Keywords: 

Small extracellular vesicles

I sincerely thank everyone who endured me in these 4 years.

First, I would like to thank Dr. Jérôme Paggetti and Dr. Etienne Moussay. Although many people might consider having two bosses as a risky business, I always saw it as an occasion for having dynamic and challenging discussions. This is true when you have everyone agreeing on the plan, as well as when two of them change their minds, and you come with a third opinion.

I think that in order to crack scientific questions, they must be attacked from different angles.

I also want to take the opportunity to thank again every member of my PhD committee, Prof. Eric Solary, Prof. Basile Stamatopoulos, Prof. Alan Ramsay and Prof. Stephanie Kreis, and my PhD supervisor Dr. Bassam Janji. I am proud, and I cannot hide also a little jittery, to have such a team of experts in front of me.

My PhD experience would have not been the same without the many current and former members of the TSI team. A special thanks goes to our "senior" scientists Anne and Pablo for their fundamental scientific support and discussions, and to the current PhD candidates: Susanne, Giulia and Iria for the daily practical and mental help. At the same time, I also acknowledge the Luxembourg Institute of health PhD community and great scientific environment.

Alla mia Famiglia: Vi dedico poche righe dicendo che loro mi hanno sopportato per 4 anni, quando voi avete sperimentato continuamente con i miei processi creativi. Parliamo di cose tipo quando ho quasi bruciato due alberi e casa annessa, per dirne una. Anche se lontani, mi avete sempre supportato e mai chiesto di scegliere tra famiglia e carriera.

Finally, I would like to thank FNR that through the Pride Program provided funding and support for this project. Table 1. Overview of proteins involved in sEV biogenesis 

Table of contents

List of Figures

List of Tables

Introduction

La leucémie lymphoïde chronique (LLC), la leucémie la plus fréquente chez l'adulte dans les pays occidentaux, se caractérise par l'accumulation de lymphocytes B anormaux dans le sang périphérique et les organes lymphoïdes. La prolifération et la survie des cellules de LLC dépendent essentiellement des interactions avec le microenvironnement tumoral. Ainsi, afin de lutter efficacement contre la progression tumorale, il est essentiel de comprendre la communication entre les cellules de LLC et les cellules saines environnantes.

Les petites vésicules extracellulaires (sEV) ou exosomes sont des particules de très faible taille (30 à 150 nm) secrétées par toute cellule et présentes dans les fluides corporels. Compte tenu de leur composition et de leur abondance, les sEV sont impliquées dans la communication entre cellules par le transfert de matériel génétique et de protéines. De plus, les sEV peuvent avoir un effet biologique direct sur des cellules cibles, par l'interaction entre des ligands présents sur les sEV et des récepteurs à la surface de ces cellules. La sécrétion de sEV et leur composition dépendent du contexte cellulaire et physiologique.

Objectifs et approches

Compte tenu de la composition cellulaire complexe du microenvironnement tumoral de la LLC, le rôle des sEV dans la pathogenèse de la LLC in vivo doit encore être évalué. Ainsi, le but de ce travail de thèse était d'isoler et de caractériser les sEV dérivées du microenvironnement leucémique (LME-sEV) et d'évaluer leur rôle dans le développement et la progression de la maladie in vivo.

Résultats

Pour obtenir une représentation biologique des sEV présent dans le microenvironnement de la LLC, nous avons établi un nouveau protocole qui nous a permis d'isoler les sEV directement de la rate de souris leucémiques. Nous avons réussi à isoler les sEV libérées par les cellules de LLC et celles du microenvironnement tumoral à partir de la rate des Eµ-TCL1 malades. Les LME-sEV ont montré une quantité augmentée ainsi qu'une complexité accrue en ARN et en protéines par rapport aux sEV obtenues à partir des rates d'animaux contrôles sains (HCME-sEV). Dans le but de définir l'implication des sEV dans la leucémogenèse in vivo, nous avons croisé les souches transgéniques Eµ-TCL1 et RAB27(ab) double knock-out (RAB27DKO), obtenant un nouveau modèle animal (TCL1-RAB27DKO) dans lequel la sécrétion des sEV par les cellules de LLC des souris est altérée. Le suivi de la maladie a révélé un retard considérable dans le développement de la LLC pour le modèle transgénique TCL1-RAB27DKO, par rapport aux souris Eµ-TCL1. De plus, le transfert adoptif (AT) des cellules de LLC dans des souris receveuses normales (C57BL/6) a démontré que les sEV dérivées de la LLC sont essentiels au développement de la leucémie. En effet, les cellules TCL1-RAB27DKO n'ont pas réussi à récapituler la maladie chez les souris receveuses, par rapport au transfert des cellules de souris Eµ-TCL1. De façon intéressante, des injections en série de LME-sEV chez des souris C57BL/6
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Introduction

The following Ph.D. project aimed to define the role and impact of small extracellular vesicles (sEV) in chronic lymphocytic leukemia (CLL) development and progression.

The nano-sized vesicles known as sEV are released by all eukaryotic cells and are present in all biofluids. Given their rich molecular cargo, sEV are known to be used in cell-tocell communication. Chapter I is dedicated in giving an overview on sEV, including their biogenesis, release and uptake, as well has a description of sEV composition.

Considered as the most frequent leukemia in adults, CLL is currently an incurable disease. Chapter II has the aim to give a broad description of CLL, starting from a general characterization of the disease (e.g. clinical features), its major genetic lesions and then an exhaustive section concerning the current treatment options.

Introduction I. Small Extracellular Vesicles

I. Small Extracellular Vesicles

Extracellular vesicles (EV) is a broad term comprising lipid bilayer-based particles with a wide range of size 30 nm to 2,000 nm and released by every cell of the organism. Beyond the size, EV can be defined based on the content (proteins and nucleic acids), the origin (endosomal or cell membrane budding), and function (cell-to-cell communication or cellular decay).

Historical background

The history behind the discovery of small EV (sEV) is rich of misunderstandings and fortuitous findings, as for many other great examples in science.

The first hint of the existence of nano-size particles in biofluid came from a 1946 research where platelet-free plasma was subjected to high-speed centrifugation with the aim to isolate component factors (e.g. lipoproteins) involved in blood clotting 1 . Already at about 30.000g, the accumulation of cellular material not required for the purpose of that research was noticeable, thus considered as some sort of debris contamination. Only in 1964, in the occasion of an overview of platelet products in human, Peter Wolf stated "Fresh plasma freed of intact platelets can be shown to contain minute particulate material (platelet-dust) which can be separated by ultracentrifugation.", giving for the first time a definition on these particles 2 .

The 1980s have been essential to improve our understanding of EV. Different parallel studies on reticulocytes (immature red blood cells) revealed insights about shedding of microvesicles (MV), multi-vesicular endosomes (MVE) and mechanisms of receptor recycling (e.g. transferrin) [3][4][5] . These studies have been essential to define that these vesicles where not just randomly released by cells but that there may be a more complex mechanism behind.

For over a decade, the existence of EV has been acknowledged, but no particular studies was invested considering them just cellular waste. A renewed interest on EV increased exponentially with the detection of the major histocompatibility complex class II (MHC-II) on their surface. First, this was just attributed to T cell-derived EV with antitumor activity, but then, suggested as a possible tumor mechanism involved in immune escape [6][7][8] .

After the above mentioned breakthrough, a large number of groups focused their efforts on extracellular vesicles (Figure 1). A further spike in EV research happened when two independent research teams reveal how EV and sEV, at that time called exosomes, contain RNA, mRNA and various inhibitory RNA, which can be transferred to target cells [9][10][11] .

Despite the increased information gathered over the past 20 years and the high number of groups working on this topic, the research involving extracellular vesicles is still considered very young and risky. If in one hand several studies demonstrated how important EV are for a wide range of biological aspects, plenty still consider them just as cellular debris with limited functionality and applicability. The latter is most likely due to the difficulty to standardize EV production and isolation, despite the undeniable diagnostic and therapeutic potential of extracellular vesicles, with an emphasis on sEV 12 . Indeed, a recent publication highlighted that various pharmaceutical companies are investing considerable capital on the use of exosomes as physiological tool to transfer a wide range of drugs specifically on target cells or to use the molecules they contained as minimally invasive biomarker for early-stage disease detection 13 .

Annual publications (from 1956 to 2020) based on extracellular vesicles research term. Since the publication suggesting that EV released by immune cells may be implicated to immune modulation (1996), an overwhelming increase of paper focusing on EV have been recorded (Source PubMed).

Nomenclature

The official nomenclature of the EV and all their sub-categories is in constant evolution due to the early stage of the research field and the standardization attempts based on size, content, function and source heterogeneity [14][15][16][17][18] .

For the sake of a practical explanation, and considering the most widely accepted and used nomenclature, with the general term of EV we consider: small extracellular vesicles (sEV, also known as exosomes) with a size ranging from 40 to 160±10nm, microvesicles (MV, 50-1000 nm) and apoptotic bodies (2000 nm) 19 .

Microvesicles, further known as ectosomes, derive from the budding of the plasma membrane and they represent a snapshot of the cytoplasm. While sEV, the focus of this thesis, go through a much more complex and probably tighter regulated biogenesis. Despite having a smaller range in size, sEV complexity, given by heterogeneous content, function and cellular source, can be used to create a multiparametric nomenclature (Figure 2).

Beyond these known particles, many others are sometimes mentioned in publications, but they never really became officially adopted by the community. This kind of nomenclature is based on the source origin of EV. For instance, vesicles derived from dendritic cells (DC) are sometimes indicated as dexosomes, while, curiously enough, the term "platelet dust" remained associated with the EV released by platelets [20][21][22][23] . Following the same logic, MV released by tumor cells can also be defined as oncosomes. These EV can reach considerable size (up to 20µm) and thus can contain large amounts of pro-tumorigenic material [24][25][26] .

Finally, exomeres are a very interesting and recently added category of EV, which are by default sEV and more specifically vesicles with a size that goes below 50nm. Exomeres are suggested to be the most abundant particles released by tumor cells and to be involved in alteration of immune functions and drug metabolism by targeting cells in bone marrow and liver 27 . 

Small EV Biogenesis

In comparison with the other types of extracellular vesicles, sEV are characterized by a complex process of biogenesis, comprising regulated biogenesis, packaging and release (Figure 3). Indeed, if microvesicles derive from the cellular membrane by budding and fission, an ATP-dependent process involving actin cytoskeleton rearrangements 29,30 , sEV are generated by progressive inward invaginations of the extracellular membrane followed by regulated loading of sEV components 24 .

Receptor-mediated endocytosis, triggered by extracellular ligands and signaling molecules (e.g. growth factors), is the key of the first inward invagination leading to the formation of the early endosome and later the multivesicular body (MVB) 5,[31][32][33] . Further invaginations of the MVB membrane generate intraluminal vesicles (ILV), sEV at a very early stage 34 . The MVB containing ILV can either fuse with the lysosome for degradation and recycling or further process ILV into sEV, releasing them to the extracellular environment.

The composition of the ILV is given by exchange of proteins and other molecules between cytosol and organelles (e.g. Golgi apparatus) 35 . Despite this simple shuttling of components, sEV content and composition are less a representation of the cytoplasm components but more a tightly selection of molecules packaged through a regulated process.

Great efforts are invested on identifying the organizing elements involved in determining the sEV composition. Various pathways involved in sEV biogenesis were suggested to date; the endosomal sorting complex required for transport (ESCRT) being the better known and recognized one. ESCRT is a four protein complex (ESCRT 0-III) associated to the ATPase Vps4 and involved in MVB formation, ILV inward invagination and sEV component assembling [36][37][38] .

The ESCRT requires further proteins to combine with in order to properly function.

Generally, proteins involved with sEV maturation have been mainly identified by characterization of isolated sEV 39 . Proteomic analysis of sEV content revealed ESCRT components as well as ubiquitinated proteins, known to be targets of ESCRT-0 37 . Similarly, the programmed cell death 6-interacting protein (PDCD6IP), better known as ALIX, is associated with the ESCRT proteins tumor susceptibility gene 101 (TSG101) and charged multivesicular body protein 4a (CHMP4), has been indicated as one of the proteins involved in MVB budding and sEV cargo selection together with syndecan transmembrane proteins 37 .

In the attempt to define known and new molecules involved in sEV biogenesis and release, different experiments have been performed silencing various members of the ESCRT complex and associated proteins. A broad RNAi screening performed on HeLa cells showed that, depletion of Hrs and TSG101 (part of ESCRT 0) as well as STAM1 (associated with ESCRT I) significantly reduced sEV secretion 40 . Hrs strong involvement in sEV biogenesis has also been demonstrated in DC, human embryonic kidney (HEK293) and head and neck squamous cell carcinoma cells (HNSCC) [41][42][43] . On the other hand, targeting ESCRT III VPS4B protein caused increase in sEV release and silencing ALIX led to variation in sEV cargo composition 40 .

Structural complexity of sEV biogenesis is also given by an intrinsic and cell-dependent matter. If silencing ALIX in HeLa cells does not alter sEV release, this is different in DC in which ALIX depletion causes a strong decrease in sEV release 40 .

Thanks to the increasing effort on EV research, new potential ESCRT-independent pathways for sEV biogenesis have been suggested over the years 44 . Indeed despite the knockout of various ESCRT subunits, Stuffers and colleagues reported that MVB and mature ILV were still forming, and ultimately sEV were released from the modified cells 45 . Tetraspanins (i.e CD63), initially purely identified as sEV transmembrane markers, have been suggested to be involved in sEV biogenesis independently from the ESCRT complex 46 . For instance, CD63 has been shown to be the main driver of melanosomal protein shuttle into ILVs in human melanoma cells 47 .

Knockout of CD63 in HEK293 cells has been shown to be sufficient to reduce the release of sEV 48 . At the same time, increasing CD63 expression, for instance by expression of Epstein-Barr virus-encoded latent membrane protein 1 (LMP1), triggers higher sEV secretion 49 . Regulation of sEV biogenesis can be applied broadly to all vesicles or to more specific subtypes. In line with this, CD9 overexpression leads to increased released of β-catenin-containing sEV from HEK293 cells, while its knockout in bone marrow dendritic cells (BMDCs) caused a reduced released of flotillin-1(FLOT1)-containing sEV 50 . Given their abundance during sEV biogenesis, starting from the early endosome formation to ultimately be an essential element of sEV structure, lipids have been suggested as important elements for membrane deformation and invagination 51,52 . In order to guarantee membrane structural changes, lipids need to be modified by specific enzymes. The latter have been used to define which type of lipids or modifications are necessary for sEV formation. Indeed, sEV composition is not variable only in protein content but also in lipids, as further explained in the section 5 Small EV Composition.

Release of oligodendroglial cell line-derived sEV rich in proteolipid protein (PLP) can be decreased by inhibition of the neutral sphingomyelinase 2 (nSMase2), involved in the synthesis of ceramide from sphingomyelin 44 . This study, as well as other performed on Huh-7 and HEK293 cells, suggests ceramides as a possible relevant ESCRT-independent mechanism of sEV biogenesis 53,54 . Indeed, ceramides are the most abundant family of sphingolipids in lipid bilayers and their involvement in membrane curvature has been previously described 55 .

Specifically, it is believed that ceramides are responsible for the negative MVB inward curvature during ILV formation.

Cholesterol and phospholipase D2 (PLD2), both found enriched in mature sEV, are also actively involved in their biogenesis [56][57][58] . It has been reported that, when overexpressed (genetically-or drug-induced) cholesterol accumulation leads to increased sEV release and to a bias towards vesicles bearing cholesterol and flotillin-2 (FLOT2) 59 , as described in multiple studies. PLD2 appears to be specifically involved in ILV formation through the small GTPase ADP ribosylation factor 6 (ARF6), in a similar fashion previously described for ceramides 57,60 .

Indeed, PLD2 catalyzes the hydrolysis of phosphatidylcholine to phosphatidic acid (PA), the latter been suggested to be involved in the MVB negative membrane curvature 57,60,61 .
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RAB27a involvement in vesicle regulation is such that its disruption, beyond having striking effects on sEV biogenesis, causes abnormality in skin (albinism) and hair (silvery hair) pigmentation both in human and animals. This is due to RAB27a interaction with the actindependent melanosome transport machinery essential for pigment delivery to appropriate locations 69,70 . Yet again, RAB27a is a further example of how different cell types may have independent and specific sEV regulation. Despite RAB27a widespread activity, its knock down in Drosophila and retinal pigment epithelial (RPE1) cells does not affect sEV release 66,71 .

Silencing of RAB27b has been combined also with RAB7 in the attempt to study sEV regulation in HUVEC cells. This double knock out has been shown to lead to decrease in miR-143 carrying sEV 72 . Baietti et al., instead, reported that single knock down of RAB7 is enough to reduce syntenin and syndecan-sEV released by MCF-7 cells, while HeLa sEV regulation appears to be not affected by RAB7 knock down 67,73 .

Finally, concerning sEV release regulated by RAB GTPases, Hsu et al., and later confirmed by another study, associated RAB35 knock down to a decrease in PLP-sEV in Oli-neu cell line, while Abrami and colleagues described a similar effect on FLOT1-sEV derived from RPE1 cells 71,74 . In the other hand, Drosophila S2 cells sEV regulation is impacted by RAB11 levels and untouched by RAB35 66 .

Together with RAB proteins, the N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE) have the role to engage vesicles with the target membrane and facilitate their fusion 75 . SNARE complexes are composed by three to four SNARE proteins which form a total of four coiled-coil helices 76 .

It is relevant to mention that SNARE proteins are not only involved in sEV release, but in membrane fusion in general and their behavior seems to be cell-dependent. For instance, the overexpression of the R-SNARE vesicle-associated membrane protein 7 (VAMP7), a negative regulator of the SNARE complex formation, leads to the accumulation in K562 cells of ILV into MVB (visibly enlarged), the localization of the latter at the cellular membrane and an overall reduction of acetylcholinesterase-carrying sEV 77 . In the other hand, inhibition of VAMP7 in Madin-Darby Canine Kidney (MDCK) cells does not influence sEV release but rather affect the lysosomal secretion 78 .

Further relation of SNARE with sEV release has been shown in other models. Gross and colleagues demonstrated that silencing of the SNARE protein YKT6 causes a reduced release of sEV carrying TSG101, WNT3A and VPS26/35 in HEK293 42 . A similar effect was reported in A549 human lung cancer cells, although these sEV were enriched mainly in TSG101 79 .

Comparative studies performed on Drosophila and C. elegans also highlighted SNARE targets, syntaxin 1A (Syx1A) and Ras-related GTPase homolog (Ral-1) respectively. Despite being initially found to be specific for these two organisms, they later helped to identify new mechanisms in other models 66,80 . Similarly to Drosophila S2 cells, knock out of syntaxin 5 reduced sEV release in C. elegans visibly by MVB accumulation in the cellular membrane proximity 80 . While silencing Ras like proto-oncogene A (RalA) and RalB in mouse mammary tumor 4T1 cells leads to decreased sEV release 80 .

Small EV release can also be modulated by inhibiting enzymes responsible for SNARE modifications, although this is a process that still need to be better unraveled. So far, it is known that in order to properly drive sEV release, the SNARE protein SNAP-23 requires to be phosphorylated by the pyruvate kinase type M2 (PKM2) in A549 cells 81 . A more broad screening of post-translation modification of SNARE, or also RAB, proteins may reveal unknown mechanisms in sEV biogenesis and release.

Finally, calcium has been recognized since many years as a regulator of sEV release.

Specifically, it appears that increasing intracellular calcium level triggers a signaling cascade ultimately leading to MVB fusion to the cellular membrane. In line with this, calcium ionophore treatment has been used to increase Ca 2+ levels in K562 and oligodendrocytes, increasing sEV release in both cases 82,83 . Despite the mechanisms behind this are still under investigation, Savina and colleagues suggested that in K562 cells Rab11 is the responsible of sEV release in a Calcium-Dependent Manner 84 . Calcium sensor proteins may also be involved in Ca 2+dependent sEV release. For instance, synaptotagmin-7, part of a known calcium sensor protein family, positively regulates MVB fusion to the cellular membrane in head and neck squamous cell carcinoma cells 43 .

The process of sEV release goes beyond the simple MVB docking to the extracellular membrane. Several of the molecules and machineries directly involved in it seem to be shared with early step of the biogenesis itself and the disruption of the same can both impair the appropriate formation of mature sEV as well as their release, leading to an accumulation of immature ILV most likely prone to be degraded via lysosome. Table 2. Overview of proteins involved in sEV release.

Release

Abbreviations: Multi-vesicular bodies (MVB), evenness interrupted (Evi), proteolipid protein (PLP), soluble N-ethyl maleimide sensitive factor attachment protein receptor (SNARE), vesicle-associated membrane protein 7 (VAMP7), Ras like proto-oncogene A and B (RalA and RalB). Cell line and primary cell identity: human myelogenous leukemia (K562), human cervical cancer (HeLa), human umbilical vein endothelial (HUVEC), human breast cancer (MCF-7), oligodendroglial precursor (Oli-neu), human retinal pigment ephitilial-1 (RPE), human embryonic kidney 293 (HEK293), adenocarcinomic human alveolar basal epithelial (A549), breast cancer (4T1), head neck carcinoma (SCC61) and human squamous cell carcinoma (SCC25-H1047R).

Associated also with the sEV uptake, receptor-mediated endocytosis is the first phase of sEV biogenesis, which leads to the early sorting endosome formation, a structure containing membrane proteins as well as molecules present in the extracellular milieu. The late endosome is considered as an intermediate structure where the initial forming ILV get enriched and exchange proteins with the Golgi apparatus. Following ILV structural enrichment, the MVB can be assimilated by the autophagosome or directly by the lysosome for recycling. Physiological signals, the majority still unknown, allow the ILV to reach full maturation and being released to the extracellular space once the MVB engages the extracellular membrane (Source: adapted from Kalluri and LeBleu, Science, 2020 28 ).

Small EV Composition

Despite being of minute size, sEV have been described to contain a highly heterogeneous cargo (e.g. soluble proteins and nucleic acids), that, if considered together also with membrane components (e.g. transmembrane proteins and lipids), makes sEV a very complex cellular product (Figure 4).

Lipids

Similarly to cells, lipids are the structural base for sEV membrane. They are essential both for the correct shape of sEV (e.g. membrane curvature), and to encage and protect their content. Lipid composition of sEV membrane partially resemble the one of parental cells (e.g. cholesterol), although unique lipids and lipid combinations have been identify in sEV 56,85 . In contrast, phosphatidylserine (PS) and phosphatidyl-ethanolamine (PE) composition on sEV differ from the parental cell membrane and they are responsible both for sEV biogenesis and shape 86 . It is still not fully understood yet how the lipid composition is regulated during sEV biogenesis, it appears, however, that the parental cell growth conditions (e.g. nutrients and pH)

highly influence this process 87,88 . Cancer also leads to variations in sEV lipid composition.

Indeed, when tumor-derived sEV are compared with the healthy counterpart, various changes can be highlighted. For instance, sEV derived from prostate cancer cells are characterized by an enrichment in sterol lipids, sphingolipids and glycerophospholipids, while fatty acids, glycerolipids and prenol lipids were typically found in sEV from normal prostate cells 89 .

Lipid composition is not only to be associated with sEV structural stability but should also be seen as signaling method that can highly alter target cell homeostasis 24,90,91 . For example, the uptake of sEV enriched in sterol lipids (e.g. cholesteryl ester) by prostate cancer, highly affect cell metabolism leading to rapid tumor progression and dissemination 92,93 . Indeed, lipids are also important metabolites which can deeply change the behavior of target cells 94 . We will further discuss about lipids as metabolites in section 5.4.

Beyond guaranteeing high structural resistance, sphingomyelin and ceramides (GM3) are also associated to signaling pathway activation in target cells 95,96 . Tumor-derived sEV sphingomyelin composition has been described to be involved in angiogenesis by inducing endothelial target cell migration, tube formation, and neovascularization 97 . It is believed that one of the mechanisms behind this is the sphingosine kinase (SphK1)/S1P cascade leading to a positive feedback on S1P receptor (S1PR) 98,99 .

Given their essential contribution in cancer progression and their abundance, sEV lipids have been suggested as potential biomarkers to define cancer stage and thus prognosis. For instance, increasing amount of glycerophospholipids (e.g. phosphatidylcholine) have been identified in breast cancer cells and specifically in sEV from prostate cancer cell lines, associating it to poor prognosis 89,100,101 . Furthermore, combination of different species of PS and Lactosylceramides (LacCer) on prostate cancer sEV has also been suggested as noninvasive biomarker 102 .

Proteins

Protein composition in sEV is not necessarily a snapshot of the parental cell cytoplasm (like in the case of microvesicles content), but rather a representation of their biogenesis and tightly regulated sorting processes involving different protein complexes 103,104 . Indeed, due their origin, sEV contain tetraspanins (CD9, CD63 and CD81), multivesicular body (Alix and TSG101)

and lipid-associated proteins, RAB proteins, membrane transporters (GTPases), fusion proteins (flotillin) and phospholipases 67,[103][104][105] .

Many more proteins involved in sEV biogenesis and release, as well as unique ones, have been identified on sEV and they are currently used as sEV markers during basic research and as biomarkers in clinic 12,106 . For instance, the proto-oncogene receptor tyrosine kinase (MET) has been found in its phosphorylated form in aggressive melanoma-derived sEV, and suggested to be implicated in the establishment of premetastatic niches 107 .

Interestingly, proteins carried by sEV can also have active enzymatic activity both within sEV and once they are released into target cells. In line with this, sEV have been described to contain different enzymes involved in metabolism, as well as kinases. The ectoenzymes dipeptidylpeptidase-IV (DP IV, CD26) and aminopeptidase (APN, CD13), involved in T cell activation and function, were reported on sEV from different cellular sources [108][109][110][111] .

Furthermore, phosphatidylinositol-3-kinase (PIP3), mitogen-activated protein kinase (MAPK), as well as various ErbB family members have been found enriched in ovarian cancer cell linederived sEV 112,113 .

Small EV have also been described to facilitate cell migration due to their matrix degradation properties given by the matrix metalloproteinase (MMP) 114,115 . Both kinases and phosphatases have been found in different sEV sources [116][117][118] . Transfer of such active enzymes can easily result in deep changes in target cells by triggering various key pathways 119 . This strategy is extensively used by cancer not only to affect healthy cells but to spread aggressive phenotype to lessen tumor cell clones. Upon uptake of the epidermal growth factor receptor variant III (EGFRvIII) contained in sEV released by aggressive glioblastoma cells, glioma cells are subjected to MAPK/Akt axes activation leading to increase in their proliferation rate 30 .

Small EV contain a wide range of proteins depending on the parental cell status and its microenvironment 120,121 . On the other hand, proteins from cellular compartments such as endoplasmic reticulum, mitochondria and Golgi are not present in sEV 106 . At the same time, not all proteins present in the cytoplasm can be found in sEV 106 . This is a further proof concerning the strong regulation behind the selective loading of proteins into sEV.

Nucleic acids

Insights on the abundance of nucleic acids (both DNA and RNA) carried by sEV have been first highlighted by the high amount of nucleic acid binding proteins detected by sEV proteomic analyses 106,113 . Nowadays, despite the advance in sEV analysis, the amount, distribution and even presence of nucleic acids in sEV is still a matter of discussion 122 .

DNA

DNA associated with sEV has been found since the first attempt of their characterization and still, distribution, composition and, above all, significance is currently largely either unknown or under active discussion.

Similarly to cell-free DNA (cfDNA), DNA fragments contained into the majority of sEV range between 100 and 200 bp 123,124 . One of the advantages compared with the cfDNA is that the encapsulated DNA is protected from degradation, this guarantee better DNA presentation and thus detection 125 . Furthermore, long double-stranded DNA (dsDNA, up to 2.5 Kb) has been found in sEV pellet, thus, believed to be encapsulated in some sEV subsets 126,127 . Interestingly, sEV treated with DNase showed that, despite DNA was still detectable after the treatment, the amount of dsDNA was highly depleted 126 . This highly suggested that, depending on size and structure, only short DNA fragments are encapsulated in sEV, while the longer ones are carried on sEV surface, most likely through DNA-binding molecules.

DNA fragment composition in sEV spans across the whole genome andepigenetic modifications (e.g. 5′ methylcytosine) are comparable with the parental cell epigenetic signature 126,127 . Overlapping DNA identity is also visible for what concern mutation and copy number. For instance, melanoma and pancreatic cancer cells presenting genomic mutation on BRAF, KRAS and P53, have been shown to release sEV containing the same mutated genes 126 .

In addition, multiple copies of c-Myc have been found in sEV derived from medulloblastoma cells with c-Myc amplification 128 , therefore suggesting the possible transfer of oncogeneencoding DNA to target cells.

DNA contained in sEV can give various insights concerning the parental cell status.

Currently, it is still under investigation whether specific mechanisms are deployed to load DNA fragments in sEV and, above all, what is their molecular significance.

RNA

RNA is a complex molecule which can be found in various forms and lengths. It is known that sEV contain different types of RNA such as messenger RNAs (mRNA), long non-coding RNAs (lncRNA), microRNAs (miRNA), transfer RNA (tRNAs) and Y RNA [129][130][131] . Similarly to DNA, the quantity of RNA molecules found in sEV resemble the parent cells, generally with higher amount in sEV derived from tumor compared with healthy cells 128 . At the same time, various studies reported a specific enrichment in RNA in sEV compared with the cell of origin, highly suggesting the use of sEV RNA as a communication method 10,132,133 .

On average, sEV RNA is less than 200nt in size, but there are some evidence that large ribosomal RNA (rRNA, up to 2000nt) may be found in sEV 134,135 . Despite the fact that this is still under debate (evaluation whether it could simply be a pitfall in sEV isolation), considerable amount of ribosomal protein have been detected in sEV 136 . This could suggest the presence of rRNA bound to ribosomal machinery and loaded into sEV. This hypothesis is based on the necessity for RNA to be recognized and bound to proteins at the moment of sEV packaging.

For instance, concerning miRNA sorting, it is known that specific motifs (e.g. CUGCC for miR-1289) in the 3′-UTR (untranslated region) can be targeted by proteins involved in sEV biogenesis.

The process of RNA packaging into sEV is still under investigation, and not all the motifs have been mapped, as well as the proteins involved. For example, the heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNPA2B1) is involved in sEV RNA sorting. Although the target motif remains unknown, it appears that hnRNPA2B1 requires to be sumoylated 137 . On the other hand, it is believed that one of the key motifs for miRNA sorting in sEV is their 3′ uridylated end, a modification specifically found enriched in miRNA present in sEV 138 . In this case, the machinery involved in the motif recognition and sorting is still unknown.

Upon transfer to target cells, polyadenylated sEV mRNAs has been reported to be translated into functional proteins 10,132,139 . This process has been used for multiple functional in vivo studies. In particular, Cre recombinase mRNA loaded into sEV can be transferred to target cells and promote Cre-Lox recombination upon translation 140,141 . This opens multiple possibilities also for sEV rRNA function in target cells, beyond the described sEV-mediated degradation 142 . Finally, the functionality of active miRNA in the regulation of target cell mRNA has been described in different studies 62,143 .

Together with proteins, RNA molecules are the most abundant components found and studied in sEV. Compared with sEV DNA, RNA found in sEV has been easier categorized and its role in target cells better discerned.

Metabolites

Recently, a wide range of high-throughput techniques allowed the detection of metabolites in sEV isolated from different sources. Small EV metabolomics is a rather new focus of research, and detection, as well as the purpose, of sEV-associated metabolites is still under evaluation.

The large and heterogeneous group of the metabolites comprises small molecules (<2kDa) which are intermediary or the final products of a metabolism pathway, and can have a broad impact on cell physiology 144,145 . Based on what is known for proteins, DNA and RNA found in sEV, the amount and combination of detectable sEV metabolites could potentially be representative of a certain metabolic state in the parental cell. Thus, sEV have the potential to indirectly suggest us whether the cell of origin is under a particular metabolic stress.

Furthermore, it has been implied that metabolites can be transferred to target cell with the aim to change their metabolism in favor of cancer progression and survival 146,147 .

As mentioned above, lipids are both part of sEV structure and cargo, and when transferred to target cells can trigger lipid catabolism leading to membrane and cholesterol biosynthesis 94 .

