. (2012a). Hypericin-based photodynamic therapy induces surface exposure of damage-associated molecular patterns like HSP70 and calreticulin. Cancer Immunol. Immunother. 61, 215–221. doi: 10.1007/s00262-011-1184-2

Garg, A. D., Krysko, D. V., Vandenabeele, P., and Agostinis, P. (2012b). The emergence of phox-ER stress induced immunogenic apoptosis. Oncoimmunology 1, 786–788. doi: 10.4161/onci.19750

Garg, A. D., Krysko, D. V., Verfaillie, T., Kaczmarek, A., Ferreira, G. B., Marysael, T., et al. (2012c). A novel pathway combining calreticulin exposure and ATP secretion in immunogenic cancer cell death. EMBO J. 31, 1062–1079. doi: 10.1038/emboj.2011.497

Garg, A. D., Martin, S., Golab, J., and Agostinis, P. (2014). Danger signalling during cancer cell death: origins, plasticity and regulation. Cell Death Differ. 21, 26–38. doi: 10.1038/cdd.2013.48

Garg, A. D., More, S., Rufo, N., Mece, O., Sassano, M. L., Agostinis, P., et al. (2017). Trial watch: immunogenic cell death induction by anticancer chemotherapeutics. Oncoimmunology 6:e1386829. doi: 10.1080/2162402X.2017.1386829

Garg, A. D., Nowis, D., Golab, J., Vandenabeele, P., Krysko, D. V., and Agostinis, P. (2010). Immunogenic cell death, DAMPs and anticancer therapeutics: an emerging amalgamation. Biochim. Biophys. Acta 1805, 53–71. doi: 10.1016/j.bbcan.2009.08.003

Garg, A. D., Vandenberk, L., Koks, C., Verschuere, T., Boon, L., Van Gool, S. W., et al. (2016). Dendritic cell vaccines based on immunogenic cell death elicit danger signals and T cell-driven rejection of high-grade glioma. Sci. Transl. Med. 8:328ra27. doi: 10.1126/scitranslmed.aae0105

Gavriatopoulou, M., Kastritis, E., Ntanasis-Stathopoulos, I., Fotiou, D., Roussou, M., Migkou, M., et al. (2018). The addition of IMiDs for patients with daratumumab-refractory multiple myeloma can overcome refractoriness to both agents. Blood 131, 464–467. doi: 10.1182/blood-2017-10-809293

Ghebeh, H., Mohammed, S., Al-Omair, A., Qattant, A., Lehe, C., Al-Qudaihi, G., et al. (2006). The B7-H1 (PD-L1) T lymphocyte-inhibitory molecule is expressed in breast cancer patients with infiltrating ductal carcinoma: correlation with important high-risk prognostic factors. Neoplasia 8, 190–198. doi: 10.1593/neo.05733

Ghiringhelli, F., Apetoh, L., Tesniere, A., Aymeric, L., Ma, Y., Ortiz, C., et al. (2009). Activation of the NLRP3 inflammasome in dendritic cells induces IL-1B-dependent adaptive immunity against tumors. Nat. Med. 15, 1170–1178. doi: 10.1038/nm.2028

Giallongo, C., Tibullo, D., Parrinello, N. L., La Cava, P., Di Rosa, M., Bramanti, V., et al. (2016). Granulocyte-like myeloid derived suppressor cells (G-MDSC) are increased in multiple myeloma and are driven by dysfunctional mesenchymal stem cells (MSC). Oncotarget 7, 85764–85775. doi: 10.18632/oncotarget.7969

Golden, E. B., Pellicciotta, I., Demaria, S., Barcellos-Hoff, M. H., and Formenti, S. C. (2012). The convergence of radiation and immunogenic cell death signaling pathways. Front. Oncol. 2:88. doi: 10.3389/fonc.2012.00088

Goldszmid, R. S., Idoyaga, J., Bravo, A. I., Steinman, R., Mordoh, J., and Wainstok, R. (2003). Dendritic cells charged with apoptotic tumor cells induce long-lived protective CD4+ and CD8+ T cell immunity against B16 melanoma. J. Immunol. 171, 5940–5947. doi: 10.4049/jimmunol.171.11.5940

Golstein, P., and Kroemer, G. (2007). Cell death by necrosis: towards a molecular definition. Trends Biochem. Sci. 32, 37–43. doi: 10.1016/j.tibs.2006.11.001

Gomez-Bougie, P., Halliez, M., Moreau, P., Pellat-Deceunynck, C., and Amiot, M. (2016). Repression of Mcl-1 and disruption of the Mcl-1/Bak interaction in myeloma cells couple ER stress to mitochondrial apoptosis. Cancer Lett. 383, 204–211. doi: 10.1016/j.canlet.2016.09.030

Görgün, G., Samur, M. K., Cowens, K. B., Paula, S., Bianchi, G., Anderson, J. E., et al. (2015). Lenalidomide enhances immune checkpoint blockade-induced immune response in multiple myeloma. Clin. Cancer Res. 21, 4617–4618. doi: 10.1158/1078-0432.CCR-15-0200

Guillerey, C., Nakamura, K., Vuckovic, S., Hill, G. R., and Smyth, M. J. (2016). Immune responses in multiple myeloma: role of the natural immune surveillance and potential of immunotherapies. Cell. Mol. Life Sci. 73, 1569–1589. doi: 10.1007/s00018-016-2135-z

He, Y., Correa, A. M., Raso, M. G., Hofstetter, W. L., Fang, B., Behrens, C., et al. (2011). The role of PKR/eIF2α signaling pathway in prognosis of Non-Small cell lung cancer. PLoS One 6:e24855. doi: 10.1371/journal.pone.0024855

Henry, J. Y., Labarthe, M.-C., Meyer, B., Dasgupta, P., Dalgleish, A. G., and Galustian, C. (2013). Enhanced cross-priming of naive CD8+ T cells by dendritic cells treated by the IMiDs(R) immunomodulatory compounds lenalidomide and pomalidomide. Immunology 139, 377–385. doi: 10.1111/imm.12087

Hetz, C. (2006). Proapoptotic BAX and BAK modulate the unfolded protein response by a direct interaction with IRE1. Science 312, 572–576. doi: 10.1126/science.1123480

Hiramatsu, N., Chiang, W. C., Kurt, T. D., Sigurdson, C. J., and Lin, J. H. (2015). Multiple mechanisms of unfolded protein response-induced cell death. Am. J. Pathol. 185, 1800–1808. doi: 10.1016/j.ajpath.2015.03.009

Hoi, W., Li, H., Grant, S. W., Heerding, D. A., Minthorn, E., and Mencken, T. (2013). Discovery of GSK2656157: an optimized PERK inhibitor selected for preclinical development. ACS Med. Chem. Lett. 4, 964–968. doi: 10.1021/ml400228e

