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Introduction

The integrated stress response (ISR) is an evolutionary conserved signaling cascade through which cells can cope with their environment in response to a variety of physiological changes and environmental conditions to adjust their metabolic status [START_REF] Pakos-Zebrucka | The integrated stress response[END_REF][START_REF] Wek | Role of eIF2alpha Kinases in Translational Control and Adaptation to Cellular Stress[END_REF]. The different stresses frequently include endoplasmic reticulum (ER) stress triggered by an accumulation of unfolded proteins in the ER, amino acid or glucose deprivation, hypoxia, oxidative stress, heat shock and viral infection [START_REF] Pakos-Zebrucka | The integrated stress response[END_REF][START_REF] Garcia | The dsRNA protein kinase PKR: virus and cell control[END_REF][START_REF] Harding | Protein translation and folding are coupled by an endoplasmic-reticulum-resident kinase[END_REF][START_REF] Harding | An integrated stress response regulates amino acid metabolism and resistance to oxidative stress[END_REF][START_REF] Mcewen | Heme-regulated inhibitor kinase-mediated phosphorylation of eukaryotic translation initiation factor 2 inhibits translation, induces stress granule formation, and mediates survival upon arsenite exposure[END_REF][START_REF] Ron | Translational control in the endoplasmic reticulum stress response[END_REF]. It has also been demonstrated that the ISR can be triggered by oncogene activation during tumorigenesis [START_REF] Denoyelle | Anti-oncogenic role of the endoplasmic reticulum differentially activated by mutations in the MAPK pathway[END_REF]. To activate ISR, all these stressors converge to a common nexus, which is the phosphorylation of the alpha subunit of eukaryotic translation initiation factor 2 (eIF2a) on serine 51 [START_REF] Pakos-Zebrucka | The integrated stress response[END_REF][START_REF] Wek | Role of eIF2alpha Kinases in Translational Control and Adaptation to Cellular Stress[END_REF][START_REF] Walter | The unfolded protein response: from stress pathway to homeostatic regulation[END_REF]. In mammalian cells, this phosphorylation is performed by a family of four serine/threonine eIF2a kinases (GCN2, PKR, PERK and HRI) that are activated by distinct stress stimuli [START_REF] Donnelly | The eIF2alpha kinases: their structures and functions[END_REF] (Figure 1).

In response to distinct physiological and environmental stresses, each eIF2a kinase form dimers and trans-autophosphorylate for full and proper activation [START_REF] Donnelly | The eIF2alpha kinases: their structures and functions[END_REF]. General control nonderepressible 2 (GCN2) is conserved from yeasts to humans and its binding to uncharged deacylated transfer RNAs (tRNAs) promotes its activation in cells lacking amino acids [START_REF] Castilho | Keeping the eIF2 alpha kinase Gcn2 in check[END_REF]. Double-stranded RNA (dsRNA)-dependent protein kinase (PKR) was initially reported to be activated by dsRNA following viral infection but cytokines, bacterial infections, growth factor deprivation, and ER, oxidative or ribotoxic stress may also activate this kinase [START_REF] Garcia | The dsRNA protein kinase PKR: virus and cell control[END_REF][START_REF] Garcia | Impact of protein kinase PKR in cell biology: from antiviral to antiproliferative action[END_REF]. The well-known PKR-like ER kinase (PERK) is activated mainly after detection of misfolded proteins in the ER, also known as ER stress, but also following alterations in cellular energy, redox status or calcium homeostasis [START_REF] Walter | The unfolded protein response: from stress pathway to homeostatic regulation[END_REF][START_REF] Ron | Proteotoxicity in the endoplasmic reticulum: lessons from the Akita diabetic mouse[END_REF]. Finally, heme-regulated inhibitor (HRI) responds to a broad range of stresses, including heme deprivation, oxidative and osmotic stress, heat shock, proteasome inhibition although cytosolic proteotoxicity may represent an overarching trigger for HRI [START_REF] Mcewen | Heme-regulated inhibitor kinase-mediated phosphorylation of eukaryotic translation initiation factor 2 inhibits translation, induces stress granule formation, and mediates survival upon arsenite exposure[END_REF][START_REF] Chen | Heme-regulated eIF2alpha kinase in erythropoiesis and hemoglobinopathies[END_REF][START_REF] Yerlikaya | Phosphorylation of eIF2alpha in response to 26S proteasome inhibition is mediated by the haem-regulated inhibitor (HRI) kinase[END_REF]. Of note, HRI activation independently of heme involves heat shock proteins Hsp90 and Hsc70 [START_REF] Lu | Translation initiation control by heme-regulated eukaryotic initiation factor 2alpha kinase in erythroid cells under cytoplasmic stresses[END_REF]. As can be assessed, certain types of stress can theoretically activate more than one of these four kinases. Importantly, the eIF2α kinases likely act in cooperation to precisely regulate the stress-induced cellular responses. Finally, it should be noted that all these kinases have been reported to have a role independently of the phosphorylation of eIF2α [START_REF] Wek | Role of eIF2alpha Kinases in Translational Control and Adaptation to Cellular Stress[END_REF]. eIF2 consists of three subunits (α, β, and g) and as mentioned above, the central core to allow ISR activation is the phosphorylation of the subunit α on serine 51 by the eIF2α kinases [START_REF] Pakos-Zebrucka | The integrated stress response[END_REF][START_REF] Wek | Role of eIF2alpha Kinases in Translational Control and Adaptation to Cellular Stress[END_REF][START_REF] Walter | The unfolded protein response: from stress pathway to homeostatic regulation[END_REF]. When linked to GTP and methionyl-tRNA initiator (Met-tRNAiMet), eIF2 forms a ternary complex allowing the delivery of the initiating tRNA to the 40S ribosomal subunit. eIF2 is released from the GDP-linked ribosome and the eIF2 complex must return under its active form bound to GTP for another round of translation initiation. The guanine nucleotide exchange factor eIF2B exchanges GDP for GTP on the g subunit of eIF2 thereby providing the levels of ternary complex accessible for the induction of new translation cycles. Nevertheless, under various stress conditions, Ser51 phosphorylation of eIF2α hinders the initiation of general translation by shifting eIF2 to a competitive inhibitor of eIF2B through the blockade of the GDP-GTP exchange reaction and the decrease of the dissociation degree of eIF2 from eIF2B [START_REF] Pakos-Zebrucka | The integrated stress response[END_REF][START_REF] Wek | Role of eIF2alpha Kinases in Translational Control and Adaptation to Cellular Stress[END_REF][START_REF] Pavitt | Regulation of translation initiation factor eIF2B at the hub of the integrated stress response[END_REF]. eIF2α phosphorylation conducts a global termination in translation (Cap-dependent translation), but it does not affect all mRNA transcripts in the same way. Indeed, a subclass of mRNAs with upstream open reading frames display an increased selective translation (Cap-independent translation) (Figure 1). Importantly, those mRNAs encode for crucial proteins to recover from stress and to re-establish homeostasis [START_REF] Pakos-Zebrucka | The integrated stress response[END_REF][START_REF] Wek | Role of eIF2alpha Kinases in Translational Control and Adaptation to Cellular Stress[END_REF].