Considering that cholesterol intake can also be increased by sEV uptake, the effect of lipidassociated sEV on cells can be considerable 148 . The great majority of the studies detected lipids as major (or unique) metabolites in sEV, and this, given sEV structure, is not a surprise 56,58,85,149- Introduction I. Extracellular vesicles
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adenosine is a potent immune-suppressor and its levels decreased with the advancement of the disease stage 155 .

Given the complexity of the cellular metabolism, as well as the high number of intermediate metabolites in each pathways, detection and characterization of sEV metabolites can be a challenge. Furthermore, metabolomics of sEV showed mainly an enrichment in lipids, making difficult to distinguish the other metabolites from background. Nevertheless, given the increasing interest towards this field, a general improvement in metabolite detection is to be expected through the development of new and more sensitive techniques.

Small EV Uptake

Upon release, sEV will reach target cells in the near proximity or by traveling for longer distance in the organism. Once the target is reached, sEV can interact with it in different ways:

either by receptor-ligand binding, which generally activates downstream pathways, or by sEV internalization, which is the most complex process as it can be more or less regulated (Figure 5). Despite their minute size, sEV have demonstrated to be complex structures highly enriched in signaling molecules.

Components found on sEV have been previously described as involved in biogenesis, sEV-cell signaling interaction and necessary for uptake. Beyond this, sEV can be used as structures to transport various molecules to target cells, leading to deep changes in recipient cells. A large number of studies fully characterized proteins, DNA and RNA molecules carried by sEV isolated from various sources. While on a first analysis these elements were mostly considered inside sEV, in the last decades more studies reported the presence of functional transmembrane proteins as well as scaffolds for DNA binding. While the presence of metabolism-related proteins has been known since the first sEV proteomic analysis, metabolites have been initially more challenging to detect and to measure due to their relative low abundance and the technical limitations. (Source: adapted from Kalluri and LeBleu, Science, 2020) 28 .

Membrane Fusion

The spontaneous fusion of sEV with the target cellular membrane has been initially described in different studies as one of the most basic ways sEV transfer their cargo 87,158 .

Nevertheless, this process -compared with the other internalization mechanisms -is still largely poorly understood. It appears that this process might be regulated by few proteins, which unfortunately may be largely different depending on the target as well as parental cells 87,159 . Due to their abundance in sEV, tetraspanins have been proposed to be involved in this process 159,160 . This large family has already been reported to be involved in different membrane fusion processes: sperm-oocyte, virus-mammalian cells and mononuclear phagocyte system [161][162][163] .

Whole sEV Internalization

The role of more commonly known processes, such as phagocytosis, micropinocytosis and endocytosis, are far better understood in relation with sEV uptake. Phagocytosis has been one of the first analyzed mechanisms for sEV uptake. To evaluate this, Feng and colleagues first demonstrated that both monocytic and macrophagic cell lines uptake by phagocytosis sEV isolated from K562 and T cell leukaemia (MT4) cell lines 164 . Interestingly, the author also suggested that various proteins are involved in this process, such as RAB7, lysosomeassociated membrane glycoprotein 1 (lamp1), phosphatidylinositol 3-kinase (PI3K), and dynamin 2 (DNM2) 164 . Both PI3K and DNM2 have been previously described as two essential regulators of phagocytosis, making their role in sEV uptake for specialized phagocytic cells even more relevant 165,166 .

Phagocytosis is a process used by professional phagocytic cells to remove pathogens and cell debris, and requires various components to be activated 167 . What has been suggested to play an essential role in sEV uptake is the presence of membrane proteins, such as CD3/4/5, on sEV that are recognized by the complement receptors on the target cell membrane 168 .

Furthermore, it is known that sEV can be target of opsonization process, these modifications can be targeted by antibodies and be easily phagocytized by different professional cells. For instance, phosphatidylserine and lactoadherin on sEV membrane targeted by the milk-fat globule EGF factor-8 (MFG-E8) protein leads to macrophage-mediated phagocytosis [169][170][171] .

Opsonization modifications can also be recognized by Fcγ receptors, this explain how, despite not been considered professional phagocytic cells, T cell can also utilize phagocytosis to take up sEV 172 .

Macropinocytosis occurs when cellular membrane protrusions engulf extracellular material in the proximity 173 . In this process, actin cytoskeleton is activated in response to microenvironment signals, such as growth factor, macrophage colony-stimulating factor-1 (CSF-1) and pro-tumor factors [174][175][176] . Macropinocytosis is involved in multiple cellular phenomena, such as motility and migration, foreign antigen acquisition and metastasis formation [177][178][179][180] . In regards to sEV, Fitzner and colleagues showed that a small subset of microglia is able to internalize oligodendrocyte-derived sEV (enriched in phosphatidylserine) using micropinocytosis without leading to inflammation response 181 . This example is of particular importance due to the fact that antigens contained in oligodendrocyte-derived sEV can lead to autoimmune diseases (typically against myelin) if constantly taken up by immune cells 182 . Involvement of PI3K and Na + /H + ion exchange have also been reported to mediate micropinocytosis-mediated uptake in rat adrenal gland medulla PC12 cell lines 183 .

Endocytosis is a further mechanism used by cells to take up sEV. Receptor-mediated endocytosis requires binding between ligands carried by sEV and receptors on the target cell.

Also known as clathrin-mediated endocytosis, the process is based on adaptor protein 2 (AP2, e.g. dynamine) and clathrin complex which surround the membrane and promote its invagination 184 . In line with this, Tian and colleagues demonstrated that the bone marrowderived mesenchymal stromal cells (BMSCs) use clathrin-mediated endocytosis to taken up sEV released by PC12 cell lines 183 . On the other hand, raft-mediated endocytosis is possible due to cholesterol and sphingolipid domains on the cellular membrane. Part of this category are caveolae-mediated endocytosis and the independent RhoA-, CDC42-and ARF6 endocytosis regulation 185 . Caveolin-1 (CAV1), previously described as negative regulator of virus uptake, has been shown to also negatively regulate glioblastoma (GBM)-derived sEV uptake in different models, including human GBM U87 and cervix adenocarcinoma (HeLa) cell lines 186,187 . In this study, CAV1 does not prevent sEV uptake by co-localization to the cellular membrane, but rather by negatively regulating the phosphorylation of extracellular signal-regulated kinase-1/2 (ERK1/2) in the ERK1/2-heat shock protein 27 (HSP27) axes.

A further receptor-mediated sEV uptake mechanism (sometimes defined as "coendocytosis receptor") is the one regulated by heparan sulfate proteoglycans (HSPG). These receptors have the ability to bind a wide range of ligands due to their heparan sulfate (HS)

residue showing a high affinity for proteins 188 . The involvement of HSPG in sEV uptake has been described in different studies [189][190][191] . It appears that HSPG facilitate sEV interaction, stability and fusion to the cellular membrane of target cells 189 . Doing this, HSPG allow sEV cargo transfer and exogenous ligands internalization. Furthermore, HSPG have been described as capable to facilitate the ligand interaction with other receptors 192 . Despite being considered heterogeneous receptors, heparan sulfate is considered as HSPG putative ligand and it has been described as capable to bind sEV and trigger their internalization 190 . Interestingly, preincubation of sEV using heparin, a heparan sulfate analog drug, has been shown to inhibit HSPG-mediated endocytosis in a variety of cell lines and primary cells 143,193,194 .

Finally, various lectins (a large glycan receptor family) have been identified on sEV 170,[195][196][197] .

Given their activity on cells (e.g. facilitate intracellular trafficking), lectins have been rapidly considered as a potential mechanism involved in sEV uptake 198 . The p-selectin CD62 has been detected on sEV released by platelets; this lectin is known to bind Numb3 during inflammatory events and the p-selectin glycoprotein ligand-1 (PSGL-1), leading to receptor-mediated endocytosis and membrane fusion respectively 158,195,199 . These interactions have been also

described for other sources of sEV, such as dendritic cells and macrophages 197,200 . Another family of lectins comprise the Siglecs, which are able to bind sialic acid and are generally involved in immune system related cell-to-cell adhesion and signaling 198 . Alpha 2,3-linked sialic acid has been detected on sEV derived from B cells and the corresponding receptor (CD169) is expressed on leukocytes and stromal cells 170 . DC-derived sEV uptake is also regulated by CD169, but the potential involvement of alpha 2,3-linked sialic acid can only be speculated at the moment. Galectins, receptor targeting proteins with galactose-and N-acetyllactosamine motifs, have been identified on sEV from different sources [201][202][203] . Galectin 9 (Gal9) detected both on sEV from DC and nasopharyngeal carcinoma cells can bind various receptors, one of them being T-cell immunoglobulin and mucin domain 1 (TIM1) commonly involved in phagocytic regulation 204 . Galectin 3 and 5 (Gal3 and Gal5), respectively found on DC-and reticulocyte-derived sEV, have also been associated with sEV uptake, yet the complete mechanism and proteins involved is largely unknown 202,205,206 .

Antigen Recognition

Small EV influence target cells not only by transferring cargo after internalization. Indeed, as for the parental cells, sEV may carry MHC class I and II (MHC-I and II), which can negatively affect CD8 + and CD4 + T cells respectively 207,208 . As MHC-I promotes inhibition of CD8 + T and natural killer (NK) cells, sEV enhance this effect carrying several other proteins involved in immuno modulation (e.g. B7 and MICA and MICB molecules) 209,210 . Tumor-derived sEV use the combination of MHC-I molecules and various immune checkpoints to increase their effect on effector cells 211,212 .

MHC-II molecules are typically found on sEV derived from antigen-presenting cells (APC) such as DC and B cells. Due to their origin, sEV carrying MHC-II have been shown to induce CD4 + T cells proliferation and promote T helper 1 (Th1) response by enhancing Interferon gamma (IFNγ) production 213,214 .

It is important to mention that T cell stimulation through neo-antigens loaded on sEV bearing MHC molecules is somehow less effective than the effect produced by APC 215 . This might be a way to further control the immune response stimulation which still need to be elucidated 6,7,215 .

Internalization by the target cell, or a more simple interaction with a cell surface receptor, is the fate of sEV. The way sEV affect other cells depends on their structural characteristics, which are given in part by the message they are supposed to transmit (e.g. tightly regulated cargo composition) and by intrinsic parental cell attributes (e.g. transmembrane proteins).

Whether sEV will be internalized or bind cell surface receptors also depends on the target cell.

This is an interesting concept when applied on T cells. Indeed, despite not being professional phagocyte cells, we, and other groups, demonstrated that they can also internalize sEV.

Uptake of sEV is a complex process, which depends on sEV structural composition and target cell characteristic. Generally known for their rich cargo, sEV can release their content into target cells through various pathways. The most direct way is certainly the whole sEV fusion to the cellular membrane, which not only release their cargo in the cytoplasm but can also transfer receptor on the cell surface. Depending on the sEV structural characteristics, receptor-mediated endocytosis can be used as a way to internalize these small vesicles. The uptake through these processes does not lead to an obvious use of the vesicles. Indeed, sEV taken up in this way can: 1. be broken down and content (e.g. genetic and protein material) release in cytoplasm, 2. be completely degraded through lysosome and 3. shuttled to the early endosome, incorporated in newly formed MVB and being release in the extracellular milieu. Finally, sEV can carry specific ligands or receptors meant to bind molecules on the target cell membrane triggering downstream pathways (Source: adapted from Kalluri and LeBleu, Science, 2020 28 ). 

II.

Chronic Lymphocytic Leukemia

Epidemiology and disease overview

Chronic lymphocytic leukemia (CLL) is currently an incurable form of blood cancer. With about 4.7 new cases per 100,000 individuals, CLL is the most common adult leukemia in Europe and USA, while the rate drops to 1.4 new cases per 100,000 individuals in Africa and Asia [216][217][218] .

Similarly with other hematopoietic malignancies, CLL average age of diagnosis is 70 years 219,220 .

Importantly, CLL is often diagnosed fortuity after performing a non-CLL related routine blood test. This impacts in the annotated average age for the disease and its frequency, possibly leading to an underestimation of the incidence and an overestimation of the mean diagnosis age 219,220 . Still, usually CLL remains indolent till around 65-70 years (Figure 6) [219][220][221][222] . Beside this, CLL clinical progression is highly heterogeneous and depends on various factors, including family genetic disposition and gender (1.7:1 for men) [223][224][225] . 

Clinical features and diagnosis

CLL at a glance

CLL is a slow growing B-cell lymphoproliferative disorder usually detected during routine analysis 228,229 . It is actually given to the increase of blood testing, going hand to hand with the increase of life expectancy, that CLL is diagnosed in early stage (when basically asymptomatic)

and the patients can be placed under routine control plans 219,220 .

CLL diagnosis is confirmed when the B lymphocyte (CD5 + CD23 + ) count exceeds 5,000 per µL of peripheral blood (PB) for more than 3 consecutive months 228,230,231 239,240 . Indeed, many CLL-associated aberrations can be found in high count MBL, such as mutated IGHV genes and a B cell receptor (BCR) repertoire and stereotypes 241 .

Despite being sometimes considered as a low risk CLL, small lymphocytic lymphoma (SLL) can be included as one of the hematological malignancies preceding the fully developed CLL 228,230,231 . Major characteristic of SLL is the accumulation of monoclonal small B cells (in rare cases T cells) [242][243][244] . Despite being considered an indolent disease, it can evolve into CLL or other aggressive lymphomas (e.g. Richter syndrome) [245][246][247] .

CLL evolution: Richter syndrome

Richter syndrome (RS) is a particularly aggressive form of lymphoma usually derived from lower grade lymphoproliferative disorders (e.g. SLL and CLL). Indeed, it has been reported that the rate of RS transformation from CLL is about 2-10% (depending on the studies) 248 . In more than 85% of RS cases, the disease is characterized with a diffuse large B-cell lymphoma (DLBCL) phenotype and, by carrying all the original CLL clone aberrations, with chemoresistance and poor overall survival (OS) 249,250 . The major risk factors leading CLL to RS transformation are anomalies associated with the tumor protein p53 (TP53) and Notch homolog 1, translocationassociated gene (NOTCH1) 251 . In line with this, CLL patient treated with BCR signaling inhibitors have high risk to develop RS if also chromosomal aberrations (e.g. duplications) and TP53

truncations are present 252 . The presence of NOTCH1 activating mutations in CLL patients increase the possibility to develop RS, especially when all are detected at the diagnosis 253,254 .

Despite presenting characteristics commonly found in de novo DLBCL, RS-associated DLBCL (80% of the cases) presents a more unfavorable prognosis than de novo DLBCL (20% of the cases) 249,250 . This is given by the RS-associated DLBCL complex mutational repertoire, due to the many aberrations accumulated during the CLL clone evolution, which makes it potentially more unpredictable and resistant than the de novo DLBCL. In contrast, about 15% of all RS cases are not clonally derived from CLL cells, thus representing an independent secondary malignancy, and they show a more de novo-like DLBCL phenotype and prognosis 249,255 .

Shared with de novo DLBCL, 90% of RS cases are associated with disruption of TP53 and cyclin-dependent kinase inhibitor 2A and B (CDKN2A and CDKN2B), as well as v-myc myelocytomatosis viral oncogene homolog (MYC) activating mutations 256 . While the presence of trisomy 12 is unique for RS-associated DLBCL, it is very rare in de novo DLBCL 249,250,256 .

Major physiological consequences in CLL patients

The major consequences in CLL patient well-being derive from the impairment of the normal immune system activity, typically given by dysfunctions in T and NK cells, neutrophils and monocyte/macrophage lineage (see chapter IV subsection 1) 257 .

In general, despite morphologically unchanged and of considerable number, CD8 + T cells are highly impaired in their migration and cytotoxic activity [257][258][259] . At the same time, NK cells have been described as lacking of azurophilic granules, and thus, unable to properly carry out their cytotoxic functions 260,261 

Info-box: The Eµ-TCL1 mouse model

Data generated in this thesis mainly derive from the Eµ-TCL1 mouse model (also simply known as TCL1), thus we believe it is essential to mention few basic features of it.

The T-cell leukemia/lymphoma 1A (TCL1) gene is an oncogene originally found to be constitutively activated in T-cell prolymphocytic leukemia (T-PLL) 269 . Later, TCL1 was reported to be deregulated also in B cell-related malignancies, such as CLL 270 . TCL1 expression in CLL patients is considered as a poor prognosis maker, and was found to correlate with IGHV-UM genes, high ZAP70 expression and del11q Furthermore, like for human CLL, the disruption of one or more factors involved in BCR signaling (e.g. PKC) strongly impact on the disease progression 279 .

Thus, given the similarity with aggressive human CLL, the mouse model TCL1 is recognized as the main tool to recapitulate and study this disease in an in vivo setup.

Cellular origin and clonal evolution

Concerning the cellular origin of CLL, the community is continuously evaluating previously reported and new hypothesis based of genetic evidences. There is consensus in that CLL is not a homogeneous disease, both in genetic alterations as well as in origin. Given the presence of numerous Ig rearrangements, as well as the expression of specific surface markers (e.g. CD19 and CD20), CLL has been suggested to originate from a mature B cell clone expressing CD5 + and CD23 +216,280 . Specifically, the expression of CD5 might suggest that CLL derives from IgMsecreting B cells involved in the innate immune response IGHV-M and IGHV-UM CLL are generally accepted in the community (e.g. cell markers). Despite this, there is still a lot of debate and uncertainty about the cell of origin for the two main subtypes of CLL.

Multiple hypothesis related to the cell of origin in CLL were proposed during decades of studies on this disease. The most controversial hypothesis is that CLL originates from either a lymphoid progenitor or even a pluripotent stem cell (define as CLL HSC) subjected to an early mutational event (both genetic and epigenetic; lightning symbols) 285,287,288 . From there, an already mutated (pre-leukemic) naive B cell could proceed towards a progressive accumulation of further mutations, leading to IGHV-UM CLL. In alternative, the pre-leukemic naive B cell could be subjected to BCR stimulation, migrate to the GC, and give rise to and antigen experienced CLL cell (IGHV-M CLL). An alternative, but generally more accepted theory, is that mutational events leading to CLL development would arise on mature B cells. On one hand, antigen-experienced CD5 + CD27 + B cells would acquire mutations post GC reaction leading to IGHV-M CLL highly sensitive for specific stimuli coming from the TME 284 . On the other hand, IGHV-UM CLL development would raise from unexperienced CD5 + CD27 -B cells. In both cases, a diagnosis of monoclonal B lymphocytosis (MBL) can precede either CLL categories 284 . Despite the controversies, it is important to consider that CLL is very heterogeneous and could have multiple origins depending on the patient. In line with this, it is interesting to think that mutations leading to CLL are occurring in late age, when the hematopoietic system is more prone to experience harmful events, and have already accumulated several mutations during many years. Thus, CLL cells can be highly heterogeneous not only on the global mutational landscape but also by the cell of origin. (Source: Bosch and Dalla-Favera, Nature Reviews | Clinical Oncology, 2019) [293][294][295] . Abbreviations: T cell-dependent antigen (TD) and T cell-independent antigen (TI).

Genetic lesions and epigenetic features

As previously mentioned, CLL is a complex and heterogeneous disease. Despite this, the accumulation of genetic lesions and the evolution of mutations in the leukemic cells throughout disease development appear to follow common patterns. Indeed, the study of large CLL cohort genomes revealed that the disease usually begins from chromosomal disruptions (either fragments loss or gain), later followed by accessorial mutations which increase CLL aggressiveness (e.g. resistance to treatments) 296 .

Chromosomal disruptions

One of the most recurrent chromosomal aberration in CLL patients (up to 60% of all cases, monoallelic in 80%) is the deletion 13q14 (del13q14), especially present in IGHV-M CLL 296-299 .

Despite the fact that the deletion doesn't occur at the same breakpoint for each patient, in vivo studies confirmed the importance of commonly lost genes, such as the lncRNA DLEU2 and DLEU1, and miR-15A and mirR-16-1, which absence leads to CLL and other lymphoid diseases (e.g. MBL) in murine models [300][301][302][303][304] . Further in vitro studies specifically revealed that miR-15a and miR-16-1 are originally involved in cell cycle regulation (G0/G1-S transition), as well as apoptosis signals by acting on the B-cell lymphoma 2 (Bcl2) pathway 298,305 .

In contrast to del13q14, del17p13 is associated to the clinical stage of the disease. Indeed, del17p13 can be found in about 20% of all chemo-refractory CLL cases [306][307][308] . This particular deletion is majorly characterized by the truncation of TP53 gene (about 80% of all del17p), encoding for p53 protein [308][309][310][311][312] . Importantly, it is know that together with TP53 gene truncation, mutations on the remaining allele can occur 313 . Indeed, despite mutations on TP53 gene have low incidence at diagnosis, they progressively increase with the disease evolution (e.g.

refractory CLL) 308,314,315 .

A further event that brings to TP53 downregulation is del11q22-23. This large size deletion (above 20 Mb) can be found in about 10% of all CLL, with increased tendency for IGHV-M CLL 297,316,317 , and can affect either the serine/threonine kinase ataxia-telangiesctasia mutated 327,328 .

It is also important to highlight that NOTCH1 is majorly expressed in CLL cells independently from its mutational status. For instance, CLL cells in lymph nodes, as well as about 50% of the circulating ones, are frequently associated with high levels of NOTCH1 expression without harboring gene mutations 329,330 . CLL evident NOTCH1-dependency has high implication for therapeutic strategies and has the potential to be exploited on patient favor.

In about 30% of all the patients affected by CLL, many aberrant transcripts derived from mutation-free genes can be detected. For instance, patients with unmutated TP53 and NOTCH1 would still have some sort of aberrant form of the original protein 296,331,332 . At the same time, CLL genome sequencing revealed the presence of many mutations on genes involved in splicing processes 325 . This would explain the high frequency of anomalous transcripts originated from wild type genes 333 . The most frequently mutated CLL splicing factor gene (about 10% of cases) is the splicing factor 3B subunit 1 (SF3B1) 313,316,331,332 . Furthermore, together with abnormal splicing machinery, translation can also be affected. For instance, mutations on 40S ribosomal protein S15 (RPS15) gene leads to p53 disruption 216 .

Leading to an increase in CLL chromosomal instability, up to 7% of IGHV-UM CLL patients present mutations on the protection of telomeres protein 1 gene (POT1) 334 . Generally, mutations on POT1 specifically affect its telomere DNA binding domain, leading to chromosomal-ending disruption and increasing CLL aggressiveness 334 .

Many studies have also highlighted the constant upregulation of NF-kB transcriptional factor in CLL cells 296,[323][324][325]335 . Beyond its deregulation through BIRC3 truncation, many other factors have been found to induce NF-kB constitutive activation. Mutations found on myeloid differentiation primary response 88 (MYD88) gene have been associated with NF-kB upregulation in CLL patients. Generally, MYD88 couples with other factors, such as the interleukin-1 receptor factor-associated kinase 1 (IRAK1), to the TLR cytosolic domain, participating on the signaling cascade that ultimately leads to the stabilization of NF-kB complex 296,324,325 . In CLL, MYD88 L265P mutation (in about 3% of patients) leads to increased binding with IRAK1 296,324,325 . Finally, despite being rare (<2% of all CLL cases), and still requiring deeper evaluation, mutations on TNF receptor-associated factor 2 and 3 (TRAF2 and 3), as well as on nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor epsilon (NFKBIE), have been suggested as alternative NF-kB regulators 335 .

Epigenetic alterations

The analysis of CLL epigenetic landscape represents a further way to characterize the complexity of this disease.

DNA methylation, focused on CpG sites, has a great impact during B cell development given its role in gene expression and genome stability. In CLL, in line with its role on normal B cells, DNA methylation influences leukemic development and clone expansion 336 . It has been reported that, despite CLL DNA methylation does not generally change during disease progression 337 , significant changes in cell methylation profile appear in pre-leukemic B cells 277,338 . The same study, performed in the pre-clinical murine model Eμ-TCL1, highlighted the epigenetic deregulation of many key genes (including miRNAs and lncRNAs [339][340][341] ) involved in leukemogenesis, such as T-cell leukemia/lymphoma 1A (TCL1), death associated protein kinase 1 (DAPK1) and zeta chain of T cell receptor associated protein kinase 70 (ZAP70) 270,342,343 .

Further methylation profiling (genome-wide arrays and sequencing) showed that CLL DNA is generally hypomethylated, with selected regions of hypermethylation 291,337,[344][345][346][347] . In line with this, the heterogeneity in methylation profile in single patients at diagnosis has been positively associated with a greater risk in genetic mutations and decreased prognosis 347 .

Evaluation of DNA methylation in CLL progression, as well as its possible consequences on treatment resistance, requires further investigations. At the same time, it is clear that stochastic methylation changes can potentially alter the expression of many unmutated genes, establishing new ways for CLL clones to evolve.

Prognosis based on genetic alterations

The increasing analysis of CLL genome allowed to categorize the disease within different classes depending on its mutational state. The association of different mutational combinations is currently being used to predict CLL behavior and thus establish a solid prognosis at diagnosis and, later, to define the best therapeutic strategy.

A key prognostic evaluation is based on the mutational IGHV status. As mentioned before in point 3, the majority of patients fall in the IGHV-M CLL category (60% of all cases), while a lower percentage would be affected by CLL carrying unmutated IGHV genes 324,325 . The latter are characterized by low time to first treatment (TTFT) and poor OS, due in part to their greater tendency to accumulate genetic aberrations 348,349 . Interestingly, the efficacy of treatments aiming to inhibit BCR pathway does not appear to correlate with the IGHV mutational status, while the inhibition of downstream pathways, such as BCL-2, shows a considerable impact both for IGHV-M and UM 350 . Thus, in view of new therapy strategies, the relevance of IGHV mutational status as prognostic factor is currently under discussion.

Within the different chromosome deletions affecting CLL, the most common one, del13q14, is associated to a good prognosis. Within this category, del13q14 CLL patient show lower mutational burden, longer TTFT and considerably higher OS 297,351 . On the other hand, the presence of del17p is an important event concerning treatment response and, thus, patient prognosis. Lack of activity for TP53 due to the truncation is already a sign of increasing genomic instability 310 . In addition, given deregulation of pro-apoptotic signals, CLL cells with aberrant TP53 are rarely eradicated if the patient is treated with chemoimmunotherapy 311 . Finally, this particular event leads to a progressive accumulation of complex genomic lesions associated with chemotherapy or radiotherapy resistance, increase aggressiveness and considerable drop in TTFT and OS 297,308,324,351 . Interestingly, inhibitors of the BCR pathway have been shown to reduce TP53-mediated chemotherapy resistance improving patient prognosis 352 . The presence of both del11q (affecting ATM) and ATM mutation in the other allele (20% of CLL patient at diagnosis) strongly impacts the disease stage and prognosis 295,297,317,325 . First, it is important to mention that this type of lesions occur together mainly in younger patients and it is always accompanied by enlarged lymph nodes. Second, patient presenting both genetic alterations show shorter TTFT and OS compared with patient affected by other chromosomal disruptions (e.g. del13q) 313,317,319,353 . BIRC3 truncation given by del11q is involved in constitutive NF-kB complex stabilization 318 . Despite NF-kB involvement in CLL cell survival, disruption of BIRC3

does not have an obvious effect on TTFT 313 . Nevertheless, BIRC3 truncation has been associated with shorter OS, advanced stage and chemorefractory CLL 313 . It is known that patients affected by ATM disruption particularly benefit of different chemoimmunotherapy regimens, as well as BCR and BCL-2 inhibitors 350,354,355 . At the same time, the presence of also BIRC3 aberration potentially reduces the efficacy of the before mentioned therapies 318,356 .

Considered one of the main drivers in CLL, it is not surprising that NOTCH1 mutations are commonly associated with poor prognosis. This is true for the classical mutations of the PEST domain, as well as for the 3′ untranslated region, while only 3% of the CLL cases present NOTCH1 FBXW7-inactivating mutations 296,324 . Patients carrying harmful NOTCH1 mutations, within different classes (e.g. IGHV-M CLL) and stages (e.g. Richter syndrome) of the disease, present a poor OS with only 50 to 70% survival after 5 years 256,323 . NOTCH1 is considered as an independent factor of poor prognosis difficult to circumvent. Indeed, the use of different chemoimmunotherapy regimens does not have any major impact in patients' conditions 306,357 , while the effect of BCR and BCL-2 inhibitors still need to be fully evaluated. The consequences of MYD88 lesions in CLL are not clear and there are many controversial opinions concerning its role in the disease prognosis. Likely due its low frequency, MYD88 mutations have not yet been associated to a specific CLL stage or to disease survival 328,[358][359][360] .

Splicing abnormalities are events to be taken in consideration for patient prognostic, since they are commonly correlated with low TTFT and poor OS 313,328,332,351 . Indeed, it has been described that mutations on SF3B1 increase in advanced CLL stages. In line with this, SF3B1 is found mutated in about 10% of patients at diagnosis, while it increases up to 17% in fludarabine-resistant CLL and in patients with one or more chromosomal aberrations 328,351 .

Despite most of the studies suggest a partial prognosis improvement with the use of chemoimmunotherapy 306,361 , the impact on new therapeutic strategies in presence of SF3B1 aberrations still need to be full elucidated.

Despite CLL is characterized by different lesions and alterations, many have been identified

in patients already treated with chemotherapy, and thus, they are less relevant in early diagnosed cases or patients treated with new therapies (immunotherapy) 219 . Based on this, it is important to prioritize the selection of universal alterations rather than consider all the ones known so far. Unfortunately, given the low percentage of alterations found in CLL at diagnosis, it is difficult to evaluate their impact on TTFT and OS in the early stage of the disease.

Prognostic scores are an attempt to classify patients based on fixed variation combination (e.g. NOTCH1 mutation and gender), which can have independent prognostic value. These scores define a basic TTFT and OS to early diagnosed patients, helping clinicians to assess the CLL state and build a therapeutic strategy in accordance. Some currently used prognostic scores are listed in Table 4.

Prognostic scores can vary depending on the technique selected to define variation, number of patient involved and other parameters, which makes them different from each other. The score based on the larger number of patients was the one established by the CLL International Prognostic Index (CLL-IPI), in which patients were included from independent clinical trials (e.g. chlorambucil and fludarabine) 362 . In this category, various prognostic markers have been included. For instance, TP53 disruption, such as del17p and TP53 direct mutations, and the β2-microglobulin level (>3.5 mg/L). In the score based on Very low-risk: del13q14.
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Table 4. Majorly used prognostic scores for early CLL prognosis.

The transmembrane Ig (mIg) B cell receptor is composed by two highly variable light chain subunits and two highly variable heavy chain subunits, associated to the signal transducing subunit, an heterodimer formed by Igα and β (also respectively known as CD79a and b) 370 . Upon Ag recognition, the BCR signaling pathway is initiated and the tyrosine kinase LYN phosphorylates tyrosine residues in the cytoplasmic domains of CD79α and β. This is a necessary process to recruit and activate (by phosphorylation) a further tyrosine kinase, SYK 370 . The latter can phosphorylate clustering proteins, such as B cell linker protein (BLINK) and vav 1 guanine nucleotide exchange factor (VAV), and initialize signaling cascades which ultimately promote cellular growth, differentiation and resistance to apoptosis [367][368][369] . Furthermore, in combination with LYN, SYK phosphorylates the cytoplasmic tail of CD19 and of the B-cell adaptor protein (BCAP), which in addition leads to phosphatidylinositol 3,4,5trisphosphate (PIP3) phosphorylation, catalyzed by PI3Ks. Generally, CD19 tyrosine phosphorylation behaves as scaffold for various proteins, depending on which of the tyrosine residues are modified 370,375 . Together with PIP3, phosphorylated CD19 establishes contact with various factors, such as v-akt murine thymoma viral oncogene homolog 1 (AKT or AKT1), leading to mTOR and NF-kB activation pathways 370,375 . Both PIP3 and its bi-phosphorylated form (PIP2) are involved in the recruitment of BTK, which initializes a signaling cascade leading to several key pathways exploited in cancer. It is important to mention that in order to function, BTK requires to be phosphorylated by LYN, SYK and BTK itself 370 . Within the most important pathways triggered by BTK, we can find: nuclear factor of activated T-cells (NFAT), NF-kB and Ras/ERK [367][368][369][370] . Deeper analysis of pharmacological targets in the BCR pathway (e.g. ibrutinib-mediated BTK inhibition) will be discussed in the following sections. (Source: Puri et al., Int Rev Immunol, 2013) 376 .

Abbreviations: Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3Ks), mechanistic target of rapamycin (mTOR) and Bruton's tyrosine kinase (BTK). 

