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Roads and hubs of unconventional protein secretion

In eukaryotes, there is now compelling evidence that in addition to the conventional endoplasmic reticulum-Golgi secretory pathway, there are additional routes for the export of cytoplasmic proteins with a critical role in numerous physio-pathological conditions. These alternative secretory pathways or unconventional protein secretion (UPS) start now to be molecularly dissected, and while UPS landscape appears to be governed by a striking diversity and heterogeneity of mechanisms, common principles are emerging. We review here the role of key molecular determinants as well as the role of central hubs for UPS, highlighting the plasticity and dynamic properties of membrane-bound compartments. We also describe recent findings that position UPS as an integral component of adaptive responses to cope with particular cellular needs and stresses.

Conventional and unconventional protein secretion, an intricated road map for protein export

Intercellular communication represents a key evolutionary success that contributed to the emergence of life diversity and complexity. It is supported, in part, by a highly conserved pathway designated as conventional or biosynthetic secretory pathway. Briefly, proteins containing a signal peptide are targeted and translocated into the endoplasmic reticulum (ER), where they are packaged and sorted by the use of COPII coats and TANGO1 (transport and Golgi organization 1) to reach the Golgi apparatus [START_REF] Raote | Tunnels for Protein Export from the Endoplasmic Reticulum[END_REF]. Then, cargo proteins are resorted at the Golgi apparatus and delivered to their final destination including lysosomes, the plasma membrane (PM) or the extracellular space. While fundamental questions remain to be fully addressed, especially in regard to how this pathway can handle bulky cargoes, or how it is regulated and reorganized in response to cellular stress and demands, the basic machinery underlying the processes of cargo recognition, packaging, sorting and transport are well described [2]. Until recently, the dogma was that this exocytic route was the unique highway used by a pleiotropic range of cargo proteins for their export.

However, discoveries have shed light on additional secretory pathways that cells use to secrete a growing number of proteins lacking a signal sequence (or leaderless proteins), which compels us to revisit the current framework of a unique secretory pathway, and to explore alternative properties of organelles not primarily dedicated to secretion. These alternative routes have been termed unconventional protein secretion (UPS), and today, four types of UPS are recognized [START_REF] Rabouille | Pathways of Unconventional Protein Secretion[END_REF]. In types I and II, cargo proteins are directly translocated across the PM through pore formation or ABC transporters, respectively. In type III, cargo proteins are incorporated into intracellular compartments with transport through unique or successive membrane-bound intermediates which eventually fuse with the PM. In type IV or Golgi-bypass, integral membrane proteins are inserted into the ER and then reach the PM independently of the Golgi apparatus (Figure 1). Historically, pioneer studies were the cloning of interleukin-1ß (IL-1ß) gene, which revealed the lack of a signal peptide for entering the ER in the IL-1ß sequence [START_REF] Auron | Nucleotide sequence of human monocyte interleukin 1 precursor cDNA[END_REF][START_REF] Furutani | Cloning and characterization of the cDNAs for human and rabbit interleukin-1 precursor[END_REF], and the release of this secreted cytokine via an ER-Golgi independent pathway [START_REF] Rubartelli | A novel secretory pathway for interleukin-1 beta, a protein lacking a signal sequence[END_REF][START_REF] Rubartelli | Secretion of thioredoxin by normal and neoplastic cells through a leaderless secretory pathway[END_REF]. Then, another key finding was the identification of GrpA, an ortholog of the mammalian Golgi Reassembly Stacking Protein (GRASP), as a major molecular determinant for the secretion of the cytosolic protein AcbA by Dictyostelium discoideum [START_REF] Kinseth | The Golgi-Associated Protein GRASP Is Required for Unconventional Protein Secretion during Development[END_REF]. Numerous protein families that undergo unconventional secretion have now been identified in plants, yeast, flies or in mammals. These proteins have important roles in cell adaptation to stress, tissue organization or immunity and their deregulation contributes to inflammatory and metabolic diseases, cancer or neurodegeneration [START_REF] Dimou | Unconventional mechanisms of eukaryotic protein secretion[END_REF]. Accordingly, understanding the core mechanisms underlying UPS, their regulation and their integration with other trafficking pathways is of great importance.