One of critical genes that is translated following eIF2α phosphorylation is the transcription factor ATF4 and this was confirmed with studies in Atf4-deficient mice [START_REF] Pakos-Zebrucka | The integrated stress response[END_REF][START_REF] Wek | Role of eIF2alpha Kinases in Translational Control and Adaptation to Cellular Stress[END_REF]. Under cell stress conditions, an hallmark of the ISR is an increase in ATF4 expression mainly as a consequence of translational regulation since Atf4 mRNA is among the mRNAs that undergo an increased translation after eIF2α phosphorylation in contrast to the global translational arrest described for most transcripts [START_REF] Pakos-Zebrucka | The integrated stress response[END_REF][START_REF] Wek | Role of eIF2alpha Kinases in Translational Control and Adaptation to Cellular Stress[END_REF]. Given that ATF4 is a transcription factor, it can initiate some transcriptional procedures that will, in the end, govern the cell fate, ranging from cell death induction to homeostasis restoration. Moreover, ATF4 has the capacity to interact with various additional transcription factors (dimerization partner, Figure 1) allowing it to engender distinct adapted responses to different types of cell stress. Therefore, whereas ATF4 is a crucial modulator of ISR, the ATF4-targetted genes are strongly dependent on the stress intensity and cell type or context [START_REF] Pakos-Zebrucka | The integrated stress response[END_REF][START_REF] Wek | Role of eIF2alpha Kinases in Translational Control and Adaptation to Cellular Stress[END_REF]. For instance, in combination with the transcription factor ATF3, ATF4 participates in the program to restore cellular homeostasis and survival [START_REF] Ohoka | TRB3, a novel ER stressinducible gene, is induced via ATF4-CHOP pathway and is involved in cell death[END_REF], while in association with the transcription factor CHOP, ATF4 triggers apoptosis after ER stress [START_REF] Wang | ERAD inhibitors integrate ER stress with an epigenetic mechanism to activate BH3-only protein NOXA in cancer cells[END_REF].

In this review, we present new key roles and functions of the eIF2α kinase HRI in the context of innate immunity, proteostasis and mitochondrial stress, which thereby expands its involvement in the induction of the ISR beyond its initially reported activators such as heme deprivation, oxidative or osmotic stress and heat shock.
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HRI is a cytosolic sensor of protein misfolding that controls innate immune signaling

Requirement of the HRI-eIF2a axis for inflammatory responses during bacterial infection

Besides the well identified function of PKR in innate immunity against RNA virus [START_REF] Garcia | The dsRNA protein kinase PKR: virus and cell control[END_REF][START_REF] Donnelly | The eIF2alpha kinases: their structures and functions[END_REF][START_REF] Garcia | Impact of protein kinase PKR in cell biology: from antiviral to antiproliferative action[END_REF], growing body of evidence suggested a role for the ISR as an integral part of the innate immune response to bacterial infection. Indeed, Salmonella, Shigella and Listeria infection were shown to induce eIF2a phosphorylation [START_REF] Tattoli | Amino acid starvation induced by invasive bacterial pathogens triggers an innate host defense program[END_REF][START_REF] Tattoli | Listeria phospholipases subvert host autophagic defenses by stalling pre-autophagosomal structures[END_REF][START_REF] Tsalikis | Intracellular Bacterial Pathogens Trigger the Formation of U Small Nuclear RNA Bodies (U Bodies) through Metabolic Stress Induction[END_REF] thereby demonstrating that ISR activation occurs as a result of patterns of bacterial pathogenesis such as bacterial growth, membrane damage, access to cytosol and cytoskeleton disruption (see for review [START_REF] Rodrigues | Integrated Stress Responses to Bacterial Pathogenesis Patterns[END_REF]). Moreover, Shresta et al. have reported that cells lacking HRI are highly resistant to infection by bacterial pathogens, including Yersinia, Chlamydia and Listeria [START_REF] Shrestha | The host-encoded Heme Regulated Inhibitor (HRI) facilitates virulenceassociated activities of bacterial pathogens[END_REF]. Recently, it has been reported that infection of mouse embryonic fibroblasts (MEFs), expressing either the wild-type form of eIF2a or a knock-in (KI) mutation preventing its phosphorylation (Ser 51 to Ala substitution, S51A), with Salmonella, Shigella or Listeria leads to a reduced secretion of pro-inflammatory cytokines in KI but not in wild-type MEFs independently of bacterial replication [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF]. As expected, infection with the three pathogens induces stress granule accumulation in wild-type but not KI MEFs. Importantly, the diminished release of cytokines in the KI MEFs correlates with a decreased expression of their mRNA revealing that the ISR is a prerequisite for transcriptional cytokine expression in response to infection. Confirming this, bacterial infection induces ATF4 expression and the pro-inflammatory cytokine expression is dampened in Atf4 -/-MEFs. Finally, an acute inhibition of the ISR using ISRIB, a specific inhibitor of eIF2a phosphorylation [START_REF] Pakos-Zebrucka | The integrated stress response[END_REF], significantly inhibits cytokine expression as well as ISR-specific genes showing that eIF2a phosphorylation is actually essential for pro-inflammatory and stress responses following bacterial infection.

Previous studies have revealed that GCN2 is activated by invasive bacterial pathogens [START_REF] Tattoli | Amino acid starvation induced by invasive bacterial pathogens triggers an innate host defense program[END_REF][START_REF] Tattoli | Listeria phospholipases subvert host autophagic defenses by stalling pre-autophagosomal structures[END_REF] but Shigella infection also promotes the accumulation of a slower-migrating form of HRI [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF],

indicative of the phosphorylated and activated form of this kinase [START_REF] Pakos-Zebrucka | The integrated stress response[END_REF][START_REF] Wek | Role of eIF2alpha Kinases in Translational Control and Adaptation to Cellular Stress[END_REF][START_REF] Donnelly | The eIF2alpha kinases: their structures and functions[END_REF]. Moreover, Shigella infection also triggers the dissociation between HRI and Hsc70 in agreement with the notion that HRI activation is also coupled with its dissociation from this chaperone [START_REF] Uma | Dual role for Hsc70 in the biogenesis and regulation of the heme-regulated kinase of the alpha subunit of eukaryotic translation initiation factor 2[END_REF][START_REF] Xu | The role of the 90-kDa heat-shock protein and its associated cohorts in stabilizing the heme-regulated eIF-2alpha kinase in reticulocyte lysates during heat stress[END_REF]. Remarkably, while both HRI and GCN2 are required for the full ISR following Shigella infection, HRI appears to be the sole eIF2a kinase governing the ISR-mediated pro-inflammatory response to this pathogen [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF]. Glu-meso-DAP (D-glutamyl-meso-diaminopimelic acid), constituting walls of Gram negative bacteria, while NOD2 recognizes muramyl dipeptide (MDP, or MurNAc-L-Ala-D-isoGln), present in the walls of Gram negative and Gram positive bacteria [START_REF] Mukherjee | NOD1 and NOD2 in inflammation, immunity and disease[END_REF][START_REF] Philpott | NOD proteins: regulators of inflammation in health and disease[END_REF]. Shigella infection leads to NF-kB activation in a NOD1/2-dependent manner as an inflammatory signaling in non-myeloid cells [START_REF] Girardin | Nod1 detects a unique muropeptide from gram-negative bacterial peptidoglycan[END_REF][START_REF] Girardin | CARD4/Nod1 mediates NF-kappaB and JNK activation by invasive Shigella flexneri[END_REF]. HRI knock down decreases NF-kB activation and ensuing expression of pro-inflammatory cytokines following Shigella infection or in response to the NOD1 and NOD2 ligands [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF].