BCR signaling in CLL

In CLL, BCR is considered the major activated pathway supporting the disease progression 377 . It has been reported that about 1/3 of CLL patients present virtually identical (stereotypical) BCR, given by a considerable narrow Ig gene repertoire 222,378,379 . Based on more or less conserved variations, many CLL stereotype subsets have been established with the aim to stratify patients according to CLL progression 380 .

BCR engagement in CLL is responsible for the activation of many downstream pathways (Figure 9), majorly involved in cell survival and proliferation, the latter comprising 0.1 to 2% of CLL cells 381 . BCR stimulation occurs through interaction with external Ag (antigen-dependent BCR) generally found in the proliferation centers (PC), lymphatic tissues for CLL 365,382 . At the same time, CLL cells (both IGHV-UM and -M) can also present a cell-autonomous and a complete antigen-independent BCR activation (Figure 9) 365,383 . Despite our increasing knowledge on CLL biology, it is still under debate whether BCR downstream signals are due to a combination of Ag-induced and "tonic" BCRs, or whether one of the two activation types becomes the major disease driver.

Interestingly, in contrast with other lymphomas (e.g. DLBCL) where mutations can occur in the BCR pathway, in CLL the activation of BCR pathways is rarely affected by any mutation 384,385 .

This most likely means that BCR activation in CLL can easily be achieved by largely available microenvironment signals which can directly engage or even enhance (e.g. ZAP70) BCR signal 383,386,387 .

Antigen-dependent BCR signaling

As mentioned before, the existence of stereotypical BCR, comprising heavy chain complementarity-determining region 3 (HCDR3) and surface membrane immunoglobulin (smIg) 388,389 , for a wide range of patients, support the idea that CLL clone selection and expansion is regulated via interaction with a restricted pool of Ags (Figure 9) [390][391][392] .

Possible differences in Ag recognition can explain IGHV-UM and -M CLL opposite clinical behaviors 391,393 . Typically, IGHV-M CLL patients present a better survival compared with IGHV-UM ones. This is due to IGHV-M CLL restricted reactivity towards Ags which are either not so frequent (in case of external sources), or lead to anergy given their high BCR affinity 391,392 . Thus, this weak BCR stimulation would be characteristic of a particularly stable and slow growing CLL.

On the other hand, the low affinity but poly-and self-reactive BCR expressed by IGHV-UM CLL allows multiple microenvironment stimuli to constantly stimulate tumor cells, thus leading to a more rapid and aggressive CLL [394][395][396][397] . IGHV-UM BCR has such low specificity that it can recognize many different Ag, such as DNA, LPS, apoptotic cells, oxidized LDL, myosin and vimentin 386,[398][399][400][401][402][403] .

An increase BCR activity in IGHV-UM CLL correlate with an increase in ZAP70 expression 387,404,405 . Generally, activation of the kinase ZAP70 leads to upregulation of survival and proliferation pathways both in T and B cells [406][407][408] . Furthermore, ZAP70 overexpression leads to T cell recruitment, increasing CCL3 and CCL4 release, and suppression, via expression of the metabolic immune checkpoint interleukin 4 induced 1 (IL4I1), in CLL TME 409,410 .

The molecular mechanisms behind ZAP70 relationship with BCR signaling are currently under investigation. Despite this, it is believed that ZAP70 is involved in the phosphorylation of secondary proteins in BCR pathway (e.g. VAV), rather than directly interact with the BCR 411,412 .

Recently, it has also been suggested that, upon BCR activation, ZAP70 would also bind different ribosomal proteins enhancing translation of key factor molecules (e.g. MYC) in activated CLL cells 409 . Finally, beyond ZAP70 involvement in survival and proliferation pathway regulation, it appears to be responsible to enhance CLL response to chemokines, such as CCL19, leading to increased CLL cells migration [413][414][415] .

Based on these information, ZAP70 overexpression is considered a marker of poor prognosis since it strongly decreases the time between diagnosis and the necessity to start the treatment 283,387,404,416 .

Autonomous BCR signaling

Activation of BCR signaling can occur when immature or mature B cells recognize selfantigens, which may lead either to cell activation and proliferation, or to synergy and apoptosis.

CLL cells can also react to auto-antigens through their BCR, a process that will lead to clonal expansion of the stimulated pool of leukemic cells 221,383 . Furthermore, autonomous or selfmediated BCR activation is due to spontaneous collision of proximal BCR receptors, where the interaction occurs between one BCR HCDR3 and a motif of another BCR framework region 2 (FR2), with FR3 recently included as new epitope (Figure 9) 222,386,417 . In particular, this interaction triggers Ca 2+ signaling, as well as phosphorylation of different kinases (e.g. LYN) leading to consequent downstream pathways activation (e.g. NF-kB) 385,418,419 .

Tonic BCR signaling

Also known with the term "tonic", antigen-independent BCR activation guarantees a background BCR signaling in CLL cells 420,421 . Despite tonic BCR signal is considered essential for CLL survival, the mechanisms involved in its regulation are still to be fully clarified. A key feature of this process is a SYK-associated BCR intermittent activation, followed by its inhibition mediated by protein tyrosine phosphatase (PTP; Figure 9) 422,423 . Based on this, intermittent SYK activation would lead to mTOR and NF-kB activation, while SYK inhibiting would cause initialization of pro-apoptotic (e.g. BCL2) and cell-cycle arrest (p27) pathways 424,425 .Whether tonic BCR types are really the major drivers in CLL is still largely unclear and this question is nowadays opened for discussion. Nevertheless, several studies showed how CLL highly rely on Ag-independent BCR activation 382,418,419,426 . For instance, the presence of stereotypical BCR would allow CLL to trigger BCR-related downstream pathways without the presence of external Ag, but rather through tonic BCR. Furthermore, this interaction (same for autonomousmediated activation) also explains BCR activation (LYN, SYK and NF-kB phosphorylation) in Ag unstimulated CLL cells 418,419,426 . 

Treatment strategies and post-treatment prognosis

Over the decades, CLL, as many other cancers, saw an overall improvement in the therapeutic strategies applied. In particular, the necessity to generate more personalized treatments became obvious. Thus, it is important to screen patients for key features which can immediately cluster them in selective therapeutic regimens. Based on this, during the international workshop on CLL (iwCLL), the following basic assessments have been highly

suggested for every patient at In general, ibrutinib is considered the standard and most reliable treatment for CLL patients. This is given by the fact that the PFS of patients treated with ibrutinib is independent from IGHV mutational status [432][433][434][435] . In particular, IGHV-UM CLL (or with del11q) have been shown to greatly benefit from ibrutinib, independently from patient gender and age, rather than other treatment strategies 436,437 .

Concerning IGHV-M CLL, valid alternatives to ibrutinib require further patient classification based on physical fitness. Chemo-immunotherapy (CIT) of low-risk (IGHV-M status, del13q4 or trisomy 12q) fit patients has been shown to be as effective as ibrutinib treatment 435 . The combinations with fludarabine + cyclophosphamide + rituximab (FCR), as well as bendamustine plus rituximab (BR) showed particular success 436,438 . In unfit patients of the same risk level but who cannot tolerate FCR or BR regimens, ibrutinib can be exchanged with chlorambucil and anti-CD20 monoclonal antibody (mAb; rituximab) 435,436,[438][439][440] .

The first round of treatment will generate CLL subclones leading to a reduced PFS if the therapeutic strategy is not changed (e.g. < 2 year in case of persistent use of CIT) 441,442 . Based on this, various strategies can be applied according to the first line of treatment used on the relapsed/refractory (R/R) CLL (Figure 10). Acquired CIT resistance allows the use of more target narrowed retreatments, such as ibrutinib or combinatory treatment of rituximab + venetoclax, or + idelalisib 355,433,[443][444][445][446] . Rituximab combinatory treatments can also be applied on patients initially, or after long-term treatment, intolerant to ibrutinib 447 . Furthermore, development of resistance to ibrutinib is expected in about 15% of CLL patients 447 . In presence of this event, it is necessary to exchange ibrutinib treatment with either venetoclax or idelalisib + rituximab combination, both valuable alternatives 447 . Despite improvements given by the alterative single or combinatory strategies, other therapies, such as allogeneic HSCT (Allo-HSCT) and chimeric antigen receptor (CAR) T cell therapy, have been strongly considered for ibrutinib resistance 448- 450 .

Given ibrutinib successful effects, many strategies have been established in the event of acquired resistance. On one hand, developments of new Bruton's tyrosine kinase (BTK) inhibitors with decrease long-term toxicity might be a successful strategy. On the other hand, a further strategy could combine early ibrutinib treatment with other agents or cells therapy.

Current treatment highlights

The aim of this chapter is to give an overview of the agents and their molecular mechanisms in view of the treatment strategies presented on section 7, thus it will not take in consideration the full array of possibilities for CLL treatment.

Cytostatic agents

Chemotherapy is currently the basic and oldest strategy for cancer treatment. The alkylating agent chlorambucil has been for many years the main remedy used for CLL 451 . The advantages are a general low toxicity (increasing only after extended administration), low cost and easy delivery (oral). Beyond long-term associated side effects, it is important to mention that chlorambucil fails to achieve CLL complete remission 451 . Given this, despite the fact that chlorambucil has been majorly exchanged with more advanced treatment regimens, it is still used for elderly and unfit patients which require the treatment for relatively short time and to guarantee an appropriated quality of life 451 . Also from the alkylating agent category, bendamustine, already used against different type of cancers 452 , showed increased response (67%) and PFS (22 months) compared with chlorambucil (30% overall response rate; 8 months PFS) 453 . Despite this, bendamustine leads to higher toxicity and does not bring any OS improvement 453 .

Finally, the purine analogue fludarabine achieves superior results compared with standard alkylating agents [454][455][456] . Indeed, already in monotherapy, fludarabine shows improved complete remission rate (between 7% and 40% of cases), but it fails to improve OS if not combined with other treatments [456][457][458][459] .

Generally chemotherapy works on dividing cells, both cancer and healthy ones. Thus, since the spectrum of action is so broad, chemotherapeutic drugs are often exchanged with targeted treatments that have specificity towards tumor cells.

Monoclonal anti-CD20 antibodies

Compared with chemotherapy agents, monoclonal antibody-based treatments have the advantage of a more narrow line of action. For instance, anti-CD20 treatment is restricted on the cells expressing this glycosylated phosphoprotein, i.e. mature B cells.

Rituximab has been used for many years as main representative of the anti-CD20 antibodies on different B cell malignancies, such as CLL and follicular lymphoma (FL) 460 . For the latter, rituximab is enough to achieve excellent results, while for CLL, rituximab needs to either be administered in high doses or in combination with chemotherapy [461][462][463][464] .

On one hand, a narrower and more selective treatment leads to decrease off-target side effects, but on the other hand, specific mutations can cause the failure of such strategy. For instance, CLL cells carrying NOTCH1 mutations show a general decrease of CD20 expression, being most likely the responsible for refractoriness to anti-CD20-based treatment 306,321,323,327,465,466 . In parallel with this, CLL release sEV highly enriched in CD20 molecules which can behave as decoy-receptor for monoclonal antibodies, further reducing treatment efficacy against CLL 143,467,468 .

Inhibitor of CLL-microenvironment cross-talk

As previously mentioned in section 6, BCR is the major signaling pathway leading and sustaining CLL cells survival and proliferation. Based on this, an increased effort has been applied in generating strategies to block BCR signaling 390,392,469 . Activation and signaling of BCR is propagated by complex interactions between accessory proteins and various kinases (such as BTK and SYK), defined altogether as B cell receptor associated kinases (BAKs) 469 . BCR inhibitors rapidly evolved with the aim to block different BAK activity 469 . Advantages are multiple: a) nullify BCR activation given by constant microenvironment stimuli, and b) block downstream signaling generated by autonomous and tonic BCR-mediated activation 470,471 .

PI3K inhibitor: Idelalisib

Idelalisib is a selective inhibitor for PI3K p110 δ, constitutively activated in some CLL and involved in the regulation of different downstream BCR signals (Figure 8) 472,473 . Being specific for PI3K B cell isoform, idelalisib induces CLL cells apoptosis without harming other cells, such as cytotoxic CD8 + T cells 473 . Idelalisib-mediated apoptosis is achieved both through direct inhibition of PI3K p110 δ, as well as by blocking pro-survival stimuli from surrounding cells 473 .

In vitro, idelalisib has shown the ability to decrease CLL response to stromal cell chemokines (e.g. CXCL12), thus, reducing leukemia cells migration 473 . On a clinical point of view, idelalisib is majorly used for R/R CLL cases (72% overall response rate; about 16 months PFS) and common side effect reported are pneumonia, fever and diarrhea 355,474 .

BTK inhibitor: Ibrutinib

Another relevant target in the BCR signaling is BTK. Ibrutinib is the most used BTK inhibitor, its main activity is to induce CLL (but also other B cell malignancies) apoptosis by indirectly blocking NF-kB and mitogen-activated protein kinase (MAPK) signaling (Figure 8) 475 . Given ibrutinib large success, 60-70% overall response rate (ORR) and up to 20 months PFS depending on the study and patient state, it is currently one of the most relevant and used treatment in CLL at diagnosis 446,476 . Despite being at the forefront of CLL treatment, to overcome the persistent minimal residual disease (MRD), BTK inhibitors require to be continuously administered, leading to long-term side effects, difficulties related to other drugs incompatibilities and increasing costs. Generally, ibrutinib-related side effects range from increased viral infections to diarrhea and fatigue 446,476 . These are all aspects to consider when treating patients, above all for low-risk CLL groups 445 .

Ibrutinib resistance, leading to R/R CLL, is normally due to BTK mutations accumulating because of the advancement of the disease (RS) and new clone selection 477,478 . Whole-exome sequencing of ibrutinib resistant CLL cells revealed a recurrent BTK cysteine-to-serine substitution at ibrutinib binding site (C481S), and gain-of-function mutations in 1-Phosphatidylinositol-4,5-bisphosphate phosphodiesterase gamma-2 (PLCG2; R665W and L845F) downstream BTK (Figure 8) 479 .

BCL-2 inhibitor: Venetoclax

One important characteristic of CLL cells is the upregulation of anti-apoptotic programs which sustain disease progression 480,481 . Venetoclax is defined as a BH3-mimetic drug and has great affinity for BCL2 protein 482 . By binding BCL-2, venetoclax blocks the activity of one of the proteins involved in the inhibition of Bcl-2-associated X (BAX) and Bcl-2 homologous antagonist killer (BAK)-mediated intrinsic apoptotic pathway 447 .

Venetoclax appears to be highly effective even at low doses. This is an important advantage since, at increased concentrations, it can lead to different side effects, including tumor lysis syndrome, an acute metabolism disorder given by elevated amount of dead cells in the bloodstream 350,431,482,483 . After concentrations and ranges of administrations were improved, venetoclax showed an ORR close to 80%, even in patients with relapsed or refractory del(17p)

CLL 350,431 .

Immunotherapy

Immune checkpoint inhibition

Analysis of CLL microenvironment reveals a strong immune suppression majorly mediated by immune checkpoint ligand overexpression on CLL cells, and corresponding receptors on CD8 + cytotoxic T cells 484 . Given this, the hypothesis of inhibiting this harmful interaction, allowing the immune system to re-establish control and eradicate the tumor, brought to the establishment of new strategies [485][486][487] and the creation of a new spectrum of drugs directed against both ligands or receptors 488 .

Pembrolizumab is a PD1 blocking Ab which showed particular promise for transformed CLL (RS) and ibrutinib relapsed CLL 488 . From phase 2 trial, it appears that the pembrolizumab main effect was visible only in RS cases (about 40% of patients), showing an increased PD1 expression in the TME of those patients 488 .

Initially tested on R/R DLBCL and FL, durvalumab (PD-L1 blocking Ab) is currently being tested for dose, safety and efficacy on 106 CLL patients (NCT02733042) 489 . Concerning R/R DLBCL and FL related results, unfortunately durvalumab, both monotreatment or in combination, does not appear to bring any major improvement on the already established therapy for the two diseases 489 .

CAR T cells

A chimeric antigen receptor (CAR) is characterized by a structure build ad hoc consisting of an extracellular single-chain variable region (specifically direct against a selective and unique For almost a decade, allo-HSCT was considered the last option for patients with refractory disease 493 . Today, instead, the introduction of new treatment regimens, including CIT and the highly effective BCR and BCL2 inhibitors, extended the time until when allo-HSCT is necessary 355,431,439,440,444,447 . On the surface, this may appear a success, but it also introduced further complications when performing allo-HSCT.

Despite being considered the most suitable cure for CLL, allo-HSCT comes with grievous costs. Allo-HSCT requires a pre-treatment with heavy dose of chemotherapy or radiation, and this can only be performed on fit patients with a limit of age (<70; although this can be increase with aimed regimens) 494,495 . Even with patients fitting the basic requirements, allo-HSCT morbidity is considerably high, patients can develop extensive chronic graft-versus-host syndrome ( ̴ 50%), or in the worst scenario it can cause death ( ̴ 20%) [496][497][498] .

Given these side effects, it is preferred to proceed with allo-HSCT only in high risk CLL (e.g.

del17p or refractory CLL) 493 . Still, to continue with the current treatment or move to allo-HSCT is not easy decision. The most obvious scenario to justify allo-HSCT is when salvage therapy already showed no effect and the patient is fit for allo-HSCT (e.g. age and health condition).

When instead, the available treatments give positive results, it is very hard to assess when and if allo-HSCT will ever be necessary. Indeed, in this category of patients, new effective treatments also increase the age in which new strategies are necessary, narrowing the window to safely perform allo-HSCT 449 .

It appears that when and if allo-HSCT needs to be perform is still majorly a matter of debate.

On one hand, unfit patients are easily excluded from transplantation, while costs and benefits of relatively young and fit patients' allo-HSCT require to be taken with serious consideration.

Challenges and limitations

Despite the attempt to stratify patients in fixed groups (Figure 10), it is evident that each CLL case is potentially unique and a perfect "therapeutic algorithm" does not exist.

Furthermore, it is also important to consider the economical and logistic aspects, which makes very difficult or simply impossible to respect such tight and set steps when CLL is diagnosed.

Anyway, based on Figure 10, ibrutinib appears to be the "must go" choice as first line of treatment, even compared with idelalisib 499 , while venetoclax is usually applied in R/R patients or in those intolerant to ibrutinib 447,499 . At the moment, these agents are administered in sequence, as well followed by alternative aimed treatments, like rituximab (or other anti-CD20

Abs) 443,500,501 .

However, efficacies of complex combinations of currently available treatments are still under investigation 502,503 . Based on this, it is also very important to remember how different CLL treatment strategies have been reported to possibly aggravate patient survival, given the selection of particularly resistant and aggressive clones which ultimately developed into RS.

Particularly, venetoclax can increase the risk of RS transformation when CLL patient carries chromosomal and TP53 aberrations 252 . In this case, RS derived from the use of venetoclax is characterized, beyond TP53 lesions, by alterations in CDKN2A and B, and SF3B1 502,504 . Finally,

Introduction

III. Tumor Microenvironment

III. Tumor microenvironment 1. Overview and complexity

Cancer is a complex disease characterized not only by tumor cells, but also by nonneoplastic surrounding cells (Figure 11). The latter, are generally cells with decreased functionality (e.g. T lymphocytes) or pro-tumorigenic activity (e.g. fibroblasts) given by their progressive tumor-mediated re-education 507,508 . Despite tumor development arises due to genetic and epigenetic abnormalities in the neoplastic cells, cancer progression, survival and evolution require a balanced and dynamic crosstalk between the tumor clone and the adjacent cells 507,509,510 .

The tumor microenvironment (TME) is composed by the collection of tumor, immune and stroma cells, as well as supporting molecules such as collagen and fibronectin, which form a complex web of interactions, structural protection and support 507 . Cell-to-cell communication within the TME is performed through a broad range of molecules depending on the purpose:

proliferation (e.g. growth factors and cytokines), migration (e.g. chemokines), invasion (e.g. matrix remodeling enzymes), metastasis and immune escape (e.g. tumor circulating cells and sEV) 212,[511][512][513][514] .

Given the TME striking importance in cancer progression, oncology research (both basic and clinical) is becoming more and more aware of the necessity to characterize the tumor surrounding cell landscape.

Indeed, due to this microenvironment-tumor dependency, a potential therapeutic strategy could attempt to disrupt the interaction between tumor and non-neoplastic cells supporting it 515 . Blocking positive signals and supplies could be enough to weaken tumor cells and make them more susceptible to standard treatments, which would be further enhanced by a combined action with the re-activated immune system [516][517][518] .

Cell composition

One characteristic of cancer formation is the increasing in-situ inflammation, despite being indication of an appropriate immune reaction against cancer -and in many cases the responsible for the early eradication of the same -it can be responsible of an increase in aggressiveness of the tumor clones and part of a stable TME 514,519,520 . Indeed, as a first attempt to eradicate cancer development, various immune cells are deployed by the organism.

Combination of innate and adaptive immune response allows the elimination of cancer at an early stage, as well as improve patient prognosis and survival [521][522][523] . At the same time, in stable and advanced cancers, many immune cell subsets have been found enclosed in the TME [523][524][525] . Increasing analysis have revealed an evident strongly compromised activity for some immune cells (e.g. T lymphocytes), while other categories were characterized by an aberrant behavior (e.g. macrophages), and some immune cells presence in the TME was quite infrequent (e.g. natural killer) [526][527][528][529][530] .

Tumor-infiltrating lymphocytes

Representing one of the most abundant immune cells in the TME, tumor infiltrating lymphocytes (TIL) are a collection of different T cell subsets (e.g. CD8 + cytotoxic T cells) which present altered proliferation, and generally decreased stimulating and anti-tumor activity 526,527,[531][532][533][534] . Depending on the distribution of different lymphocyte subpopulations within the TME, we can expect an anti-tumor or tumor-supporting activity. For instance, the presence of CD8 + CD45RO + memory T cells is generally associated with a strong and rapid antitumor activity. This is due to the fact that this particular CD8 + T cells are antigen-experienced and can rapidly gather at the tumor site and eliminate the threat, thus a considerable amount of these cells in the proximity of cancer cells is usually associated with a positive prognosis 535 .

For the support of CD8 + T cell activity, various specialized subsets of CD4 + T cells, also called Nevertheless, Th2 and Th17 have been also shown to have a strong anti-tumor activity in breast and esophageal cancer respectively 545,546 . Beyond this, when used in vivo against melanoma, Th17 have shown to have a much greater anti-tumor activity than Th1 547,548 .

Interestingly, in vivo treatment of myeloma and B-cell lymphoma using tumor-isolated Th2

showed a strong anti-tumor activity with full eradication. The effect is given by a strong inflammatory signal cascade triggered by Th2, leading to the recruitment of arginaseproducing M2-type macrophages 549 .

It is clear that Th2 and Th17 pro-or anti-tumor behavior is largely dictated by the type of tumor where the Th are infiltrated, and majorly by the TME cells composition. Beside this, there is a category of regulatory CD4 + CD25 + FOXP3 + T cells (Treg) that are considered to have mainly a pro-tumor activity 550 . Indeed, by nature, Treg are responsible to regulate CD8 + T cell activity through the release of IL-10, transforming growth factor beta (TGF-β) and interaction using cytotoxic T-lymphocyte antigen 4 (CTLA4) 551 . Given their major immune suppressive role, an elevated presence of Treg in the TME is correlated to bad prognosis in several types of cancers [552][553][554] .

In classical Hodgkin's lymphoma, Treg have been suggested instead as sign of positive prognostic for patients. For instance, low tumor infiltration of Treg in presence of high levels of CD8 + TIA-1 + cytotoxic T cells is associated with unfavorable outcome [555][556][557] . Despite the mechanisms behind this are not fully understood, it is believed that due to the low amount of Treg in the TME, TIA-1 + cells would rapidly accumulate uncontrolled. T-cell intracellular antigen-1 gene (TIA1) is a RNA binding protein associated with cytotoxic granules which has been described to possess nucleolytic and translation inhibitory activities on cytotoxic cells [558][559][560][561] .

Finally, Cachot and colleagues have recently described a novel category of CD4 + T cells.

Novel tumor-infiltrated cytotoxic CD4 + cells (Th-CTX) are found associated with solid tumors and in vivo studies have shown their strong activity against advanced melanoma models, and their independency from other immune cells and MHC-II interaction 562 .

B lymphocytes

B lymphocytes are considered to have anti-tumor activity, thus be associated with positive prognostic for patients 535,563,564 . In line with this, tumor-infiltrating B lymphocytes (TIBs) have been described in different solid tumors (e.g. breast cancer) and generally associated with favorable prognosis 524,565,566 . Despite this, little is known about their modus operandi and characteristics. Currently, TIBs are considered as a selected B cell population (possibly identified as CD20 + CD38 + ) which support and even boost T cell response by releasing cytokine, producing specific tumor antigen Ab, behaving like antigen-presenting cells (APC) and spatially forming active structure with dendritic and T cells in the TME [567][568][569] .

In contrast with this, in various murine models B cells have been described as pro-tumor cells due their ability to reduce cytotoxic T cell activity [570][571][572] . Recently, a new category of B regulatory cells (Breg) have been identified 573 . Characterized by the released of IL-10 cytokine, Breg are responsible to reduced immune response in different murine tumor model, such as skin and breast cancer, and lymphoma [574][575][576] . Interestingly, it appears that Breg influence is pronounced majorly towards cells in the surrounding of the TME or organ (e.g. lymphoid tissue), most likely with the aim to monitor and influence the cell trafficking towards the TME 571,574 .

B cells are still largely a mystery to be solved, nevertheless, it appears that their behavior might be dependent from the tumor type and TME immune cell composition 577 .

Natural killer cells

Given their strong and rapid cytotoxic activity, NK cells are considered the first line of defense against tumor cells [578][579][580] . NK cells infiltration in tumor site is often associated with good prognosis for various cancers (e.g. colorectal) [581][582][583] . In contrast, patients with poor NK infiltration are characterized by a shorter survival rate 584 . In line with this, different studies have well described NK activity against circulating tumor cells, both in case of blood-related cancers, as well as blood-borne tumors in prevention of metastasis formation [585][586][587][588][589] Altogether, NK can be considered as a powerful tool for immunosurveillance. Their activity against various cancers is exceptional but limited to a direct contact with tumor cells, which becomes more difficult when protected by a tight TME. For this reason, the major strategy is to improve NK extravasation, activation, survival and proliferation at the tumor sites.

Tumor associated macrophages

Macrophages are immune cells which rapidly accumulate at wound site in order to trigger immune response and initialize various processes for wound healing, such as cell migration and matrix remodeling 601 . Tumor-associated macrophages (TAM) are re-educated myeloid cells which migrate and accumulate at the tumor site assisting its growth in different ways. The stabilization of NF-kB in TAM in response to chronic inflammation, allows the release of growth and survival factors which ultimately favor tumor initiation and proliferation 602 . Furthermore, TAM favors tumor immune escape inhibiting T cell activity by releasing IL-10 and supporting TME inflammation by producing prostaglandins and ROS 514,603 .

Given this, TAM presence within the TME has been associated with poor prognosis for different type of tumors (e.g. breast cancer) 530,604 , and it appears that TAM density in the TME is directly correlated to tumor progression and stage (e.g. metastasis formation). In line with this, an in vivo study performed on a mouse model depleted in macrophages -knock out for the macrophage growth factor, colony-stimulating factor-1 (CSF-1) -showed a strong decrease in tumor progression and a complete disruption of metastasis formation 605 . In contrast, CSF-1 overexpression in vivo leads to a strong tumor growth and dissemination 605 .

TAM accumulation in the TME is even more pronounced in hypoxic areas. This observation directly correlated with high levels of "hypoxia-induced chemoattractants" like vascular endothelial growth factor (VEGF) and endothelial-monocyte activating polypeptide II (EMAP2) 606 .

Beyond supporting cancer in the initial TME, TAM are involved in tumor cell dissemination by stimulating cell migration, invasion and metastases formation 607,608 . Indeed, a transcriptomic profiling of TAM revealed a strong enrichment in angiogenesis-related transcripts 609 . Based on gene profiling studies, TAM transcriptomic signatures were shown to be powerful tools to predict patient survival 609,610 . TAM can further increase tumor invasion by remodeling the extracellular matrix (ECM) and actively allow tumor cells to invade the surroundings 604 . This process is generally achieved by deploying different ECM remodeling proteases, such as matrix metalloproteases (MMPs) and fibronectin 611 .

Dendritic cells

The canonical function of the dendritic cells (DC) is foreign antigen processing and presentation, making them the most known and efficient of the APCs 612-614 . Depending on cellular origin (e.g. monocyte-derived DC) and degree of maturation (e.g. immature DC), various subsets of DC have been identified [615][616][617] .

As for other APCs (B cells and macrophages), DC are able to internalize, process and present a neo antigen to CD4 + T cells through MHC-II, these are also called conventional type 2 DCs (cDC2) 615 . At the same time, conventional type 1 DCs (cDC1) present also a unique mechanism of direct CD8 + T cell activation, called cross-presentation, which allows a more rapid immune response 615,618 . More generally, immature (or semi-mature) DCs are known to have tolerogenic properties 619 , while mature DC are considered as highly activated and the most efficient to induce CD8 + T cell response 620 .

In cancer, specifically within the TME, these functions are somehow silenced and thus DC ability to stimulate a proper immune response is reduced 621 . Nevertheless, all DC subsets can potentially be found in the TME, and their density and maturation state correlate with positive When analyzing DC composition in the TME, it is important to consider their high heterogeneity and broad range of functions. Based on this understanding, more specific and tailored treatments can be designed.

Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSC) are a highly heterogeneous population of myeloid cells which can differentiate from myeloid progenitors, immature macrophages and dendritic cells 633 . Differentiation towards this immunosuppressive population depends on various well known stimuli in the TME, such as VEGF, granulocyte-macrophage colonystimulating factor (GM-CSF) and pro-inflammatory cytokines (e.g. IL-1β) [634][635][636] .

MDSC can be found in the TME of different type of cancers (e.g. breast and renal) and can be considered as a sign of poor prognosis [637][638][639] . Despite the full list of chemokines responsible for MDSC attraction in the TME still need to be uncovered, a recent study showed how IgM released by B cells (malignant and not) favor MDSC accumulation in CLL 640 . Thus, it is believed that not only the surrounding cells, but also the tumor itself, can produce various stimuli (IL-10, VEGF, GM-CSF) which would promote MDSC differentiation and migration 641 .

The major impact of MDSC in the TME is given by their ability to reduce both innate and adaptive immune response supporting tumor growth.

It is known that MDSC inhibit to CD8 + T cell in a non-MHC-restricted fashion [642][643][644] Characterized by a rapid proliferation and accumulation at the tumor site, MDSC represent a strong immuno modulator component of the TME. They heterogeneous nature (based on their origin) makes them very difficult to target and to specifically define each subset impact in tumor progression.

Tumor-associated neutrophils

Neutrophils are actively recruited in the TME as consequence of the accumulation of various cytokines, such as IL-8, IL-17 and different CXCs, known to affect a wide range of myeloid cells 651,652 . The presence of neutrophils in the TME, defined as tumor-associated neutrophils (TAN), together with their effect is somehow controversial. Indeed, depending on TME signals, TAN can polarize towards an antitumor (N1) or pro-tumor (N2) phenotype 653,654 .

TAN1 are characterized by a high cytotoxic activity against tumor but with a short life span 653 . In one hand, TAN1 possess intrinsic anticancer activity given for instance by expression of TNFα, CCL3 and ICAM-1; furthermore, they were recently shown to release genotoxic ROS, myeloperoxidase (MPO), H2O2 and proteases to target cancer cells [655][656][657] . On the other hand, TAN1 enhance the overall cancer immuno surveillance by stimulating CD8+ T cell proliferation and leading to NK and DC maturation 658,659 .

In contrast, TAN2 show immature phenotype, longer life span and upregulation of chemokines such as CCL1, CCL17, CXCL1 and CXCL16 653 . TAN2 have low cytotoxicity and support murine tumor growth and dissemination by enhancing ECM degradation, angiogenesis and immune escape [660][661][662][663] . TAN2 enhance tumor growth and aggressiveness by releasing iNOS responsible to increase the tumor cell mutational burden 664 . This is also the case for an excess of ROS release in chronic inflammation 665 . Beyond increasing the overall level of cancer mutations, TAN2 can further enhance tumor proliferation by modulating the presence of cytokines (e.g. TNFα and IL6) and chemokines (e.g. CCL1 and PGE2) 666,667 .