Høyer-Hansen, M., and Jäättelä, M. (2007). Connecting endoplasmic reticulum stress to autophagy by unfolded protein response and calcium. Cell Death Differ. 14, 1576–1582. doi: 10.1038/sj.cdd.4402200

Hyttinen, J. M. T., Niittykoski, M., Salminen, A., and Kaarniranta, K. (2013). Maturation of autophagosomes and endosomes: a key role for Rab7. Biochim. Biophys. Acta 1833, 503–510. doi: 10.1016/j.bbamcr.2012.11.018

Iurlaro, R., Puschel, F., Leon-Annicchiarico, C. L., O’Connor, H., Martin, S. J., Palou-Gramon, D., et al. (2017). Glucose deprivation induces ATF4-mediated apoptosis through TRAIL death receptors. Mol. Cell. Biol. 37:e00479-16. doi: 10.1128/MCB.00479-16

Iwakoshi, N. N., Lee, A. H., Vallabhajosyula, P., Otipoby, K. L., Rajewsky, K., and Glimcher, L. H. (2003). Plasma cell differentiation and the unfolded protein response intersect at the transcription factor XBP-I. Nat. Immunol. 4, 321–329. doi: 10.1038/ni907

Jarauta, V., Jaime, P., Gonzalo, O., de Miguel, D., Ramírez-Labrada, A., Martínez-Lostao, L., et al. (2016). Inhibition of autophagy with chloroquine potentiates carfilzomib-induced apoptosis in myeloma cells in vitro and in vivo. Cancer Lett. 382, 1–10. doi: 10.1016/j.canlet.2016.08.019

Johnson, S., Michalak, M., Opas, M., and Eggleton, P. (2001). The ins and outs of calreticulin: from the ER lumen to the extracellular space. Trends Cell Biol. 11, 122–129. doi: 10.1016/s0962-8924(01)01926-2

Joshua, D., Suen, H., Brown, R., Bryant, C., Ho, P. J., Hart, D., et al. (2016). The T cell in myeloma. Clin. Lymphoma Myeloma Leuk. 16, 537–542. doi: 10.1016/j.clml.2016.08.003

Jube, S., Rivera, Z. S., Bianchi, M. E., Powers, A., Wang, E., Pagano, I., et al. (2012). Cancer cell secretion of the DAMP protein HMGB1 supports progression in malignant mesothelioma. Cancer Res. 72, 3290–3301. doi: 10.1158/0008-5472.CAN-11-3481

Jung, N. C., Kim, H. J., Kang, M. S., Lee, J. H., Song, J. Y., Seo, H. G., et al. (2012). Photodynamic therapy-mediated DC immunotherapy is highly effective for the inhibition of established solid tumors. Cancer Lett. 324, 58–65. doi: 10.1016/j.canlet.2012.04.024

Jung, S.-H., Lee, H.-J., Vo, M.-C., Kim, H.-J., and Lee, J.-J. (2017). Immunotherapy for the treatment of multiple myeloma. Crit. Rev. Oncol. Hematol. 111, 87–93. doi: 10.1016/j.critrevonc.2017.01.011

Kanekura, K., Ma, X., Murphy, J. T., Zhu, L. J., Diwan, A., and Urano, F. (2015). IRE1 prevents endoplasmic reticulum membrane permeabilization and cell death under pathological conditions. Sci. Signal. 8:ra62. doi: 10.1126/scisignal.aaa0341

Kantoff, P. W., Higano, C. S., Shore, N. D., Berger, E. R., Small, E. J., Penson, D. F., et al. (2010). Sipuleucel-T immunotherapy for castration-resistant prostate cancer. N. Engl. J. Med. 363, 411–422. doi: 10.1056/NEJMoa1001294

Kepp, O., Menger, L., Vacchelli, E., Locher, C., Adjemian, S., Yamazaki, T., et al. (2013). Crosstalk between ER stress and immunogenic cell death. Cytokine Growth Factor Rev. 24, 311–318. doi: 10.1016/j.cytogfr.2013.05.001

Kim, H. J., Zhong, Q., Sheng, Z.-H., Yoshimori, T., Liang, C., and Jung, J. U. (2012). Beclin-1-interacting autophagy protein Atg14L targets the SNARE-associated protein Snapin to coordinate endocytic trafficking. J. Cell Sci. 125, 4740–4750. doi: 10.1242/jcs.100339

Kroemer, G., Galluzzi, L., Kepp, O., and Zitvogel, L. (2013). Immunogenic Cell Death in Cancer Therapy ICD: immunogenic cell death. Annu. Rev. Immunol. 31, 51–72. doi: 10.1146/annurev-immunol-032712-100008

Krysko, D. V., Garg, A. D., Kaczmarek, A., Krysko, O., Agostinis, P., and Vandenabeele, P. (2012). Immunogenic cell death and DAMPs in cancer therapy. Nat. Rev. Cancer 12, 860–875. doi: 10.1038/nrc3380

Ladetto, M., Ferrero, S., Drandi, D., Festuccia, M., Patriarca, F., Mordini, N., et al. (2016). Prospective molecular monitoring of minimal residual disease after non-myeloablative allografting in newly diagnosed multiple myeloma. Leukemia 30, 1211–1214. doi: 10.1038/leu.2015.269

Lee, B. R., Chang, S. Y., Hong, E. H., Kwon, B. E., Kim, H. M., Kim, Y. J., et al. (2014). Elevated endoplasmic reticulum stress reinforced immunosuppression in the tumor microenvironment via myeloid-derived suppressor cells. Oncotarget 5, 12331–12345.

Lei, K., and Davis, R. J. (2003). JNK phosphorylation of Bim-related members of the Bcl2 family induces Bax-dependent apoptosis. Proc. Natl. Acad. Sci. U.S.A. 100, 2432–2437. doi: 10.1073/pnas.0438011100

Leleu, X., Martin, T. G., Einsele, H., Lyons, R. M., Durie, B. G. M., Iskander, K. S., et al. (2018). Role of proteasome inhibitors in relapsed and/or refractory multiple myeloma. Clin. Lymphoma Myeloma Leuk. 19, 9–22. doi: 10.1016/j.clml.2018.08.016

Leone, P., Berardi, S., Frassanito, M. A., Ria, R., De Re, V., Cicco, S., et al. (2015). Dendritic cells accumulate in the bone marrow of myeloma patients where they protect tumor plasma cells from CD8+ T-cell killing. Blood 126, 1443–1451. doi: 10.1182/blood-2015-01-623975

Lesokhin, A. M., Ansell, S. M., Armand, P., Scott, E. C., Halwani, A., Gutierrez, M., et al. (2016). Nivolumab in patients with relapsed or refractory hematologic malignancy: preliminary results of a phase Ib study. J. Clin. Oncol. 34, 2698–2704. doi: 10.1200/JCO.2015.65.9789