HRI signaling is crucial for NOD1-and NOD2-driven inflammatory responses

Importantly, the blunted NF-kB response is independent from translation regulation because the nuclear translocation of NF-kB is observed before the translation arrest. The requirement of HRI in NOD1-and NOD2-driven inflammatory responses is also observed in vivo after intraperitoneal injection of NOD ligands or following Citrobacter rodentium infection, a model of infection where the consequent inflammation is driven partly by NOD1 and NOD2 [START_REF] Geddes | Identification of an innate T helper type 17 response to intestinal bacterial pathogens[END_REF][START_REF] Kim | The Nod2 sensor promotes intestinal pathogen eradication via the chemokine CCL2-dependent recruitment of inflammatory monocytes[END_REF]. Indeed, in both models, Hri -/-mice display a reduced inflammatory response in comparison to the Hri +/+ littermates [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF].

Similarly, another study has shown a reduced detection of IL-6 in the serum of Hri -/-mice after Listeria infection [START_REF] Bahnan | The eIF2alpha Kinase Heme-Regulated Inhibitor Protects the Host from Infection by Regulating Intracellular Pathogen Trafficking[END_REF].

At the molecular level, HRI signaling regulates the solubility and folding of NOD1 oligomers. Indeed, while after stimulation, NOD1 forms large signaling platforms (called signalosomes) with its adaptor RIP2 [START_REF] Mukherjee | NOD1 and NOD2 in inflammation, immunity and disease[END_REF][START_REF] Philpott | NOD proteins: regulators of inflammation in health and disease[END_REF] that are soluble in both ionic and non-ionic buffer buffers, NOD1 signalosomes can only be extracted in ionic buffer in HRI deficient cells. Moreover, based on the use of the dye SYPRO Orange, whose fluorescence increases in the presence of hydrophobic pattern or misfolded proteins, the NOD1 signalosomes appear less properly folded in HRI deficient cells in comparison to the control cells. Finally, the hydrophobicity of NOD1 signalosomes is also increased in the presence of ISRIB confirming that HRI-eIF2a-dependent signaling controls the assembly of these complexes.

NOD1 and NOD2 signaling requires the HRI-eIF2a-HSPB8 loop

Heat shock protein (HSP) chaperones are well known to control the assembly and stability of proteins complexes [START_REF] Liberek | Chaperones in control of protein disaggregation[END_REF]. In a microarray analysis of genes induced by Shigella infection, the chaperone HSPB8 is among the most up-regulated genes and is the only upregulated HSP [START_REF] Tattoli | Amino acid starvation induced by invasive bacterial pathogens triggers an innate host defense program[END_REF].

Following bacterial infection, HSPB8 is upregulated specifically in an HRI-eIF2a-ATF4-dependent manner, nevertheless this occurs in a second wave, after induction of the pro-inflammatory and stress-induced genes [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF]. Confirming HSPB8 as a key HSP on NOD-dependent signaling, the silencing of HSPB8 strongly inhibits Shigella-induced pro-inflammatory expression whereas HSPB8 overexpression in HRI deficient cells rescues NF-kB signaling and the inflammatory response.
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HSPB8 interacts with HRI but both proteins quickly dissociate after bacterial infection, then HSPB8 associates with NOD1 or NOD2 complexes to control signalosome assembly and folding since the loss of HSPB8 decreases the proper folding of NOD1 or NOD2 complexes. Hence, the HRI-HSPB8 axis regulates NOD1 and NOD2 signaling through the control of signalosome formation, and HSPB8 displacement from HRI to the forming NODs signalosomes likely functions as a signal to generate an HRI-eIF2a-ATF4-dependent pathway inducing a transcriptional up-regulation of HSPB8 (Figure 2). This circuit is reminiscent of the classical unfolded protein response (UPR) in the ER lumen whereby the expression of the chaperone HSPA5 (also called Bip or GRP78) is dependent on the sensing of misfolded proteins by PERK and the transcription factor ATF4 [START_REF] Walter | The unfolded protein response: from stress pathway to homeostatic regulation[END_REF], and could therefore be considered as an HRI-mediated cytosolic UPR (cUPR) [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF].

HRI differentially regulates PRR signaling

Most of the diverse receptor families of the innate immune system, the PRRs, form signalosomes with their respective adaptor to activate signal transduction pathways that are important for host defense after the sensing of PAMPs (Pathogen-Associated Molecular Pattern) or DAMPs (Danger-Associated Molecular Pattern) [START_REF] Kagan | SMOCs: supramolecular organizing centres that control innate immunity[END_REF]. At the plasma membrane of myeloid cells, TLR4, TLR5 and TLR2 sense bacterial components, such as LPS (lipopolysaccharide), flagellin and lipoproteins, respectively [START_REF] Fitzgerald | Toll-like Receptors and the Control of Immunity[END_REF][START_REF] Tan | Detection of Microbial Infections Through Innate Immune Sensing of Nucleic Acids[END_REF]. Through the recruitment of the adaptor Myd88, a signaling pathway leading to NF-kB activation is then engaged to promote the transcriptional expression of pro-inflammatory cytokines [START_REF] Fitzgerald | Toll-like Receptors and the Control of Immunity[END_REF][START_REF] Tan | Detection of Microbial Infections Through Innate Immune Sensing of Nucleic Acids[END_REF]. Stimulation of Hri +/+ and Hri -/-BMDMs (Bone Marrow-Derived Macrophages) with the TLR4, TLR5 or TLR2 ligands leads to similar Myd88-mediated signaling and ensuing cytokines production [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF]. Consistently, intraperitoneal injection of LPS into Hri +/+ or Hri -/- mice induces similar inflammation. After LPS sensing, TLR4 is internalized into the endosomal compartment, then the adaptor TRIF is recruited allowing activation of the transcription factor IRF3 to produce type I interferons (IFNs) [START_REF] Fitzgerald | Toll-like Receptors and the Control of Immunity[END_REF][START_REF] Tan | Detection of Microbial Infections Through Innate Immune Sensing of Nucleic Acids[END_REF]. Interestingly, TRIF-mediated signaling is altered and the production of IFNb reduced in LPS-treated Hri -/-BMDMs. Likewise, within the endosomes, TLR3 senses dsRNA to signal through TRIF [START_REF] Fitzgerald | Toll-like Receptors and the Control of Immunity[END_REF][START_REF] Tan | Detection of Microbial Infections Through Innate Immune Sensing of Nucleic Acids[END_REF], and TLR3-TRIF signaling pathway as well as IFNb expression is also blunted in Hri -/-BMDMs [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF].