The initial UPS classification distinguished non-vesicular (type I and II) and vesicular (type III and IV) pathways [START_REF] Rabouille | Diversity in unconventional protein secretion[END_REF]. However, new findings have established that cytosolic proteins are secreted or transferred to other cells after translocation through protein channels or by membrane remodeling, irrespective of whether these processes take place at the PM or at the level of intracellular organelles. Together with the unexpected properties of vesicular intermediates involved and the multiple crossroads between distinct trafficking pathways, they prompt us to envision UPS with additional perspectives and could provide a complementary functional framework for new discoveries.

UPS mediated by translocation through protein channels

Unconventional secretion of leaderless proteins requires that they cross the lipid bilayer of the PM or of an intracellular organelle, which can occur by pore-mediated translocation.

Several protein channels have been proposed to play important roles in this process.

Recently, detailed mechanistic insights have been provided for the secretion of Fibroblast growth factor 2 (FGF2), which occurs through a self-sustained PM pore. FGF2 is recruited at the inner leaflet of the PM by interaction of basic amino acids (K127, R128 and K133) exposed at its surface with phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) [START_REF] Temmerman | A direct role for phosphatidylinositol-4,5-bisphosphate in unconventional secretion of fibroblast growth factor 2[END_REF][START_REF] Müller | Formation of disulfide bridges drives oligomerization, membrane pore formation, and translocation of fibroblast growth factor 2 to cell surfaces[END_REF][START_REF] Steringer | Key steps in unconventional secretion of fibroblast growth factor 2 reconstituted with purified components[END_REF].

This interaction triggers FGF2 oligomerization, leading to the formation of a lipidic membrane pore. FGF2 oligomerisation is sustained by two cysteine residues (C77 and C95) which form intermolecular disulphide bridges [START_REF] Müller | Formation of disulfide bridges drives oligomerization, membrane pore formation, and translocation of fibroblast growth factor 2 to cell surfaces[END_REF][START_REF] Steringer | Key steps in unconventional secretion of fibroblast growth factor 2 reconstituted with purified components[END_REF]. Other components required in FGF2 secretion are the Tec kinase [START_REF] Ebert | Tec-kinase-mediated phosphorylation of fibroblast growth factor 2 is essential for unconventional secretion[END_REF] as well as the α1 subunit of the Na,K-ATPase which physically interacts with FGF2 (via the residues K54 and K60) and allows its recruitment at the inner leaflet of the PM [START_REF] Zacherl | A direct role for ATP1A1 in unconventional secretion of fibroblast growth factor 2[END_REF][START_REF] Pallotta | FGF2 and IL-1β -Explorers of unconventional secretory pathways at a glance[END_REF]. The directional transport of FGF2 is driven by assemblydisassembly of membrane-spanning FGF2 oligomers, coupled to FGF2 interaction with heparan sulfate proteoglycans located at the outer leaflet of the PM [START_REF] Pallotta | FGF2 and IL-1β -Explorers of unconventional secretory pathways at a glance[END_REF][START_REF] Zehe | Cell-surface heparan sulfate proteoglycans are essential components of the unconventional export machinery of FGF-2[END_REF]. This sequence of events has been reconstituted using purified components, defining the minimal molecular machinery required for FGF2 translocation [START_REF] Steringer | Key steps in unconventional secretion of fibroblast growth factor 2 reconstituted with purified components[END_REF]. More recently, individual FGF2 translocation events have been visualized using live cell TIRF microscopy, establishing spatio-temporal parameters of FGF2 secretion [START_REF] Dimou | Single event visualization of unconventional secretion of FGF2[END_REF].

Other examples of cargo proteins translocated across the PM include IL-1ß, Tau or HIV-Tat, the latter being also able to form self-made lipidic pore by oligomerisation. Similarly to FGF2 secretion, a critical determinant for HIV-Tat and Tau translocation is their recruitment to the inner leaflet of the PM via interaction with PI(4,5)P2, and in the case of Tau, its ability to bind to heparan sulfate proteoglycans at the outer leaflet [START_REF] Pallotta | FGF2 and IL-1β -Explorers of unconventional secretory pathways at a glance[END_REF][START_REF] Katsinelos | Unconventional Secretion Mediates the Transcellular Spreading of Tau[END_REF][START_REF] Katsinelos | Identification of cis-acting determinants mediating the unconventional secretion of tau[END_REF]. Considering IL-1ß, this protein is translocated across the PM of immune cells, during acute inflammation, through a channel formed by Gasdermin D (GSDMD). Upstream events are the cleavage of IL-1ß precursor and GSDMD. The resulting N-terminal domain of GSDMD forms a pore at the PM after recruitment through interaction with phosphoinositides and oligomerisation, allowing mature IL-1ß (mIL-1ß) secretion [START_REF] Evavold | The Pore-Forming Protein Gasdermin D Regulates Interleukin-1 Secretion from Living Macrophages[END_REF].