Lin, T. J., Lin, H. T., Chang, W. T., Pradeep Mitapalli, S., Hsiao, P. W., Yin, S. Y., et al. (2015). Shikonin-enhanced cell immunogenicity of tumor vaccine is mediated by the differential effects of DAMP components. Mol. Cancer 14:174. doi: 10.1186/s12943-015-0435-9

Linette, G. P., Stadtmauer, E. A., Maus, M. V., Rapoport, A. P., Levine, B. L., Emery, L., et al. (2013). Cardiovascular toxicity and titin cross-reactivity of affinity-enhanced T cells in myeloma and melanoma. Blood 122, 863–871. doi: 10.1182/blood-2013-03-490565

Ling, S. C. W., Lau, E. K. K., Al-Shabeeb, A., Nikolic, A., Catalano, A., Iland, H., et al. (2012). Response of myeloma to the proteasome inhibitor bortezomib is correlated with the unfolded protein response regulator XBP-1. Haematologica 97, 64–72. doi: 10.3324/haematol.2011.043331

Lipchick, B. C., Fink, E. E., and Nikiforov, M. (2016). Oxidative stress and proteasome inhibitors in multiple myeloma. Pharmacol. Res. 105, 210–215. doi: 10.1016/j.phrs.2016.01.029

Liu, J., Hamrouni, A., Wolowiec, D., Coiteux, V., Kuliczkowski, K., Hetuin, D., et al. (2007). Plasma cells from multiple myeloma patients express B7-H1 (PD-L1) and increase expression after stimulation with IFN-γ and TLR ligands via a MyD88-, TRAF6-, and MEK-dependent pathway. Blood 110, 296–304. doi: 10.1182/blood-2006-10-051482

Liu, T.-T., Wu, Y., and Niu, T. (2018). Human DKK1 and human HSP70 fusion DNA vaccine induces an effective anti-tumor efficacy in murine multiple myeloma. Oncotarget 9, 178–191. doi: 10.18632/oncotarget.23352

Lokhorst, H. M., Plesner, T., Laubach, J. P., Nahi, H., Gimsing, P., Hansson, M., et al. (2015). Targeting CD38 with daratumumab monotherapy in multiple myeloma. N. Engl. J. Med. 373, 1207–1219. doi: 10.1056/NEJMoa1506348

Lonial, S., Dimopoulos, M., Palumbo, A., White, D., Grosicki, S., Spicka, I., et al. (2015). Elotuzumab therapy for relapsed or refractory multiple myeloma. N. Engl. J. Med. 373, 621–631. doi: 10.1056/NEJMoa1505654

Lonial, S., Weiss, B. M., Usmani, S. Z., Singhal, S., Chari, A., Bahlis, N. J., et al. (2016). Daratumumab monotherapy in patients with treatment-refractory multiple myeloma (SIRIUS): an open-label, randomised, phase 2 trial. Lancet 387, 1551–1560. doi: 10.1016/S0140-6736(15)01120-4

Ma, Y., Aymeric, L., Locher, C., Mattarollo, S. R., Delahaye, N. F., Pereira, P., et al. (2011). Contribution of IL-17–producing γδ T cells to the efficacy of anticancer chemotherapy. J. Exp. Med. 208, 491–503. doi: 10.1084/jem.20100269

Mahadevan, N. R., Anufreichik, V., Rodvold, J. J., Chiu, K. T., Sepulveda, H., and Zanetti, M. (2012). Cell-extrinsic effects of tumor ER stress imprint myeloid dendritic cells and impair CD8 + T cell priming. PLoS One 7:e51845. doi: 10.1371/journal.pone.0051845

Mahadevan, N. R., Rodvold, J., Sepulveda, H., Rossi, S., Drew, A. F., and Zanetti, M. (2011). Transmission of endoplasmic reticulum stress and pro-inflammation from tumor cells to myeloid cells. Proc. Natl. Acad. Sci. U.S.A. 108, 6561–6566. doi: 10.1073/pnas.1008942108

Mahindra, A., Hideshima, T., and Anderson, K. C. (2010). Multiple myeloma: biology of the disease. Blood Rev. 24, S5–S11.

Malavasi, F., Sheng Guo, Z., Decker, W. K., Dhodapkar, M. V., Bailur, K. J., Costa, F., et al. (2018). Citation: checkpoint inhibition in myeloma: opportunities and challenges. Front. Immunol. 9:2204. doi: 10.3389/fimmu.2018.02204

Malek, E., de Lima, M., Letterio, J. J., Kim, B. G., Finke, J. H., Driscoll, J. J., et al. (2016). Myeloid-derived suppressor cells: the green light for myeloma immune escape. Blood Rev. 30, 341–348. doi: 10.1016/j.blre.2016.04.002

Manasanch, E. E., and Orlowski, R. Z. (2017). Proteasome inhibitors in cancer therapy. Nat. Rev. Clin. Oncol. 14, 417–433. doi: 10.1038/nrclinonc.2016.206

Martin, S., Dudek-Perić, A. M., Maes, H., Garg, A. D., Gabrysiak, M., Demirsoy, S., et al. (2015). Concurrent MEK and autophagy inhibition is required to restore cell death associated danger-signalling in Vemurafenib-resistant melanoma cells. Biochem. Pharmacol. 93, 290–304. doi: 10.1016/j.bcp.2014.12.003

Martins, I., Kepp, O., Schlemmer, F., Adjemian, S., Tailler, M., Shen, S., et al. (2011). Restoration of the immunogenicity of cisplatin-induced cancer cell death by endoplasmic reticulum stress. Oncogene 30, 1147–1158. doi: 10.1038/onc.2010.500

Martins, I., Wang, Y., Michaud, M., Ma, Y., Sukkurwala, A. Q., Shen, S., et al. (2014). Molecular mechanisms of ATP secretion during immunogenic cell death. Cell Death Differ. 21, 79–91. doi: 10.1038/cdd.2013.75

Mathew, M., Enzler, T., Shu, C. A., and Rizvi, N. A. (2018). Combining chemotherapy with PD-1 blockade in NSCLC. Pharmacol. Ther. 186, 130–137. doi: 10.1016/j.pharmthera.2018.01.003

Matzinger, P. (2002). The danger model: a renewed sense of self. Science 296, 301–305. doi: 10.1126/science.1071059

Maude, S. L., Laetsch, T. W., Buechner, J., Rives, S., Boyer, M., Bittencourt, H., et al. (2018). Tisagenlecleucel in children and young adults with B-cell lymphoblastic leukemia. N. Engl. J. Med. 378, 439–448. doi: 10.1056/NEJMoa1709866

McKnight, N. C., Zhong, Y., Wold, M. S., Gong, S., Phillips, G. R., Dou, Z., et al. (2014). Beclin 1 is required for neuron viability and regulates endosome pathways via the UVRAG-VPS34 complex. PLoS Genet. 10:e1004626. doi: 10.1371/journal.pgen.1004626