Following viral infection, viral RNAs are detected in the cytosol by the RIG-I-Like Receptors (RLRs), which require the MAVS signalosome (the adaptor MAVS being anchored into the mitochondrial outer-membrane) to signal and produce type I IFNs and pro-inflammatory cytokines, while viral DNAs are sensed by cGAS, which signals through the ER-localized protein STING [START_REF] Tan | Detection of Microbial Infections Through Innate Immune Sensing of Nucleic Acids[END_REF][START_REF] Ablasser | Regulation of cGAS-and RLR-mediated immunity to nucleic acids[END_REF].

In Hri -/-cells the cGAS-STING signaling is not altered whereas the RIG-I-MAVS pathway is [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF].
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Accordingly, in Hri -/-cells less MAVS oligomers [START_REF] Tan | Detection of Microbial Infections Through Innate Immune Sensing of Nucleic Acids[END_REF][START_REF] Ablasser | Regulation of cGAS-and RLR-mediated immunity to nucleic acids[END_REF] are detected and the cells produce less type I IFNs and pro-inflammatory cytokines in comparison to Hri +/+ cells after infection with a RNA virus.

Supporting the role of HRI in host defense against RNA viruses, a significant decrease in immune cell recruitment and reduced damage in the lungs of Hri -/-mice are observed after infection with influenza A virus [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF].

An acute inhibition of eIF2a phosphorylation with ISRIB confirms the involvement of the cUPR in TRIF-and MAVS-dependent responses but not in Myd88-dependent response. Expression of HSPs induced by the ISR is likely required for the proper formation of TRIF or MAVS signalosome like in the NOD1/2-RIP2 signalosomes but the involved HSP(s) remains to be determined. However, HSPB8 seems to associate with MAVS after RLR activation (unpublished observation) suggesting an involvement of this chaperone as well, in the HRI-eIF2a-ATF4 axis to regulate the MAVS signalosome.

Unlike the above signalosomes, inflammasomes do not induce downstream transcriptional reprogramming but trigger a rapid form of cell death called pyroptosis linked to the maturation and the release of the pro-inflammatory cytokines IL-1b and IL-18 [START_REF] Broz | Inflammasomes: mechanism of assembly, regulation and signalling[END_REF]. In BMDMs, the deficiency of HRI still impairs to some extent the activity of the NLRP3 inflammasome (activated by potassium efflux) as well as of the AIM2 inflammasome (activated by the sensing of exogenous DNA by AIM2) [START_REF] Broz | Inflammasomes: mechanism of assembly, regulation and signalling[END_REF] since the secretion of IL-1b and IL-18 are reduced [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF]. Unexpectedly, activation of the noncanonical inflammasome through the transfection of LPS, which is sensed in the cytosol by caspase-11 in mice (caspase-4 or-5 in human) [START_REF] Broz | Inflammasomes: mechanism of assembly, regulation and signalling[END_REF], is not affected in Hri -/-cells. NLRP3 activation results in the assembly of a well-structured inflammasome complex composed by undecameric NLRP3 and fibrils/filaments of the adaptor ASC that form specks [START_REF] Broz | Inflammasomes: mechanism of assembly, regulation and signalling[END_REF][START_REF] Sharif | Structural mechanism for NEK7-licensed activation of NLRP3 inflammasome[END_REF]. Analyses in Hri -/-cells demonstrate a blunt assembly in NLRP3 inflammasome and improper folding as well as reduced ASC specks and fibers [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF]. Surprisingly, inhibition of eIF2a phosphorylation does not seem to have any impact on NLRP3 inflammasome activation suggesting that expression of ISR-mediated genes like Hspb8 is likely not involved in the formation or stability of the NLRP3 inflammasome. This could be explained by the fact that NLRP3 inflammasome leads quickly to pyroptotic cell death and does not promote transcriptional changes. Nevertheless, HRI deficiency might induce a cellular state that affects NLRP3 inflammasome assembly and eIF2a kinases have been described to have functions independently of eIF2a phosphorylation [START_REF] Pakos-Zebrucka | The integrated stress response[END_REF][START_REF] Wek | Role of eIF2alpha Kinases in Translational Control and Adaptation to Cellular Stress[END_REF]. The chaperone Hsp90 is known to interact with HRI and to be required for activation of the kinase following cytosolic stresses [START_REF] Pakos-Zebrucka | The integrated stress response[END_REF][START_REF] Lu | Translation initiation control by heme-regulated eukaryotic initiation factor 2alpha kinase in erythroid cells under cytoplasmic stresses[END_REF][START_REF] Uma | Hsp90 is obligatory for the hemeregulated eIF-2alpha kinase to acquire and maintain an activable conformation[END_REF]. Interestingly, Hsp90 has been shown to be crucial for NLRP3 inflammasome activity [START_REF] Mayor | A crucial function of SGT1 and HSP90 in inflammasome activity links mammalian and plant innate immune responses[END_REF] so that HRI-associated
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Hsp90 may serve as a source of Hsp90 after displacement from HRI to allow a proper assembly of NLRP3 inflammasome. This hypothesis remains however to be investigated.

In light of these observations, HRI seems to only regulate the folding and assembly of PRR signalosomes with the property that their adaptor can form amyloid-like fibrils in vitro i.e. RIP2 for NOD1/2, TRIF for TLR4/TLR3, MAVS for RIG-I/MDA-5 or ASC for NLRP3/AIM2 [START_REF] Cai | Prion-like polymerization underlies signal transduction in antiviral immune defense and inflammasome activation[END_REF][START_REF] Gentle | TIRdomain-containing adapter-inducing interferon-beta (TRIF) forms filamentous structures, whose pro-apoptotic signalling is terminated by autophagy[END_REF][START_REF] Pellegrini | RIP2 filament formation is required for NOD2 dependent NF-kappaB signalling[END_REF] (Figure 3) unlike Myd88 for TLR4 or STING [START_REF] Lin | Helical assembly in the MyD88-IRAK4-IRAK2 complex in TLR/IL-1R signalling[END_REF][START_REF] Shang | Cryo-EM structures of STING reveal its mechanism of activation by cyclic GMP-AMP[END_REF]. Interestingly, HRI signaling regulates amyloid-like fibrillar formation of RIPK1/RIPK3 oligomers (Figure 3) [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF] that are involved in programmed necrosis, or necroptosis [START_REF] Li | The RIP1/RIP3 necrosome forms a functional amyloid signaling complex required for programmed necrosis[END_REF][START_REF] Weinlich | Necroptosis in development, inflammation and disease[END_REF], indicating that HRI does not only control amyloid-like fibrillar formation in the context of innate immunity.