Translocation through protein channels has also recently been recognized as an important step for cytosolic protein incorporation into intracellular compartments deriving from autophagic membranes, endosomes, multivesicular bodies (MVBs) or secretory lysosomes [START_REF] Zhang | Unconventional secretion, unconventional solutions[END_REF]. First, chaperone-mediated autophagy (CMA) allows delivery of cytosolic proteins into the lumen of lysosomes. Protein selectivity is mediated by a canonical KFERQlike motif recognized by the chaperone HSC70, which targets proteins to lysosomes. Protein internalization is then mediated by the oligomerization of the lysosomal receptor LAMP2A, proposed to form a translocation channel [START_REF] Arias | Chaperone-mediated autophagy in protein quality control[END_REF]. While being identified as a selective degradation pathway, studies have suggested that IL-1b, which exhibits KFERQ-like motifs, might be released by cells after its translocation to secretory lysosomes through a mechanism similar to CMA [START_REF] Sitia | The unconventional secretion of IL-1β: Handling a dangerous weapon to optimize inflammatory responses[END_REF][START_REF] Zhang | Translocation of interleukin-1β into a vesicle intermediate in autophagy-mediated secretion[END_REF].

Distinct to CMA, misfolded-associated protein secretion (MAPS) allows translocation of misfolded cytosolic proteins into late endosomes (LE)-lysosomes followed by their exocytosis when other protein quality control mechanisms fail to prevent excessive accumulation of aberrant polypeptides. MAPS substrates include neurodegenerative disease-associated proteins such as Tau, superoxide dismutase 1 (SOD1), and α-synuclein. These aggregateprone proteins are recognized by the ER-associated deubiquitinase USP19 and recruited by the complex formed with the chaperone HSC70 and the heat shock protein DNAJC5 anchored in the LE-lysosome membrane. Then, a translocation machinery, which remains to be identified, allows proteins transport into the lumen of LE-lysosomes. Cargo recognition in MAPS relies on exposed hydrophobic stretches characteristic of misfolded proteins [START_REF] Xu | DNAJC5 facilitates USP19dependent unconventional secretion of misfolded cytosolic proteins[END_REF].

An additional translocation pathway involving oligomerization of the single-spanning membrane protein TMED10 has recently been described in the secretion of IL1 family members and galectin 1, 3. It allows direct translocation of cargo proteins into the ER-Golgi intermediate compartment (ERGIC) [START_REF] Zhang | A Translocation Pathway for Vesicle-Mediated Unconventional Protein Secretion[END_REF], also identified as a source of membrane for autophagosome biogenesis [START_REF] Ge | The ER-Golgi intermediate compartment is a key membrane source for the LC3 lipidation step of autophagosome biogenesis[END_REF] (Figure 1).

Several lines of evidence indicate that in addition to the diversity of UPS pathways reported, individual UPS cargo proteins can be differentially directed into distinct secretory routes. As exemplified above, IL-1ß is released by type I and III UPS, through translocation across the PM via a pore formed by GSDMD, or through incorporation inside the lumen of a membrane intermediate via a pore formed by TMED10, respectively. The ability of a cargo protein to use distinct routes for its export likely relies on the cell type, the physiopathological conditions considered and the associated-signalling pathways (transducers and effectors enrolled, and membrane compartments mobilized to cope with stresses of variable intensity and duration). In this regard, it has recently been demonstrated that the activation of Toll-like receptor 4 (TLR4) by lipopolysaccharides promotes slow IL-1ß release through a vesicular pathway (type III UPS) in monocytes, whereas simultaneous stimulation of TLR2, TLR4, and TLR7/8 promotes uncontrolled secretion of IL-1ß via type I UPS after induction of oxidative stress and GSDMD cleavage [START_REF] Semino | Progressive waves of IL-1β release by primary human monocytes via sequential activation of vesicular and gasdermin Dmediated secretory pathways[END_REF]. Deciphering how other cargo proteins can be differentially directed toward multiples UPS pathways will be an important issue to address in the near future.