Menger, L., Vacchelli, E., Adjemian, S., Martins, I., Ma, Y., Shen, S., et al. (2012). Cardiac glycosides exert anticancer effects by inducing immunogenic cell death. Sci. Transl. Med. 4:143ra99. doi: 10.1126/scitranslmed.3003807

Merin, N., and Kelly, K. (2014). Clinical use of proteasome inhibitors in the treatment of multiple myeloma. Pharmaceuticals 8, 1–20. doi: 10.3390/ph8010001

Michalak, M., Groenendyk, J., Szabo, E., Gold, L. I., and Opas, M. (2009). Calreticulin, a multi-process calcium-buffering chaperone of the endoplasmic reticulum. Biochem. J. 417, 651–666. doi: 10.1042/BJ20081847

Michallet, A. S., Mondiere, P., Taillardet, M., Leverrier, Y., Genestier, L., and Defrance, T. (2011). Compromising the unfolded protein response induces autophagy-mediated cell death in multiple myeloma cells. PLoS One 6:e25820. doi: 10.1371/journal.pone.0025820

Michaud, M., Martins, I., Sukkurwala, A. Q., Adjemian, S., Ma, Y., Pellegatti, P., et al. (2011). Autophagy-dependent anticancer immune responses induced by chemotherapeutic agents in mice. Science 334, 1573–1577. doi: 10.1126/science.1208347

Mikyšková, R., Štěpánek, I., Indrová, M., Bieblová, J., Šímová, J., Truxová, I., et al. (2016). Dendritic cells pulsed with tumor cells killed by high hydrostatic pressure induce strong immune responses and display therapeutic effects both in murine TC-1 and TRAMP-C2 tumors when combined with docetaxel chemotherapy. Int. J. Oncol. 48, 953–964. doi: 10.3892/ijo.2015.3314

Mimura, N., Fulciniti, M., Gorgun, G., Tai, Y., Cirstea, D., Santo, L., et al. (2012). Blockade of XBP1 splicing by inhibition of IRE1a is a promising therapeutic option in multiple myeloma Naoya. Blood 119, 5772–5782.

Minotti, G., Menna, P., Salvatorelli, E., Cairo, G., and Gianni, L. (2004). Anthracyclines?: molecular advances and pharmacologic developments in antitumor activity and cardiotoxicity. Pharmacol. Rev. 56, 185–229. doi: 10.1124/pr.56.2.6

Mohamed, E., Cao, Y., and Rodriguez, P. C. (2017). Endoplasmic reticulum stress regulates tumor growth and anti-tumor immunity: a promising opportunity for cancer immunotherapy. Cancer Immunol. Immunother. 66, 1069–1078. doi: 10.1007/s00262-017-2019-6

Mondello, P., Cuzzocrea, S., Navarra, M., and Mian, M. (2017). Bone marrow micro-environment is a crucial player for myelomagenesis and disease progression. Oncotarget 8, 20394–20409. doi: 10.18632/oncotarget.14610

Montico, B., Nigro, A., Casolaro, V., and Dal Col, J. (2018). Immunogenic apoptosis as a novel tool for anticancer vaccine development. Int. J. Mol. Sci. 19:E594. doi: 10.3390/ijms19020594

Mu, C. Y., Huang, J. A., Chen, Y., Chen, C., and Zhang, X. G. (2011). High expression of PD-L1 in lung cancer may contribute to poor prognosis and tumor cells immune escape through suppressing tumor infiltrating dendritic cells maturation. Med. Oncol. 28, 682–688. doi: 10.1007/s12032-010-9515-2

Mukherji, B., Chakraborty, N. G., Yamasaki, S., Okino, T., Yamase, H., Sporn, J. R., et al. (1995). Induction of antigen-specific cytolytic T cells in situ in human melanoma by immunization with synthetic peptide-pulsed autologous antigen presenting cells. Proc. Natl. Acad. Sci. U.S.A. 92, 8078–8082. doi: 10.1073/pnas.92.17.8078

Müller, S., Ronfani, L., and Bianchi, M. E. (2004). Regulated expression and subcellular localization of HMGB1, a chromatin protein with a cytokine function. J. Intern. Med. 255, 332–343. doi: 10.1111/j.1365-2796.2003.01296.x

Nakai, N., Hartmann, G., Kishimoto, S., and Katoh, N. (2010). Dendritic cell vaccination in human melanoma: relationships between clinical effects and vaccine parameters. Pigment Cell Melanoma Res. 23, 607–619. doi: 10.1111/j.1755-148X.2010.00736.x

Nakamura, M., Gotoh, T., Okuno, Y., Tatetsu, H., Sonoki, T., Uneda, S., et al. (2006). Activation of the endoplasmic reticulum stress pathway is associated with survival of myeloma cells. Leuk. Lymphoma 47, 531–539. doi: 10.1080/10428190500312196

Nikesitch, N., Lee, J. M., Ling, S., and Roberts, T. L. (2018). Endoplasmic reticulum stress in the development of multiple myeloma and drug resistance. Clin. Transl. Immunol. 7:e1007. doi: 10.1002/cti2.1007

Noonan, K. A., Huff, C. A., Davis, J., Lemas, M. V., Fiorino, S., Bitzan, J., et al. (2015). Adoptive transfer of activated marrow-infiltrating lymphocytes induces measurable antitumor immunity in the bone marrow in multiple myeloma. Sci. Transl. Med. 7:288ra78. doi: 10.1126/scitranslmed.aaa7014

Obeid, M., Tesniere, A., Ghiringhelli, F., Fimia, G. M., Apetoh, L., Perfettini, J.-L., et al. (2007). Calreticulin exposure dictates the immunogenicity of cancer cell death. Nat. Med. 13, 54–61. doi: 10.1038/nm1523

Obeng, E. A., Carlson, L. M., Gutman, D. M. Jr., Harrington, W. J., Lee, K. P., and Boise, L. H. (2006). Proteasome inhibitors induce a terminal unfolded protein response in multiple myeloma cells. Blood 107, 4907–4917.