Different studies also suggested TAN2 involvement in tumor dissemination. For instance, in vitro release of oncostatin M by TAN2, promotes different breast cancer cell lines. Further effects on cancer invasion are given by TAN2 involvement in modulation of androgen receptor (AR) expression (e.g. bladder and prostate cancer cells), VEGF signals and estrogen receptor β activation (e.g. renal carcinoma) [668][669][670] .

Finally, as for TAN1, TAN2 can largely affect other immune cells (e.g. CD8+ T cells) leading to a more efficient tumor immuno escape. For instance, TAN2 activate pro-apoptotic pathways on CD8 + T cells through TNFα and NO which can also further suppress CD8 + T cell proliferation and activity 671 . The latter, can also be compromised due to the high expression of PD-L1 on TAN2 672,673 .

Balance of TAN1 and TAN2 within the TME can lead to opposite effects, changing completely the prognosis for patients. Thus, it is essential to better understand what are the events regulating this polarization. Of great importance in the balance between TAN1 and TAN2 are the levels of TGF-β and IFN-β in TME. It appears that high levels of TGF-β affects TAN1 activity and leads to TAN2 phenotype, while if TGF-β activity is block, TAN1 accumulate, their cytotoxicity increase and they favor CD8+ T cell and macrophage activity 654,674 . Despite not being directly responsible of N1 polarization, IFN-β shows to support TAN1 by activating apoptosis in TAN2, and strongly decrease tumor progression by increasing TAN1 recruitment in the TME 654,675 .

Cancer-associated fibroblasts

Fibroblasts are plastic cells capable to differentiate in response to inflammation, oxidative stress (H2O2) and tissue damage (wound healing process) 676,677 . In cancer, microenvironment conditions cause fibroblasts to convert into myofibroblasts, better known as cancer-associated fibroblasts (CAFs) 678 . Despite the name though, CAFs can have multiple origins: tumor adipocytes, mesenchymal stem cells, and epithelial and endothelial cells [679][680][681][682][683][684] .

Generally known for their pro-tumor activity, CAFs support cancer by releasing multiple soluble molecules, which enhance tumor growth, such as fibroblast growth factor (FGF) and dissemination (e.g. fibronectin), and providing a physical barrier against therapeutic drugs 685- 691 . TGF-β released by CAFs, and other immune cells in the TME, is a potent signaling molecule that can elicit multiple effects depending on the target cells. First of all, TGF-β is also an important factor for transformation and activation of CAFs, this allows CAFs to constantly sustain a positive signaling loop 692,693 . Next, as previously explained, TGF-β also deeply affects various immune cell functions (e.g. CD8 + T cells) enhancing tumor-immune escape.

Furthermore, fibroblast activation protein (FAP)-α + CAFs appear to be also associated to cancer immune evasion. Murine models depleted from this category of CAF show an increase in IFNγ and TNFα-mediated tumor necrosis 694 . Within the different roles of TGF-β released by CAFs, a further one is the stimulation of the epithelial-mesenchymal transition (EMT) 689 . Generally with EMT we associate all chemical and physical changed occurring on epithelial cells and leading to their mobilization, including migration and invasion 695 . In cancer, EMT is a process that cause the remodeling of ECM and thus, gives the possibility to tumor cells to break free from the physical restrictions given by a basement membrane and more freely spread across the tissues 696 .

It is evident that CAFs communication with the TME immune cells is essential to further promote tumor survival and progression in many different ways. CAFs attracts TILs, such as Treg, which have been majorly seen to spatially organize nearby CAFs 697 . This relationship is so tight that depletion of CAFs leads to a considerable decrease TILs in the TME and tumor metastasis 698,699 . Curiously, also TAM in the TME have been reported to be in the proximity of CAFs, suggesting a CAF-mediated attraction or interaction 700 . In support of this, it is known that FAP expressed by CAFs can activate TAM by cleavage of type I collagen 701 .

CAFs sustain TME oxidative stress by releasing high amount of H2O2. Interestingly, the anomalous H2O2 levels have been associated to the general glutathione peroxidase 1 (GPx1)

suppression (e.g. p53 nonmutational alteration) in CAFs [702][703][704] . By sustaining oxidative stress signals, CAFs increase fibroblasts and epithelial cells susceptibility to TGF-β, favoring their differentiation into CAFs 702,705 . Furthermore, released CXCL12 attract more stromal cells, to be converted into CAFs, in the TME and persistence presence of the chemokine can further differentiate CAFs into more aggressive subsets 706 . Finally, high and persistent levels of H2O2, increase CAFs production of CXCL12, boosting survival, growth and metastatic potential of tumor cells (e.g. breast cancer) 703,707,708 .

CAFs are a constant in the TME, their essential impact is majorly given by the multiple effects they can elicit on the cells surrounding the tumor mass, leading to growth, survival and dissemination advantages.

Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are a class of multipotent cells present in different tissues, and especially abundant in perivascular regions 709,710 MSCs role in tumor progression and in the TME is still under debate. Such differences in results can be given by the heterogeneity of MSC origins in each of the studies, such as bone marrow-derived (BMSC), adipose-derived (ASC) and umbilical cord-derived (UCSC) mesenchymal stem cells. Furthermore, MSC/Tumor cell ration could also play a role in these stromal cells in cancer.

Adipocytes

Through a process known as adipogenesis, MSCs can differentiate into adipocytes, specialized cells with the aim to store fatty acids that can be later converted in energy for the organism 733 . Depending on the function and cell characteristics, adipocytes can be classified as brown (heat generation), white (energy storage) and marrow, the latter are still poorly understood but they show a behavior (e.g. consumption) similar to the white adipocytes [734][735][736] .

Generally, adipocytes are involved in tumor cell recruitment and growth by secretion of adipokines (e.g. leptin), growth factors (TGF-β) and providing fatty acids respectively 737,738 .

Furthermore, adipocyte can also enhance tumor invasion by releasing pro-inflammatory cytokines (e.g. TNFα and IL-6) and matrix remodeling molecules (e.g. MMP-11) 738 . Given their ability to sustain cancer and their location, in proximity to the TME, these fat cells are also known as cancer-associated adipocytes (CAAs).

Marrow-derived adipocytes have been the first of the category to be associated with cancer progression. Indeed, marrow adipocyte tissue has been reported to sustain leukemia growth with consequent worsening of patient prognosis 739,740 . Furthermore, this type of adipocytes have been also suggested to play a key role in breast cancer bone metastasis 741,742 . Despite the initial studies on adipocytes role on cancer were majorly focusing on the marrow-derived, recent studies showed that white adipocytes can infiltrate in the TME 743,744 . When cancer progress in presence of high levels of white adipose tissue (obesity), adipose stromal cells (ASC) can by recruited in the TME in response of cancer-released CXCL1 and IL-8. Accumulation of ASC migrating from the white adipose tissue to the TME represents an important source of MSCs, pericytes and adipocytes ready to support tumor survival, angiogenesis, and immune response 737,745,746 . It is less clear whether brown fat tissue is involved in cancer progression, but "beige cells" (a type of brown adipocytes) appear to be connected to tumor-associated cachexia (loss of adipose and skeletal muscle tissues) 747 . Decrease of fat surrounding muscular tissue would be caused by a conversion of white adipocytes into beige adipocytes already present in minor number within the white adipose tissue 748 . This conversion process, called browning, is induced by tumor cells releasing IL-6 and parathyroid hormone-related protein (PTHrP), and contribute to the progressive muscle atrophy 749,750 .

Endothelial cells

Endothelial cells work as a tight barrier delimiting vessels and tissues 751 . In cancer they can maintain in isolation tumor cells and prevent neighbor tissue invasion. With tumor progression, endothelial cells can undergo under physical and chemical changes leading to a progressive remodeling and desegregation of the ECM leading to angiogenesis and allowing cancer cells to invade the surroundings 695,751,752 .

Endothelial cells can be stimulated to proliferate and initialize neovascularization through various stimuli, such as VEGF and FGF, leading to nutrients and oxygen intake to the TME 753 .

Despite not be directly involved in immune suppression, in cancer vascular endothelial cells are responsible to generate highly irregular, intricate and leaky blood vessel Once considered static and little responsive components of the microenvironment, endothelial cells have been shown to possess an evident and important capacity of TME remodeling.

Pericytes

Together with vascular endothelial cells, perivascular stromal cells (also known as pericytes)

are an essential structural component of blood vessels 760 . During angiogenesis, endothelial cells recruit pericytes by releasing platelet-derived growth factor-β (PDGFβ) and forming

together new blood vessels 761 .

As previously mentioned, during cancer-associated angiogenesis, the newly formed vessels are irregular, structurally unstable and thus, leaky [762][763][764] . In this context, pericytes adapt their position (loosely attached to the endothelium) and function (immune regulation) to the new microenvironment condition 765,766 . Furthermore, pericyte density within the new vessels has been also shown to have prognostic implications, leading to tumor progression in different ways [767][768][769] . On one hand, high pericyte coverage means more robust vessels which sustains a constant import of nutrients and oxygen to the TME, ultimately leading to increase tumor growth (e.g. melanoma) 770 . On the other hand, a low pericyte coverage contributes to more leaky blood vessels. Despite being correlated with tumor growth inhibition, poor vessel stability brings to an increase of hypoxia and EMT signals, as well as tumor cell dissemination and metastasis formation 771,772 . Although this still need to be proved, low pericyte density could lead to an initial slower tumor development but, in the long run, make tumor treatment much more difficult given the high number of metastasis formed in the first stage of the disease.

Together with vessel structure, pericytes appear to be actively involved in immune response and modulation. At the moment of migration, when PDGF-β signaling is activated, pericytes have shown to express various immune cell markers (e.g. CD11b), as well as acquire properties such as phagocytosis and antigen-presentation (e.g. MHC-II) [773][774][775] . Pericytes can rapidly respond to various pro-inflammatory signals (e.g. during tissue repair). For instance, increasing levels of IL-1β leads pericytes to release iNOS, while IFNγ and TNFα trigger the phagocytic activity 775 . Furthermore, the inflammatory signal molecules TNFα, IL-1β and LPS, also elicit pericyte IL-8 and MMP-9 release, leading to neutrophils recruitment 776 .

Pericytes involvement in tumor immune escape has been only partially described. When isolated from TME, pericytes show upregulation of G-protein signalling 5 (Rgs5), key molecule for the abnormal tumor vascularization and associated with PD-L1 upregulation 777 . Knowing PD-L1 inhibitory activity on CD8 + cells, pericytes have been suggested to participate in a certain degree to their inhibition 777,778 . In the same way, detection of CD90, PDGFR-β and CD248 on pericytes isolated from glioma, further enhances their possible involvement in T cell cytotoxicity and proliferation inhibition in the TME 779 .

Role of CD8 + T lymphocytes in cancer control

CD8 + cytotoxic T cells (CTL) are one of the major effectors of the immune system, thus, it is essential to have a clear overview of their regulation and activity [780][781][782][783] . This is also important in the evaluation of CTL effect on cancer cells, and how the latter can escape from CTL surveillance. Indeed, amount of proliferating CTLs, especially at the tumor site, can be correlated with cancer aggressiveness degree, and being used as prognostic value [784][785][786] .

Activation

Starting from an inactivated state, slowly cycling naive CD8 + T cells interacts in the lymphoid tissues with APCs (e.g. DCs) presenting neo-antigens, usually damage-associated molecular patterns (DAMPs), via MHC-I 787,788 . Interaction of the MHC-I-associated neo-antigens occurs through the T cell receptor (TCR), while CD8 behaves as co-receptor recognizing MHC-I, in a phase defined as priming 789 . This first interaction allows naive CD8 + T cells to become effectors, still, a second independent signal is necessary in order to activate their cytotoxic program. The second signal is triggered by the interaction between CD28 on CD8 + T effectors and B7 proteins (e.g. CD80/B7.1 and CD86/B7.2) on APCs 790,791 . The two independent interactions fully activate CTL which are subjected to a boost in proliferation, cytokine production (e.g. IL-2) and enhanced response to stimuli 790 . The signal mediated by CD28 protects from autoimmune responses, indeed if the second interaction is not met the CD8 + T effectors become anergic and initialize pro-apoptotic programs 790 .

Similarly, CD4 + T cells, also expressing CD28, are led to conversion towards Th via interaction with MHC-II-associated neo-antigens and B7 proteins; technically a single APC can activate multiple T cells 780 . In lymphoid tissues, Th further boost CTL priming and proliferation by releasing cytokines, such as IL-2 780 .

Once activated, CTL mobilize following chemokines, such as CXCL9 and 10, typically released by other immune cells at the tumor site 792,793 .

Regulation

Despite CTL cannot technically activate their cytotoxic program without the two independent signals, further regulatory and repressor signals exist to control CTL activity and expansion. Indeed, after the priming and effector phase, eradication of the threat brings to the contraction phase, which leads to a decline (above 90%) of the original CTL population, leaving a minimal pool of memory T cells residing in non-lymphoid tissues 794,795 .

For instance, once fully activated CTL express the inhibitory ligand CTLA4, which binds the stimulatory B7 proteins with higher affinity than CD28 796,797 . The signal resulting from this interaction leads to downregulation of activation and proliferation programs, and it is normally involved in the contraction phase initialization 796,797 .

Major regulators of CTL proliferation, survival and activity in cancer (e.g. Treg and Breg)

have been discussed in chapter II subsection 2.

Modus operandi

When CTL interact with target cells presenting the target neo-antigens via MHC-I (e.g.

tumor cells), as well as B7 proteins, two major killing pathways are activated.

CTL can induce the formation of pore-like fissures in which granules containing lytic enzymes, such as granzymes (A and B), perforin, cathepsin C and granulysin 798 are found. A complex composed of granzymes, perforin and granulysin can also be released by CTL in the near proximity of the target cell -always at the level of the immune synapse 799 -, leaving the latter to internalize such lytic cocktail via endocytosis 800 . Granzymes and related, are serine proteases able to cleave a broad variety of the target cell proteins, ultimately leading to apoptosis 798,800 . Alternatively, CTL can mediate target cell death by a more direct ligandreceptor fashion. Also known as CD95L, FASL, is highly expressed on CTL and can bind FASR on cancer cells, leading to caspase and endonuclease activation in the target cell 801 .

Curiously enough CTL also express FASR, thus a further control mechanism for CD8 + T cells during the contraction phase is the so called "fratricide" phenomenon, where CTL eliminate other CTL 802 . FAS-mediated CTL control can also be achieved through DCs 803 .

Using both strategies, a single CTL is able to eradicate different target cells in a matter of minutes, making them highly efficient to kill pathogens and potentially a strong ally in immunebased cancer therapy 804 .

Beyond these direct killing strategies, CTL are also responsible to release pro-inflammatory cytokines, such as IFNγ and TNFα, affecting cancer cells and modulating multiple cells in the TME (see chapter II subsection 2).

Tumor evasion

At least at first sight, CTL can successfully recognize and efficiently kill tumor cells. Thus, given the threat, cancer cells developed multiple strategies to avoid being recognized and targeted by CTL. In this way, cancer cells result being little or no immunogenic. Furthermore, included in the immune evasion strategies, the TME guarantees protection from CTL both given its structure (e.g. hypoxic nature) and cellular composition (e.g. presence of regulatory cells).

One of the most basic way to avoid CTL-related effects is being not recognized since the beginning. Thus, cancer cells (e.g. melanoma) downregulate (or completely lose) MHC-I expression 805 . Migration of CTL to the tumor site can also be impaired. Immune checkpoint molecules (e.g. CTLA4) are used to regulate CTL, and other immune cells, activity during immune response 808,809 . Cancer cells extensively overexpress immune checkpoint ligands successfully inhibiting CTL function [810][811][812] .

One of the major aims in cancer therapy is to achieve an effective treatment with the lowest degree of side effects. Thus, one of the key strategy is currently the reactivation, and possibly education, of the host immune system to eradicate cancer cells 780 . Indeed, given cancer wide abuse of checkpoint molecules, immune checkpoint-based therapy have been shown to be highly effective in reducing cancer burden 813,814 .

Microenvironment conditions

Cell composition, behavior and function in the TME are highly dependent on the intrinsic conditions of this complex environment. Indeed, together with somatic mutation and epigenetic alteration, TME conditions can drive tumor proliferation, survival and dissemination [815][816][817] .

Hypoxia

Given cancer cells rapid proliferation rate, as well as the considerable amount of stromal and immune cells collecting in the TME, the tumor bulk can rapidly reach a state of nutrient and oxygen restriction (hypoxia). This is particularly true for solid tumors, presenting several areas subjected to persistent or transient intratumoral hypoxia 818 . The response to hypoxia is orchestrated by hypoxia-inducible factors, hypoxia-inducible factor 1-alpha (HIF-1α) which proteasomal degradation is regulated by oxygen levels and the constantly expressed HIF-1β 819 .

Stabilization of the HIF-1α/ HIF-1β complex leads to expression of a wide range of transcript which can deeply modify the physiology of a cell (e.g. metabolism shift and differentiation) 820,821 . Overexpression of HIF-1α has been majorly associated to cancer biology

given its impact on various immune cells in the TME 822,823 .

As previously seen, in the TME many effector cells show decrease activity against tumor.

For instance, DCs core functions, such as neo-antigen uptake and cytokine release are highly comprised 824 . Furthermore, hypoxia affects also DC differentiation, visible from decrease of key markers such as CD40, CD80 and MHC class II 825 . Similarly, NK subjected to hypoxia downregulate several key activating receptors, by mechanisms which are still under investigation, directly impacting on NK cytotoxic activity 826 . It is still under controversy, instead, whether hypoxia has a positive or negative role on T cells 827,828 . On one hand, differentiation towards effector T cells requires a metabolic shift towards an increase use of glycolysis. In this context, mTOR pathway and HIF complex are essential to the proper T cell effector maturation [829][830][831] . On the other hand, it is also suggested that hypoxia might decrease cytotoxicity of effector T cells in the TME 827 . In line with that, lactate produced by tumor cells can block mTOR pathway, glycolysis and overall impact on T cell activity 832 . Furthermore, it has been recorded that when glycolysis is blocked, CD8 + T cells increase the expression of PD1, acquiring an exhausted phenotype 833 .

Together with the inhibition of effector cells (and supporting ones), hypoxia in TME attracts and enhances the effect of inhibitory and regulatory immune cells. Given their plasticity, macrophages polarization is highly dependent on multiple microenvironment stimuli 834 .

Different studies have associated an enrichment of TAM in TME area with high levels of hypoxia 835,836 . It is not clear, though, whether hypoxia is directly involved in macrophage polarization, or it extend its effect also in attracting TAM. HIF-1α has been described also as an important factor for B cell development in lymphoid organs (e.g. cell cycle regulation) and function (e.g. IL-10 production) 837,838 . Indeed, in the GCs, in occasion of B cell growth and proliferation, HIF is responsible to sustain high glucose consumption 839,840 . Based on this glycolysis B cell-dependency, it has been suggested that hypoxia in TME would lead to Breg rapid proliferation and increase in inhibitory activity 840,841 .

Hypoxia is a TME reality which increases tumor aggressiveness and protection, both by ensuring high levels of immuno inhibitory/regulatory cells, as well as, an enclosed space not reachable by conventional drug delivery. Furthermore, hypoxic areas can contain cancer stem cells and, in the thriving of survival, cycling tumor cells can further increase their mutational burden.

Inflammation

The physiological purpose of inflammation is the initialization of a series of chemical signals aiming to recruit and activate various immune cells and progressively heal the damaged tissue 842 . Despite this, the immune response at the site of tumor development is far less efficient than when pathogens attempt to invade the organism, this is most likely given by the poor immunogenic potency of cancer neo-antigens 843 . Beyond this, recruitment of pro-inflammatory and regulatory cells, respectively involved in inflammation initialization and later reduction, is enough to keep at bay tumor immune response 843 .

In cancer, inflammation is an early process that reshape the surroundings of tumor cells effectively establishing the TME as early tumor lesion 842 . Indeed, inflammation is characterized by constant tissue damage, cell proliferation (both tumor and non-tumor ones) and tissue repair, which in cancer drives angiogenesis and stroma interractions 844 . Indeed, inflammation imposed in the TME is rapidly followed by the formation of hypoxic areas and, by consequence, the increasing influx of different immune cells through neovascularization, as well as activation of proximal stromal cells 842,845 . In this regard, sustained inflammation in the TME is a successful strategy to maintain a constant presence of immuno-inhibitory and tumor-supporting cells, together with the promotion of advantageous structural changes (e.g. angiogenesis).

Creating and maintaining a constant influx of cells is essential to evolve from an isolated inflammatory effect to a chronic one. During a normal inflammatory response, chemokines (such as CXCL9 and CXCL10) are responsible for the recruitment of different effector cells (e.g. Within the TME, inflammation can drive different cells (e.g. TAMs) to constantly release abnormal levels of ROS leading to a potential increase of mutations in both non-tumor and tumor cells 851,852 . Thus, chronic inflammation can be a major cause of increased cancer mutational burden, boosting tumor cell aggressiveness and treatment resistance. Activation of NF-kB pathway, an important anti-apoptotic factor, is a common aspect for cells involved in the TME inflammation [853][854][855] . In this regard, ROS is one of the causes associated with NF-kB overexpression in cells recruited in the TME and subjected to hypoxia 856 . NF-kB together with other factors is involved in the regulation of many downstream genes. For instance, NF-kB crosstalk with c-Jun N-terminal kinase (JNK) in TILs primes the release of pro-inflammatory cytokines, such as TNFα 857 .

Pro-inflammatory cytokines are constantly released by many different components of the TME, sustaining and aggravating the initial inflammatory effects. For instance, myeloid cells in the TME are known to release IL-6 involved in tumor growth, migration and angiogenesis 858 .

Altogether, the signals generated due to chronic inflammation are essential to maintain the TME composition in continuous change and adaptation. An alternative to the immune checkpoint blockade therapy is the priming of autologous immune cells completely or partially inhibited when in the TME. As previously mentioned, the effect of NK on well-established and metastatic tumor can be poor. Despite this, it is known that NK activity can be enhanced with toll-like receptor (TLR) agonists 865,866 , cytokines (e.g. IL-15) 867 , chemokines (e.g. CXCL9) and IL-2 868 . With this is mind, different pre-treatment strategies could be established with the aim to prime patient-derived NK against tumor cells 869,870 .

Targeting the TME

Despite many successes, several immune-based therapies fail to effectively deliver the expected results. The so called "cold" tumors, such as glioblastomas, pancreatic cancer Chronic inflammation is sustained by many signals within the TME, which can be targeted in different ways. For instance, TILs-released TNFα, well known to be involved in tumor progression, has been suggested as potential therapeutic target to decrease TILs negative signals (e.g. anti-TNFα-antibodies) 857,887 . Another target could potentially be the NF-kB pathway, known to be highly deregulated in TME cells. In line with this, shRNA-mediated inhibition of NF-kB proved to be particularly efficient in blocking CAF-promoting tumor effects in murine models of breast and pancreatic cancers 689,707 .

Successfully inhibiting TME cell activity has the potential to reduce the amount of cytokines and chemokines constantly released in the microenvironment, decreasing inflammation and inhibitory cell recruitment respectively.

As previously mentioned, cells surrounding tumor cells can also behave as scaffold and provide structural protection. Indeed, many chemotherapy drugs fail to eradicate completely cancer cells also because of the difficulty to reach every neoplastic cell, for instance, due to hypoxic areas and complex tumor vascularization 888 . An interesting strategy to circumvent this has been shown by Provenzano and colleagues describing that systemic administration of enzymes directed against specific stromal cell components (e.g. hyaluronan) can successfully destabilize tumor complex ECM, making its core accessible by more standard chemotherapeutic drugs 888 .

Processes and signals responsible to drive angiogenesis are also possible targets 753 .

Currently, different antibodies against VEGF are being successfully used to for metastatic tumors (e.g. colorectal and breast cancer) in combination with chemotherapy 889,890 .

Furthermore, taking advantage of the broad spectrum of anti-tyrosine kinase efficacy (including on VEGF pathway), various treatments are available against different cancers, such as renal cell and hepatocellular carcinomas 891,892 .

Finally, due to the importance of inflammation in cancer growth and progression, different studies suggested that the application of currently used anti-inflammatory drugs (e.g. It is well know that CLL cells, compared with the ones from acute leukemia, are characterized by a relatively slow proliferation compensating with an extensive survival.

Nevertheless, once placed in vitro CLL cells survive just for a limited period 899,900 . Thus, in vivo CLL has to be subjected to various protective and pro-survival signals deriving from surrounding cells (Table 5) [901][902][903] .

MSCs

MSCs are a well-known component of the TME (as explained in chapter II) and their abundance can be correlated with tumor progression and prognosis 904 . In CLL, MSCs are responsible to attract leukemia cells via the release of the chemokine CXCL12, which presence is detected through the expression of CXCR4 on CLL cell 905 . Indeed, in co-culture condition, CLL cells rapidly migrate underneath MSCs forming cobblestone-like structures (phenomenon also defined as pseudo-emperipolesis) 905 . Structural orientation and tight interaction are mediated by the very late antigen-4 (integrin α4β1; VLA-4), cell-surface glycoprotein CD44 and MMP9 905- 907 . In the leukemia microenvironment (LME), MSCs are responsible to enhance CLL survival and proliferation by stimulating the expression of ZAP70 and CD38 respectively 908 . Given MSCs high expression of wingless and int-1 family member 5A (Wnt5a), CLL cell survival can be further enhanced by the stimulation of the receptor tyrosine kinase-like orphan receptor 1 (ROR1) pathway 909 . Finally, in presence of MSCs, CLL cells switch to a more glycolytic metabolism leading to a higher resistance against drug-associated apoptosis 910 .

In turn, MSCs are activated by CLL cells through stimulation of the platelet-derived growth factor receptors (PDGFRs), as well as physical contact which triggers NF-kB signaling and expression of the protein kinase C beta II (PKCβII) 911,912 .

Monocyte-derived cells

Monocyte-derived cells (MDCs), comprising monocytes, macrophages and DCs, are an abundant component in CLL microenvironment and represent an essential support for the disease development. Indeed, depletion of monocyte-derived cells in the TCL1 murine model leads to a strong delay in CLL development 913,914 . The impact MDCs have in CLL progression is such that MDC abundance in patient directly correlate with the disease prognosis 915,916 .

MDCs in CLL microenvironment present low immune activity, including antigen presentation and phagocytic properties 917,918 . In line with this, murine CLL microenvironment DCs show decrease expression of MHC-II, while monocytes express increased levels of immune suppressive molecules, such as PD-L1, and sustain CLL cell survival by pro-inflammatory cytokine release (e.g. CCL2) 913,[919][920][921] .

Under the impact of CLL cells, monocytes can also differentiate towards MDSCs 922 . The latter contribute in the deregulation of CD8 + T and NK cells in CLL microenvironment 642- 644,649,922 . Indeed, considerable amount of MDSCs have been detected in CLL patient before treatment, correlating with disrupted CD8 + T cell function 922 . Specifically, MDSCs have been suggested to suppress effector T cells, while enhancing Treg (e.g. ICOS + ) activation, by increasing IDO enzymatic activity and expressing costimulatory ligands (e.g. ICOSL)

respectively 649,922 .

Monocyte-derived nurse-like cells (NLCs) are selective CLL microenvironment cells derived from monocytes and resembling thymocyte-nursing cells 901 . Indeed, in patients affected by CLL, NLCs can be detected in spleen and other lymphoid organs (e.g. lymph nodes) 923 .

Furthermore, in vitro monocyte co-culture with CLL cells lead to their differentiation to NLCs 901 .

Monocyte differentiation into NLCs appears to be mediated by the interaction between the high mobility group box 1 (HMGB1) released by CLL cells and the receptor for advanced glycation end-product (RAGE) expressed on monocytes 924 .

As for MSCs, NLCs mediate CLL cell migration through CXCL12, which also protects CLL cells from anti-cancer drugs, as well as CXCL13 901,925 . Furthermore, NLC-mediated proliferation, survival and drug protection is also positively regulated by the B cell-activating factor of the tumor necrosis factor family (BAFF), a proliferation-inducing ligand (APRIL) and CD31 926,927 . In line with this, APRIL overexpression in vivo leads to faster disease progression in mice 928 .

Interestingly, this effect may be mediated by the stimulation of TME cells (e.g. Bregs) rather than a direct effect on CLL cells [929][930][931] .

Finally, it is also believed that NLCs sustain CLL growth by releasing CCL3 and CCL4, which lead to T cells recruitment in organized proliferating centers in the LME called pseudofollicles 932,933 .

Follicular cells

A further unique CLL microenvironment element is the presence of pseudofollicle structures, proliferating centers where different APCs and T cells reside, in CLL tissues 390,392,934 .

Follicular dendritic cells (FDCs) are associated with CXCL13 release, which is hypothesized being the key to pseudofollicle formation, beyond CLL cell attraction 925 . Beyond this, FDCs are known to directly activate CLL cells by CD44 receptor stimulation, leading to anti-apoptotic BCL2 signaling activation and ZAP70 stabilization 935 . It is also possible that the presence of APC and T cells in these proliferating centers mediate CLL BCR stimulation as it would happen for normal B cells 390,392,934 .

T cells

CLL microenvironment is enriched in various T cell subsets. Despite this, LME is considered highly immuno compromised 485,936 . Indeed, beyond the fact that CLL cells are able to effectively evade the immune surveillance using different strategies (e.g. immune checkpoint molecules and sEV) 143,936,937 , T cells in CLL microenvironment are still functionally defective 485,938 .

Despite being enriched in activated CD8 + T cells (CD38 + CD69 + ), effector cells in CLL microenvironment are highly exhausted (e.g. PD1, LAG3, TIM3 and CTLA4 upregulation),

showing strongly compromised cytotoxic activity (e.g. reduced immune synapse formation and granzyme packaging) 259,485,938 . In support of this, CD8 + T cells from healthy controls co-cultured with CLL cells rapidly show signs of exhaustion (e.g. PD1 overexpression), as well as gene profile typical of effector T cells found in CLL microenvironment, including defects in actin polymerization, immune synapse (IS) formation and reduced migration capacity 258,259,487,939 .

Interestingly, a similar dysfunctional behavior has also been described for LME NK cells, largely

showing compromised cytotoxic activity 261,940-942 .

BCR-stimulated CLL cells also actively release T cell attracting chemokines (e.g. CCL22, CCL3, and CCL4) to further enhance tumor growth 932,934,943 . For instance, Treg (Foxp3 + CD25 low LAG3 + ), highly increased in LME, contribute to sustain immune suppression by releasing IL-10 and TGF-β, as well as expressing CTLA4 485,551 . Certain categories of T cells are also responsible to directly interact with CLL cells enhancing tumor growth. For instance, Treg can also directly support CLL growth and survival by releasing IL-4, activating the anti-apoptotic BCL2 pathway 944 . Furthermore, T cells expressing CD40L enhance CLL cell survival through interaction with CD40 945 .

As for solid tumors, blood malignancies still rely on the TME stimuli to proliferate and

survive. An exception is the Burkitt lymphoma, a B cell malignancy, which cells do not require the support of the microenvironment in order to grow. This is usually given by a highly recurrent chromosomal translocation that makes the oncogene myc constitutively activated 946,947 . In other blood malignancies instead, such as acute myeloid leukemia (AML), only few tumor cells rely on the nourishing microenvironment signals. This is typically the case of leukemia stem cells (LSCs), a limited number of tumor cells within a selective niche, which constantly replenish the circulating or surrounding tumor cells 899,948,949 .

Small EV function in CLL and other hematopoietic malignancies

A complete overview concerning the impact of CLL-and other hematological malignancy-derived sEV on the TME can be found in Review I 212 .

Small EV potential in hematopoietic malignancy therapy

A complete overview concerning how EV from CLL, and other B-cell malignancies, can be used in disease diagnosis and monitoring, as well as potential applications for therapy can be found in Review II 12 . Cells included in CLL microenvironment sustain tumor cells, and thus disease progression, through various soluble and contact molecules directly targeting CLL cells.

LME cells Input signal Detection by CLL Consequences References

MSCs

Abbreviations: Vascular cell adhesion molecule 1 (VCAM-1) and hyaluronic acid (HA).