HRI as a sensor of proteotoxicity

HRI controls responses to aggregating α-synuclein

In agreement with the finding that the HRI-mediated signaling pathway is not only involved in the formation of PRR signalosome, overexpression of a-synuclein, a protein making toxic amyloid fibrils that are a pathological hallmark of Parkinson's disease [START_REF] Dikiy | Folding and misfolding of alpha-synuclein on membranes[END_REF], induces expression of ISR-induced genes (ATF3, CHOP…) in an HRI-dependent manner [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF]. Overexpression of a-synuclein also causes accumulation of multimeric forms of a-synuclein that are phosphorylated on Ser 129 , which is a biochemical hallmark of a-synuclein aggregation [START_REF] Hirai | Phosphorylated alpha-synuclein in normal mouse brain[END_REF]. Moreover, these a-synuclein multimers are ubiquitinated, suggesting that the proteins are part of cargos that are destined for degradation that build up in the cytosol of HRI-silenced cells, and the accumulation of phospho-S129 and ubiquitinpositive a-synuclein is strongly enhanced after inhibition of the proteasome [START_REF] Abdel-Nour | HDAC6 controls major cell response pathways to cytotoxic accumulation of protein aggregates[END_REF]. The knock down of HRI in a neuroblastoma cell line also promotes accumulation of dimers of a-synuclein phosphorylated on Ser 129 [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF]. Accordingly, in 7-month old Hri -/-mice, an increased accumulation of phospho S 129 a-synuclein is observed in the lateral collateral pathway, a region of the sacral spinal cord horn that receives visceral sensory afferents from the bladder and distal colon, and analyses of brain lysates from Hri -/-mice reveal accumulation of phospho Ser 129 a -synuclein dimers and oligomers [START_REF] Abdel-Nour | HDAC6 controls major cell response pathways to cytotoxic accumulation of protein aggregates[END_REF]. Both in cellulo and in vivo observations then sustain the idea that HRI-dependent pathways contribute to the clearance of potentially cytotoxic a-synuclein aggregates.

HRI controls aggresome formation

Large cytosolic protein aggregates or aggresomes [54] are removed by two main cellular processes, autophagy and the ubiquitin-proteasome system (UPS) [START_REF] Pohl | Cellular quality control by the ubiquitin-proteasome system and autophagy[END_REF], and defective clearance of potentiates the autophagic clearance of cytosolic protein aggregates when the UPS is inhibited, and proteasome inhibition results in accumulation of aggresomes and ubiquitinated proteins, as well as cytotoxicity, in HRI-silenced cells [START_REF] Abdel-Nour | HDAC6 controls major cell response pathways to cytotoxic accumulation of protein aggregates[END_REF]. Similarly, it was very recently described that neuronal HRI senses and responds to compromised function of the proteasome to restore proteotasis [START_REF] Alvarez-Castelao | The switch-like expression of heme-regulated kinase 1 mediates neuronal proteostasis following proteasome inhibition[END_REF].

Indeed, neuronal expression of HRI, although very low in resting conditions, is significantly increased following inhibition of protein degradation using a proteasome inhibitor, which results in constitutive inhibition of new protein synthesis through the HRI-eIF2a axis [START_REF] Alvarez-Castelao | The switch-like expression of heme-regulated kinase 1 mediates neuronal proteostasis following proteasome inhibition[END_REF].

In vivo, clusters of activated microglia are detected in the spinal cord of Hri -/-mice and are positive for Thioflavin S, a stain specific for amyloid-type protein aggregates [START_REF] Abdel-Nour | HDAC6 controls major cell response pathways to cytotoxic accumulation of protein aggregates[END_REF]. Quantification analysis revealed a significant increase in the density of Thioflavin S + aggregates in the white matter of 7-month old Hri -/-mice as compared to Hri +/+ littermate, suggesting that protein aggregates accumulate focally, resulting in local activation of the microglia. In support, an upregulation of the cell stress marker CHOP is observed in the brains of 7-month old Hri -/-mice [START_REF] Abdel-Nour | HDAC6 controls major cell response pathways to cytotoxic accumulation of protein aggregates[END_REF]. These results suggest that deletion of Hri promotes the spontaneous accumulation of protein aggregates, associated with cellular stress and microglial activation in the central nervous system of aged Hri -/- mice.

Since aged Hri -/-mice display accumulation of protein aggregates and phospho-Ser 129 asynuclein in the central nervous system, this supports the notion that HRI-dependent cUPR may represent a novel mechanism that could be targeted to enhance clearance of protein aggregates in the context of neurodegenerative diseases. Based on these new results, it appears that in addition to regulating pro-inflammatory signaling induced by specific PRRs, the HRI pathway may play a more general role in the homeostatic control of protein misfolding in the cytosol, both in cell lines and in vivo.

HRI relays mitochondrial stress to the cytosol for mitonuclear communication

Mitochondria are organelles that are derived from proteobacteria engulfed by the ancestor of eukaryotic cells before becoming endosymbionts, and they form the core of energy metabolism within cells through the production of ATP [START_REF] Friedman | Mitochondrial form and function[END_REF]. During evolution, mitochondria have developed new functions and acquired new elements from the host cell. In return, many proteobacterial genes were progressively transmitted and integrated into the nucleus, leading to modifications in the mitochondrial and nuclear genome, and ensuing proteome. While about 1200 proteins are found in mitochondria, only 13 are encoded by the mitochondrial DNA [START_REF] Mercer | The human mitochondrial transcriptome[END_REF] and those proteins are crucial
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components of the electron transport chain (ETC). Hence, a continuous coordination of transcription, translation and import of mitochondrial proteins must be performed between mitochondria and the nucleus.

UPR and ISR in response to mitochondrial stress

Mitochondria are not only essential in energetic metabolism since they are also involved in the regulation of intermediate metabolism, apoptosis, innate immunity and calcium buffering [START_REF] Friedman | Mitochondrial form and function[END_REF].

Many human diseases are due to defects in mitochondrial proteins and/or mitochondrial dysfunction affecting muscular, metabolic, neurological and the immune system; cancer cells can exploit mitochondrial function during tumorigenesis [START_REF] Sorrentino | Repairing Mitochondrial Dysfunction in Disease[END_REF]. Therefore, cells must rapidly adapt to environmental stresses that affect mitochondrial function to maintain essential metabolic pathways and to limit the production of noxious ROS (reactive oxygen species). Accordingly, different forms of mitonuclear communication are involved in the synchronized modifications in the expression of proteins encoded by both the mitochondrial and nuclear genomes in response to the various stressors or to preserve basal homeostasis [START_REF] Quiros | Mitonuclear communication in homeostasis and stress[END_REF].

After a mitochondrial stress, mitonuclear signals initiate an adaptive response within the nucleus, although mitochondria also have their own protein quality control system [START_REF] Quiros | New roles for mitochondrial proteases in health, ageing and disease[END_REF]. One of the best-identified retrograde (nucleus to mitochondria) stress responses is the mitochondrial unfolded protein response (UPR mt ), which was essentially characterized in the models of the invertebrates, Caenorhabiditis elegans and Drosophila melanogaster. In both the worm and fly, proteotoxic mitochondrial stresses (accumulation of unfolded proteins, inefficient protein quality control system or ETC inhibition) triggers the UPR mt leading to the expression of chaperones, proteases and metabolic enzymes for restoring mitochondrial function and cell homeostasis [START_REF] Melber | UPR(mt) regulation and output: a stress response mediated by mitochondrial-nuclear communication[END_REF]. In vertebrates, existence of the UPR mt was difficult to identify, but , nevertheless, it was reported that mammalian UPR mt is mediated by the transcription factor ATF5 [START_REF] Fiorese | The Transcription Factor ATF5 Mediates a Mammalian Mitochondrial UPR[END_REF]. However, this pathway seems to be activated only after a limited set of conditions [START_REF] Fiorese | The Transcription Factor ATF5 Mediates a Mammalian Mitochondrial UPR[END_REF].