Osman, R., Tacnet-Delorme, P., Kleman, J. P., Millet, A., and Frachet, P. (2017). Calreticulin release at an early stage of death modulates the clearance by macrophages of apoptotic cells. Front. Immunol. 8:1034. doi: 10.3389/fimmu.2017.01034

Païdassi, H., Tacnet-Delorme, P., Verneret, M., Gaboriaud, C., Houen, G., Duus, K., et al. (2011). Investigations on the c1q-calreticulin-phosphatidylserine interactions yield new insights into apoptotic cell recognition. J. Mol. Biol. 408, 277–290. doi: 10.1016/j.jmb.2011.02.029

Paiva, B., Azpilikueta, A., Puig, N., Ocio, E. M., Sharma, R., Oyajobi, B. O., et al. (2015). PD-L1/PD-1 presence in the tumor microenvironment and activity of PD-1 blockade in multiple myeloma. Leukemia 29, 2110–2113. doi: 10.1038/leu.2015.79

Palumbo, R., Sampaolesi, M., De Marchis, F., Tonlorenzi, R., Colombetti, S., Mondino, A., et al. (2004). Extracellular HMGB1, a signal of tissue damage, induces mesoangioblast migration and proliferation. J. Cell Biol. 164, 441–449. doi: 10.1083/jcb.200304135

Panaretakis, T., Kepp, O., Brockmeier, U., Tesniere, A., Bjorklund, A.-C., Chapman, D. C., et al. (2009). Mechanisms of pre-apoptotic calreticulin exposure in immunogenic cell death. EMBO J. 28, 578–590. doi: 10.1038/emboj.2009.1

Papandreou, I., Denko, N. C., Olson, M., Van Melckebeke, H., Lust, S., Tam, A., et al. (2011). Identification of an Ire1alpha endonuclease specific inhibitor with cytotoxic activity against human multiple myeloma. Blood 117, 1311–1314. doi: 10.1182/blood-2010-08-303099

Parker, K. H., Beury, D. W., and Ostrand-Rosenberg, S. (2015). Myeloid-derived suppressor cells: critical cells driving immune suppression in the tumor microenvironment. Adv. Cancer Res. 128, 95–139. doi: 10.1016/bs.acr.2015.04.002

Pasiarski, M., Grywalska, E., Kosmaczewska, A., Gozdz, S., and Rolinski, J. (2013). The frequency of myeloid and lymphoid dendritic cells in multiple myeloma patients is inversely correlated with disease progression. Postepy Hig. Med. Dosw. 67, 926–932. doi: 10.5604/17322693.1065871

Paul, B., Kang, S., Zheng, Z., and Kang, Y. (2018). The challenges of checkpoint inhibition in the treatment of multiple myeloma. Cell. Immunol. 334, 87–98. doi: 10.1016/j.cellimm.2018.10.003

Pawaria, S., and Binder, R. J. (2011). CD91-dependent programming of T-helper cell responses following heat shock protein immunization. Nat. Commun. 2, 511–521. doi: 10.1038/ncomms1524

Pei, Q., Pan, J., Zhu, H., Ding, X., Liu, W., Lv, Y., et al. (2014). Gemcitabine-treated pancreatic cancer cell medium induces the specific CTL antitumor activity by stimulating the maturation of dendritic cells. Int. Immunopharmacol. 19, 10–16. doi: 10.1016/j.intimp.2013.12.022

Peng, R. Q., Chen, Y. B., Ding, Y., Zhang, R., Zhang, X., Yu, X. J., et al. (2010). Expression of calreticulin is associated with infiltration of T-cells in stage III B colon cancer. World J. Gastroenterol. 16, 2428–2434.

Peters, L. R., and Raghavan, M. (2011). Endoplasmic reticulum calcium depletion impacts chaperone secretion, innate immunity, and phagocytic uptake of cells. J. Immunol. 187, 919–931. doi: 10.4049/jimmunol.1100690

Pfirschke, C., Engblom, C., Rickelt, S., Cortez-Retamozo, V., Garris, C., Pucci, F., et al. (2016). Immunogenic chemotherapy sensitizes tumors to checkpoint blockade therapy. Immunity 44, 343–354. doi: 10.1016/j.immuni.2015.11.024

Pihán, P., Carreras-Sureda, A., and Hetz, C. (2017). BCL-2 family: integrating stress responses at the ER to control cell demise. Cell Death Differ. 24, 1478–1487. doi: 10.1038/cdd.2017.82

Poon, I. K. H., Lucas, C. D., Rossi, A. G., and Ravichandran, K. S. (2014). Apoptotic cell clearance: basic biology and therapeutic potential. Nat. Rev. Immunol. 14, 166–180. doi: 10.1038/nri3607

Porter, D. L., Hwang, W.-T., Frey, N. V., Lacey, S. F., Shaw, P. A., Loren, A. W., et al. (2015). Chimeric antigen receptor T cells persist and induce sustained remissions in relapsed refractory chronic lymphocytic leukemia. Sci. Transl. Med. 7:303ra139. doi: 10.1126/scitranslmed.aac5415

Puthalakath, H., O’Reilly, L. A., Gunn, P., Lee, L., Kelly, P. N., Huntington, N. D., et al. (2007). ER stress triggers apoptosis by activating BH3-only protein bim. Cell 129, 1337–1349. doi: 10.1016/j.cell.2007.04.027

Rapoport, A. P., Stadtmauer, E. A., Binder-Scholl, G. K., Goloubeva, O., Vogl, D. T., Lacey, S. F., et al. (2015). NY-ESO-1-specific TCR-engineered T cells mediate sustained antigen-specific antitumor effects in myeloma. Nat. Med. 21, 914–921. doi: 10.1038/nm.3910

Rawstron, A. C., Davies, F. E., Owkn, R. G., English, A., Pratt, G., Child, J. A., et al. (1998). B-lymphocyte suppression in multiple myeloma is a reversible phenomenon specific to normal B-cell progenitors and plasma cell precursors. Br. J. Haematol. 100, 176–183. doi: 10.1046/j.1365-2141.1998.00525.x

Reimold, A. M., Iwakoshi, N. N., Manis, J., Vallabhajosyula, P., Szomolanyi-Tsuda, E., Gravallese, E. M., et al. (2001). Plasma cell differentiation requires the transcription factor XBP-1. Nature 412, 300–307. doi: 10.1038/35085509

Ren, D., Tu, H.-C., Kim, H., Wang, G. X., Bean, G. R., Takeuchi, O., et al. (2010). BID, BIM, and PUMA are essential for activation of the BAX- and BAK-dependent cell death program. Science 330, 1390–1393. doi: 10.1126/science.1190217

Reverendo, M., Mendes, A., Argüello, R. J., Gatti, E., and Pierre, P. (2019). At the crossway of ER-stress and proinflammatory responses. FEBS J. 286, 297–310. doi: 10.1111/febs.14391

Riha, R., Gupta-Saraf, P., Bhanja, P., Badkul, S., and Saha, S. (2017). Stressed out - therapeutic implications of ER stress related cancer research. Oncomedicine 2, 156–167. doi: 10.7150/oncm.22477

Robak, P., Drozdz, I., Szemraj, J., and Robak, T. (2018). Drug resistance in multiple myeloma. Cancer Treat. Rev. 70, 199–208. doi: 10.1016/j.ctrv.2018.09.001

Robert, C., Thomas, L., Bondarenko, I., O’Day, S., Weber, J., Garbe, C., et al. (2011). Ipilimumab plus dacarbazine for previously untreated metastatic melanoma. N. Engl. J. Med. 364, 2517–2526. doi: 10.1056/NEJMoa1104621