Aims of the PhD project

The following project aims derive from the group previously acquired knowledge on CLLderived sEV and their role both on tumor and microenvironment cells (Paggetti et al., Blood, 2015). Furthermore, the recently highlighted CLL microenvironment cellular complexity has revealed essential interactions required for CLL progression and therapy resistance (Wierz et al., Blood, 2018). However, in light of the complex tumor microenvironment cellular composition, the role of sEV in CLL pathogenesis in vivo still need to be fully evaluated. Thus, the aim of the present work was to isolate and characterize leukemia microenvironment-derived sEV (LME-sEV) and to evaluate their role in the disease development and progression in vivo.

To obtain a biological representation of sEV in CLL microenvironment, we established a new protocol that allowed us to isolate sEV directly from the spleen of leukemic mice. We successfully isolated sEV from spleens of diseased Eµ-TCL1 mice, released by CLL and tumor microenvironment cells. Leukemia ME-sEV showed increased amount and complexity of RNA and protein contents compared with sEV obtained from spleens of healthy control animals (HCME-sEV).

With the aim to define sEV involvement in leukemogenesis, we crossed the Eµ-TCL1 and RAB27(ab) double knock-out (RAB27DKO) transgenic strains, obtaining a novel animal model (TCL1-RAB27DKO) in which sEV release from murine-derived CLL cells is impaired. Disease follow up revealed a considerable delay in CLL development for the TCL1-RAB27DKO transgenic model, compared with Eµ-TCL1 mice. Furthermore, CLL cell adoptive transfer (AT) into WT recipient mice (C57BL/6) demonstrated that CLL-derived sEV are essential for leukemia development. Indeed, TCL1-RAB27DKO cells failed to recapitulate the disease in recipient mice, as compared to transfer of control Eµ-TCL1 cells. Interestingly, serial injections of LME-sEV in C57BL/6 mice following AT of TCL1-RAB27DKO cells, successfully rescued leukemia development to levels comparable to AT with control Eµ-TCL1.
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Given this, we hypothesized that sEV are a key factor in CLL development due to their ability to affect the immune system. This hypothesis was further supported by the fact that different T cell subsets were able to take up LME-sEV, and by the ability of TCL1-RAB27DKO cells to recapitulate CLL when injected into immune-deficient NSG mice. Furthermore, flow cytometrybased immune checkpoint (ICP) screening showed the presence of multiple ICP ligands directly anchored on CLL-derived sEV (CD20+ subset of LME-sEV). Interestingly, we also correlated this with high expression of the corresponding ICP receptors on T cells present in the matching tumor microenvironment.

Finally, with the knowledge that LME-sEV could potentially affect lymphocyte activity, we performed in vitro and in vivo sEV treatments followed by gene and proteomic profiling studies.

High throughput analysis of T effector (CD8 + , Teff) and regulatory (FOXP3 + , Treg) cells isolated from spleens of control mice injected with LME-sEV revealed considerable changes in their transcriptomic and proteomic profiles. Specifically, in Treg, LME-sEV led to upregulation of genes involved in activation and proliferation, while in Teff LME-sEV induced prominent downregulation of genes affecting lymphocyte activation, survival and immune response (e.g.

Ms4a6b, CD226 and CD27). Finally, further in vitro analysis on LME-sEV-treated activated Teff showed rapid decrease in IL-2 and IFN-γ production, upregulation of ICP inhibitory receptors (e.g. PD-1 and TIM-3) as well as defect in granzyme B and perforin production and release.

Altogether, by using the Eµ-TCL1 CLL mouse model, our data demonstrate for the first time that LME-sEV play a key pro-tumoral role in vivo and suggest that LME-sEV negatively modulate the anti-tumor immune response.
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Materials and Methods

Animal experiments

All experiments involving laboratory animals were conducted in a pathogen-free animal facility with the approval of the Luxembourg Ministry for Agriculture (#LECR-2016-03, #LECR-2018-02 and #LECR-2018-03). Mice were treated in accordance with the European Union guidelines.

C57BL/6 mice were purchased from Janvier Labs (France). NSG mice and Foxp3 YFP/Cre were purchased from Jackson Laboratories (USA). Eμ-TCL1 mice (on C57BL/6 background and called from here on TCL1) were a kind gift from Pr. Carlo Croce and Pr. John Byrd (OSU, OH) and provided by Dr. Martina Seiffert (DKFZ Heidelberg, Germany) 277 . The Rab27a ash/ash Rab27b -/- (RAB27DKO) were previously described 950 . Rab27a spontaneous mutation causes an amino acid substitution (A->T) downstream of exon 4, and the activation of two cryptic splice sites, resulting in the insertion of >200bp of intron sequence in the Rab27a mRNA. Rab27a mutation is defined as "ash" due to the characteristically ash grey color of the animal coat. Eμ-TCL1-Rab27a ash/ash Rab27b -/-(called from here on TCL1-RAB27DKO) mice were generated in-house.

To generate the TCL1-RAB27DKO mice, the RAB27DKO model was crossed with the TCL1 model, to introduce the TCL1 oncogene under the IgVH promoter, generating the Eμ-TCL1-Rab27a ash/+ Rab27b -/+ . Then, the newly generated mice were further crossed with the RAB27DKO mice to establish the Eμ-TCL1 Rab27a ash/ash Rab27b -/-(Fig. 7A). As for the TCL1 mice, CLL progression in TCL1-RAB27DKO was monitored over several months by determining the percentage of CD5 + CD19 + CLL cells in peripheral blood mononuclear cells (PBMC) by flow cytometry analysis on a Cytoflex (Beckman Coulter, Brea, CA, USA) using CD19-APC and CD5-PE (Biolegend, San Diego, CA, USA). Mice reaching the humane endpoint were euthanized by cervical dislocation. All deaths unrelated to leukemia were excluded from this study. To perform adoptive transfer (AT) in C57BL/6 and NSG control mice, CLL cells were isolated from either TCL1 or TCL1-RAB27DKO diseased spleens. Then, 10x10 6 CLL cells were injected intravenously in 100 μL of DMEM without phenol red, and CLL progression was followed by weekly bleeding, as described previously. Otherwise stated, mice used for experiments were eight to ten weeks old.

Validation of the TCL1-RAB27DKO mouse model

Genomic DNA

Genomic DNA was extracted from a tail biopsy using Mouse Direct PCR Kit (#B40015, Biotool)

following the manufacturer's instructions. The specific primer sequences were: for Tcl1 F: 5'-GCCGAGTGCCCGACACTC-3' and R: 5'-CATCTGGCAGCAGCTCGA-3', for Rab27b F: 5'-CTGCTGCAGGATCTCACATCAGTG-3', R1: 5'-AGCATCTGTAACCTAGACATTGGC-3' and R2: 5'-GAAATGGGACATTGGGACAGGAGG-3'. Both amplifications were performed with the following program: 94°C for 5 min, 35 cycles of 94°C for 20 seconds, 59°C for 30 seconds, and 72°C for 60 seconds. After amplification, the product was run on a 1% agarose gel with SYBR™ Safe DNA Gel Stain (ThermoFisher, Waltham, MA, USA) and visualized by Image Quant Las
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Total proteins

Proteins from freshly isolated cells (total blood) were extracted using RIPA buffer including the cOmplete™ Protease Inhibitor Cocktail (Roche, Basel, Switzerland) and the Phosphatase

Inhibitor Cocktail 2 and 3 (Sigma-Aldrich, Burlington, MA, USA). Then, 10 µg of cell lysates were resolved on 10% SDS-PAGE and transferred to a nitrocellulose membrane. To confirm equivalent loading between lanes, a Ponceau red staining was performed. Membranes were incubated in 1xPBS-0.1%Tween and fat-free dry milk (5%, Roth) blocking buffer during one hour at room temperature. Membranes were then incubated with primary antibodies against RAB27a (#sc-81914, Santa Cruz), RAB27b (#NBP1-79631, Novus) and HSC70 (#sc-7298, Santa Cruz) in blocking buffer at 4°C overnight. Membranes were washed three times in 1xPBS-0.1%Tween for 10 min each time. Secondary antibodies coupled to HRP were from Jackson

ImmunoResearch. For detection, the ECL western blot detection kit was purchased from Amersham, and the radiographic films from Santa Cruz Biotechnology.

Analysis of spleen architecture and cellularity

Spleens from age-matched C57BL/6, leukemic TCL1, and TCL1-RAB27DKO were fixed for 24 hours in 10% neutral buffered formalin v/v (Simport). The spleens were then washed in 70%

Ethanol, embedded in paraffin, cut at 3µm thickness and HE stained according to standard protocols. The histological slides were evaluated by an experienced hematopathologist.

ME-sEV isolation

Spleens from TCL1, TCL1-RAB27DKO and C57BL/6 (20 weeks maximum) were used to isolate ME-sEV. To isolate LME-sEV, we used spleens from animals with over 70% CD5 + CD19 + cells in PB. Dissociation of the organ was performed using GentleMACS TM following the suggested protocol provided with the kit. The sEV isolation protocol derives from our previous publications 143,951 with some modifications (Fig. 1K). Briefly, the dissociated spleen was subjected to 5 min centrifugation at 400g, allowing to collect cells for downstream analysis and supernatant, called spleen plasma. Then, the spleen plasma was centrifuged for 20 min at 400g to remove remaining cells, 40 min at 2,000g to remove dead cells and 60 min at 10,000g to remove cellular debris and large EV. Before ultracentrifugation (UC), the spleen plasma was filtered (0.22µm) to remove any impurity. Small EV were isolated by UC (70 min at 110,000g, 4°C) followed by floatation on 17% iodixanol cushion (Optiprep, Axis-Shield) for 75 min at 100,000g, 4°C to remove protein complexes. Finally, sEV were washed in phosphate-buffered saline (PBS) for 70 min at 110,000g, 4°C. As UC can induce sEV aggregation, preparations were subjected to 0.45µm filtration followed by 0.22µm filtration. To prepare fluorescent sEV, vesicles were incubated with MemBright (now called MemGlow™) 488 or 570 dyes (200nM) 952

for 15 min at 4°C before being loaded on 17% iodixanol cushion and further processed with standard protocol described above. To preserve sEV integrity, each preparation was divided in aliquots and kept at -80°C until further use. Quantification of sEV-associated proteins was performed as previously described 951 . Briefly, 4.5µl of fresh isolated sEV were lysed in 0.5µl of 10X RIPA buffer and 2µl of the mix was measured via spectrophotometer (595nm) using 1ml
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ME-sEV size analysis

Tunable resisting pulse sensing (TRPS) was performed with Exoid (Izon Science) using a NP100 nanopore (100nm) and PBS as electrolyte buffer.

Detection of sEV markers by western blot

Details for sEV western blot were previously described 951 . To assess sEV purity, the presence of the following markers was assessed: Alix (i.e. PDCD6IP, #2171, Cell signaling), TSG101

(#GTX70255, GeneTex), CD63 (##556019, BD Biosciences), CD81 (#sc-7637, Santa Cruz Biotechnology). Furthermore, the absence of two common contaminating proteins Calnexin (##2433, Cell signaling) and PHB (#sc-377037, Santa Cruz Biotechnology) was also evaluated.

Electron microscopy

Small EV analysis was performed using formvar-and carbon-coated (ultra-thin, 200 mesh, EMS 215-412-8400) copper grids in a Cressington 208 glow-discharge unit before applying 1µl of sample (diluted in different concentrations in H2O) per grid. The grids were then washed in H2O three times and stained with Uranylacetate for negative contrast. Imaging was taken with a Gemini SEM 300 (Zeiss) at 30kV acceleration voltage using the sTEM detector.

Flow cytometry analysis of sEV

Conventional flow cytometry (Bead-based strategy)

Small EV were coated on beads as previously published 953 . Briefly, 4µm aldehyde/sulfate latex beads were coated with 5µg of ME-sEV by incubating them ON at 4°C. Saturation of remaining free binding sites was done using 1M glycine. Beads were then washed 4 times in PBS/0.5% BSA (3 min 4,000g RT). Finally, 10µl of ME-sEV coated beads were incubated with 50µl of antibody diluted in PBS/0.5% BSA (30 min at 4°C). After two washes, sEV-coated beads were analyzed with the CytoFLEX flow cytometer (Beckman Coulter). The full list of antibodies used for sEV staining can be found in Table 1.

Conventional flow cytometry (Bead-free single-EV strategy)

Prior to the staining, antibodies and PBS were filtered through a 0.22µm filter. MB488 + sEV were then stained with antibodies for 30 min at 4°C. Acquisition was performed with NovoCyte Quanteon Flow Cytometer (Agilent) equipped with 0.22µm filter for the sheath fluid to reduce electronic noise. Furthermore, the instrument was set to minimum flow rate (5µl/min).

Imaging flow cytometry (Bead-free single-EV strategy)

MB488 + sEV were stained with antibodies for 30 min at RT, resuspended in PBS up to 200µl, filtered (0.22µm) and incubated at 4°C ON before acquisition with the ImageStream®X Mark II imaging flow cytometer (EMD Millipore). Stained MB488 + sEV were acquired by setting the imaging flow cytometer as previously published 953 . Briefly, the instrument was set to low
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In vitro uptake of sEV

Cells were seeded on glass coverslips in μ-slides (Ibidi, Germany). Then, 50µg/mL of MB488 + LME-sEV were used to treat the cells for the desired time-points. Heparin (Hep) was used as uptake inhibitor, in this case the labeled sEV were incubated 30 min at 37°C with 10ng/mL heparin (Sigma-Aldrich) prior treating the cells 143 .

Flow cytometry analysis

At the time of collection, cells were washed in MACS buffer (Miltenyi Biotec). Cell surface staining was performed in 100µl of MACS buffer (Miltenyi Biotec) for 30 min on ice in the dark prior analysis on the CytoFLEX (Beckman Coulter).

Confocal microscopy analysis

At the time of collection, cells were washed in PBS, resuspended in DAPI solution (1μg/mL) to counterstain nuclei and transferred on a new glass coverslips in μ-slides (Ibidi, Germany), letting them naturally settle at the bottom. Images were acquired on a confocal laser scanning microscope (LSM510; Zeiss).

In vivo injection of sEV

Small EV in vivo uptake

In order to define the uptake of sEV in vivo, 100µl of MB570 + LME-sEV (1mg/ml) were injected i.v. (tail vein) in 8 week-old C57BL/6 mice which were euthanized 24h later. Total splenocytes were stained for different cell surface markers (CD4, CD8 and CD19) and analyzed using NovoCyte Quanteon Flow Cytometer (Agilent).

In vivo treatment with sEV

Serial injections of LME-sEV during rescue experiment (Fig. 8A) were performed as shown in Suppl. Fig. 5A. Briefly 100µl of LME-sEV (1mg/ml) were injected i.v. (tail vein) the day before the experiment (d-1), together with the cells (d0), and then again at day 3, 5 and 35.

Culture conditions and in vitro sEV treatment

Spleens were collected from C57BL/6 or Foxp3 Cells used for microarray analysis were cultured for 24 hours with RPMI1640 medium supplemented with 10% Fetal Bovine Serum (FBS), 1% Penicillin/Streptomycin (P/S), IL-2 (10ng/ml) with either LME-sEV or HCME-sEV.

Cells were incubated with 50µg/mL of LME-sEV or 5µg/mL HCME-sEV based on the physiological ratio (10/1, Fig. 1M) found in the spleen microenvironment. Depending on experiment duration, additional sEV were added every 48 hours.

Flow cytometry sorting of cells

Cells used for microarray analysis were sorted directly from Foxp3 YFP/Cre derived purified splenocytes using BD FACSAria™ III Cell Sorter. CD4 + Foxp3 + were isolated based on YFP expression, antibodies for CD8 + and CD4 + Foxp3 -staining can be found in Table 1.

For experiment requiring to separate CD4 + Foxp3 + from CD4 + Tcov, cells were sorted directly from LME-sEV treated Foxp3 YFP/Cre derived purified splenocytes using BD FACSAria™ III Cell Sorter. Treg were isolated based on YFP expression, antibodies for CD8 + , CD4 + and CD19 + staining can be found in Table 1.

Flow cytometry analysis of cells

Cell viability was assessed using the amine reactive fluorescent dye Zombie UV, which is permeant to cells with compromised membranes (dead and dying cells). The staining for Zombie UV was performed in PBS for 15 min on ice in the dark prior to the antibody staining.

Surface staining

Cell surface staining was performed in 100µl of MACS buffer (Miltenyi Biotec) for 30 min on ice in the dark prior analysis on NovoCyte Quanteon Flow Cytometer (Agilent).
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Peripheral blood was directly stained for 30 min on ice in the dark, then red blood cells were lysed using RBC Lysis/Fixation Solution (BioLegend), according to the manufacturer's instructions. After washing twice, samples were ready for acquisition on a CytoFLEX analyzer (Beckman Coulter).

Intracellular staining

Previously surface stained cells were permeabilized using the eBioscience TM Foxp3/Transcription Factor Staining Buffer Set (ThermoFisher Scientific) following the manufacturer's instructions before intracellular staining.

The full list of antibodies used for cell surface and intracellular staining can be found in Table 1.

Flow Cytometry Clustering

Clustering analysis of live lymphocytes was performed with Cytosplore software. Briefly, 50,000 events per sample were subjected to Hierarchical Stochastic Neighbor Embedding (HSNE) to generate clusters based on intracellular and transmembrane markers expression. Clusters were generated using the Gaussian mean shift algorithm using the density estimate as input.

T cell-mediated cytotoxicity assay

Definition of cytotoxicity of ME-sEV treated-T cells on CLL cells was performed as previously published 954 . Briefly, C57BL/6 CD3 + T cells were cultured in 48-well plate on anti-CD3 coated wells (1µg/ml) with RPMI1640 medium supplemented with 10% FBS, 1% P/S and 1μg/mL anti-CD28 antibody for 48h at 37°C, in presence of LME-sEV or HCME-sEV. Treatment with ME-sEV was repeated every 24h. CLL cells (CD5 + CD19 + ) isolated from TCL1 mouse model were stained with CellTrace CFSE (200 nM, Thermo Fisher). On the day of the assay, CLL target cells were pulsed with 2μg/mL of super antigen (sAg; SEA and SEB; Sigma-Aldrich) for 30 min at 37°C.

Target primary CLL cells (2.5x10 4 ) loaded with sAg were added to the ME-sEV pre-treated CD3 + T cells at a 1:20 (target:effector). Cell mixtures were centrifuged, and the cell pellet incubated for 4 h at 37°C. Cells were stained with TO-PRO-3 viability dye (Thermo Fisher) according to the manufacturer's instructions and T cell-mediated cytotoxicity against CLL target cells was determined by flow cytometry. Cytotoxicity was calculated as: % target cell death = (% CFSE + TO-PRO-3 + target cells incubated with effector T cells -% of CFSE + TO-PRO-3 + target cells incubated alone) × 100/(100 -% of CFSE + TO-PRO-3 + target cells incubated alone).

T cell:CLL (tumor) cell conjugation and immunological synapse assays

Immune synapse assays and quantitative analysis were performed as previously described 954 .

Briefly, purified murine CD3 + T cells and purified CD5 + CD19 + CLL cells from TCL1 mouse were incubated for 48h at 37°C or in the presence of LME-sEV or HCME-sEV. Treatment with ME-sEV was repeated every 24h. Next, the same CLL cells were stained with CellTracker Blue CMAC according to the manufacturer's instructions and pulsed with 2μg/mL of super antigen (sAg;

SEA and SEB; Sigma-Aldrich) for 30 min at 37°C before washing. Tumor cells were then pooled
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Immunofluorescence (IF) staining and confocal microscopy

IF labeling was done using Cytofuge2 cell concentrator units. After fixing, cells were permeabilized with 0.3% Triton X-100 (Sigma-Aldrich) in PBS for 5 min and treated for 10 min with 5% goat serum (Sigma-Aldrich) in PBS blocking solution. Primary and secondary antibodies (Alexa Fluor 488 or 647, Thermo Fisher Scientific) were applied sequentially for 45 min at 4°C in 5% goat serum (Sigma-Aldrich) in PBS blocking solution. F-actin was stained with rhodamine phalloidin (Thermo Fisher) following the manufacturer's instructions and applied alone or with the secondary antibody. After washing, the cell specimens were sealed with coverslips using mounting solution FluorSaveTM reagent (Merck Millipore). The specificity of staining was optimized and controlled by using appropriate dilutions of isotype-control, primary Abs and subsequent fluorescent secondary Abs. Background staining using Abs alone was compared with positively stained cells and was not visible when using identical acquisition settings. Medial optical section (or Z-stacks for 3D volume images) images were captured with a high-sensitivity A1R confocal microscope (with gallium arsenide phosphide, GaAsP detector) using a 63X/1.40 oil objective with NIS-elements imaging software (Nikon). Detectors were set to detect an optimal signal below saturation limits. Fluorescence was acquired sequentially to prevent passage of fluorescence from other channels (DU4 sequential acquisition). Image sets to be compared were acquired during the same session using identical acquisition settings.

CD8 + T cell Proliferation Assay

A total of 5×10 5 freshly isolated CD8 + T cells were labeled Carboxyfluorescein N hydroxysuccinimidyl ester (CFSE) at a concentration of 1µM for 5 min. Medium containing LME-sEV treated cells was provided with or without 10μM of ATP. Three days later, the cells were harvested and analyzed by flow cytometry.

Real-time PCR

RNA isolation

Cellular and sEV RNA were isolated using NucleoZOL, one phase RNA purification reagent and columns from the NucleoSpin RNA Set for NucleoZOL Mini kit, according to manufacturer's instructions (Macherey-Nagel). For transcriptomics analysis using microarrays or RNA sequencing, RNA was quantified with Qubit (Thermo Scientific) and the quality was assessed with the Fragment Analyzer 5200 using RNA kits (Agilent).
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MicroRNA detection in sEV and in sEV-treated CD8 + T cells

MicroRNA were quantified by RT-qPCR performed using TaqMan™ MicroRNA assays, TaqMan™ MicroRNA Reverse Transcription Kit, (Thermo Scientific), and the Takyon™ Low ROX Probe 2X MasterMix dTTP blue (Eurogentec) 937 . The following probes were used: miR-21 (#002438), miR-146a (#000468), miR-378a (#000567), miR-210 (#000512), miR-27a (#000408), miR-150 (#000473), miR-155 (#002623) and U6 (#001973).

Gene expression in cells

Reverse transcription of mRNA was performed in a SimpliAmp™ Thermal Cycler (ThermoFisher)

using FastGene® Scriptase II cDNA 5x ReadyMix (Nippon genetics). Real-time PCR was performed in the QuantStudio™ 5 Real-Time PCR System (ThermoFisher) using the SYBR Green detection system. The primers for Gzmb F: 5'-CAGGAGAAGACCCAGCAAGTCA-3' and R: 5'-CTCACAGCTCTAGTCCTCTTGG-3', Slc7a5 F: 5'-CATCAACGACTCTGTTGTAGACC-3' and R: 5'-CGCTGGATACAGGATTGCGG-3', Itpkc F: 5'-CATCACCCCAGAGACTCCTGA-3' and R: 5'-TTCTTCCAGGGCTTGCTTCCAG-3' and Fgr F: 5'-GAGGCGGGTAGCACCTCAC-3' and R: 5'-CCCATTCCAGATGCCCCCAC-3' were from Eurogentec.

Transcriptomics

Microarrays

The Affymetrix microarray chips "Clariom™ S Assay, mouse" (Applied Biosystems™) were used following manufacturer's instructions described in the GeneChip® 3' IVT Pico Reagent Kit guide. Briefly, 1ng total RNA was used for cRNA synthesis. cRNA was converted to cDNA and 4µg ss-cDNA were hybridized on Clariom™ S Assay, mouse arrays. Raw CEL files were analyzed with the Transcriptome Analysis Console TAC 4.0.

RNAseq

Librairies were prepared with the QuantSeq 3' mRNA-Seq Library Prep Kit FWD for Illumina (Lexogen), according to manufacturer's instructions, with the addition of UMI. Barcoded samples were pooled, diluted, loaded onto a NextSeq 500/500 Mid Output flowcell (130M reads, Illumina) and single-end sequencing was performed on a NextSeq 550 (Illumina). After initial QCs using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and FastQ Screen (https://www.bioinformatics.babraham.ac.uk/projects/fastq_screen/), fastq files were processed using a local Snakemake workflow including the following main steps. First, raw reads were trimmed from their UMI index, poly A and adapter sequences using a combination of dedicated scripts and cutadapt (v2.10). Next, filtered reads were submitted for mapping (STAR v2.5.3a) on the Mouse Reference genome (GRCm38). Collapsing of reads originating from the same fragment was achieved with umi_tools (v 1.0.0) and counting was perfomed with featureCounts (subread v2.0.0).

Gene expression analysis

Differential expression analysis was performed using the limma-based R/Bioconductor EdgeR package 955 for in vitro treated samples or using the nonparametric NOISeq package 956 for in
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Gene ontology analysis

Ontology analyses of differentially expressed genes was performed with g:Profiler web server for functional profiling (https://biit.cs.ut.ee/gprofiler/gost).

sEV score

We used public datasets to compare gene expression profiles of normal B cells and CLL cells in Human (GSE67640) and Mouse (GSE175564) 957,958 . GSE67640 was analyzed with GEO2R online tool (limma, Benjamini & Hochberg (False discovery rate) adjusted p-value < 0.05, and log2FC > 1). The DEG lists were compared to a list of 143 genes combining genes involved in sEV biology (literature review) and the Top100 proteins found in sEV (http://microvesicles.org).

The expression values of common genes were used to compute sEV-scores for Human and Mouse B and CLL cells, corresponding to a z-scored-geometric mean of expression values.

Proteomics

Sample preparation of sEV proteome

Each sEV sample was split into triplicates. Proteins were extracted with Sodium Deoxycholate (SDC, 3% final concentration) following a 30 min incubation at 4°C in presence of protease inhibitors (cOmplete™ EDTA-free Protease Inhibitor Cocktail, Roche). Following centrifugation at 16,000g for 10 min, supernatants were subjected to protein reduction (5mM DTT, 1 hour incubation at 37°C) and alkylation (10mM IAA, 45 min at room temperature in the dark).

Samples were then acidified with formic acid (FA, 1% final concentration), and SDC was precipitated after centrifugation at 16,000 g for 15 min. The supernatants were transferred into clean tubes and supplied with pre-prepared SP3 beads (Fisher Scientific, CAT# 09-981-121, CAT# 09-981-123). One volume of acetonitrile (ACN, 100% v/v) was added immediately followed by incubation at room temperature for 10 min. The supernatants were removed using a magnetic rack, and the beads were rinsed first with 200μL of 70% ethanol, and then further rinsed with 180μL of 100% ACN. Rinsed beads were reconstituted in 30μL digestion buffer (50mM ammonium bicarbonate, pH 8). Protein digestion was performed with 1μg of sequencing grade trypsin (Promega, V5111) for 4 hours at 37°C, then incubated overnight at 37°C with additional 1μg trypsin. After digestion, ACN was added to each sample to a final concentration of 95%. Mixtures were incubated for 10 min at room temperature and then placed on a magnetic rack for 2 min. The supernatants were discarded, and the beads were rinsed with 180μL of 100% ACN. Rinsed beads were reconstituted in 30μL water (LC-MS grade)
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Proteomic sample preparation of sEV-treated cells

CD8 + T cells treated with sEV were collected in triplicate after 24 hours and 4 days of treatment.

After being harvested, cells were washed twice with cold PBS. Next, pellets were re-suspended in lysis buffer (6M urea, 2M thiourea, 50 mM ammonium bicarbonate, pH 8) supplemented with fresh prepared cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche). After incubation at 22°C for 30 min, samples were sonicated (3 sec sonication and 2 sec pause for a total of 30 sec). The supernatants were taken into new tubes following centrifugation at 16,000g for 15 min. Protein quantification assay of the cell extracts was performed with Bradford assay (Sigma Aldrich, B6916) to estimate the concentrations. A total of 30μg of each sample were taken for protein reduction and alkylation and digested with Lys-C (FUJIFILM Wako, 125-05061) at 1:30 ratio (enzyme/protein substances) for 4 hours at 37°C, then samples were diluted 4 times with 50mM ammonium bicarbonate and digested overnight with 1μg of trypsin at 37 °C. The protein digestion was terminated with the addition of formic acid (1% final concentration). The digested peptides were cleaned up with reverse phase Sep-Pak C18 1 cc Vac Cartridge (Waters, WAT054955) and eluted with 1mL 50% ACN. Eluted peptides were dried by Speedvac (Thermo Fisher Scientific) and re-suspended in 0.1% formic acid. Nanodrop was used to estimate the peptide concentration.

LC-MS/MS data acquisition

Digested peptides were measured by LC-MS/MS on either Q-Exactive Plus or Q-Exactive HF mass spectrometer (Thermo Fisher) connected to a Dionex Ultimate 3000 (Thermo Fisher). A total of 400ng of peptides were loaded onto a trap column (Acclaim PepMap 75μm x 2cm, C18, 3μm) and separated on a 25cm Acclaim pepmap RSLC column (75μm x 25cm, C18, 2μm) using an 150 min gradient (an hour and a half for plasma-derived sEV, 2% to 90% acetonitrile) with a flow rate of 0.3μL/min. MS data were acquired in data dependent mode (DDA). Survey scans of peptide precursors from 375 to 1500m/z were performed at 70,000 resolution with a 3×10 6 ion count target and the top 12 abundant peaks from survey scan were selected for fragmentation. Tandem MS was performed by isolation at 1.4m/z with the quadrupole, HCD fragmentation with a normalized collision energy of 28. The MS2 ion count target was set to 1×10 5 and the max injection time was 45ms. Only precursors with a charge state of 2-7 were sampled for MS2. The dynamic exclusion duration was set to 20s with a 10ppm tolerance around the selected precursor and its isotopes.

Database searching and protein identification

All raw data was analyzed with MaxQuant (version 1.6.7.0) and searched with Andromeda against mus musculus database from Uniprot. The minimal peptide length was set to 7 amino acids and the maximum of 3 missed cleavages were allowed. The search included variable modifications of methionine oxidation and N-terminal acetylation, deamidation (N and Q) and fixed modification of carbamidomethyl cysteine. The "Match between run" was checked within
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Proteomic data analysis

The differential expression analysis of proteins in CD8+ T cells treated with sEV was based on built-in Limma function 959 .

For sEV proteome, LFQ intensities of proteins identified in HCME-sEV, LME-sEV, and LME-sEV TCL1-RAB27DKO were processed as follows. We first removed zero intensities across all samples and then we performed log2 transformation and quantile normalization. As samples were acquired in two batches, we performed batch correction using the combat algorithm.

Values were then imported in the MaxQuant Perseus software (version 1.6.15.0). Two-sample tests were performed and proteins with a q-value < 0.05 (Benjamini-Hochberg FDR) were considered statistically enriched in a condition. Coordinates from Principal Component Analysis (PCA) were exported and plotted with GraphPad Prism (version 9.1.0). Heat maps were generated with the R pheatmap function.

Gene and protein ontology analysis

Ontology analyses of differentially expressed proteins was performed with g:Profiler web server for functional profiling (https://biit.cs.ut.ee/gprofiler/gost).

Gene-miRNA Interaction network

The list of proteins down-regulated in CD8 + T cells incubated with LME-sEV in vitro for 4 days was submitted to the ShinyGO online tool (version 0.66, http://bioinformatics.sdstate.edu/go/) and an enrichment analysis was performed against the miRNA.Target.DIANATarBase gene set.

All gene-miRNA interactions with FDR < 0.1 were exported. Predicted interactions of miR-150-5p, miR-378a-3p, miR-146a-5p, miR-155-5p, and miR-21a-5p were imported to Cytoscape (v3.8.2) to build the interaction network.

Metabolomics analysis

Stable isotope tracing and metabolite extraction

Stable isotope tracing experiments with [U-13C6]-glucose tracer (Cambridge Isotope

Laboratories, CLM-1396) were performed in RPMI1640 medium supplemented with 11.1mM

[U-13C6]-glucose, 10% Fetal Bovine Serum (FBS), 1% Penicillin/Streptomycin (P/S), IL-2 (10ng/ml), CD28 (3µg/ml). At total of 1x10 6 cells were seeded in 6 wells/ME-sEV treatment condition in 24-well plates pre-coated with anti-CD3 antibody (10µg/ml). Two days after seeding, growth medium (containing X2 [U-13C6]-glucose tracer) was added (equal volume compared with the wells) and cells were cultured for 48 hours. To determine the basal medium [acetonitrile/H2OMQ/methanol (ratio, 3:2:5); liquid chromatography-MS (LC-MS) grade solvents)] was added to each cell pellet. Cells were mixed for 10 min on a thermomixer at 4°C at maximum speed, then the tubes were centrifuged for 10 min at 16,100g at 4°C. Finally, 100µL

of the supernatant was collected and transferred to an already-cooled LC-MS glass vial with inserts and stored at -80°C awaiting measurements.