In 2002, it was reported that accumulation of unfolded proteins within the mitochondrial matrix of mammalian cells results in the transcriptional upregulation of nuclear genes encoding mitochondrial stress proteins such as Hsp60, Hsp10, mtDnaJ and ClpP in a CHOP-dependent manner [START_REF] Zhao | A mitochondrial specific stress response in mammalian cells[END_REF], a transcription factor involved in the ISR [START_REF] Pakos-Zebrucka | The integrated stress response[END_REF]. Following this, different mitochondrial stressors have been described to activate the ISR [START_REF] Quiros | Mitonuclear communication in homeostasis and stress[END_REF]. The loss of the inner mitochondrial membrane protease HtrA2 in the brain induces an accumulation of unfolded proteins that stimulates a CHOPdependent ISR to protect against cell death [START_REF] Moisoi | Mitochondrial dysfunction triggered by loss of HtrA2 results in the activation of a brainspecific transcriptional stress response[END_REF]. Mitonuclear imbalance and mitochondrial
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dysfunction induced by tetracyclines promote ATF4-induced expression of stress genes [START_REF] Bruning | Tetracyclines cause cell stress-dependent ATF4 activation and mTOR inhibition[END_REF]. Arsenic treatment impairs mitochondrial protein import and activates gene expression to maintain mitochondrial proteostasis via eIF2a phosphorylation [START_REF] Rainbolt | Stress-regulated translational attenuation adapts mitochondrial protein import through Tim17A degradation[END_REF]. Finally, a GCN2-mediated ISR is activated in different cell lines after expression of impaired or altered mtDNA leading to the expression of several stress proteins as ATF3 or CHOP [START_REF] Michel | Inhibition of mitochondrial genome expression triggers the activation of CHOP-10 by a cell signaling dependent on the integrated stress response but not the mitochondrial unfolded protein response[END_REF].

In cells in culture, the consequences of the connection between mitochondrial stress and ISR can have protective or detrimental effects, and it likely depends on the extent and intensity of the mitochondrial stresses as well as of the cell type. For instance, in some cells, an ATF4-dependent ISR promotes cell viability and metabolic reprogramming after mitochondrial ETC inhibition [START_REF] Evstafieva | A sustained deficiency of mitochondrial respiratory complex III induces an apoptotic cell death through the p53-mediated inhibition of pro-survival activities of the activating transcription factor 4[END_REF][START_REF] Martinez-Reyes | AMPK and GCN2-ATF4 signal the repression of mitochondria in colon cancer cells[END_REF] while mitochondrial-induced ISR activation is harmful in brain cells by hindering cell proliferation or modifying lipid metabolism [START_REF] Silva | Inhibition of mitochondrial function induces an integrated stress response in oligodendroglia[END_REF][START_REF] Viader | Aberrant Schwann cell lipid metabolism linked to mitochondrial deficits leads to axon degeneration and neuropathy[END_REF].

ATF4 is a key regulator of the mitochondrial stress response

To characterize a presumed common mitochondrial stress response, a multiomics approach was used in HeLa cells challenged by different drugs that affect mitochondrial function in different ways, for example, the ionophore FCCP, which disrupts the mitochondrial membrane potential, actinonin, which affects the stability of OXPHOS proteins, doxycycline, which impedes mitochondrial translation, and MitoBloCK-6, a compound that inhibits mitochondrial import of both TIM22 and Mia40/Erv1 pathways [START_REF] Quiros | Multi-omics analysis identifies ATF4 as a key regulator of the mitochondrial stress response in mammals[END_REF]. Unexpectedly, the UPR mt that was described in invertebrates was not activated by these four mitochondrial stressors. Whereas the four mitochondrial stressors have distinctive effects on the transcriptome and proteome of the cells, many genes and proteins are found to be down-or up-regulated by the four compounds [START_REF] Quiros | Multi-omics analysis identifies ATF4 as a key regulator of the mitochondrial stress response in mammals[END_REF]. The down-regulated proteins are mitochondrial ribosomal proteins (MRPs) to support a local proteostatic response in reducing mitochondrial translation, as well as elements of the oxidative phosphorylation to restrain the anarchical production of ROS. In contrast, it seems that an up-regulation of transcripts rather than proteins is promoted by the four mitochondrial stressor and many of these transcripts encodes for proteins related to the biosynthesis of amino acids, in particular serine, confirming a previous study [START_REF] Bao | Mitochondrial dysfunction remodels one-carbon metabolism in human cells[END_REF]. Importantly, the used conditions of mitochondrial stress activate an ISR with ATF4 as the main effector. Hence, ATF4 knock down or inhibition of eIF2a phosphorylation with ISRIB prevents the induction of ATF4-targetted genes by the four mitochondrial stressors [START_REF] Quiros | Multi-omics analysis identifies ATF4 as a key regulator of the mitochondrial stress response in mammals[END_REF]. It appears therefore that, upon mitochondrial stress, ATF4 allows the expression of specific cytoprotective genes that reprogram and renew cellular metabolism toward the synthesis of key metabolites [START_REF] Quiros | Multi-omics analysis identifies ATF4 as a key regulator of the mitochondrial stress response in mammals[END_REF].

Nevertheless, the authors have reported that while mitochondrial stress activates an ISR and
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13 ensuing the ATF4 pathway, it seems that it occurs independently of a specific eIF2α kinase since in their hands, the individual knock down of the kinases do not abolish ATF4 and downstream target genes [START_REF] Quiros | Multi-omics analysis identifies ATF4 as a key regulator of the mitochondrial stress response in mammals[END_REF].

An OMA1-DELE1-HRI pathway relays mitochondrial stress to the cytosol

To uncover how mitochondrial stress triggers the ISR, two exciting recent studies have used similar experimental approaches. One study performed a genome-wide perturbation screen of HAP1 cells expressing a fluorescent form of CHOP and treated by the mitochondrial ionophore CCCP [START_REF] Fessler | A pathway coordinated by DELE1 relays mitochondrial stress to the cytosol[END_REF], while the other introduced a reporter for ATF4 translation, along with the machinery necessary for CRISPRi into HEK293T then treated by oligomycin [START_REF] Guo | Mitochondrial stress is relayed to the cytosol by an OMA1-DELE1-HRI pathway[END_REF], a selective ATP synthase inhibitor. Both studies reported that the loss of HRI impairs the ISR following mitochondrial stress independently of the heme-mediated regulation by this eIF2α kinase [START_REF] Fessler | A pathway coordinated by DELE1 relays mitochondrial stress to the cytosol[END_REF][START_REF] Guo | Mitochondrial stress is relayed to the cytosol by an OMA1-DELE1-HRI pathway[END_REF].

Both groups also identified the protease OMA1 as another protein involved in the mitochondrial stress-induced ISR. OMA1 was initially described as a protease localized in the mitochondrial inner space, activated by depolarization and involved in the processing of OPA1, an inner mitochondrial membrane GTPase that regulates mitochondrial dynamics [START_REF] Macvicar | OPA1 processing in cell death and disease -the long and short of it[END_REF]. Looking for a mitochondrial protein that may be cleaved by OMA1, Fessler et al. and Guo et al. identified DELE1, a quasi-unknown protein that seems to reside in the mitochondrial inner membrane space as well.