Rodriguez, D., Rojas-Rivera, D., and Hetz, C. (2011). Integrating stress signals at the endoplasmic reticulum: the BCL-2 protein family rheostat. Biochim. Biophys. Acta 1813, 564–574. doi: 10.1016/j.bbamcr.2010.11.012

Rodríguez-Otero, P., Paiva, B., Engelhardt, M., Prósper, F., and San Miguel, J. F. (2017). Is immunotherapy here to stay in multiple myeloma? Haematologica 102, 423–432. doi: 10.3324/haematol.2016.152504

Rosenblatt, J., Avivi, I., Vasir, B., Uhl, L., Munshi, N. C., Katz, T., et al. (2013). Vaccination with dendritic cell/tumor fusions following autologous stem cell transplant induces immunologic and clinical responses in multiple myeloma patients. Clin. Cancer Res. 19, 3640–3648. doi: 10.1158/1078-0432.CCR-13-0282

Rosenblatt, J., Vasir, B., Uhl, L., Blotta, S., MacNamara, C., Somaiya, P., et al. (2011). Vaccination with dendritic cell/tumor fusion cells results in cellular and humoral antitumor immune responses in patients with multiple myeloma. Blood 117, 393–402. doi: 10.1182/blood-2010-04-277137

Rubio, N., Coupienne, I., Di Valentin, E., Heirman, I., Grooten, J., Piette, J., et al. (2012). Spatiotemporal autophagic degradation of oxidatively damaged organelles after photodynamic stress is amplified by mitochondrial reactive oxygen species. Autophagy 8, 1312–1324. doi: 10.4161/auto.20763

Rufo, N., Garg, A. D., and Agostinis, P. (2017). The unfolded protein response in immunogenic cell death and cancer immunotherapy. Trends Cancer 3, 643–658. doi: 10.1016/j.trecan.2017.07.002

Saenz, R., Futalan, D., Leutenez, L., Eekhout, F., Fecteau, J. F., Sundelius, S., et al. (2014). TLR4-dependent activation of dendritic cells by an HMGB1-derived peptide adjuvant. J. Transl. Med. 12:211. doi: 10.1186/1479-5876-12-211

Sanchez-Martinez, D., Allende-Vega, N., Orecchioni, S., Talarico, G., Cornillon, A., Vo, D. N., et al. (2018). Expansion of allogeneic NK cells with efficient antibody-dependent cell cytotoxicity against multiple tumors. Theranostics 8, 3856–3869. doi: 10.7150/thno.25149

Sano, R., and Reed, J. C. (2013). ER stress-induced cell death mechanisms. Biochim. Biophys. Acta 1833, 3460–3470. doi: 10.1016/j.bbamcr.2013.06.028

Sanovic, R., Verwanger, T., Hartl, A., and Krammer, B. (2011). Low dose hypericin-PDT induces complete tumor regression in BALB/c mice bearing CT26 colon carcinoma. Photodiagnosis Photodyn. Ther. 8, 291–296. doi: 10.1016/j.pdpdt.2011.04.003

Scaffidi, P., Misteli, T., and Bianchi, M. E. (2002). Release of chromatin protein HMGB1 by necrotic cells triggers inflammation. Nature 418, 191–195. doi: 10.1038/nature00858

Scalzulli, E., Grammatico, S., Vozella, F., and Petrucci, M. T. (2018). Proteasome inhibitors for the treatment of multiple myeloma. Expert Opin. Pharmacother. 19, 375–386. doi: 10.1080/14656566.2018.1441287

Schiavoni, G., Sistigu, A., Valentini, M., Mattei, F., Sestili, P., Spadaro, F., et al. (2011). Cyclophosphamide synergizes with type I interferons through systemic dendritic cell reactivation and induction of immunogenic tumor apoptosis. Cancer Res. 71, 768–779. doi: 10.1158/0008-5472.CAN-10-2788

Sharma, P., and Allison, J. P. (2015). The future of immune checkpoint therapy. Science 348, 56–61. doi: 10.1126/science.aaa8172

Shen, K., Johnson, D. W., Vesey, D. A., McGuckin, M. A., and Gobe, G. C. (2018). Role of the unfolded protein response in determining the fate of tumor cells and the promise of multi-targeted therapies. Cell Stress Chaperones 23, 317–334. doi: 10.1007/s12192-017-0844-3

Sheng, W., Chen, C., Dong, M., Zhou, J., Liu, Q., Dong, Q., et al. (2014). Overexpression of calreticulin contributes to the development and progression of pancreatic cancer. J. Cell. Physiol. 229, 887–897. doi: 10.1002/jcp.24519

Sims, G. P., Rowe, D. C., Rietdijk, S. T., Herbst, R., and Coyle, A. J. (2010). HMGB1 and RAGE in inflammation and cancer. Annu. Rev. Immunol. 28, 367–388. doi: 10.1146/annurev.immunol.021908.132603

Smith, J. A., Harris, R. A., and Smith, J. A. (2018). Regulation of cytokine production by the unfolded protein response?; implications for infection and autoimmunity. Front. Immunol. 9:422. doi: 10.3389/fimmu.2018.00422

Song, S., Zhou, F., Chen, W. R., and Xing, D. (2013). PDT-induced HSP70 externalization up-regulates NO production via TLR2 signal pathway in macrophages. FEBS Lett. 587, 128–135. doi: 10.1016/j.febslet.2012.11.026

Spisek, R., Charalambous, A., Mazumder, A., Vesole, D. H., Jagannath, S., Dhodapkar, V. M., et al. (2007). Bortezomib enhances dendritic cell (DC)–mediated induction of immunity to human myeloma via exposure of cell surface heat shock protein 90 on dying tumor cells: therapeutic implications. Blood 109, 4839–4845. doi: 10.1182/blood-2006-10-054221

Stoll, G., Iribarren, K., Michels, J., Leary, A., Zitvogel, L., Cremer, I., et al. (2016). Calreticulin expression: interaction with the immune infiltrate and impact on survival in patients with ovarian and non-small cell lung cancer. Oncoimmunology 5:e1177692. doi: 10.1080/2162402X.2016.1177692

Strome, S. E., Voss, S., Wilcox, R., Wakefield, T. L., Tamada, K., Flies, D., et al. (2002). Strategies for antigen loading of dendritic cells to enhance the antitumor immune response. Cancer Res. 62, 1884–1889.