LC-MS measurements

Untargeted LC-MS analysis was carried out as previously described 960 .

Determination of MIDs of intracellular metabolites following stable isotope tracing

Metabolite analyses were performed using a Thermo Vanquish Flex Quaternary LC coupled to a Thermo Q Exactive HF mass spectrometer. TraceFinder (Version 4.1). Subsequent data analysis for normalization and natural isotope subtraction were performed using in house scripts as previous described 960 .

Statistical analysis

Statistical analysis was performed using GraphPad Prism software (version 9.1.2). Data are presented as mean ± standard error of mean (SEM). The log-rank test was used for the survival curves (Fig. 7E and8D). For the percentage of CLL cells in the transgenic mouse models overtime (Fig. 7D), we used mixed-effects analysis followed by Bonferroni's multiple comparison test. To test significance in the adoptive transfer models (Fig. 8A 
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Results

Small EV are enriched in leukemic microenvironment

To assess the relevance of sEV biogenesis in CLL, we performed gene expression analysis using a public dataset (GSE67640) 957 comparing primary patient CLL cells (CLL, n=15) to control human B cells (HC, n=9). We observed a marked increased expression of genes associated with sEV biogenesis in CLL cells compared to normal B cells (Fig. 1A), confirmed by higher computed sEV scores (Fig. 1B). Noticeably, we observed a higher expression of typical sEV markers in CLL cells, such as the RAB family members and the programmed cell death 6-interacting protein (PDCD6IP, also known as ALIX), associated with increased sEV production (Fig. 1C) 64,74,961 .

Interestingly, the expression of the major sEV biogenesis regulators Rab10, Rab35, and Rab40C

was increased in CLL cells from patients with unmutated IGHV both individually (Fig. 1D-F) or combined (Fig. 1G). Similar results were obtained for CLL cells derived from the transgenic murine model Eµ-TCL1 (TCL1) versus control B cells (dataset GSE175564 from our previous report 958 , Fig. 1H-I). Genes related to increased sEV biogenesis and release, such as CD9, Rab3b, and Rab31, were also upregulated in murine leukemic cells when compared to wild-type mouse B cells (Fig. 1J-L) 64,962,963 , suggesting an important role of sEV in CLL pathology.

From numerous studies, sEV are usually isolated from cell line culture supernatants. This allows to conveniently isolate tumor-derived sEV in large amounts. The focus on tumor-derived sEV is necessary but does not fully represent what is found in a complex organism. As sEV biogenesis and release are dynamic processes governed by microenvironment conditions, we aimed to obtain a closer biological representation of sEV from the CLL microenvironment 28 .

Therefore, we established a novel protocol allowing the isolation of sEV directly from the spleen of leukemic mice (Fig. 1M) while preserving cell integrity (Fig. 1N). Using this protocol, we detected a ten-fold enrichment in leukemia microenvironment sEV (LME-sEV) in CLL compared to healthy control samples (HCME-sEV, Fig. 1O). Isolated ME-sEV showed the expected size and morphology (80-120nm, Fig. 1P-Q), the presence of markers associated to sEV (Fig. 1R), and the absence of major contaminants. Furthermore, flow cytometry-based phenotyping confirmed the presence of CD63 and CD81, two major sEV membrane markers, on sEV from both healthy and leukemic microenvironment, but no difference between disease conditions.

Phenotyping of single sEV for CD63 and CD81 followed by hierarchical clustering highlighted the heterogeneity of the sEV populations concerning the expression of these two markers and indicated the presence of sEV bearing neither CD63 nor CD81 (Fig. 1S-T).
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CD63 -CD81 + CD63 + CD81 + CD63 -CD81 - % of MB488 + LME-sEV #1 #9 #7 #6 #8 #3 #5 #2 #1 #4 #14 #3 #11 #5 #15 #13 #2 #10 #8 #7 #12 #9 #6 #4 HC CLL #2 #3 #1 #1 #2 #3 WT TCL1

LME-sEV present a specific proteome and miRNA fingerprint

While we observed a ten-fold enrichment in sEV quantity between LME and HCME, we wondered whether the cargo composition of sEV from both origins also differs. Therefore, we decided to study sEV protein and miRNA contents. First, we performed a label-free proteomics analysis of LME-sEV (n=14) and HCME-sEV (n=3), and we could detect 1865 proteins. Among those, we identified 527 membrane and luminal proteins differentially present between the two groups (FDR < 0.05 and log2FC >1, Fig. 2A-C). We identified that proteins more abundant in LME-sEV (n=281) were involved in translation, RNA splicing and binding, and in the regulation of gene expression and cellular metabolic processes (Fig. 2D). In opposite, proteins enriched in HCME-sEV (n=246), and thereby depleted in LME-sEV, were involved in intracellular transport and in the positive regulation of immune processes, more specifically in lymphocyte activation, migration, and cytokine production (Fig. 2E).

We previously reported the abundance of several miRNA in plasma of CLL patients and their transfer to target cells 143,964 . Therefore, in a second time, we screened a shortlist of miRNA known to be abundant in Human CLL cells, plasma and sEV. Our data showed that murine LME-sEV carry several miRNA, such as miR-150, -155, -21, -146a, -378a and -27a (Fig. 2F), typically found in sEV isolated from both CLL cell line supernatant (MEC-1) and CLL patient plasma (Fig. 2G), as we previously reported 921 . Although not previously reported in CLL-derived sEV, miR-210, a miRNA associated with hypoxia, was found highly abundant and enriched in leukemia-derived sEV, highlighting the dependency of sEV cargo on microenvironment conditions, which are not reflected in cell culture in vitro. 
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#3 LME-sEV #2 #1 #3 #2 #1 #6 #5 #4 #9 #8 #7 #12 #11 #10 #14 #13

LME-sEV enter different lymphocyte subsets in vitro and in vivo

As the sEV we isolated are produced in the spleen, we next sought to validate the interaction between our LME-sEV and immune cells. To do so, we treated splenocytes in vitro with LME-sEV previously labeled with the fluorescent dye MemBright-488. Increased exposure with LME-sEV showed a progressive time-dependent uptake of the vesicles by splenic target cells. The internalization was rapid, already seen after one hour of incubation, and could be inhibited by pre-treatment with heparin (Fig. 3A-B), a known inhibitor of this process 143 . Flow cytometry analysis of target cells showed that around 80% of lymphocytes (CD4 + and CD8 + T cells, CD19 + B cells) internalized sEV after 24 hours (Fig. 3C). Interestingly, the ability of sEV to fuse with T cells has been only minimally reported [965][966][967][968][969] , the vast majority of studies describing a minimal internalization of sEV by T cells. To rule out a possible indirect transfer between splenocytes, we pre-sorted different T cell subsets. Both flow cytometry and confocal microscopy confirmed that CD4 + Tconv cells, Tregs, and CD8 + T cells actively took up LME-sEV in vitro. A total inhibition was observed in presence of heparin highlighting the specificity of the internalization process (Fig. 3D-E). After injecting fluorescent-sEV in the tail vein of C57BL/6 mice, we again detected an increased in fluorescence in total splenocytes, confirming sEV uptake in vivo (Fig. 3F). In this complex environment, we identified that 5 to 10% of T cells acquired sEV 24 hours after a single injection. We also observed a higher propensity of B cells, compared to T cells, to internalize sEV (Fig. 3G-H). 
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LME-sEV impact CD8 + T cell transcriptome and proteome

Given the importance of CD8 + lymphocytes in immune surveillance and tumor eradication, we decided to further investigate the effect of LME-sEV on these essential cytotoxic cells. We hypothesized that LME-sEV could decrease CD8 + T cell functionality and thereby decrease antitumor immunity. Thus, we incubated primary CD8 + T cells in vitro with either HCME-or LME-sEV. First, an explorative gene expression profiling was performed on CD8 + lymphocytes treated with ME-sEV for 24 or 48 hours. We noticed a moderate variation in gene expression in CD8 + T cells after 24 hours of incubation with sEV (77 genes modulated, Suppl. Fig. 1A-B),

including the downregulation of gene transcripts involved in lymphocyte activation and immune response (e.g. Itgb1, Card6 and Tnfrsf4/Ox40). This was confirmed at the protein level as the proteomic analysis of CD8 + T cells did not showed any major difference at 24 hours (Suppl. Fig. 1C). However, a more striking change in gene expression was observed after 48h of treatment (Fig. 4A). We detected the regulation of 331 genes in CD8 + T cells treated with LME-sEV and the repression of gene involved with CD8 + T cell activation (e.g. Tlr7 and Icosl), survival and proliferation (e.g. Il2 and Il2ra), and immune activity (e.g. Il17a, Lta, Gzmm, and Map6) (Fig. 4A-C). On the other hand, gene transcripts usually associated with decreased activation and functionality (e.g. Gzmk), proliferation and survival (e.g. Rora and Il10ra), and the generation of memory CD8 + T cells (e.g. Bcl6) were increased in these cells (Fig. 4A-C).

In addition, proteomic analysis of sEV-treated CD8 + lymphocytes showed time-dependent changes in different key proteins involved in immune response and metabolism (Fig. 4D).

Within the downregulated proteins, we could observe the activation marker CD69, as well as the serine protease granzyme B (GzmB), both crucial for CD8 + T cells effector functions. We also confirmed, in a separate experiment, the repression of the cytolytic T lymphocyte effector molecules granzyme B and perforin in LME-sEV-treated CD8 + T cells (Fig. 4E-F). Functionally, the proteins repressed upon LME-sEV treatment are involved in metabolism (Fig. 4G) while proteins increased are involved in gene expression, RNA processing, and translation (Suppl.

Fig. 1D). Specifically, proteins involved in metabolism, such as the amino acid transporter Slc1a5 and the glutamate cysteine ligase (Gclc) were affected. The latter, in particular, has been recently described to be particularly essential for fueling CD8 + lymphocytes after activation 970 .

On the other hand, the accumulation of the inhibitory pyruvate dehydrogenase phosphatase regulatory subunit (PDPR) (Fig. 4D), together with the decrease in ADP and ATP production from 13 C-glucose (Suppl. Fig. 1E), suggested an inhibition of glycolysis in CD8 + T cells treated with LME-sEV 971 . However, intracellular levels of all metabolites tested were found higher in cells treated with LME-sEV, suggesting profound perturbations in CD8+ T cell metabolism (Suppl. Fig. 1F). In a microenvironment where glucose is scarce given the competition with cancer cells, the difficulty to switch to a more sustainable source of energy might lead to impairment of functional activities.

Next, in accordance with the enrichment of LME-sEV in several miRNAs (Fig. 2F), we observed a significant increase in cellular miRNA level upon treatment with LME-sEV (Fig. 4H and Suppl.

Fig. 1G). Interestingly, these miRNAs (miR-27a, -378a, -150 and -155) were previously described
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Therefore, we subjected the list of proteins repressed in CD8 + T cells incubated with LME-sEV to a miRNA-target prediction algorithm and we identified several of these proteins being putative targets of the miRNAs present in sEV and transferred to T cells (Fig. 4I).

Finally, as CD8 + T cell functions are tightly regulated by other immune cells in the tumor microenvironment, we decided to investigate how sEV alter gene expression in Treg, CD4 + Tconv cells, and CD19 + B cells. After 24 hours of incubation, we identified 378 genes regulated in Treg suggesting an activated phenotype (Fig. 4J-K). In particular, the effector molecules GzmB and GzmK, the signaling molecules Stat1 and Irak3, and the Treg activation markers Pdcd1, Cd27,

and Tigit were increased. Interestingly, most of DEG were repressed by LME-sEV in CD4 + Tconv cells (211 over 227, e.g. Cd27, Il7r, Il17ra, Tcf7, and Tox) indicating the strong suppression of T cell activation and proliferation (Suppl. Fig. 1H-J). The least affected cells were the CD19 + B cells with only 77 DEG and no enriched gene ontology (Suppl. Fig. 1K-L).
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LME-sEV decrease CD8 + T cell functions

Next, we further evaluated the viability, phenotype, and activity of CD8 + T cells treated with LME-sEV. First, our data show a striking increase in CD8 + T cell apoptosis due to LME-sEV (Fig. 5A). Then we observed that LME-sEV stimulate the generation of specific CD8 + lymphocytes populations, as visible by the expansion in percentage and number of CD62L - KLRG1 + CD8 + T cells (Fig. 5B and Suppl. Fig. 2A). We then performed a clustering of CD8 + T cells based on immune checkpoints surface expression, using the Hierarchical Stochastic

Neighbor Embedding (HSNE) algorithm. Eleven clusters were identified based on ICOS, LAG3, PD1, TIGIT, and TIM3 expression among CD62L -KLRG1 + cells (Fig. 5C-D). Furthermore, we detected a significant increase in effector T cells from cluster C1 and C8 co-expressing PD1, TIM3 and ICOS, and PD1, LAG3, TIM3, TIGIT and ICOS, respectively (Fig. 5E). Interestingly, a bead-based immunophenotyping screening performed on ME-sEV showed the presence of several immune checkpoint ligands carried by sEV, including PD-L1, Galectin-9 (GAL9), B7-H2

and VISTA (Fig. 5F and Suppl. Fig. 2B). Furthermore, single LME-sEV analysis performed with imaging flow cytometry highlighted the co-expression of multiple ICP ligands on CD20 + CLLderived sEV (Fig. 5G). The latter was confirmed with the analysis of single sEV by flow cytometry combined with HSNE clustering. Indeed, PD-L1 and GAL9 were often co-expressed on CD20 + MHC-II + vesicles, suggesting highly immune-suppressive capabilities (Fig. 5H andI). In parallel, we screened the expression of the respective immune checkpoint receptors on splenic CD3 + and CD3 -cells from leukemic mice (Suppl. Fig. 2C). Excepted for BTLA and CD96, all receptors were expressed on CD3 + T cells, confirming the highly exhausted and immunosuppressive microenvironment in CLL TCL1 mice, as we previously showed 485 .

Then we sought to understand the immuno-modulatory effect of sEV on CD8 + T cells.

Treatment with LME-sEV affected the ability of polyfunctional CD8 + lymphocytes to produce cytokines. The synthesis of IL-2 and IFNγ (and combinations) was particularly affected (Fig. 5J-L). This, together with the decrease in Perforin and GzmB shown in Figure 4E-F, strongly 
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Finally, we also observed a high surface expression of the major ATP hydrolytic enzyme CD39, and to a lesser extent of CD73, on LME-sEV (Fig. 5M and Suppl. Fig. 2D). Therefore, we evaluated in vitro the impact of LME-sEV on CD8 + T cells proliferation after ATP addition. As previously showed by other studies, adenosine production, mediated by CD39 and CD73 by conversion of ATP, stimulated the adenosine a2a receptor on CD8 + T cells and significantly reduced their proliferative capacity (Fig. 5N) 976 .
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LME-sEV modify CD8 + T cells in the microenvironment

Given LME-sEV immune-modulatory effects observed on target cells in vitro (Figures 45), we aimed to evaluate LME-sEV activity on immune surveillance in vivo. To do this, we performed daily LME-sEV i.v. injections in recipient mice (Foxp3 YFP/Cre ) for 7 days. Afterwards, we sorted CD8 + lymphocytes and performed gene expression analysis (Fig. 6A-C). We observed that, upon LME-sEV treatment, CD8 + T cells from recipient mice showed different expression profiles (Fig. 6B-C and Suppl. Fig. 3A) and exhibited a downregulation of gene involved in immune response (e.g. Cd27 and Cd226) [977][978][979][980][981] and amino acid transport (Slc7a5) 982 , while genes associated with inhibition of immune response (e.g. Itpkc) 983 and T cell differentiation (e.g.

Fgr) 982 were upregulated (Fig. 6A). k-means clustering indicated the repression of genes regulating lymphocyte activation and more globally the immune response (Suppl. Fig. 3B).

Gene function analysis also revealed early actin cytoskeleton organization changes, such as

Cdc42bpa and Spire1 downregulation, and upregulation of Znrf1 984-986 (Fig. 6D). The latter has been described to be regulated by oxidative stress, leading to apoptosis in neural cells 986 .

Similarly, our data showed significant changes in gene associated with oxidoreductase activity, and kinase and phosphatase activities (Fig. 6D). Finally we could confirm the decrease in Slc7a5, and of the co-stimulatory molecules CD27, CD96, and CD226 and the increase in the kinases Itpkc and Fgr using RT-qPCR and flow cytometry (Fig. 6E-F). Interestingly, despite considerable changes were observed in CD8 + T lymphocytes, no regulation of gene expression was 
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Small EV are crucial for CLL development in vivo

Considering the high enrichment of sEV in the LME, their specific cargo and surface molecules, and their impact on CD8 + T cells, we next wanted to investigate their role during CLL development in vivo, by genetically impairing their release in a new murine model of CLL. To do so, we crossed the Eµ-TCL1 mouse (TCL1) with the RAB27(ab) double knock-out (RAB27DKO) mouse 67 , obtaining a novel CLL model (TCL1-RAB27DKO) (Fig. 7A). RAB27A and B are two proteins majorly involved in the docking of vesicles at the cellular membrane, essential for sEV release 67,68,72 . Validation of the model showed presence of human TCL1 transgene together with the Rab27b genomic deletion, and lack of both RAB27A and B proteins (Fig. 7B-C).

By comparing CLL development between TCL1 and TCL1-RAB27DKO, the latter showed a striking delay in CLL progression and increased mouse survival (Fig. 7D-E). Although CLL development was slower, TCL1-RAB27DKO ultimately developed the disease and required euthanasia (humane endpoint). Therefore, we could isolate ME-sEV and observe an important decrease in sEV quantity from spleens of diseased TCL1-RAB27DKO mice (Fig. 7F), despite the fact that spleens were of similar sizes between groups at euthanasia (Suppl. Fig. 4A).

Histological analyses performed on C57BL/6, TCL1, and TCL1-RAB27DKO spleens showed that the RAB27DKO alteration partially rescued the most evident changes observed in the canonical TCL1 mouse model. First, the TCL1 mice show a classical architecture of infiltrated spleen, with disrupted splenic structure in which the marginal zones are no longer well delineated. On a cellular level, many cells presented enlarged nuclei and prominent nucleoli. In fact, the TCL1-RAB27DKO showed an intermediate phenotype with decreased amount of white pulp and splenic nodules size (Suppl. Fig. 4B). Furthermore, the number of mitoses is increased in leukemic cells from TCL1 mice compared to C57BL/6 and TCL1-RAB27DKO mice (Suppl.

Fig.4B).

We then compared the protein content of sEV isolated from spleen of TCL1 and TCL1-RAB27DKO mice to understand the difference in CLL progression. We identified 546 proteins with different levels between conditions (Fig. 7G-H). Interestingly, sEV from TCL1-RAB27DKO contains lower quantity of several proteins involved in the control of lymphocyte activation, signaling, and proliferation, including the immunosuppressive galectins (e.g. LGASL1, LGASL9, CXCR5, IL4I1, BLK, and SYK) (Fig. 7I-J). In contrast, proteins enriched in sEV from TCL1-RAB27DKO were involved in gene expression, RNA processing, translation (Suppl. Fig. 4C).

Based on the differentially present proteins, sEV preparations clustered according to mouse genotypes in a principal component analysis (Suppl. Fig. 4D).

Finally, gene expression comparison in leukemic cells from TCL1-RAB27DKO and TCL1 mice indicated the differential expression of more than 1,000 genes (Suppl. Fig. 4E-F). Gene set enrichment analysis confirmed the decrease, at mRNA level, of protein secretion in leukemic cells from TCL1-RAB27DKO mice (Suppl. Fig. 4G, left panel), confirming the lower amount of sEV released in the spleen of TCL1-RAB27DKO mice (Fig. 7F). The inactivation of Rab27 proteins
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Small EV impair the anti-tumor immune response against CLL in vivo

Next, given the fact that the knock-out of Rab27a and b is total and not cell-specific, we wanted to confirm that the delay in CLL development was due to the disruption of CLL cell ability to release sEV, rather than to a general lack of sEV release by all the microenvironment cells. To do this, we injected purified CD5 + CD19 + CLL cells isolated from TCL1 or TCL1-RAB27DKO mice into C57BL/6 recipient mice. We observed that TCL1-RAB27DKO cells failed to recapitulate the disease in recipient mice, compared to TCL1 cells (Fig. 8A). In a parallel cohort of mice injected with TCL1-RAB27DKO cells, we injected LME-sEV as depicted in the experiment strategy (Suppl. contributing to sEV internalization, also suggests a positive feedback loop leading to sEV uptake. At the ontology level, cells appeared more prone to proliferate as suggested by increased gene expression and metabolism (Suppl. Fig. 5E). In addition, when we injected purified CD5 + CD19 + CLL cells from TCL1-RAB27DKO mice into immune-deficient NSG mice, we could observe a rapid CLL development compared to immune-competent C57BL/6 mice injected with the same clones (Fig. 8C). This was correlated with a shorter survival of NSG mice compared to C57BL/6 mice injected with TCL1-RAB27DKO clones (Fig. 8D) and a considerable invasion of the spleen (Fig. 8E and Suppl. Fig. 5F), highlighting the competency of TCL1-RAB27DKO CLL cells to generate the disease when the immune system is not efficient.

Altogether, these data demonstrated that TCL1-RAB27DKO CLL cells fail to induce CLL in C57BL/6 due to their inability to release sEV and impact the microenvironment. We therefore conclude that injections of LME-sEV inhibit anti-tumor immunity and are sufficient to restore the leukemic potential of TCL1-RAB27DKO CLL cells. 

Results

Manuscript Results

157 | P a g e Finally, we confirmed the functional impact of LME-sEV on CD8 + T cells using quantitative cytotoxicity assay against TCL1 CLL cells. LME-sEV treatment led to a reduced cytotoxicity of CD8 + T cells against CLL cells in vitro (Fig. 8F) without impacting CD8 + lymphocytes capacity to interact with the target cells, as shown by the number of conjugates (Fig. 8G). Furthermore, LME-sEV decreased the formation of F-actin-positive immune synapses in T cells, key elements driving the secretion of lytic granules at the immune synapse (Fig. 8H). Consistent with the decrease we observed at RNA and protein levels (Fig. 4D-F), the level of GzmB at the synapse was considerably reduced when CD8 + T cells were treated with LME-sEV (Fig. 8I). 
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163 | P a g e Patient biofluids are also a precious and, usually, easily accessible source of tumor-derived sEV 988 . The most commonly used biofluid is plasma, which is usually gathered during routine analysis and that can be quite informative for a wide range of cancers 991,992 . At the same time, more selective biofluids can be used, for instance urine for prostate and bladder cancers 993,994 .

Given the fact that sEV isolated from biofluids derive from many different cell types, they are usually used for biomarker evaluation, based on molecules defined in sEV isolated from in vitro setup. By following the accumulation or decrease of sEV-derived biomarkers, it is possible to assess the state of a disease development, progression or response to treatment 964,995 .

Beyond this, sEV isolated from biofluids can, and currently are, also used for in vitro treatment and functional studies 996 . This, though, relies on the idea that the majority of biofluidderived sEV have been released by tumor cells, discarding the effect of other cell-derived sEV.

The idea that only tumor cells are responsible for the disease progression is now an archaic concept, which is being abandoned in cellular and clinical studies, and substituted with a more general vision of the TME (tumor and surrounding cells alike) as key of the disease development, progression and treatment response 485 . Also in the sEV field, it is necessary now more than ever to face that treating cells with tumor-derived sEV can only reveal a small hint in a much more complex communication system 28,212 . In line with this, it is interesting to notice that sEV isolation from biofluid usually occurs when human studies are applied. This because there is already the consciousness that in vivo produced sEV have a greater biological significance and diversity compared with the one isolated by cell lines. Thus, as for humanderived sEV, also murine sEV require to be isolated and studies as much as possible in a more physiological setup.

Focusing on sEV isolated from conditional medium can mask particular vesicle characteristics which are majorly due to microenvironment conditions and can only be found in vivo. Indeed, sEV cargo and surface composition change based on physiological contexts and conditions (e.g. hypoxia), thus, sEV released from cells in vitro may lack (or have less)

important molecules necessary for cell survival in vivo 997,998 . For instance, under hypoxic condition, breast cancer cell release sEV containing considerable levels of miR-210 998 .

Stabilization of HIF-1α together with miR-210 accumulation have been correlated with an increase in tumor derived-sEV release 998 . Thus, microenvironment conditions are essential to signal whether selective molecules need to be uploaded into sEV, making their composition and concentration very dynamic and input-dependent.

Based on this, there is a possibility that tumor cells in vitro, without the presence of other microenvironment cells, would release sEV which composition differs from the ones generated in vivo. This, though, is far from the idea that these tumor sEV have no tumorigenic potential.

Indeed, in vitro isolated tumor-derived sEV cause deep changes in surrounding cells, some of them being negatively affected (e.g. CD8 + T cells), while other are re-educated to support tumor progression (e.g. Treg). For instance, CLL-derived sEV lead stromal cells into CAF transformation, and monocytes to overexpress PD-L1 143,921 . In case of re-educated monocytes, it is possible that also the derived sEV would be more enriched in PD-L1 molecules, overall increasing the degree of tumor immune evasion during cancer development. In all these cases, tumor sEV composition has been augmented by medium components which mimicked basic microenvironment signals for cell survival (e.g. cytokines), but the released tumor sEV are most likely less efficient in performing, for instance, a high degree immune evasion due to combined signals coming from an inflamed and highly immune-infiltrated microenvironment.

Furthermore, it is also important to consider that the degree of effects caused by sEV in vitro treatment on target cells might be partially misleading. Indeed, in a normal in vitro setup, target cells are treated only with one sEV source and with concentrations that might not be representative of the one found in vivo.

For all these reasons, we decided to search for a more suitable source of sEV in CLL, by using the most validated murine model (Eµ-TCL1) to mimic this disease, and by selecting the spleen as source organ for sEV isolation.

As previously discussed in Chapter IV (subsection 1), CLL development is tightly bound to a microenvironment composition which is based on the inhibition of effector cells and the enhancement of pro-tumor activities of other stromal and immune cells 485 . Knowing how important the microenvironment cellular landscape is for CLL development, progression and drug resistance, we focused our attention on the isolation of the totality of sEV from this compartment (from tumor and surrounding cells alike), from here used the name Leukemia microenvironment sEV -LME-sEV.

When initiating this project, little was known about the isolation of sEV from whole tissue 999,1000 We therefore built our protocol based on an already published and revised method, used to isolate sEV from conditioned medium 143,951 , implementing it with adequate tissue dissociation, micro-filtrations and cryopreservation.

Spleen dissociation has been performed using the commercially available gentleMACS machine, which allows a semi-automated dissociation of different organs with minimal disruption of cellular integrity. Cell viability post-dissociation showed minimal level of apoptosis (< 3%), within the range suggested by MISEV2014/2018 19,990 . Apoptotic bodies (ApoBD) are far from being considered sEV, but their size is highly heterogeneous and cover both the one of MV (50-1000nm) as well as sEV (40 to 160±10nm), thus they are considered as a common contaminant 19 . Despite ApoBD complete composition and function is currently under investigation, it is undeniable they can potentially impact target cells. Indeed, being the result of cell fragmentation, ApoBD have been described to contain a complex mix of different proteins (e.g. caspases), lipids (e.g. translocated phosphatidylserine), RNA (e.g. high levels of rRNA) and DNA (e.g. fragmented DNA) 18,[1001][1002][1003] . Physiologically, ApoBD are responsible for apoptotic cell clearance by transferring "find me" signals (e.g. ATP) to specialized phagocytic cells and recruit them to the side of cell death. For instance, the intercellular adhesion molecule 3 (ICAM3) have been found in lymphoma cell-derived ApoBD 1004 . This, beyond apoptotic cell clearance, can also be used as a strategy to increase the TAM pool at the tumor site. Beyond this, ApoBD have also been associated with antigen presentation (being engulfed by DC) 1005 and autoimmunity (e.g. ApoBD-associated H2B involvement in systemic lupus erythematous) 1006 . Having a much richer composition, ApoBD affect target cells in many different ways, some physiological and some that potentially could be unpredictable and lead to misleading results. Despite our protocol would still help to get rid of a considerable amount of apoptotic bodies during the first stage of centrifugations (2000g, 40 min), it is important to start from a preparation containing the lowest contamination possible.

In our protocol, we used multiple consecutive (ultra)filtrations (100µm, 0.22µm, 0.45µm and a final 0.22µm) together with iodoxanol cushion ultracentrifugation (UC). Generally, one isolation strategy is applied, either ultrafiltration or UC (or further alternatives) 19,990 . Here, we have chosen to use the best combination of both. Using 0.22µm ultrafiltration allows to concentrate particles of a range of size falling in the one of sEV (<200nm). On the other hand, UC (up to 110,000g for 70min) allows to pull down very small particles from a large volume, which it would be normally impossible to achieve with lower speed centrifugation. Given a) the complexity of ME-sEV source and b) the necessity of having high sEV quality and purity we had to improve our original protocol to ensure the best result 951 . Being a very complex tissue, dissociated spleen present a large quantity of debris which would be difficult to make immediately pass through a 0.22µm filter without causing rupture and loss of precious material.

Thus, progressive (ultra)filtrations, accommodating the supernatant density, allowed us to achieve a gentle and progressive accumulation of smaller particles. Ultrafiltration is sometimes successfully combined with size exclusion chromatography, the latter, though, requires a considerable size chromatography column whether sEV need to be isolated from large volumes 1007 . For this reason, given the starting amount of spleen supernatant, we utilized UC combined with an iodoxanol-based cushion strategy 17,951,1008 . The major limitations of UC are:

being possibly harsh on the sEV particles, which can break or fuse under such speed, and the pull down of large protein aggregates, which are to be considered as contaminants. Based on the amount of ME-sEV (measured based on sEV total proteins) recovered during the whole study we haven't experienced any drop possibly given by sEV rupture, furthermore our serial ultrafiltrations allow to eliminate possible fused particles. Cushion is an alternative, but based on the same concept, to density gradient UC. The latter is based on the use of an increasing concentration of OptiPrep density gradient medium (sucrose based) on the line of sEV migration during UC. In accordance with their density, sEV stop migrating when reaching a certain density in the gradient medium, allowing their separation from bigger or smaller particles (e.g. protein complexes) 951,1008 . Once the density is known, meaning a certain percentage of density medium, a cushion strategy in which sEV are loaded on top of 1mL of the density gradient medium can be applied 951 .

After isolation, sEV require particular attention when preserved in view of future applications. Concerning their storage requirements, it is known that sEV stability rapidly decreases if kept at room temperature and it is acceptable to keep them at 4°C for only few days 1009 . As rule of thumb, sEV should be frozen at least down to -80°C and as fast as possible, this would guarantee a considerable extension of the their preservation (up to 1 year) 1009 .

Further improvements can be applied to guarantee an even higher structural protection and longer preservation. For instance, glycerol (70% glycerol and 30% water) has been suggested as a stable and low toxic cryprotectant 1010 . For our protocol we opted for a rapid and "easily to use" storage strategy. Shorty, the new isolated preps are divided into different aliquots (100µl each) and frozen at -80°C. This allows to have selected aliquots for quality controls, and others specifically for characterization and functional studies. The fact that we constantly use and replenish our stock makes the problem of one year storage at -80°C negligible. Furthermore, using different preps for selected purposes leads to a minimal "freeze and thaw" ruptures.

Finally, maintaining sEV in PBS makes them immediately ready to use.

In order to fully consider our ME-sEV isolation protocol as suitable for our purposes, several quality control steps were required. In particular, for WB several sEV markers have been identified (e.g. CD63 and ALIX), and we chose to use two different negative markers, calnexin and prohibitin 1 (PHB1), to exclude cytoplasmic and mitochondrial contamination respectively 19,990 . Absence of two majorly common contaminants already proved the purity of our preparations. To demonstrate the size and structural integrity of sEV is essential above all when functional studies are planned. We achieved this by using tunable resisting pulse sensing, a strategy that allows to define sEV size distribution through the perturbation of an electrical field 1011 . Furthermore, electron microscopy gave the last proof of size and integrity of our known to self-cluster forming sEV-like particles (<100nm) 1015 .