Incorporation of cargo proteins into vesicular intermediates through membrane remodelling

Incorporation and transport of cytosolic proteins also rely on membrane remodeling necessary to shape "unconventional" transport carriers involved in distinct modes of intercellular communication. They include secretory autophagosomes [START_REF] Zhang | Translocation of interleukin-1β into a vesicle intermediate in autophagy-mediated secretion[END_REF][START_REF] Dupont | Autophagy-based unconventional secretory pathway for extracellular delivery of IL-1β[END_REF], tunneling nanotubes which are membranous protrusions emerging from the PM to connect adjacent cells [START_REF] Senol | α-Synuclein fibrils subvert lysosome structure and function for the propagation of protein misfolding between cells through tunneling nanotubes[END_REF][START_REF] Zurzolo | Tunneling nanotubes: Reshaping connectivity[END_REF], and extracellular vesicles. The later encompass microvesicles deriving from the outward budding of the PM, and exosomes, that are intraluminal vesicles budding into the endosomal compartment and released after fusion of the resulting MVBs with the PM (Figure 1). Both microvesicles and exosomes are formed under the coordinated action of the endosomal sorting complex required for transport (ESCRT) machinery (extensively reviewed elsewhere [START_REF] Vietri | The many functions of ESCRTs[END_REF]).

Secretory autophagosomes have received a particular attention, but their role in UPS still remains to be clarified. During autophagy, cytoplasmic substrates are sequestered into a cup-shaped double-membrane structure called phagophore, which forms the autophagosome after complete closure. Genetic studies have shown that evolutionaryconserved ATG genes critical for autophagosome biogenesis are also required for the secretion of cytoplasmic proteins including acb1, inflammatory mediators, insulin degrading enzyme, toxic protein aggregates and for virus egress [START_REF] Kimura | Cellular and molecular mechanism for secretory autophagy[END_REF]. While several studies indicated that some cytosolic cargos are surrounded by an LC3-positive double membrane structure, a hallmark of autophagosomes [START_REF] Zhang | Translocation of interleukin-1β into a vesicle intermediate in autophagy-mediated secretion[END_REF][START_REF] Dupont | Autophagy-based unconventional secretory pathway for extracellular delivery of IL-1β[END_REF], there is no direct evidence that these autophagosomes directly fuse with the PM. It was recently proposed that autophagosomes can be rerouted to fuse with the PM by mobilizing dedicated SNAREs following lysosome damage [START_REF] Kimura | Dedicated SNARE s and specialized TRIM cargo receptors mediate secretory autophagy[END_REF], but this process has never been observed in living cells. Instead, autophagosomes might fuse with other membrane intermediates such as MVBs or secretory lysosomes, which subsequently release their contents in the extracellular space after exocytosis. In this scheme, secretion of lysosomal content is compromised in autophagy-deficient cells [START_REF] Deselm | Autophagy proteins regulate the secretory component of osteoclastic bone resorption[END_REF][START_REF] Ushio | Crucial role for autophagy in degranulation of mast cells[END_REF]. Alternatively, the autophagy machinery could intersect with other trafficking pathways, as recently reported [START_REF] Deselm | Autophagy proteins regulate the secretory component of osteoclastic bone resorption[END_REF][START_REF] Ushio | Crucial role for autophagy in degranulation of mast cells[END_REF][START_REF] Leidal | The LC3-conjugation machinery specifies the loading of RNA-binding proteins into extracellular vesicles[END_REF]. Further explorations will be required to determine whether autophagosomes are directly involved in UPS through their capacity to fuse with the PM or whether they are intermediates that fuse with downstream compartments.