Sukkurwala, A. Q., Adjemian, S., Senovilla, L., Michaud, M., Spaggiari, S., Vacchelli, E., et al. (2014). Screening of novel immunogenic cell death inducers within the NCI mechanistic diversity set. Oncoimmunology 3:e28473. doi: 10.4161/onci.28473

Suzuki, Y., Mimura, K., Yoshimoto, Y., Watanabe, M., Ohkubo, Y., Izawa, S., et al. (2012). Immunogenic tumor cell death induced by chemoradiotherapy in patients with esophageal squamous cell carcinoma. Cancer Res. 72, 3967–3976. doi: 10.1158/0008-5472.CAN-12-0851

Tamura, H., Ishibashi, M., Yamashita, T., Tanosaki, S., Okuyama, N., Kondo, A., et al. (2012). Marrow stromal cells induce B7-H1 expression on myeloma cells, generating aggressive characteristics in multiple myeloma. Leukemia 27, 464–472. doi: 10.1038/leu.2012.213

Tamura, Y., Hirohashi, Y., Kutomi, G., Nakanishi, K., Kamiguchi, K., Torigoe, T., et al. (2011). Tumor-produced secreted form of binding of immunoglobulin protein elicits antigen-specific tumor immunity. J. Immunol. 186, 4325–4330. doi: 10.4049/jimmunol.1004048

Tarr, J. M., Young, P. J., Morse, R., Shaw, D. J., Haigh, R., Petrov, P. G., et al. (2010). A mechanism of release of calreticulin from cells during apoptosis. J. Mol. Biol. 401, 799–812. doi: 10.1016/j.jmb.2010.06.064

Tesniere, A., Panaretakis, T., Kepp, O., Apetoh, L., Ghiringhelli, F., Zitvogel, L., et al. (2008). Molecular characteristics of immunogenic cancer cell death. Cell Death Differ. 15, 3–12. doi: 10.1038/sj.cdd.4402269

Tesniere, A., Schlemmer, F., Boige, V., Kepp, O., Martins, I., and Ghiringhelli, F. (2009). Immunogenic death of colon cancer cells treated with oxaliplatin. Oncogene 29, 482–491. doi: 10.1038/onc.2009.356

Trudel, S., Lendvai, N., Popat, R., Voorhees, P. M., Reeves, B., Libby, E. N., et al. (2018). Targeting B-cell maturation antigen with GSK2857916 antibody–drug conjugate in relapsed or refractory multiple myeloma (BMA117159): a dose escalation and expansion phase 1 trial. Lancet Oncol. 19, 1641–1653. doi: 10.1016/S1470-2045(18)30576-X

Uramoto, H., Sugio, K., Oyama, T., Nakata, S., Ono, K., Yoshimastu, T., et al. (2005). Expression of endoplasmic reticulum molecular chaperone Grp78 in human lung cancer and its clinical significance. Lung Cancer 49, 55–62. doi: 10.1016/j.lungcan.2004.12.011

van de Donk, N. W. C. J., and Usmani, S. Z. (2018). CD38 antibodies in multiple myeloma: mechanisms of action and modes of resistance. Front. Immunol. 9:2134. doi: 10.3389/fimmu.2018.02134

van der Veer, M. S., de Weers, M., van Kessel, B., Bakker, J. M., Wittebol, S., Parren, P. W., et al. (2011). Towards effective immunotherapy of myeloma: enhanced elimination of myeloma cells by combination of lenalidomide with the human CD38 monoclonal antibody daratumumab. Haematologica 96, 284–290. doi: 10.3324/haematol.2010.030759

van Vliet, A. R., and Agostinis, P. (2016). When under pressure, get closer: PERKing up membrane contact sites during ER stress. Biochem. Soc. Trans. 44, 499–504. doi: 10.1042/BST20150272

van Vliet, A. R., Giordano, F., Gerlo, S., Segura, I., Van Eygen, S., Molenberghs, G., et al. (2017). The ER stress sensor PERK coordinates ER-plasma membrane contact site formation through interaction with filamin-A and F-actin remodeling. Mol. Cell 65, 885–899.e6. doi: 10.1016/j.molcel.2017.01.020

van Vliet, A. R., Martin, S., Garg, A. D., and Agostinis, P. (2015). The PERKs of damage-associated molecular patterns mediating cancer immunogenicity: from sensor to the plasma membrane and beyond. Semin. Cancer Biol. 33, 74–85. doi: 10.1016/j.semcancer.2015.03.010

van Vloten, J. P., Workenhe, S. T., Wootton, S. K., Mossman, K. L., and Bridle, B. W. (2018). Critical interactions between immunogenic cancer cell death, oncolytic viruses, and the immune system define the rational design of combination immunotherapies. J. Immunol. 200, 450–458. doi: 10.4049/jimmunol.1701021

Vanden Berghe, T., Vanlangenakker, N., Parthoens, E., Deckers, W., Devos, M., Festjens, N., et al. (2009). Necroptosis, necrosis and secondary necrosis converge on similar cellular disintegration features. Cell Death Differ. 17, 922–930. doi: 10.1038/cdd.2009.184

Vandenberk, L., Belmans, J., Van Woensel, M., Riva, M., and Van Gool, S. W. (2015). Exploiting the immunogenic potential of cancer cells for improved dendritic cell vaccines. Front. Immunol. 6:663. doi: 10.3389/fimmu.2015.00663

Varpe, S. S., Juvekar, A. R., Bidikar, M. P., and Juvekar, P. R. (2012). Evaluation of anti-inflammatory activity of Typha angustifolia pollen grains extracts in experimental animals. Indian J. Pharmacol. 44, 788–791. doi: 10.4103/0253-7613.103303

Velasco, G., Verfaillie, T., Salazar, M., and Agostinis, P. (2010). Linking ER stress to autophagy: potential implications for cancer therapy. Int. J. Cell Biol. 2010:930509. doi: 10.1155/2010/930509

Venereau, E., Casalgrandi, M., Schiraldi, M., Antoine, D. J., Cattaneo, A., De Marchis, F., et al. (2012). Mutually exclusive redox forms of HMGB1 promote cell recruitment or proinflammatory cytokine release. J. Exp. Med. 209, 1519–1528. doi: 10.1084/jem.20120189

Verfaillie, T., Garg, A. D., and Agostinis, P. (2013). Targeting ER stress induced apoptosis and inflammation in cancer. Cancer Lett. 332, 249–264. doi: 10.1016/j.canlet.2010.07.016

Wang, J., Hendrix, A., Hernot, S., Lemaire, M., De Bruyne, E., and Van Valckenborgh, E. (2014). Bone marrow stromal cell-derived exosomes as communicators in drug resistance in multiple myeloma cells. Blood J. 124, 555–567. doi: 10.1182/blood-2014-03-562439

Wang, X., Olberding, K. E., White, C., and Li, C. (2011). Bcl-2 proteins regulate ER membrane permeability to luminal proteins during ER stress-induced apoptosis. Cell Death Differ. 18, 38–47. doi: 10.1038/cdd.2010.68

Wang, X., Walter, M., Urak, R., Weng, L., Huynh, C., Lim, L., et al. (2018). Lenalidomide enhances the function of CS1 chimeric antigen receptor–redirected T cells against multiple myeloma. Clin. Cancer Res. 24, 106–119. doi: 10.1158/1078-0432.CCR-17-0344

Wiersma, V. R., Michalak, M., Abdullah, T. M., Bremer, E., and Eggleton, P. (2015). Mechanisms of translocation of ER chaperones to the cell surface and immunomodulatory roles in cancer and autoimmunity. Front. Oncol. 5:7. doi: 10.3389/fonc.2015.00007

Wijeyesakere, S. J., Bedi, S. K., Huynh, D., and Raghavan, M. (2016). The C-terminal acidic region of calreticulin mediates phosphatidylserine binding and apoptotic cell phagocytosis. J. Immunol. 196, 3896–3909. doi: 10.4049/jimmunol.1502122

Wilson, L., Cohen, A. D., Weiss, B. M., Vogl, D. T., Garfall, A. L., Capozzi, D. L., et al. (2016). Pembrolizumab in combination with pomalidomide and dexamethasone (PEMBRO/POM/DEX) for pomalidomide exposed relapsed or refractory multiple myeloma. Blood 128, 2119–2119.