Currently, despite a general increase of interest towards more complex sEV sources, few are the sEV isolation protocols performed on whole tissue 1013,1016,1017 . In fact, in most cases, tissue dissociation is followed by overnight or longer primary cell culture 976,1018,1019 .

Interestingly, a recent publication also suggested ex vivo organ perfusion as a potential strategy to discover sEV specific biomarkers 1020 . Despite the lack of a unique sEV isolation protocol (no matter the source), the few publications concerning tissue-derived sEV share multiple purification and quality control steps widely considered as gold standard techniques (e.g. density separation) 19,1016,1017 . Altogether, our protocol guarantees a high degree of purity assessed with multiple techniques, such as WB, TRPS, electron microscopy and flow cytometry.

Therefore, we have established a novel and solid protocol that allows the isolation of the totality of the sEV from spleens of healthy and leukemic mice, with the aim to better evaluate sEV role in the cell-to-cell communication during murine CLL development in vivo.

Characterization of LME-sEV: implications in immune evasion

As previously mentioned in this thesis, sEV characteristics can be highly heterogeneous and thus, the choice of how analyzing them can be challenging (see Chapter I). In fact, focusing only on one aspect of sEV characteristics (e.g. cargo proteins) can limit the degree of information acquirable, above all when looking for sEV-mediated functional effects.

In line with this, we also believe that most of the sEV-mediated effects on target cells are the result of a combination of multiple molecules carried by sEV. Based on this, considering that our ME-sEV technically comes from multiple cells, the complexity behind their analysis might even increase. Thus, we decided to focus our attention on different molecular targets and apply different levels of analysis also based on our technical expertise and possibilities.

During the assessment of possible LME-sEV target cells, we noticed an in vitro timedependent uptake by murine splenic T cells. This is quite interesting given the fact that from literature it appears that T cells poorly take up tumor-derived sEV 1021 . Especially CD8 + T cells are suggested to interact with tumor-derived sEV through surface molecules rather than by fusion 1022 . Some other studies indirectly suggest that lymphoma-derived sEV might achieve to fuse with T cells 968,969 . At the same time, these studies make used of PKH-labelled sEV, and they actually highlight effects which involve more a surface interaction rather than a molecular transfer due to fusion with sEV (e.g. FasL-mediated apoptosis) 968 . Overall, compared with myeloid and stromal cells, the community has little knowledge about whether tumor-derived sEV can actively fuse with T cells and, if so, in which degree and what physiological effect they might have. Beyond our in vitro test, we performed a 24 hour incubation in vivo by injecting MB-labelled LME-sEV in the tail vein of recipient healthy mice. Also in this setup, we found that about 10% of the T cells (comprising of CD4 + and CD8 + ) in the spleen appeared to have taken up our LME-sEV. This relatively low percentage is explainable with the fact that the labelled LME-sEV are distributed all over the organism, and they are firstly taken up by myeloid and stromal cells. In vivo leakage of the fluorescent dye as explanation of positive T cells can be excluded. First, this would not explain why the labelling percentage within various cell types is different. Indeed, T cells and B cells are in very similar amount within the spleen, but compared with 10% of MB + T cells, we detected 40% of MB + B cells. It is known that B cell are antigenpresenting cells, thus a greater ability to take up sEV is expected. Furthermore, no labelling was detected in vitro when MB-LME-sEV were pre-incubated with heparin sulfate (a heparan sulfate analog drug) prior to incubation with either total splenocytes or different T cell subsets.

Finally, compared with previous studies where sEV from only one source were tested, our LME-sEV is a mix of CLL-derived sEV, but also all the other cells which are comprised in the TME. Thus it is possible that either sEV derived from other cells, rather than CLL, or specialized in vivo produced sEV have the capacity to fuse with different T cell subsets.

Once we identified T cells as cell type of interest, we had to define which molecules contained or carried by LME-sEV had to be studied. In one of our most recent publications, our laboratory analyzed the spleen cellular landscape of the Eµ-TCL1 transgenic mouse model, associating the presence of ICP with a high state of immune suppressed microenvironment in murine CLL 485 . Small EV impact on immune cells have been previously investigated by our and other groups, despite this, little is known about hematological malignancy-derived sEV impact on T cells 212 .

Considering CLL ICP microenvironment landscape, as well as the possible impact on the field, we focused on the full characterization of ICP ligands on our LME-sEV. Similarly to how we defined the presence of CD63 and CD81 on sEV surface during quality control, we evaluated the presence of 21 ICP ligands on ME-sEV. At first we used a screening approach in which sEVcoated aldehyde/sulfate latex beads were stained for two ICP. Through this strategy we identified 13 out of 21 ICP on ME-sEV (e.g. PD-L1). The limitation of this previously published "bead-based" protocol is poor level of information 953 . In fact, analyzing beads coated with multiple sEV allows only to define the presence of a certain target and not the true degree of enrichment. In fact, it is evident that, despite few exceptions, ME-sEV isolated either from leukemic or healthy spleen carry similar ICP ligands. Nevertheless, it is important to consider the greater amount of ME-sEV in leukemic spleen compared with those obtained in control spleens (about 10 fold enrichment), and the fact that CD3 + T cells from LME-sEV matching spleens expressed high levels of the corresponding ICP receptors. This exhaustion phenotype is in accordance with what we defined previously in CLL compared with healthy microenvironment 485 . Interestingly, about a year later from our first basic screening, Chen and colleagues highlighted the presence of PD-L1 on metastatic melanoma-derived sEV and how this contribute to immunosuppression in patients 1023 . Altogether, these findings suggested a strong involvement of LME-sEV in ICP-mediated immune escape 212 .

How complex and potentially essential were ICP on LME-sEV needed further evaluation.

Using imaging flow cytometry we successfully visualized single LME-sEV and, for the first time, we identify the presence of multiple ICP on the same vesicle. In particular, on CD20 + sEV, a marker highly enriched in CLL-derived sEV, the ICP combinations PD-L1/GAL9 and PD-L1/MHC-II can be detected. A deeper analysis performed with conventional flow cytometry allowed us to define CD20 + sEV as the most enriched population within the LME-sEV (>70%), which respect the typical abundance of CLL cells in leukemic spleen 485 . Furthermore, within the CD20 + LME-sEV, we identified 7 subsets based on the PD-L1, GAL9 and MHC-II markers. In this context, over 50% of the CD20 + LME-sEV were positive for all three ICP ligands. Altogether, our combinatory analysis proved the presence of multiple ICP combinations on CLL-derived sEV,

suggesting their capability to interact with T cells by stimulating multiple pathways.

Surface interaction

Surface interactions between LME-sEV and T cells can explain various effects we described within the main manuscript results. Finally, our laboratory previously showed that CLL microenvironment is enriched in PD1 + Treg, suggesting their essential involvement in CLL pathogenesis 485 . Despite our main study didn't focus on LME-sEV impact on Treg, we still performed a short-term treatment of Treg in vitro (24 hours). Interestingly, LME-sEV treatment resulted in the overexpression of different key genes (e.g. Pdcd1), possibly suggesting that LME-sEV could augment Treg activity. Although, at this moment, we haven't formally demonstrated that, it is known that tumor-derived sEV can enhance Treg functionalities, by promoting their expansion and the differentiation of CD4 + T cells into regulatory T cells (e.g. via TGF-β) 1033,1034 .

PD-L1/PD1 axis

LAG3/MHC-II

Upon treatment with LME-sEV, LAG3 is another ICP overexpressed by targeted CD8 + T cells.

Despite LAG3 functions on CD8 + T cells are yet not fully understood, it appears to be essential for the regulation of CTL homeostasis 1035 . In line with this, LAG3 blockade and in vivo KO lead to rapid CD8 + T cells proliferation after activation 1036,1037 . Thus, LAG3 is considered as a strong negative regulator of CTL proliferation. Furthermore, LAG3 KO in antigen-specific CD8 + T cells positively regulates IFNγ production and release when CTL are adoptively transferred in recipient mice expressing their target antigen 1038 .

As for PD1, LAG3 expressed on other T cells than CTL has a different behavior. For instance, LAG3 + Treg are specifically increased in different lymphoma microenvironments and highly contribute to sustain CTL inhibition 485,551,1039 . Furthermore, CD4 + T cells transfected with fulllength Lag3 have been described to acquire considerable regulatory phenotype and to inhibit CTL functions 1040 .

Beyond its standard role on T cells, in our previous study we described the presence of LAG3 on CLL cells 485 . On tumor cells, LAG3 could be used to either inhibit (e.g. DC) 1041 or activate (e.g. monocytes) 913 immune cells through MHC-II interaction. On top of this, a "soluble"

version of LAG3 has been found in the serum of CLL patients 1042 . In this study, the presence of this unusual LAG3 form was associated with an increased CLL cell survival due the activation of LAG3/MHC-II axis 1042 . The interaction is such that if inhibited (e.g. anti-LAG3 blockade) CLL cells lose their anti-apoptosis advantage 1042 . Interestingly, similarly to LAG3, a "soluble" version of PD-L1 has also been identified in patient samples with solid tumor, and associated to immune suppression capabilities and, thus, of great prognostic significance 1043,1044 . Furthermore, also the "soluble" version of PD-L1 has been described to interact with tumor cells, conferring CTLmediated apoptosis resistance and, in specific cases, proliferation advantages 1045,1046 . Given the common experimental setup in these studies, as well as our current data, we suggest that rather than soluble ICP we are in front of sEV-associated ICP. All the studies where "soluble" ICP were identified, made use of patient derived plasma or serum, two common sources utilized for sEV isolation. The presence of ICP on sEV is more and more a reality, this has been shown by our and other studies. Furthermore, during our ICP ligand screening, also a parallel ICP receptor screening has been performed, identifying different ICP receptors on LME-sEV (including PD1 and LAG3; data not shown). Despite our data, nevertheless, we cannot completely exclude the existence of both forms of ICP.

In our study, we described a considerable expansion of activated T cells (CD8 + CD62L - KLRG1 + ) when treated with LME-sEV, compared with HCME-sEV. Thus, this suggests a considerable immune response triggered by our LME-sEV. Although this might sound counterproductive in view of an immune escape, it is evident that CD8 + T cell proliferation was compensated by their high level of exhaustion and increased apoptosis.

PD1 and LAG3 are two major CD8 + T cell molecules which are normally used to regulate immune response, at the same time, they are exploited by cancer cells to maintain an immune suppressed state in the TME. In line with this, we, as well as other, highlighted how the PD1/LAG3 blockade can be a strong strategy to reactivate immune response in the presence of exhausted CTL 485,[1047][1048][1049] .

MHC-II/TCR axis

The and IL-10 increase 485,1051 . In line with this, an increased presence of MHC-II + LME-sEV could represent a further immune escape mechanism.

GAL9/TIM3 axis

TIM3 has been identified as an exhaustion marker specifically found on TIL rather than circulating lymphocytes 1052,1053 . Interestingly, our in vitro data show that CD8 + T cells overexpressing TIM3 + represent a smaller percentage when compared with CD8 + PD1 + and CD8 + LAG3 + subsets. This could mean that LME-sEV treatment not only induce general exhaustion, but prime CD8 + T cells to assume a TIL-like phenotype even in vitro. As for functionality, CD8 + TIM3 + T cells are generally characterized by decreased IFNγ production 1052 .

Interestingly, in patient with advanced melanoma, exhausted CD8 + T cells co-expressing TIM3

and PD1 are particularly affected in IFNγ, TNF and IL-2 production 1053 . This is in line with our results showing that CD8 + T cells treated with LME-sEV decrease considerably the production of IFNγ and IL-2. Importantly, in head and neck cancer, TIM3 upregulation has been also associated with resistance to anti-PD1 blockade due to TIM3-mediated activation of PI3K/AKT signaling 1054 . In line with this, the same study showed that TIL proliferation could only be reduced when also anti-TIM3 blockade was applied 1054 . Further exploitation of the same 

ICOSL/ICOS axis

From our ICP ligand screening, we showed a greater enrichment of ICOSL (B7-H2) specifically on LME-sEV. Given the similar structure and behavior, ICOS is considered having a parallel non-redundant role to CD28 1057,1058 . Thus, increased levels of ICOS on CD8 + T cells during tumorigenesis can sound contradictory. Indeed, ICOS is considered to positively stimulate CD8 + T cell proliferation and survival 1059 , at the level that normally ICOSL is rapidly downregulated to avoid CTL over activation 1060 . In line with this, a constant ICOS stimulation at chronic inflammatory sites has been associated with different human disease. For instance, CD8 + T cells in patient with rheumatoid arthritis and lupus erythematosus have been reported

to express high levels of ICOS 1061,1062 . In transgenic mice, overexpression of Icoslg causes lymphoid hyperplasia in multiple lymphoid organs 1063 .

In cancer, ICOS is usually co-expressed on exhausted CD8 + T cells (e.g. PD1 + and TIM3 + ), nullifying its positive immune response regulation 1064 . Interestingly, another study described the existence of CD8 + CXCR5 + ICOS + T cells, a particular subset of follicular-like helper T (TFH) cells, in Hodgkin lymphoma microenvironment 1065 . These particular TFH cells are characterized by impaired cytotoxicity, low IFNγ production but able to boost B cell proliferation possibly by IL-21 release 1065 . In line with this, both in vitro and in vivo LME-sEV treatment led to CXCR5 increase on CD8 + T cells. Whether the same cells were also ICOS + still need further evaluation though. Also, given that ICOSL is majorly expressed by professional APC 1066 , ICOSL + LME-sEV could directly be correlated to the high amount of CLL cells in the microenvironment, and thus, majorly derived from CLL sEV. Interestingly, presence of IL-21 producing cells and CD40L

(another marker found on LME-sEV) have been described as an antigen-independent proliferation mechanism used by CLL cells 1067 .

In parallel to ICOS involvement on CD8 + T cells, ICOSL + LME-sEV can also lead to Treg stimulation. Recently, Han and colleagues described how AML cells upregulate ICOSL to enhance Treg 1068 . In particular, under ICOSL stimulation, CD4 + FOXP3 + CD25 + ICOS + showed a higher expression of Foxp3 and Cd25, as well as an increased capacity to release IL-10. In contrast, the same study demonstrated that anti-ICOSL blockade inhibited Treg expansion.

Comparable results have been showed also in a FL model, demonstrating that ICOS upregulation on FL patient Treg was associated to a poor prognostic marker 1069 .

TIGIT

TIGIT is a CTL inhibitory ICP which directly compete with the co-stimulatory receptors CD226 and CD96 in the binding of CD155 and CD112 respectively [1070][1071][1072] . Whether TIGIT triggers a specific pathway or simply is a way to block CD226 and CD96 is still under evaluation.

Nevertheless, CD8 + T cells in many different cancers overexpress TIGIT together with other ICP, thus, TIGIT is considered as a marker of exhaustion.

Both in patients and murine models, MM progression is characterized by the selective accumulation of TIGIT + PD1 + CD8 + T cells, which show decreased proliferation and cytokine production capacity 1073 . Interestingly, in this context, anti-PD1 blockade always resulted in poor outcome 1074 . While, on the other hand, anti-TIGIT blockade successfully re-establish CD8 + T cell functional activities 1073 . Similarly, in melanoma and carcinoma, high levels of TIGIT on circulating CD8 + T cells are currently considered as an early cellular-based prognostic marker for anti-PD1 therapy 1075,1076 . This is accordance with our previous published data 485 , the application of anti-PD1 blockade alone failed to properly reduce tumor burden, thus required the combination with a second ICP blockade. At that time we focused on LAG3, but it is possible that already blocking another ICP is enough to circumvent the TIGIT-mediated anti-PD1 therapy resistant. Indeed, upregulation of TIGIT on CTL has been previously reported in CLL and other leukemia [1077][1078][1079] . Furthermore, in our current study, CD8 + T cell in vitro treatment with LME-sEV led to a rapid TIGIT upregulation and downregulation of the co-stimulatory receptors CD226 and CD96.

Interestingly, short-term Treg in vitro treatment with LME-sEV was enough to considerably upregulate Tigit expression. TIGIT upregulation on CD4 + FOXP3 + T cells has been described as an activated Treg subpopulation responsible to inhibit Th1 cells via fibrinogen-like protein 2 (Fgl2) secretion 1080 . Furthermore, TIGIT + CD4 + T cells sustain CLL cell apoptosis resistance via the release of pro-survival cytokines (e.g. IFNγ) 938,1081 .

The interaction between LME-sEV and different T cell subsets via ICP is one of the most direct ways in which CLL can override the host immune defenses using sEV.

Membrane component transfer

Small EV fusion with the target cell membrane can lead to cargo component transfer (e.g.

proteins and RNA), as well as sEV-associated membrane protein translocation on the surface of targeted cells. The latter is a process still under evaluation, given the many questions involving: which proteins are maintained on the target membrane and which not, or for how long they persist on the surface before being internalized. Nevertheless, knowing that this process can take place, it could be interesting to evaluate the possible consequences in line to what we already mentioned in this Chapter.

Generally, the presence of ICP ligands, and in some cases receptors, can lead to the assumption that this could be selectively transferred on different T cell subsets to enhance their inhibition or stimulation. For instance, the presence of PD1 on certain LME-sEV could be responsible of the increase of the same receptor on both CTL and Treg. In a similar fashion, LAG3 + LME-sEV, beyond directly affecting CLL cells through MHC-II interaction, could enrich CD8 + T cell, as well as Treg, membrane with the inhibitory ICP. The same effects could be potentially mediated instead by the transfer of MHC-II. The latter process has been already described and used in DC. Specifically, DC can use sEV-derived MHC-II (loaded peptide included) to establish an appropriate T cell response 21,197 . Similarly, our group already reported the presence of human protein on the surface of murine cells following treatment with CLL-sEV 143 . Whether our LME-sEV also transfer ICP to T cells requires further elucidation.

Cargo transfer

Beyond the use of ICP, tumor-derived sEV have been suggested to actively participate in immune evasion in many other ways 212 . Knowing that LME-sEV can be taken up by T cells, we carefully evaluated the possible molecular cargo which could further enhance the already considerable ICP-mediated immune escape.

MicroRNAs

MicroRNAs are highly conserved ncRNAs, and they have been described in multiple occasions as one of the major modulatory molecules carried by sEV and affecting target cells.

For instance, CLL-derived sEV have been reported to alter CD4 + T cell migration and cytokine production potential by targeting the immunomodulatory receptor CD69 through the transfer of miR-363 965,966 . This allows CLL to maintain a constant influx of activated CD4 + T cells in the TME.

A basic miRNA screening performed on our ME-sEV revealed the enrichment in CLLassociated miRNA in LME-sEV compared with HCME-sEV. Indeed, we have previously reported that sEV derived from CLL patients plasma and CLL cell line (MEC-1) are characterized by increased levels of miR-21, -27a, -150, -155 and -378a 143,921,964 .

Upon in vitro treatment with LME-sEV, CD8 + T cells showed an accumulation of several CLLassociated sEV. Whether this is due to a direct miRNA transfer from sEV to cells, or an indirect induction, needs further evaluation. Nevertheless, many studies show a strong negative impact of these miRNA on CTL.

Intracellular increase of miR-21 in Th1 has been associated with decreased of IFNγ production in a skin hypersensitivity model 1082 . At the same time, miR-21 appears to naturally increase in CTL in order to maintaining effector phase 1083 . This could be explained by the increased levels of CD8 + CD62L -KLRG1 + we detected upon LME-sEV treatment. Based on this, increased levels of miR-21 in treated CD8 + T cells could be more due to a physiological immune activation rather than a sEV-mediated transfer. Given the apparent lack of effect on CD8 + T cells, we could hypothesize that miR-21-enriched LME-sEV are directed towards other cellular targets. In line with this, miR-21 expression in CLL cells appears to be tightly regulated to the BCR signaling pathway and ZAP70 1084 . As previously mentioned in Chapter II, the kinase ZAP70 is responsible to positively modulate the BCR signalling by phosphorylating downstream proteins within the pathway (e.g. VAV) 411,412 . Despite ZAP70 doesn't directly interact with BCR, its increasing levels in CLL patients serum are considered as a marker of poor prognosis (shorter OS) and treatment response (refractoriness to fludarabine) 283,387,404,416,1085,1086 .

Compared with miR-21, miR-146 upregulation in CD8 + T cells is responsible to target Traf6 and Irak1, two essential mediator of NF-κB signaling 1087 . By doing this, miR-146 negatively regulates TCR signaling, impairs IL-2 production and induce CTL apoptosis by interacting with Fas-associated death domain (FADD) 1088 .

Interestingly, miR-27a, -378a, -150 and -155 involvement in the decrease of effector cell cytotoxicity have been previously described 972,974,975,1089 . In particular, different studies have correlated the accumulation of these miRNAs with the downregulation of Gzmb and Prf1 in NK cells. In line with this, in our study we correlated these miRNA activity on the disruption of CD8 + T cell function. This is visible on the recurrent reduction of Gzm B and Perforin production in LME-sEV-treated CD8 + T cell. In particular, together with this descriptive event, in vitro CD8 + T cell immune synapse analysis, during interaction with TCL1 cells, revealed a considerable decrease in Gzm B released upon treatment with LME-sEV. Downregulation of Gmz B appears to be CD8 + T cell-selective, as a considerable increase in Gzm B and Gzm K (fragmentin) were detected in LME-sEV-treated Treg. Fragmentin is also visibly upregulated in treated CD8 + T cells. At the same time, given the impaired F-actin co-localization at the synapse (essential to drive the polarized secretion of lytic granules), we believe its cytotoxic use, despite the production, is impaired 1090 . Granule-independent use of fragmentin, though, has been reported as pro-inflammatory regulator in other cells (e.g. macrophages) 1091 . Importantly, Gzm B and Perforin are also used by Treg to suppress CTL by killing them 1092 . This further supports the hypothesis that LME-sEV would be particularly efficient to activate tumor-supporting Treg in CLL microenvironment. Nevertheless, whether these changes would have a functional impact on Treg, increasing their cytotoxic and regulatory activity, requires closer validation.

MiR-210 is a marker of hypoxia and it is generally increased in cells under low oxygen condition 1093 . The fact that LME-sEV are highly enriched in miR-210, suggests that CLL microenvironment is considerably hypoxic. Interestingly, despite this, our group recently showed that AHR and HIF-1α KO in CLL cells doesn't affect leukemogenesis 958 . Nevertheless, as shown in other studies 998 , hypoxia in CLL microenvironment could explain the differences in cargo composition between LME-sEV and HCME-sEV. This is a further proof that conditions in the TME can lead to changes in sEV which cannot be reproduced in vitro.

In T cells, TCR engagement leads to a robust miR-210 overexpression in a hypoxiaindependent fashion 1094 , while further increase occurs in low oxygen 1094 . Thus, the increasing levels of miR-210 that we detected in LME-sEV-treated CD8 + T cell could be, again, the consequence of T cell activation 1095 . Furthermore, miR-210 overexpression appears particularly restrained to differentiating Th17 cells 1094 , where miR-210 levels would be part of a negative loop by targeting HIF-1α, inducer of the same miRNA 1094 . In cancer, Th17 behavior is somehow contradicting, making difficult to define their role in the disease. Despite this, it is clear that the cancer type influences Th17 pro-or anti-tumor activity. For instance, in certain skin cancers, Th17 cells enhance tumor immune escape and growth 543,544 , while they possess a strong antitumor activity against esophageal cancer 545 . In a small cohort of CLL patients Th17 have been detected both in peripheral blood and TME, correlating this with a better prognosis and longer OS 1096 .

Small EV RNA content is highly heterogeneous (see Chapter IV subsection 5) and the evaluation of few miRNAs only partially describes a much larger sEV RNA pool. We are certain that a large scale RNA analysis (e.g. RNAseq) would reveal many more miRNAs, lncRNAs and even mRNAs which can potentially explain many of the changes found in target cells.

Proteins

Small EV protein composition is complex and heterogeneous, above all, given the possible nature of sEV subpopulations. In fact, to discriminate whether a specific protein is loaded on sEV with the aim to be transferred, or simply removed from the parental cell because deleterious can be challenging.

Our data show a considerable difference in protein composition between LME-sEV and HCME-sEV. Characterization of the cellular processes correlated to the most enriched ME-sEV proteins showed an apparent immune-related regulation by HCME-sEV (e.g. leukocyte migration), which is lost in LME-sEV in exchange to processes involved in influencing activity (e.g. gene expression) of targeted cells.

Interestingly, within the LME-sEV enriched proteins we found GAL9, supporting our hypothesis regarding ICP transfer from sEV to target cells. It is important to notice that as limitation of the proteomic technique, many surface proteins are lost and, thus, would not appear on the complete list. This is also true for CD8 + T cell proteomic, where few typical and abundant surface markers have been lost.

The metabolic ICP interleukin-4-induced-1 (IL4I1) has also been identified within the LME-sEV proteins (as well as in JVM-3-and MEC1-sEV; data not shown). This enzyme has been suggested as prominent alternative route for tryptophan (Trp) catabolism into kynurenine (Kyn), a process that was thought to be majorly driven by IDO1 and tryptophan-2,3-dioxgenase (TDO2) 410,1097 . Increasing levels of Kyn have been correlated with the activation of the aryl hydrocarbon receptor (AHR) 1097 . The latter is a particular transcription factor which is activated by binding microenvironment compounds derived from diet, microbiome and environment 1097 .

Furthermore, certain endogenous cellular metabolites, such as Kyn, also represent ligands for AHR 1097,1098 . Once activated, AHR translocates into the nucleus and regulate the expression of multiple genes associated with angiogenesis, immunity and cell mobility 1098,1099 . In cancer, the high expression of IDO1 and TDO2 leads to abnormal levels of Kyn accumulation, which deeply affect immune cells. In particular, CD4 + T cells fully differentiate into Treg 1100 , while CD8 + T cells decrease their proliferation rate, upregulate PD1 and increase apoptosis 1101,1102 . Sadik and colleagues have recently showed that in CLL, IL4I1 is the major enzyme converting Trp into Kyn 410 . Furthermore, the same study also reported an expansion of MDSC and Tregs in the microenvironment of IL4l1 high CLL, confirming IL4l1-mediated immune suppressive activity 410 .

In accordance with this, we are currently exploring the possibility that IL4I1 + LME-sEV could participate in Kyn production in CLL microenvironment. This, in presence of Trp, would lead to Kyn production and affect T cells in the microenvironment.

Microenvironment modulation

As further example of immune evasion, given by the alteration of microenvironment soluble composition, is the sEV-mediated accumulation of adenosine.

The nucleoside adenosine has been described as an efficient inhibitor of CD8 + T cell proliferation and function by binding the A2A adenosine receptors (A2AR) 1103,1104 . In particular, in vitro studies showed that A2AR stimulation leads to considerable decrease in IL-2 and TNF production, as well as inhibition of lytic granules release (e.g. Gzm B) 1105,1106 . Knowing that systemic immunosuppression can limit cancer treatment, Zhang and colleagues correlated the presence of CD39 and CD73 on B cell-derived sEV with the sometimes poor effect of chemotherapy. Indeed, CD39 and CD73 enzymes are responsible to hydrolyze ATP from apoptotic tumor cells into adenosine, deeply affecting CD8 + T cell proliferation and cytotoxic activity 976 . Interestingly, ablation of RAB27a in murine B cells strongly decreases sEV release considerably improving the chemotherapy outcome against different solid tumors (e.g. melanoma) 976 . We detected the presence of both CD39 and CD73 on our LME-sEV. The higher level of CD39 could be given by the fact that our sEV are derived mainly from CLL cells rather than normal B cells. Furthermore, in vitro treatment of CD8 + T cell using LME-sEV ± ATP resulted in a considerable decrease in T cell proliferation.

Immunomodulation and treatment resistance mediated by B cells has been previously reported in other situations. For instance, being highly enriched in CD20 molecules, B cellderived sEV, both from healthy and CLL cells, are actively implicated in CLL protection against rituximab 143,570,572 .

Altogether, immune evasion in the TME is based on a complex combination of interactions between stromal, immune and tumor cells. We suggest LME-sEV as a powerful tool used to establish and maintain CLL immune suppressed microenvironment. In line with this, our LME-sEV can be considered as a faithful representation of the highly complex and heterogeneous sEV-based communication found in CLL microenvironment.

A reflection on sEV potentialities

After describing the structure and content of sEV (Chapter I), it feels overwhelming to think about the functional possibilities that these small vesicles might possess. With the advance of new technologies, either to isolate or characterize these vesicles, it is more and more evident that sEV are a highly heterogeneous group composed by multiple subsets specialized in selected functions. This becomes more evident from our results concerning the detection of PD-L1, GAL9 and MHC-II on CD20 + LME-sEV followed by clustering analysis. In this particular result, it is evident how three different major ICP are distributed in different concentrations and combinations within the CLL-derived sEV.

Based on that, it is possible that not all the sEV are made to fuse with all type of cells.

Indeed, most likely sEV containing cellular waste will be targeted to specialized patrolling cells, such as macrophages, with the specific goal to break down their components. In line with this, sEV might be collected in urine with the sole scope to be removed from the organism. In that case they should have a particular membrane composition making for them impossible to fuse with the bladder wall epithelial cells.

Other sEV subsets might have such a rich protein membrane composition allowing them to interact with proteins on cell membrane (i.e. ligand-receptor interaction), and because of that, not be absorbed but elicit their functions by various signaling pathway activation. High abundance proteins on sEV membrane, at the same time, doesn't rule out the possibility that the sEV could fuse with the membrane of other target cells enriching them in various surface proteins.

Finally, there might be specialized sEV subset enriched in cargo material (i.e. miRNA) and with the main aim to directly transfer it to target cells. In this case, protein membrane and maybe lipid composition could be the responsible of sEV fusion to the target cell, rather than proteinprotein interaction at the membrane level.

This wide range of possibilities make researchers understand how little we scratched the surface of this new research field and how much more still needs to be discovered.

LME-sEV hamper in vivo anti-leukemia immunity

The analysis performed on in vitro and in vivo LME-sEV treated T cells directed us towards the idea that sEV might be a key component in CLL immune escape and pathogenesis.

In order to achieve a deeper understanding of this relationship in vivo, we generated a novel murine model by crossing the transgenic Eµ-TCL1 and the RAB27a and b double KO mouse models. The new model, TCL1-RAB27DKO (TR), showed a striking delay in CLL development and longer OS when compared with canonical TCL1. Furthermore, when CLL was eventually established in the TR model, the amount of LME-sEV that could be isolated was almost comparable to the one isolated from healthy spleens, about 10 fold less than in TCL1.

This, on one hand, showed the direct effect of RAB27a and b KO and, on the other hand, demonstrated that the high amount of LME-sEV derived from TCL1 was not just due to the spleen size, but rather to a considerable increase in sEV release during leukemogenesis. Indeed, TR leukemic spleens had comparable size to the ones isolated from TCL1.

Proteomic characterization of the LME-sEV derived from the two models revealed Altogether, this data show that CLL cells require to communicate with surrounding cells in order to re-educate them to sustain the disease progression. On the other hand, one of the major ways in which microenvironment cells participate to leukemia pathogenesis is through the use of sEV.

In order to fully understand the degree of importance of sEV in CLL development, we necessarily needed a system where only the tumor clone was unable to release sEV, compared with the recipient microenvironment. Given that at the time of this study the recently published murine cell line TCL1-355 was not available 1110 , a proper manipulation of primary TCL1 cells was very challenging. Thus, we decided to purify TR CLL cells (CD5 + CD19 + ) and we injected them into C57BL/6 recipient mice, characterized by sEV-permissive microenvironment. In this setting, sEV-deficient CLL cells completely failed to recapitulate the disease in the recipient mice compared with the TCL1 clones. Interestingly, by treating a parallel cohort of C57BL/6

injected with TR cells with LME-sEV we majorly rescued CLL development to levels comparable with recipient mice injected with TCL1 cells. This essential experiment has been done taking in account multiple parameters. First, both for TCL1 and TR, multiple primary clones were used.

Furthermore, for all our injections of CLL cells, the purity was above 95%, thus, we ensured that as little as possible original microenvironment cells (e.g. CD4 + T cells) were available to sustain CLL progression 1111 .

The full mechanism behind how LME-sEV are involved in the disease development and progression can be quite challenging to fully elucidate. Indeed, given the complexity of LME-sEV origin, as well as the potential involvement of many cells in the organism, we had to necessarily narrow our focus.