The knock down of OMA1 or DELE1 impairs eIF2α phosphorylation in response to mitochondrial stress.

Interestingly both groups reported that mitochondrial dysfunction induces an OMA1dependent cleavage of DELE1 (DELE1L) into a fragment (DELE1S) that accumulates in the cytosol where it binds and activates HRI. Accordingly, expression of DELE1S promotes HRI activation and the subsequent expression of ATF4 and CHOP, in the absence of a mitochondrial stressor [START_REF] Fessler | A pathway coordinated by DELE1 relays mitochondrial stress to the cytosol[END_REF][START_REF] Guo | Mitochondrial stress is relayed to the cytosol by an OMA1-DELE1-HRI pathway[END_REF].

Therefore, both studies shed light on the missing link between mitochondrial stress and the ISR through the OMA1-DELE1-HRI pathway (Figure 4). Surprisingly, the ISR induced by the OMA1-DELE1-HRI pathway is protective against the loss of the LONP1 (a mitochondrial protease that degrades damaged proteins) but deleterious against the loss of the mitochondrial protein ribosomal protein MRLP7, or after treatment with oligomycin or CCCP [START_REF] Fessler | A pathway coordinated by DELE1 relays mitochondrial stress to the cytosol[END_REF][START_REF] Guo | Mitochondrial stress is relayed to the cytosol by an OMA1-DELE1-HRI pathway[END_REF]. Of note, in addition to inducing HRI activation after mitochondrial stress, DELE1 may have a secondary role, likely downstream of eIF2α phosphorylation, in assisting ATF4 expression [START_REF] Guo | Mitochondrial stress is relayed to the cytosol by an OMA1-DELE1-HRI pathway[END_REF]. Moreover, in DELE1-or HRI-knockdown cells as well as in ISRIB-treated cells, mitochondrial depolarization induces the upregulation of HSPs [START_REF] Fessler | A pathway coordinated by DELE1 relays mitochondrial stress to the cytosol[END_REF] indicating an alternative stress-response program in cells in which the DELE1-HRI-eIF2α is impaired. Finally, in DELE1 or HRI knockdown cells, ATF4 activation is still observed in a delayed manner few days after exposure to mitochondrial stress suggesting again an alternative stress-response program or a compensation between the different eIF2α kinases, consistent with previous reports that have implicated PERK and GCN2 in the mitochondrial stress response [START_REF] Michel | Inhibition of mitochondrial genome expression triggers the activation of CHOP-10 by a cell signaling dependent on the integrated stress response but not the mitochondrial unfolded protein response[END_REF][START_REF] Balsa | ER and Nutrient Stress Promote Assembly of Respiratory Chain Supercomplexes through the PERK-eIF2alpha Axis[END_REF][START_REF] Gomez | A decrease in cellular energy status stimulates PERK-dependent eIF2alpha phosphorylation and regulates protein synthesis in pancreatic beta-cells[END_REF].

Concluding remarks and future perspectives

Recent findings have identified that HRI controls the proper formation and folding of some PRR signalosomes, thereby shaping downstream innate immune signaling. HRI appears to regulate the PRRs for whom the adaptors proteins form, at least in vitro, fibrillar amyloid-like structures.

Given that HRI is one of the stress-activated eIF2α kinase of the ISR, amyloid-like fibrils or filaments may form potential deleterious molecular superstructures to directly activate the HRI signaling pathway. Nevertheless, further studies are required to define the complete nature of these superstructural protein complexes capable of activating HRI.

Future experiments should define whether the chaperon HSPB8 or other are HSPs are involved in the formation of signalosomes regulated by HRI, besides the NODs signalosomes, involving the adaptors such as MAVS, TRIF or ASC. Moreover, while the loss of HRI impacts NLRP3 and AIM2 inflammasomes, it remains to determine whether the HRI pathway also regulates other inflammasomes such as NLRP1, NLRC4, NLRP6 inflammasomes [START_REF] Broz | Inflammasomes: mechanism of assembly, regulation and signalling[END_REF]. Likewise, preliminary results suggest that HRI regulates necroptosis induction at the level of the formation of RIPK1/RIPK3 amyloid-like fibrils, which allow the phosphorylation of the death effector MLKL [START_REF] Weinlich | Necroptosis in development, inflammation and disease[END_REF], but whether an ISR-dependent transcriptional reprogramming is required, is currently unknown.

The HRI/eIF2α/HSPB8 signaling seems to be remarkably similar to the PERK-mediated UPR since the eIF2α kinase PERK detects the accumulation of misfolded proteins in the ER following its dissociation from the ER chaperone HSPA5, which triggers its activation. This leads to the expression of stress-associated genes, including HSPA5 [START_REF] Walter | The unfolded protein response: from stress pathway to homeostatic regulation[END_REF]. Furthermore, an analogous mechanism has been reported between the eIF2α kinase PKR and the chaperone p58 [START_REF] Polyak | The P58 cellular inhibitor complexes with the interferon-induced, double-stranded RNA-dependent protein kinase, PKR, to regulate its autophosphorylation and activity[END_REF]. Hence, the HRI/eIF2α/HSPB8 axis senses certain types of cytosolic UPR (cUPR) similarly to the classical UPR detected by the PERK/eIF2α/HSPA5 axis.

In a more global context of proteostasis, how HRI-mediated pathways affect the turnover of protein aggregates is not yet known. As for HSPB8 in the HRI-dependent regulation of innate immune signalosomes, it is tempting to speculate that comparable mechanisms implicating HSPs participate in the control of proteotoxicity. Displacement of HSPs, including Hsc70 or Hsp90, from HRI to cytosolic aggresomes may promote HRI activation, as previously proposed [START_REF] Chen | Heme-regulated eIF2alpha kinase in erythropoiesis and hemoglobinopathies[END_REF][START_REF] Uma | Dual role for Hsc70 in the biogenesis and regulation of the heme-regulated kinase of the alpha subunit of eukaryotic translation initiation factor 2[END_REF][START_REF] Uma | Hsp90 is obligatory for the hemeregulated eIF-2alpha kinase to acquire and maintain an activable conformation[END_REF]. The ISR-mediated upregulation of specific HSPs could participate in the autophagic clearance of protein cargos. Supporting this, HSPs are known to have a critical function in autophagy for the clearance of proteins aggregates [START_REF] Dokladny | Heat shock response and autophagy-cooperation and control[END_REF]. A specific form of autophagy, known as chaperone-assisted selective autophagy, uses specific adaptors like BAG-3, to target protein cargos to autophagosomes [START_REF] Klimek | BAG3-mediated proteostasis at a glance[END_REF]. This selective autophagy typically uses HSPB8 [START_REF] Klimek | BAG3-mediated proteostasis at a glance[END_REF], which is transcriptionally induced by HRI and involved in the cUPR [START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF]. Therefore, HSPB8, in association with other HSPs, may play a role in the general control of HRI-dependent proteostasis through autophagy. Interestingly, BAG3-and HSPB8dependent chaperone-assisted selective autophagy has been reported to regulate homeostasis in the brain [START_REF] Limanaqi | Promiscuous Roles of Autophagy and Proteasome in Neurodegenerative Proteinopathies[END_REF], suggesting a putative role for dysfunctional HRI-mediated proteostasis in neurodegenerative disorders.