Sorting stations at the crossroad of distinct intracellular trafficking pathways

The existence of multiples entrance gates by which cytosolic proteins are incorporated into the lumen of an intracellular membrane-bound intermediates (i.e. autophagosome, ERGIC, MVB, LE/lysosome) -either through translocation by protein channels or by membrane remodelling -questions the relative importance of these compartments in UPS (Figure 1). In other words, is there a particular membrane compartment serving as a sorting station at the crossroad of distinct intracellular trafficking pathways, where cargo proteins could converge prior to their release into the extracellular space? Two examples illustrate this concept of sorting station for UPS. In yeast, a specific compartment called CUPS (Compartment for UPS) has been identified as a major sorting station for the export of acb1, SOD1 and thioredoxins in starvation condition [START_REF] Cruz-Garcia | Remodeling of secretory compartments creates CUPS during nutrient starvation[END_REF][START_REF] Cruz-Garcia | A diacidic motif determines unconventional secretion of wild-type and ALS-linked mutant SOD1[END_REF][START_REF] Cruz-Garcia | Reactive oxygen species triggers unconventional secretion of antioxidants and acb1[END_REF]. This compartment was originally identified by the presence of grh1, the ortholog of the mammalian GRASP Proteins identified as central players for UPS [START_REF] Kinseth | The Golgi-Associated Protein GRASP Is Required for Unconventional Protein Secretion during Development[END_REF][START_REF] Bruns | Biogenesis of a novel compartment for autophagosome-mediated unconventional protein secretion[END_REF][START_REF] Chiritoiu | GRASP55 and UPR Control Interleukin-1β Aggregation and Secretion[END_REF]. In normal growth conditions, Grh1 is located at the interface between ER exit sites and Golgi membranes, and it relocates to CUPS under nutrient deprivation [START_REF] Bruns | Biogenesis of a novel compartment for autophagosome-mediated unconventional protein secretion[END_REF]. Functional analysis and correlative light electron microscopy (CLEM) revealed that CUPS are membrane structures composed of vesicles and tubules which form and mature from pre-existing Golgi and endosomal membranes under the concerted action of a subset of ESCRT components [START_REF] Curwin | ESCRT-III drives the final stages of CUPS maturation for unconventional protein secretion[END_REF]. Importantly, these studies also established that CUPS are not autophagosomes or MVBs. What is the precise molecular function of grh1 in this process and how cargo proteins are incorporated into the lumen of CUPS and then exported from this sorting station are important questions that certainly warrant further exploration.

In metazoans, lysosomes may be an important sorting station for many UPS pathways.

Initially recognized as terminal degradative compartments, lysosomes are in fact highly-dynamic structures establishing multiple membrane contacts with other intracellular organelles and involved in numerous cellular processes. They are signalling hubs controlling transcriptional programmes essential for energy metabolism regulation [START_REF] Ballabio | Lysosomes as dynamic regulators of cell and organismal homeostasis[END_REF] and can undergo exocytosis after transport along microtubules and fusion with the PM [START_REF] Tancini | Lysosomal Exocytosis: The Extracellular Role of an Intracellular Organelle[END_REF]. Of importance, lysosome location within cells determines their intraluminal pH, with peripheral lysosomes being less acidic compared to juxtanuclear lysosomes [START_REF] Johnson | The position of lysosomes within the cell determines their luminal pH[END_REF]. Secretory lysosomes are found in most cell types, and lysosomal exocytosis represents a ubiquitous form of Ca 2+ -regulated exocytosis with a dedicated fusion machinery including VAMP7, Syntaxin-4, SNAP23 and Synaptotagmin VII [START_REF] Tancini | Lysosomal Exocytosis: The Extracellular Role of an Intracellular Organelle[END_REF]. This remarkable position at the crossroads of multiple intracellular trafficking pathways, where material delivered through the autophagic, endocytic and biosynthetic secretory pathways converges, makes lysosomes key organelles in both conventional and unconventional secretory pathways [START_REF] Tancini | Lysosomal Exocytosis: The Extracellular Role of an Intracellular Organelle[END_REF][START_REF] Villeneuve | Unconventional secretion of FABP4 by endosomes and secretory lysosomes[END_REF].