Wong, D. Y. Q., Ong, W. W. F., and Ang, W. H. (2015). Induction of immunogenic cell death by chemotherapeutic platinum complexes. Angew. Chem. Int. Ed. Engl. 54, 6483–6487. doi: 10.1002/anie.201500934

Xu, Q., Chen, C., Chen, G., Chen, W., Zhou, D., and Xie, Y. (2018). Significance of calreticulin as a prognostic factor in endometrial cancer. Oncol. Lett. 15, 8999–9008. doi: 10.3892/ol.2018.8495

Yamaguchi, H., and Wang, H. G. (2004). CHOP is involved in endoplasmic reticulum stress-induced apoptosis by enhancing DR5 expression in human carcinoma cells. J. Biol. Chem. 279, 45495–45502. doi: 10.1074/jbc.m406933200

Yang, H., Lundbäck, P., Ottosson, L., Erlandsson-Harris, H., Venereau, E., Bianchi, M. E., et al. (2012). Redox modification of cysteine residues regulates the cytokine activity of high mobility group box-1 (HMGB1). Mol. Med. 18, 250–259. doi: 10.2119/molmed.2011.00389

Yang, H., Ma, Y., Chen, G., Zhou, H., Yamazaki, T., Klein, C., et al. (2016). Contribution of RIP3 and MLKL to immunogenic cell death signaling in cancer chemotherapy. Oncoimmunology 5:e1149673. doi: 10.1080/2162402X.2016.1149673

Yatim, N., Jusforgues-Saklani, H., Orozco, S., Schulz, O., Barreira da Silva, R., Reis e Sousa, C., et al. (2015). RIPK1 and NF-κB signaling in dying cells determines cross-priming of CD8&T cells. Science 350, 328–334. doi: 10.1126/science.aad0395

Ye, T., Jiang, K., Wei, L., Barr, M. P., Xu, Q., Zhang, G., et al. (2018). Oncolytic Newcastle disease virus induces autophagy-dependent immunogenic cell death in lung cancer cells. Am. J. Cancer Res. 8, 1514–1527.

Yousef, S., Marvin, J., Steinbach, M., Langemo, A., Kovacsovics, T., Binder, M., et al. (2015). Immunomodulatory molecule PD-L1 is expressed on malignant plasma cells and myeloma-propagating pre-plasma cells in the bone marrow of multiple myeloma patients. Blood Cancer J. 5:e285. doi: 10.1038/bcj.2015.7

Zappasodi, R., Pupa, S. M., Ghedini, G. C., Bongarzone, I., Magni, M., Cabras, A. D., et al. (2010). Improved clinical outcome in indolent B-cell lymphoma patients vaccinated with autologous tumor cells experiencing immunogenic death. Cancer Res. 70, 9062–9072. doi: 10.1158/0008-5472.CAN-10-1825

Zhang, Y., Huang, S., Gong, D., Qin, Y., and Shen, Q. (2010). Programmed death-1 upregulation is correlated with dysfunction of tumor-infiltrating CD8+ T lymphocytes in human non-small cell lung cancer. Cell. Mol. Immunol. 7, 389–395. doi: 10.1038/cmi.2010.28

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Serrano-del Valle, Anel, Naval and Marzo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fcell-07-00050-g003.jpg
qudﬂt)CDija.

b
MMcell ~Q
W cell Jkp

Immunosuppressive

S populations CD38

I J->, ,
g r"’ SLAMF7

Y

Impaired T cell
comparfment -~

Alterations in DCs
N populations

e

"

Incﬁreosed PD-L1
expression

Reinfuse to /1

Impaired antibody
e production

expansion
CON\\exvivo

_Brogenitors

IICOIdII IIHO_I_II O \
Tumour Tumour Plive c®
Multiple Myelomao Multiple Myeloma
Immunosuppressive Immunotherapeutic

porofile repertoire





OPS/images/cross.jpg
3,

i





OPS/images/fcell-07-00050-g002.jpg
Type I 1ICD Type II ICD
Inducers Inducers

(Immunogenic (Hyp-PDT)

chemotherapy)
Cytokine
regulation 1-° off target targeted
Typel  1nFog effect effect
IFNs
ATF6 | ! v )I * ‘ ER stress
®Jlp PERK T s s K

IRE1
ERp57
Transcrlptlon ‘ B
ATF 4 |
NF- KB

factors

elF2a
elF2a
(D)
L1 Casp-8 ,

-
BAP31 :‘)
>0
©:20

-"
.

traslocation
> of LAMP1

lysosomes

T, »ROCK1

SNAP23-dependent

/w

CRT

VSNAREs
ERp57





OPS/images/fcell-07-00050-g001.jpg
ER chaperones
CRT

Hsp70/90 »

BIP
ANXAT O © i
o @ o ..o.o....

CD91
/a

Immature
DC

4. P2RX7/
P2RY2

A Patient stratification

responders
HLA-Ag

complex
0, A

TLR4 Recruitment
Type | IFN
¢ Engulfment

Activation—
&
Maturation

o Prognostic
responders’ value CXCLIO -

DAMPs
exposure/expression

L ] v
!':— ’; @ \V“

T cell
recruitment
& priming

ﬁ T cell
"\ proliferation

-
Oncogenic stress Immunogenic
during malignant Cell
transformation Death
B ICD modalities

/”EET\\\ . .
S ICD elicited
' HMGBI by physical cues
- CXCL10
: IL-1B
. ANXA1
. Typel

N\
7
~IFN

\-——-—-—’

o ——————

: Necroptotic
| ICD
ICD : ATP HMGB1 ATP |
| HMGB1 ~ CXCLIO HMGBI [
!
\ IL-1B /
\ Type | /
\\ IFN 7





OPS/images/cover.jpg
’ frontiers

in Cell and Developmental
Biology

Immunogenic Cell Death and
Immunotherapy of Multiple
Myeloma









OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