Consistent with the potential involvement of HRI in neurodegenerative disease, deposits of protein aggregates and clusters of microglia are pathological hallmarks described in the central nervous system of patients with neurodegenerative diseases [START_REF] Colonna | Microglia Function in the Central Nervous System During Health and Neurodegeneration[END_REF] and these features are also observed in aged mice deficient in HRI. Indeed, these mice also show an accumulation of αsynuclein in the lateral collateral pathway of the sacral spinal dorsal horn, as reported in postmortem patients with α-synucleinopathies such as Parkinson's Disease (PD) or Lewy Body Dementia. These data shed light that HRI-mediated ISR may regulate homeostasis in the central nervous system. It would be interesting to age Hri -/-mice more than 7 months (up to 12-16 months) and to perform neuropathological analyses with regards to a PD phenotype as well to investigate the cognitive functions in these mice.

The HRI-dependent pathway might represent an interesting target for the design of therapeutic strategies for neurodegenerative diseases (PD, Alzheimer disease) or other pathologies associated with the accumulation of cytotoxic protein aggregates or amyloid fibrils (type II diabetes, dialysis-related amyloidosis, etc.) [START_REF] Iadanza | A new era for understanding amyloid structures and disease[END_REF]. This approach is likely more specific rather than targeting eIF2a phosphorylation and its downstream signaling since all ISR inducers converge to this central core. Indeed, a transient and local intensification of HRI-mediated signaling through therapeutic manipulations could be an attractive therapeutic option to fight against the toxicity of cytosolic aggresomes.

The recent description that HRI relays mitochondrial stress to the cytosol for mitonuclear communication [START_REF] Fessler | A pathway coordinated by DELE1 relays mitochondrial stress to the cytosol[END_REF][START_REF] Guo | Mitochondrial stress is relayed to the cytosol by an OMA1-DELE1-HRI pathway[END_REF] has filled a gap in our knowledge of how mitochondrial dysfunction In contrast, in mammalian tissues such as muscles and nerves, energy production largely depends on mitochondria. Hence, the study of Hri -/-(or Oma1 -/-or Dele1 -/-) mice may allow to identify whether the OMA1-DELE1-HRI pathway is involved in the different diseases that result from mitochondrial dysfunction such as mitochondrial myopathies or neuropathies. Studying these pathways using animal models would be a way to understand how mitochondrial dysfunction is regulated by cells in vivo and how these processes are altered during disease and ageing.

Additional questions remain including how OMA1 is capable of sensing mitochondrial stress to activate the DELE1/HRI axis and the consequent ISR by a mechanism that appears to be distinct from the mechanism implicated in the stress-induced processing of OPA1 [START_REF] Guo | Mitochondrial stress is relayed to the cytosol by an OMA1-DELE1-HRI pathway[END_REF]. Another intriguing question is how DELE1s is transferred from the mitochondrial inner membrane space to the cytosol, in the absence of cytochrome c release, given that a mitochondrial machinery for protein export has not been described so far [START_REF] Guo | Mitochondrial stress is relayed to the cytosol by an OMA1-DELE1-HRI pathway[END_REF]. Further studies are also required to explore whether some HSPs (Hsp90, Hsc70 or HSPB8) are required for HRI activation in the context of mitochondrial stresses as previously reported in other conditions [START_REF] Chen | Heme-regulated eIF2alpha kinase in erythropoiesis and hemoglobinopathies[END_REF][START_REF] Abdel-Nour | The heme-regulated inhibitor is a cytosolic sensor of protein misfolding that controls innate immune signaling[END_REF][START_REF] Uma | Dual role for Hsc70 in the biogenesis and regulation of the heme-regulated kinase of the alpha subunit of eukaryotic translation initiation factor 2[END_REF][START_REF] Uma | Hsp90 is obligatory for the hemeregulated eIF-2alpha kinase to acquire and maintain an activable conformation[END_REF]. Likewise, how cytosolic DELE1s activates HRI is still unknown besides the fact that both proteins can physically interact [START_REF] Fessler | A pathway coordinated by DELE1 relays mitochondrial stress to the cytosol[END_REF][START_REF] Guo | Mitochondrial stress is relayed to the cytosol by an OMA1-DELE1-HRI pathway[END_REF]. Once released into the cytosol, DELE1s may be detected as a misfolded protein thereby activating the HRI pathway after mitochondrial stress, in an unifying model in which HRI acts as a sensor of protein misfolding to promote ISR. Finally, the molecular mechanisms regulating the alternative stressresponse program observed when the OMA1-DELE1-HRI pathway is inhibited remains to be elucidated.

In conclusion, HRI was initially identified as a protein essential for maintaining heme-globin balance within red blood cells [START_REF] Chen | Heme-regulated eIF2alpha kinase in erythropoiesis and hemoglobinopathies[END_REF][START_REF] Chen | Translational control by heme-regulated eIF2alpha kinase during erythropoiesis[END_REF] as well as for controlling the ISR in response to oxidative stress [START_REF] Mcewen | Heme-regulated inhibitor kinase-mediated phosphorylation of eukaryotic translation initiation factor 2 inhibits translation, induces stress granule formation, and mediates survival upon arsenite exposure[END_REF][START_REF] Donnelly | The eIF2alpha kinases: their structures and functions[END_REF]. The recently described and unexpected functions of HRI in innate immunity, 

  NOD1 and NOD2 are innate immunity receptors, the PRRs (Pathogen Recognition Receptors), that sense constituents of the peptidoglycan of the bacterial wall. NOD1 recognizes D-

  results in proteotoxicity and cell death. It was observed that HRI

  to the ISR. However, what the ISR promotes as a consequence of mitochondrial stress remains elusive and how this subsequently affects cellular homeostasis is presently unknown. Is it due to the global translational inhibition, to the up-regulation of the ISR-specific transcription factors or both? Importantly, depending of the mitochondrial stressor, why the ISR triggered by the OMA1-DELE1-HRI pathway prevents or favors cell death is not understood. Does it mean that posttranslational modification(s) of stress specific transcription factors may be involved?One drawback of the studies by Fessler et al. and Guo et al. is that they were performed in cultured mammalian cells that mainly use glycolysis rather than mitochondria to produce energy.

  stress further broaden the importance of this member of the eIF2a kinase family in ISR induction for its critical role in restoring cellular homeostasis.
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 3 Figure 3: HRI regulates signalosomes involving amyloid-like fibrils.
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 4 Figure 4: HRI relays mitochondrial stress to the cytosol. A mitochondrial stress promotes activation of the protease OMA1 localized in the mitochondrial inner membrane space. The protease cleaves DELE1 and the shorter fragment DELE1S is released into to cytosol where it binds to HRI, activating it. HRI then phosphorylates eIF2α for the execution of the ISR.
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