Increased interest in secretory lysosomes came from recent studies showing that ßcoronaviruses use lysosomes to egress [START_REF] Ghosh | β-Coronaviruses Use Lysosomes for Egress Instead of the Biosynthetic Secretory Pathway[END_REF], and that lysosome exocytosis promotes clearance of aggregate-prone proteins under proteotoxic stress, or of undigested substrates in lysosomal storage disorders [START_REF] Xu | TFEB regulates lysosomal exocytosis of tau and its loss of function exacerbates tau pathology and spreading[END_REF][START_REF] Tsunemi | Increased Lysosomal Exocytosis Induced by Lysosomal Ca 2+ Channel Agonists Protects Human Dopaminergic Neurons from α-Synuclein Toxicity[END_REF][START_REF] Medina | Transcriptional activation of lysosomal exocytosis promotes cellular clearance[END_REF][START_REF] Trajkovic | Mutant Huntingtin Is Secreted via a Late Endosomal/Lysosomal Unconventional Secretory Pathway[END_REF]. An important challenge is to understand how lysosomes acquire secretory properties. It is likely that a specific subpopulation of lysosomes is rerouted for secretion under particular cellular stress or demands. Hence, it will be of great interest to identify the molecular switches or determinants that are dynamically activated or recruited on lysosomes and reroute them from degradative to secretory purposes. In addition to their ability to fuse with the PM, peripheral lysosomes have also been proposed to contribute to the propagation of misfolded proteins such as α-synuclein in Parkinson's disease via their transport through tunneling nanotubes [START_REF] Senol | α-Synuclein fibrils subvert lysosome structure and function for the propagation of protein misfolding between cells through tunneling nanotubes[END_REF][START_REF] Abounit | Tunneling nanotubes spread fibrillar α-synuclein by intercellular trafficking of lysosomes[END_REF].

The central role of CUPS and secretory/non-degradative lysosomes as sorting stations for many UPS pathways highlights the plasticity and dynamic properties of membrane compartments, which can be remodelled, rerouted or created de novo under coordinated membrane fluxes in response to specific pathophysiological conditions.

UPS control and regulation

As mentioned above, the GRASP protein family is a remarkable example of factors identified as common players for the export of multiples UPS cargo proteins in different organisms, for both type III and IV UPS [START_REF] Bruns | Biogenesis of a novel compartment for autophagosome-mediated unconventional protein secretion[END_REF][START_REF] Chiritoiu | GRASP55 and UPR Control Interleukin-1β Aggregation and Secretion[END_REF][START_REF] Gee | Rescue of ΔF508-CFTR trafficking via a GRASP-dependent unconventional secretion pathway[END_REF][START_REF] Dimou | Unconventional mechanisms of eukaryotic protein secretion[END_REF][START_REF] Kinseth | The Golgi-associated protein GRASP is required for unconventional protein secretion during development[END_REF]. While these proteins are essentially known for their role in Golgi organization, linking Golgi stacks within a ribbon [START_REF] Grond | The function of GORASPs in Golgi apparatus organization in vivo[END_REF][START_REF] Zhang | Rapid degradation of GRASP55 and GRASP65 reveals their immediate impact on the Golgi structure[END_REF], recent findings delineated how GRASP55 is relocated to autophagosomes, MVBs or lysosomes to promote UPS under metabolic stress [START_REF] Zhang | GORASP2/GRASP55 collaborates with the PtdIns3K UVRAG complex to facilitate autophagosome-lysosome fusion[END_REF][START_REF] Nüchel | An mTORC1-GRASP55 signaling axis controls unconventional secretion to reshape the extracellular proteome upon stress[END_REF]. GRASP55 relocation appears to be tightly regulated by mTORC1-mediated phosphorylation defining a mTORC1-GRASP55 signalling hub that in stress condition mobilizes organelles and UPS machinery [START_REF] Nüchel | An mTORC1-GRASP55 signaling axis controls unconventional secretion to reshape the extracellular proteome upon stress[END_REF].

The production of reactive oxygen species (ROS) is another example of common signal acting as a critical denominator triggering UPS upstream of GRASP proteins. Redox signalling plays a key role during inflammation, notably by enhancing mIL-1ß secretion [START_REF] Lorenzen | Redox Regulation of Inflammatory Processes Is Enzymatically Controlled[END_REF][START_REF] Gabelloni | NADPH oxidase derived reactive oxygen species are involved in human neutrophil IL-1β secretion but not in inflammasome activation[END_REF]. A genome-wide CRISPR-cas9 screen performed in immortalized mouse macrophages identified the Ragulator-Rag-mTORC1 pathway and ROS production as critical for GSDMD cleavage, oligomerisation and pore formation [START_REF] Evavold | Control of gasdermin D oligomerization and pyroptosis by the Ragulator-Rag-mTORC1 pathway[END_REF]. In yeast, ROSmediated signalling promotes acb1 and SOD1 UPS upon starvation [START_REF] Cruz-Garcia | Reactive oxygen species triggers unconventional secretion of antioxidants and acb1[END_REF]. In T lymphocytes, ROS stimulate lysosome exocytosis by promoting their trafficking and fusion with the PM [START_REF] Li | Oxidative stress triggers Ca-dependent lysosome trafficking and activation of acid sphingomyelinase[END_REF]. Understanding how ROS influence UPS will require the identification of direct effectors.

In this regard, prolactin-stimulated lysosomal exocytosis has been shown to be mediated by ROS production through the activation of the lysosomal Ca 2+ channel TRPML [START_REF] Funato | The Oncogenic PRL Protein Causes Acid Addiction of Cells by Stimulating Lysosomal Exocytosis[END_REF].

Another signalling pathway that could have a wider role in UPS is the unfolded protein response, an adaptive mechanism triggered upon a wide range of physio-pathological contexts. It has recently been shown that impairing the activity of the stress sensor IRE1α located at the ER membrane in mouse macrophages inhibits secretion of mIL-1ß, which concomitantly accumulates in intracellular aggregates. In normal conditions, GRASP55 enhances IRE1α activity, preventing mIL-1ß aggregation and promoting its secretion [START_REF] Chiritoiu | GRASP55 and UPR Control Interleukin-1β Aggregation and Secretion[END_REF]. How IRE1α activity is controlled by GRASP55 and which upstream effectors are involved in this cascade of events remain to be elucidated.

Collectively, these findings highlight that release of UPS cargo proteins upon stress signals or external cues is achieved through adaptive responses where functional factors and dedicated organelles are mobilized in a finely-regulated manner. In a complex network of signalling cascades and interconnected membrane trafficking pathways, the identification of common determinants and central nodes is essential for an integrative understanding of UPS together with other cellular functions.

Concluding remarks

The emergence of eukaryotes and multicellular organisms was concomitant with the increase in secreted protein diversity and complexity. Indubitably, during evolution, the ER-Golgi conventional secretory pathway has provided optimal compartments where chaperones, modifying enzymes and transport machinery act synergistically to fold, process and sort a wide range of cargo proteins. However, most likely, UPS pathways provided additional selective advantages to cope with particular cellular stresses and needs. Fast and direct modes of secretion for acute demands of unprocessed cargo proteins were certainly a critical evolutive acquisition under constant selection pressures. In this direction, targeting FGF2 into the conventional ER-Golgi secretory pathway by the addition of a signal peptide induces FGF2 O-glycosylation which then becomes biologically inactive once secreted [START_REF] Wegehingel | Rerouting of fibroblast growth factor 2 to the classical secretory pathway results in post-translational modifications that block binding to heparan sulfate proteoglycans[END_REF].

Alternatively, the primary use of UPS pathways as clearance processes to prevent excessive accumulation of toxic material inside cells, could then have been diverted for the release of other cytosolic proteins, which might be another appealing explanation for the selection and maintenance of these modes of secretion. A comprehensive appreciation of the evolutionary significance of UPS will require the understanding of the underlying basic machinery for multiple cargo proteins in several organisms.

Another key challenge is to characterize mechanisms required for cargo selection in the cytosol. In contrast to the signal peptide identified by Blobel and colleagues for the targeting of cargo proteins to the ER-Golgi secretory pathway [START_REF] Anderson | Blobel's nobel: A vision validated[END_REF], the selection and recognition principles of cargo proteins for UPS remain elusive in most cases. One exception is the secretion of FGF2 for which cis elements recognized that allow the initiation of its secretion by type I UPS, have been clearly identified [START_REF] Dimou | Unconventional mechanisms of eukaryotic protein secretion[END_REF][START_REF] Pallotta | FGF2 and IL-1β -Explorers of unconventional secretory pathways at a glance[END_REF]. For other UPS cargo proteins, their selection presumably rely on a combination of specific sequences (e.g. KFERQ-like motifs, or di-acidic motifs as for acb1 and SOD1 secretion [START_REF] Cruz-Garcia | A diacidic motif determines unconventional secretion of wild-type and ALS-linked mutant SOD1[END_REF]), and exposed structural alterations and/or post-translational modifications consecutive to cellular stress and activation of specific signalling pathways. In this context, the identification of external cues, signalling pathway effectors and regulators that control UPS will be of utmost importance.

While common principles are emerging, much more remains to be uncovered in our understanding of UPS in physiology and in pathology, including inflammatory and neurodegenerative diseases. Advanced tools and technologies such as live cell imaging, extracellular proteome analyses or pooled genome-wide CRISPR screens have already proven efficiency to unveil mechanisms underlying protein trafficking and UPS [START_REF] Dimou | Single event visualization of unconventional secretion of FGF2[END_REF][START_REF] Bassaganyas | New factors for protein transport identified by a genomewide CRISPRi screen in mammalian cells[END_REF][START_REF] Wei | Cell type-selective secretome profiling in vivo[END_REF] and should allow new discoveries in this fascinating research area. Proteins with a signal peptide reach their final destination (the extracellular space, the plasma membrane or lysosomes) after transport along the conventional or biosynthetic secretory pathway [START_REF] Raote | Tunnels for Protein Export from the Endoplasmic Reticulum[END_REF]. Proteins without signal peptide, also called leaderless proteins, can be secreted through direct translocation across the PM in type I UPS, as exemplified by FGF2 secretion, and in type II UPS through ABC transporters as shown for a few lipidated proteins including farnesylated pheromone m-and a-factors in yeast, geranylated germ cell attractant in Drosophila melanogaster, or acylated surface protein B in various Leishmania species. In type III UPS, cargo proteins are incorporated inside membrane intermediates through protein channels or membrane remodeling that define several entrance gates along the biosynthetic secretory (1), endocytic (2), or autophagic pathways (3). Lysosomes have been identified as secretory compartments for both conventional and unconventional secretion at the crossroads of these trafficking pathways, to release cargo proteins with critical functions in metabolism, innate and adaptive immunity, hemostasis, extracellular matrix remodeling, maintenance of PM integrity, and clearance of aggregate-prone proteins, upon fusion with the PM [START_REF] Tancini | Lysosomal Exocytosis: The Extracellular Role of an Intracellular Organelle[END_REF][START_REF] Villeneuve | Unconventional secretion of FABP4 by endosomes and secretory lysosomes[END_REF]. Exosomes are formed by the inward invagination of LEs creating MVBs. MVB fusion with the PM releases exosomes in the extracellular space.

During secretory autophagy, autophagosomes directly fuse with the PM or LE/MVBs to form amphisomes, or secretory lysosomes. In yeast, CUPS has been identified as a major sorting station for acb1 and SOD1. This transient compartment is formed under nutrient deprivation from Golgi and endosomal membranes. Whether UPS cargo proteins are incorporated inside CUPS through membrane remodeling or after translocation through protein channels remains to be clarified. In type IV UPS or Golgi bypass which is triggered under ER stress and inhibition of the conventional secretory pathway, integral membrane proteins located in the ER are transported to the PM independently of the Golgi apparatus. A well-studied cargo protein delivered to the PM by this pathway is the mutant protein Phe508-deleted cystic fibrosis transmembrane conductance regulator (CFTR) [START_REF] Gee | Rescue of ΔF508-CFTR trafficking via a GRASP-dependent unconventional secretion pathway[END_REF]. The identity of vesicular intermediates mobilized remains elusive, but transport through autophagosomes and then MVBs or secretory lysosomes after ER-phagy is an attractive possibility [START_REF] Wojnacki | Role of VAMP7-Dependent Secretion of Reticulon 3 in Neurite Growth[END_REF]. Other important modes of intercellular communication include microvesicles derived from the outward budding of the PM, and membranous protrusions emerging from the PM to connect adjacent cells called tunnelling nanotubes [START_REF] Senol | α-Synuclein fibrils subvert lysosome structure and function for the propagation of protein misfolding between cells through tunneling nanotubes[END_REF]. Abbreviations 
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 1 Figure 1: Intricated road map for protein export in eukaryotes.

  -acb1: acyl-CoA-binding protein; CUPS: Compartment for unconventional protein secretion; CMA: Chaperonemediated autophagy; ER: Endoplasmic reticulum; ERGIC: ER-Golgi intermediate compartment; FGF2: Fibroblast growth factor 2; GSDMD: Gasdermin D; IL-1ß: Interleukin-1ß; LE: Late endosome; MAPS: Misfolded-associated protein secretion; MVB: Multivesicular body; PM: Plasma membrane; SOD1: Superoxide dismutase 1; THU: TMED10-channeled UPS; UPS: Unconventional protein secretion. The figure was created with BioRender.com.
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