Our initial and current hypothesis -supported by our in vitro and in vivo data -is that sEV are released by CLL cells as a mean to actively evade immune surveillance. A rapid and efficient anti-tumor response would explain why TCL1-RAB27DKO clones failed to establish CLL in AT models. On the other hand, CLL can develop in TCL1-RAB27DKO transgenic mice also due to a reduced ability of immune cells to orchestrate an appropriate anti-tumor response via sEV.

By releasing sEV, CLL would evade the initial immune surveillance and establish the TME by the re-education of other local cells. Indeed, the rationale behind the pre-treatment of recipient mice with LME-sEV was to establish immune tolerance towards the TCL1-RAB27DKO cells.

Furthermore, in physiological conditions, CLL cells constantly release sEV, thus, expecting that one time treatment would likely not be enough to lead to a successful tumor immune escape, we performed further LME-sEV treatments at the moment of cell injection and the following days. A successful immune surveillance suppression, combined with the surrounding microenvironment cell re-education established a stable favorable tumor microenvironment which would allow CLL progression.

As further support to our theories, TCL1-RAB27DKO cells -the same clones of the previous experiment -successfully established the disease when injected in NSG immunodeficient mice.

Beyond functional defect on APCs, NSG mice are characterized by the absent of effector cells, such as T and NK cells. Knowing that sEV impact on NK cells has already been majorly investigated 972,974,975,1089 , and that we demonstrated how primary T cells treated with LME-sEV, but not with HCME-sEV, showed similar characteristics of the ones found in the CLL microenvironment (e.g. immune checkpoint overexpression) 485 , we believe that LME-sEV sustain leukemia progression by hampering the anti-tumor immunity mediated by CD8+ T cells.

Ongoing work and perspectives

The findings achieved in these four years of PhD allowed us to obtain funding from multiple agencies (e.g. FNR Luxembourg CORE program and H2020 Marie Skłodowska-Curie Actions) to pursue follow-up studies directed to further characterize LME-sEV, and for the establishment of novel therapeutic strategies against CLL.

Identification of CLL-derived sEV target cells during disease development

In order to identify in vivo LME-sEV target cells, our laboratory is currently establishing novel transgenic mouse models where sEV targeted cells can be highlighted during leukemia development.

Based on previous publications, a first strategy is to perform AT of TCL1-CD19 cre cells in ROSA26 tdRFP recipient mice. Defined as Cre-LoxP system, this method is based on the transfer of Cre mRNA carried by TCL1-CD19 cre -derived sEV to target cells. Recipient mouse cells are characterized by the presence of the RFP reported gene under the control of LoxP sequences.

Thus, in this model, any microenvironment cell targeted by CLL-derived sEV will express RFP 140,1112 . An alternative strategy, and in some aspects more simple, is the use of the TCL1-CD19 cre -CD63-GFP fl/fl mouse model. In this case, the great majority of CLL-derived sEV are GFP labelled, and can highlight targeted cells when CD63-GFP is transferred to the cell membrane 1113 . The latter strategy, thought, only ensures a transient labelling of the target cells, while the Cre-LoxP system leads to a stable fluorescence. In both strategies, highlighted microenvironment cells can be isolated, sorted and fully characterized using different means (e.g. RNAseq or immunophenotyping).

Beyond the definition of CLL-derived sEV target cells during the disease development, these strategies will also further extend our current evaluation of the LME-sEV on antitumor immunity.

Definition of molecular factors involved in sEV internalization

Given that tumor-derived sEV contain multiple molecules capable to influence target cells, an effort should be applied in order to identify mechanisms involved in sEV internalization.

A large scale CRISPR-Cas9-based screening will be performed on target cells (MC3T3 stromal cell line), followed by incubation with fluorescently labeled LME-sEV. Small EV-treated MC3T3-Cas9 showing a decreased uptake (reduced or no fluorescent signal) will be then subjected to next-generation sequencing. Screening validation of potential targets will be performed using specific gRNA in the same cells. Finally, whether a compound against the putative target exists, the impact of the validated target inhibition on CLL development will be assessed in vivo.

The definition of molecular mechanisms involved in LME-sEV internalization can lead to the selection of chemical inhibitors, antagonists, ligands or blocking antibodies which can potentially nullify sEV-mediated cell re-education.

Counteraction of LME-sEV immuno-suppressive activity

The identification of multiple ICP ligand combinations carried on LME-sEV led us to define new strategies to counteract them. Currently, our laboratory has generated different stromal cell lines stably releasing bioengineered sEV (BesEV), which are enriched in different molecules, such as ICP receptor binding sites (lacking the cytoplasmic signaling domain). The purpose is that the BesEV behave as a decoy system, binding with high affinity ICP ligands on CLL cells and CLL-derived sEV.

Successful BesEV binding to the targets is being evaluated using both conventional and imaging flow cytometry. Functional studies concerning BesEV ability to shield T cells from the effect of ICP ligand on CLL-derived sEV will be first evaluated in vitro. Next, CLL development in vivo will be challenged through daily BesEV injections.

We believe our BesEV could have the potential to strongly affect CLL capacity to downregulate anti-cancer immunity, and that they could serve as starting point towards translational research.

Evaluation of LME-sEV metabolic potential

Given the metabolic signatures found on LME-sEV treated T cells, the involvement of LME-sEV in metabolic reprogramming appears evident. The latter has been previously shown as a typical event occurring in cancer 1114 . Also based on the identification of multiple metabolismrelated proteins in our LME-sEV, we decided to explore the possibility that sEV might have an intrinsic metabolism activity, allowing them to produce de-novo metabolites which could be released in the microenvironment or transfer to target cells. This is being performed by adjusting our sEV-isolation protocol for metabolite extraction and downstream analysis, and making use of different metabolic tracers (e.g. [U-13C]-glucose).

Finally, sEV-mediated metabolite transfer will be investigated both in vitro and in vivo by either treating single cell population (e.g. CD8 + T cells) or infusing mice with LME-sEV with labelled metabolites. Assessment of sEV metabolite transfer will be done by performing metabolomics analysis on treated cells, while functional changes will be evaluated using the SeaHorse XF analyzer (e.g. mitochondrial respiration, and fatty acid oxidation).

Conclusion

By using murine spleen as primary source of sEV, we isolated the totality of LME-sEV from pre-clinical models of CLL. Using a wide range of strategies, we highlighted LME-sEV cargo complexity, and evaluated their targets and role in CLL pathogenesis.

We showed that CLL microenvironment is enriched in sEV derived from many different cellular sources, and that their concentration is much higher than in heathy control spleens. A broad characterization of LME-sEV showed the presence of multiple molecules capable of inhibiting tumor-associated immune response by different means.

Finally, inhibiting CLL-derived sEV release strongly affects the disease development and progression. By performing functional in vitro and in vivo studies we demonstrated LME-sEV ability to alter T cell functionality. Specifically, we showed that CD8 + T cells cytotoxic activity and proliferation are strongly decreased, while Treg activation is enhanced.

Altogether, our findings shed light of the complex sEV-based communication within CLL microenvironment, highlighting how this can be essential for cancer development and suggesting a potential new therapy strategy for translational medicine. 841-894, doi:10.1146/annurev.immunol.21.120601.141018 (2003). Castriconi, R. et al. Neuroblastoma-derived TGF-beta1 678-689, doi:10.4049/jimmunol.166.1.678 (2001).
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  IGHV-UM, TP53 disruption, gender (male) and age. Jeromin et al. (1160) 363 IGHV-UM, Binet B-C, SF3B1 mutation, BRAF mutation, ATM mutation, NOTCH1 mutation and MGA mutation. Age (>65), del17p, IGHV-UM, FBXW7 mutation, NOTCH1 mutation, SF3B1 mutation and TP53 mutation. Nadeu et al. (406

Figure 8 .

 8 Figure 8. Overview of BCR signaling pathway.

Figure 9 .

 9 Figure 9. Schematic BCR activation models.

Figure 10 .

 10 Figure 10. CLL treatment strategy. Overall current treatment strategy for patient diagnosed with CLL. (Francesc Bosch and Riccardo Dalla-Favera, Nature Reviews | Clinical Oncology, 2019) 291 . Abbreviations: Allogeneic haematopoietic stem cell transplantation (Allo-HSCT), bendamustine plus rituximab (BR), chimeric antigen receptor (CAR), chemoimmunotherapy (CIT), fludarabine plus cyclophosphamide plus rituximab (FCR), monoclonal antibody (mAb) and relapsed/refractory (R/R).

  cellular Ag), transmembrane domain and a cytoplasmic signaling domain (tail) which complexion respect the generation of the CAR490 . This strategy has many advantages: a) CAR lentiviral vector can be expressed in patient autologous cytotoxic CD8 + T cells, b) CAR T cells do not require interaction with MHC-I to trigger their cytotoxic activity and c) new CAR can be built against any cellular target 490 . Low dose of CAR T cells, based on a receptor against CD19 coupled to a tail formed by the T cell co-stimulatory domain 4-1BB and the CD3-zeta domain (T-cell signal-transduction component), have been already successfully deployed against refractory CLL491,492 . Indeed, one practical advantage of CAR T therapy is the low dosage of infused cells needed. As an expansion up to 1,000 folds is expected, only 1.5x10 5 cells/kilogram of body weight were injected in a first study491 . In a further trial, ibrutinib-refractory CLL patients subjected to CAR T cell therapy (in combination with chemotherapy) showed an ORR of 70%, as well as a PFS of 100% for patient with marrow-CLL invasion before CAR treatment 492 .Despite the evident success, CAR is still an evolving technology with possible unexpected acute side effects (e.g. cytokine storm syndrome) thus requiring a close patient monitoring, and a combination therapy is often preferred to a CAR-based monotherapy 490 . 8.6. Cell therapy 8.6.1. Allogeneic hematopoietic stem cell transplant Despite the development of new strategies, including more effective and less toxic drugs, CLL is still an incurable disease, which can be improved and kept under relative control but not completely eradicate. So far, allogeneic hematopoietic stem cell transplant (allo-HSCT) is the only curative treatment for high risk CLL patients.
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 11 Figure 11. The tumor microenvironment at glance.TME is a complex ecosystem characterized my multiple cells interacting with each other. Indeed, beyond tumor cells, many other corrupted cells can be found. Within the lymphocyte category, the most enriched cells are: various subsets of tumor infiltrated lymphocytes, B cells, and natural killer cells. Myeloid cells in the TME comprise: tumor associated macrophages, dendritic cell subsets, myeloid-derived suppressor cells and tumor-associated neutrophils. Finally, the stromal compartment is defined by: cancerassociated fibroblasts, mesenchymal stem cells, adipocytes, endothelial cells and pericytes. Communication within the TME occurs through either cell-to-cell interactions, vesicle trafficking and various soluble factors, such as chemokines and cytokines.

  T helper (Th) are present. CD4 + Th1 cells are associated with good prognosis given their ability to stimulate CD8 + T cell survival, proliferation, effector differentiation and function by releasing interleukin-2 (IL-2) and interferon gamma (IFNγ)535 . Currently, there are contrasting data concerning the role of CD4 + Th2 cells (releasing IL-4, IL-5, IL10 and IL-13) and CD4 + Th17 cells (releasing IL-17a, IL-17f, IL-21 and IL-22) in cancer. Historically, Th2 and Th17 have always been considered to have a tumor supporting activity. For instance, in combination with other immune cells, Th2 have been shown to stimulate angiogenesis (e.g. eosinophils)[536][537][538] and inhibit cytotoxic activity of specialized cells (e.g. natural killer)[539][540][541][542] . Pro-inflammatory cytokines released by Th17 enhance tumor immune escape and growth543,544 .

  prognosis622 . Indeed, DCs in the TME can boost immune response by interacting with different effector cells. NK anti-tumor function is highly increased thanks to IL-12 and IL-15 released by DCs, furthermore, DC-NK interaction triggers the release of CXCL1, an essential chemokine to attract more DCs in the TME623,624 . Interactions between cDC1 and CD8 + T cells can be orchestrated within the TLS, a cellular structure composed of T cells, various mature DC subsets and B cells. Within this structure, DCs can increase CD8 + T cells and Th1 cell infiltration in the TME, as well as stimulate B cells to produce antibodies against tumor-associated antigens625- 628 .Various factors within the TME (e.g. TGF-β) can hamper DC maturation and activity, leading to cancer immune evasion629,630 . For instance, prostaglandin E2 (PGE2) and IL-16 released by tumor cells can reduce cDC2 by converting them into suppressive DC (CD14 + ) 631 , while PGE2 alone is able to reduce the production of IL-12 by cDC1, effectively preventing anti-tumor responses 632 .

  . Despite the in vivo overall mechanisms used by MDSC to inhibit T cell activity is still under evaluation, in vitro data highlights several possible strategies. Through IFNγ stimulation, MDSC increase the expression of nitric oxide synthase 2 (NOS2) and, thus, NO release 643 . Furthermore, IL-4 and IL-13 released by Th2 stimulate MDSC arginase (ARG1) synthesis 638,645 . Accumulation of both NO and ARG1 strongly decrease the arginine reservoir in the microenvironment, an essential metabolite for T cell proliferation, survival (ROS accumulation) and anti-tumor activity (loss of CD3ξ signaling) 646-648 . Finally, MDSC can indirectly inhibit T cell function by stimulating Treg development 649 . Despite the direct mechanism is still unclear, microenvironment stimuli, such as IL-10 and IFNγ, have been reported to increase the expression of various costimulatory ligands (CD86, ICOSL, and PD-L1) on MDSC, and by consequence provide activating signals to Treg bearing CTLA-4, ICOS and PD1 649 .MDSC are also known to have a tight cross-talk with macrophages that ultimately leads to the latter to polarize into TAM 650 . In TME, MDSC release high levels of IL-10 which in one hand directly inhibiting T cells, and in the other hand stimulate macrophages to produce more IL-10 and less IL-12, thereby promoting TAM polarization 650 .

  754 . This leads to easy access to the TME for various immune cells, enhancing tumor immune escape, growth and dissemination. In a similar fashion, VEGF-C and -D can activate lymphatic endothelial cells leading to lymphangiogenesis 755 . Together with the standard blood vessels, lymphatic vessels have an important role in the organism and within the TME. Generally, lymphatic vessels are responsible to drain lymph (containing for instance excess of proteins) from different peripheral tissues to the lymph nodes (immunologic surveillance), as well as working like a priority lane leading immune cells to needed areas (e.g. due to inflammation)756,757 . When lymphangiogenesis is triggered within the TME, tumor cell can exploit the deep capillary ramification to disseminate metastasis in long distance758 . Furthermore, lymphatic endothelial cell overproliferation leads to immunological tolerance and pro-apoptotic signals against cytotoxic T cells 759 .

  For instance, TGF-β, released by Treg, has been shown to downregulate the chemokine receptor CXCR3 on CTL surface via upregulation of the inhibitory transcriptional factor mothers against decapentaplegic homolog 2 (SMAD2)806 . An alternative strategy is to take advantage of the negative regulation mechanisms involved in CD8 + T cell contraction phase. Persistent CTL stimulation with tumor antigen leads to a rapid upregulation of CTLA4, leading to CTL activity inhibition and apoptosis mediated by B7 proteins on cancer cells 807 .

  CD8 + T cells) to eradicate the threat 846 . In cancer instead, cellular composition and interactions at the inflamed TME are different. Indeed, tumor cells are able to change the chemokines composition in the TME, increasing the recruitment of suppressor cells, such as Treg, TAMs and MDSCs 846 . Respectively, in an ovarian cancer model, CCL22 and CCL28 are responsible to attract Treg (CCR4 + or CCR10 + ) at the tumor side inhibiting antitumor responses and sustain angiogenesis by VEGF release 553,847 . While TAMs and MDSCs have been shown to mainly react to CCL2, CCL5, CXCL5 and CXCL12, suppressing immune cells (e.g. NK) and release pro-tumor signals, such as iNOS and TGF-β 848-850 .

For

  many decades cancer research mainly focused on developing tumor cell specific treatments with the aim to successfully eliminate the roots of cancer. Despite all the efforts, tumor cells have the extraordinary ability to constantly evolve and adapt against multiple therapeutic strategies. Nowadays, it is common knowledge that a way tumor effectively elude treatment is also the exploitation of the surrounding cells which can shield cancer cells and protect them in many different ways. Thus, given how non-cancer cells support tumor growth, as well as cancer high dependency for TME stimuli, various alternative strategies have been suggested with the ultimate aim to block this communication and weaken tumor cells859 .Immune checkpoint blockade is a strategy largely applied for cancers presenting a highly immunosuppressive TME. Disrupting the inhibitory receptor-ligand signals has been shown to successfully reestablish immunocompetent microenvironment and effectively reduce tumor progression860 . For instance, this has been shown by Wierz and colleagues in CLL where animals treated with an anti-PD1/LAG3 combination showed significantly lower amounts of CLL in peripheral blood and spleen 485 . Furthermore, melanoma cells stimulated by IFNγ and IL-10 in the microenvironment express CD80 and CD86, known ligands for CTLA-4 on effector T cells, effectively eluding the tumor immune response and leading to T cell apoptosis861,862 . Based on this, different studies suggested anti-CTLA-4-blockade as a potential treatment for different type of cancers863,864 .

  represent a challenge mainly due to defects in APCs recruitment and activation871,872 , and little presence of effector immune cells within the TME[873][874][875][876] . Beyond this, different studies shown that, despite the presence of CD8 + T cells, anti-PD1 blockade in MM patients can fail due to intrinsic mutational status of the effector T cells, such as a senescent phenotype[877][878][879][880] .Given the immune-based therapies failure on cold tumors (low effector cell infiltration), and in case of anergic or senescent immune cells (non-reactive effector cells), further strategies have been established against the TME. Myeloid cells (e.g. MDSCs) represent one of the most abundant cellular component in the TME, majorly influencing immune cell activity and promoting tumor growth. Furthermore, myeloid cells possess great plasticity and can differentiate into either non-functional (e.g. immature DCs) or actively inhibitory cells (e.g. TAMs) 850 . Many studies have focused their attentions on the eradication of MDSCs from the TME. Nitroaspirin, used in colon carcinoma models, successfully inhibits MDSCs suppressive effects by inhibiting ARG1 and NOS2 881 .Expansion of MDSCs within the bone marrow (BM) can also be therapeutically targeted, this has been shown mainly by disrupting the receptor tyrosine kinase (c-Kit) signaling, essential stem-cell factor in the BM 882 . Downstream of this, it is possible to block directly MDSCs recruitment to the TME or trafficking to other peripheral lymphoid organs[883][884][885][886] .

  nonsteroidal anti-inflammatory drugs) in combination with standard cancer treatments can Despite falling out from the solid tumor category, blood cancers still present a niche (BM and secondary lymphoid organs) where tumor cells proliferate and interact with multiple accessory cells. The large majority of B-cell malignancies, including CLL, MM and follicular lymphoma, have a tight connection with the TME, and strongly rely on surrounding cell stimuli in order to survive and proliferate[896][897][898] .

WP1 1 )WP2 3 )

 13 Define a new reliable source of sEV, which would guarantee a better biological representation of sEV-based TME communication in vivo. This required the establishment of a novel protocol for sEV isolation from murine spleen. 2) Characterization of LME-sEV. Given sEV complexity, we decided to characterize them not only based on protein and RNA (miRNA) content but also on their surface molecular composition. Definition of LME-sEV impact on CLL development in vivo. To evaluate this, we had the necessity to establish a new mouse strain and perform extensive in vivo studies taking in consideration different aspect of mouse genetic. 4) Identification of LME-sEV putative targets in CLL microenvironment. The identification of LME-sEV target cells require both in vitro and in vivo studies, and the selection of T lymphocytes as cells of interest and focus. 5) Highlight potential LME-sEV molecular mechanisms on target cells. Cellular effects induced by LME-sEV were most likely due to multiple factors and mechanisms. Thus, based also on the current literature, we performed different in vitro and in vivo analysis on LME-sEV-targeted cells. Small extracellular vesicles (sEV) are nano-sized particles (30 to 150 nm) released by every cell and virtually found in any body fluid. Given their composition and abundance, sEV are commonly involved in cell-to-cell communication through the transfer of genetic material and proteins. Furthermore, sEV possess direct functions carried out by sEV-ligands that are able to affect the biological functions of targeted cells. The release of sEV and their cargo composition depend on the cellular and physiological context. In cancer, tumor-derived sEV are involved in the re-education of microenvironment cells promoting tumor proliferation, immune escape and metastasis. In line with this, multiple studies suggested that leukemia-derived sEV are involved in the re-education of surrounding cells and increased immune escape.

  subsequent calculation of exchange rates, the identical medium was incubated in 6 parallel wells throughout the experiment and analyzed in parallel to the medium samples. At time-point of metabolite extraction, cell number and volume was determined to calculate packed cell volume. For metabolite extraction, cells were collected and pelleted and the medium was stored to determine metabolites exchange rates. Collected medium samples were centrifuged at 350g for 5 min at 4°C. Medium supernatant was removed and stored at -80°C. The cell pellet was washed with cold 1X PBS. Next, 400μl ice-cold extraction fluid
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  Figure 1: Small EV are enriched in leukemic microenvironment
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 1 Figure 1. Small EV are enriched in leukemic microenvironment (A) mRNA expression of selected genes involved in sEV biogenesis and secretion in B cells from healthy donors (HC, n=9) and CLL patients (CLL, n=15)(GSE67640 dataset). (B) Small EV score based on sEV-related mRNA levels from panel A. (C) mRNA levels of representative genes extracted from panel A. (D-F) mRNA expression of selected genes according to IGHV mutational status. (G) Score combining the expression of Rab10, Rab35, and Rab40C according to IGHV mutational status (H) mRNA expression of selected genes involved in sEV biogenesis and secretion in B cells from C57BL/6 (WT) and Eµ-TCL1 mice (TCL1)(GSE175564 dataset). (I) Small EV score based on sEV-related RNA levels from panel F. (J-L) mRNA levels of 3 representative genes extracted from panel H. (M) Detailed protocol to isolate and purify sEV from spleen. (N) Number of live and dead cells recovered per spleen after dissociation. Cell viability is based on trypan blue counting. (O) Amount of proteins (in mg) recovered from LME-sEV (n=18) or HCME-sEV (n=10), normalized per gram of spleen. (P) Representative TRPS analysis of purified ME-sEV showing sEV size and concentration. (Q) Electron microscopy images of purified ME-sEV. (R) Immunoblot analysis of purified ME-sEV. (S) Intensity of CD63 and CD81 measured by "bead-based" flow cytometry on LME-sEV (n= 8) or HCME-sEV (n=2, isolated from independent pools of 5 C57BL/6 spleens). (T) HSNE clustering analysis of MB488 + LME-sEV based on CD63 and CD81 expression (left panel) and calculated percentages of combined expression (right panel). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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 4 Figure 4. LME-sEV impact CD8 + T cell transcriptome and proteome (A) Volcano plot showing DEG from CD8 + T cells treated for 48 hours with LME-(n=4) or HCME-sEV (n=3) with FDR < 0.05 and log2FC >1. (B) Unsupervised hierarchical clustering of DEG from panel A. (C) Hierarchical clustering of selected genes from panel B. (D) Volcano plot showing DEP from CD8 + T cells treated for 96 hours with LME-(n=3) and HCME-sEV (n=3) with FDR < 0.05 and log2FC >1. (E) Gzmb mRNA expression in CD8 + T cells treated for 48 hours with HCME-or LME-sEV. (F) GzmB and perforin levels measured by flow cytometry in CD8 + T cells treated for 48 hours with HCME-or LME-sEV. (G) Ontology analysis of DEP less abundant in CD8 + T cells treated with LME-sEV (from panel D). (H) miRNA levels measured using RT-qPCR in CD8 + T cells treated with HCME-or LME-sEV. (I) Interaction network miRNA-proteins depicting target prediction based on less abundant DEP (from panel D), and highlighting the miRNA transferred to CD8+ T cells (from panel H). (J) Volcano plot showing DEG in Tregs (YFP + ) treated for 24 hours with LME-(n=3) and HCME-sEV (n=3) with FDR < 0.05 and log2FC >1. (K) Unsupervised hierarchical clustering of DEG from panel J. *p<0.05, **p<0.01.

  Figure 5: LME-sEV decrease CD8 + T cell functions

Figure 5 .

 5 Figure 5. LME-sEV decrease CD8 + T cell functions (A) Cell viability of CD8 + T cells treated for 48 hours with LME-and HCME-sEV based on Zombie UV staining and assessed by flow cytometry (FC). (B) Percentages of CD62 -KLRG1 + CD8 + T cells upon treatment with LME-and HCME-sEV assessed by FC. (C) Analysis of ICP expression by FC on CD62 - KLRG1 + CD8 + T cells from panel B. HSNE clustering depicting treatments, cluster identity (C1-C11), and marker expression (PD1, TIM3, TIGIT, LAG3 and ICOS). (D) Unsupervised hierarchical clustering of clusters based on ICP expression. (E) Percentages of PD1 + TIM3 + ICOS + CD8 + T cells from cluster C1 (upper panel) and of PD1 + LAG3 + TIM3 + TIGIT + ICOS + CD8 + T cells from cluster C8 (lower panel). (F) Expression of ICP ligands on HCME-or LME-sEV quantified by bead-based FC. (G) Representative pictures of ICP ligand expression on single MB488 + CD20 + LME-sEV visualized by imaging FC. (H) HSNE clustering of MB488 + LME-sEV based on CD20, PD-L1, GAL9 and MHC-II expression analyzed by FC. (I) Percentage of PD-L1, GAL9 and MHC-II markers in combination on CD20 + LME-sEV based on panel H. (J) Analysis of cytokine expression by FC in CD8 + T cells treated for 48 hours with LMEand HCME-sEV. HSNE clustering depicting treatments, cluster identity (C1-C8), and marker expression (TNF-α, IL-2, and IFN-γ) (K) Unsupervised hierarchical clustering of clusters based on cytokine expression. (L) Percentage of polyfunctional CD8 + T cells producing combinations of cytokines (Clusters 2, 5 and 8). (M) Surface expression of CD39 and CD73 on single LME-sEV using FC. (N) Histogram plot showing CFSE + dividing CD8 + T cells treated with LME-sEV or LME-sEV + ATP (left panel), and percentage of dividing CD8 + T cells (right panel). *p<0.05, **p<0.01, ***p<0.001.

  Figure 6: LME-sEV modify CD8 + T cells in the microenvironment

Figure

  Figure 7: Small EV are crucial for CLL development in vivo

  Fig.5A). Interestingly, LME-sEV injection majorly rescued leukemia development to levels comparable to AT with TCL1 cells (Fig.8A-Band Suppl. Fig.5B), demonstrating the impact of LME-sEV on CLL development. Interestingly, treatment of TCL1-RAB27DKO leukemic cells with TCL1-sEV strongly impacted gene expression of several transcription factors important for B cell functions (Bach2 and Maf), proliferation (Aif1), and immunosuppressive capabilities (Cx3cr1) (Suppl. Fig.5C-D). The strong induction of the receptor Marco,

Figure 7 .

 7 Figure 7. Small EV are crucial for CLL development in vivo (A) Breeding strategy to generate the new TCL1-RAB27DKO mouse model. (B) PCR analysis of genomic DNA to detect the human TCL1 transgene and Rab27b excision in C57BL/6, TCL1 and TCL1-RAB27DKO mice. (C) Immunoblot analysis of RAB27A and RAB27B proteins in the same mice. (D) Percentage of CD19 + CD5 + CLL cells in the peripheral blood (PB) of TCL1 (n=35) or TCL1-RAB27DKO (n=12) mice over time. (E) Survival of mice from panel D and RAB27DKO mice (n=10). (F) Quantity of proteins recovered from LME-sEV (n=18) or LME-sEV TCL1-RAB27DKO (n=11) normalized per gram of spleen. (G) Unsupervised hierarchical clustering of DEP between LME-sEV TCL1-RAB27DKO (n=5) and LME-sEV (n=14). (H) Principal Component (PC) analysis based on DEP from panel G. (I) Volcano plot showing DEP between LME-sEV TCL1-RAB27DKO and LME-sEV with FDR < 0.05 and log2FC >1. (J) Protein ontology of DEP less abundant in LME-sEV TCL1-RAB27DKO (vs LME-sEV) based on panel G. **p<0.01, ***p<0.001, ****p<0.0001.
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 88 Figure 8: Small EV impair the anti-tumor immune response against CLL in vivo

  Volcano plot showing DEG between CD8 + T cells treated for 24 hours with LME-(n=3) and HCME (n=3) with FDR < 0.05 and log2FC >1. (B) Unsupervised hierarchical clustering of DEG from panel A. (C) Volcano plot showing DEP between CD8 + T cells treated for 24 hours with LME-(n=3) and HCME-sEV (n=3) with FDR < 0.05 and log2FC >1. (D) Ontology of DEP more abundant in CD8 + T cells treated with LME-and HCME-sEV based on Figure 4D. (E) Labelling of ADP and ATP generated from 13 Cglucose in CD8 + T cells treated for 96 hours with HCME-(n=6) or LME-sEV (n=5). (F) Fold changes in intracellular levels of metabolites detected in CD8 + T cells treated for 96 hours with HCME-(n=6) or LME-sEV (n=5) (G) miRNA levels measured using RT-qPCR in CD8 + T cells treated with HCME-or LME-sEV. (H) Volcano plot showing DEG between CD4 + Tconv cells treated for 24 hours with LME-(n=3) and HCME-sEV (n=3) with FDR < 0.05 and log2FC >1. (I) Unsupervised hierarchical clustering of DEG from panel G. (J) Ontology of DEG from panel G. (K) Volcano plot showing DEG between CD19 + B cells treated for 24 hours with LME-(n=3) and HCME (n=3) with FDR < 0.05 and log2FC >1. (L) Unsupervised hierarchical clustering of DEG from panel J. *p<0.05. Number of CD62 -KLRG1 + CD8 + T cells after 48 hours of treatment with LME-and HCME-sEV. **p<0.01. (B) Expression of ICP ligands on HCME-or LME-sEV quantified by bead-based FC. (C) Unsupervised hierarchical clustering of ICP receptor expression (MFI) on CD3 + T cells and non-CD3 + T cells derived from TCL1 leukemic spleens. (D) Surface expression of CD39 and CD73 on single LME-sEV analyzed by FC (grey, control staining). Principal Component (PC) analysis of CD8 + T cells isolated from spleens of mice treated with LME-or HCME-sEV for 1 week (from Figure 6A). (B) k-means clustering of the 2,500 most variables genes from Figure 6A followed by gene ontology analysis (IR immune response). (C-E) Volcano plots showing the absence of DEG with FDR < 0.05 and log2FC >1 in Treg (C) CD4 + T cells (D) and CD19 + B cells (E) isolated from spleens of mice treated with LME-or HCME-sEV for 1 week.

  Spleen weights of TCL1 and TCL1-RAB27DKO mice at euthanasia. (B) Histological analyses performed on C57BL/6, TCL1, and TCL1-RAB27DKO spleens. Scale bars: 500µm (up), 100µm (middle) and 50µm (down). (C) Protein ontology of DEP more abundant in LME-sEV TCL1-RAB27DKO (vs LME-sEV) based on Figure 7G. (D) Principal Component (PC) analysis based on DEP between HCME-sEV (n=3), LME-sEV (n=18) and LME-sEV TCL1-RAB27DKO (n=5) (identified by one-way ANOVA, FDR < 0.05). (E-F) Volcano plot (E) and heat map (F) showing DEG between CD5 + CD19 + leukemic cells from TCL1-RAB27DKO and TCL1 mice with FDR < 0.05 and log2FC >1. (G) Plots from preranked Gene Set Enrichment Analysis indicating a decrease in protein secretion in TCL1-RAB27DKO cells and the enrichment in gene sets driven by the transcription factors NF-κB, Myc, and Wnt/β-catennin. microenvironment sEV: why and howThroughout the decades, sEV isolation has been performed from two major sources: in vitro-derived conditional medium 987 and biofluids 988 . The first relies on the necessity to produce and collect sEV isolated from a single cell type. Indeed, once contaminations from fetal bovine serum (FBS)-derived sEV has been ruled out989 , what remains is a relatively homogeneous pool -because produced by one cell type -of sEV, which can be isolated in different ways (e.g. ultracentrifugation)990 . Isolating sEV from conditional medium is normally applied to characterize vesicles released by tumor cell lines, with the aim to identify possible key components involved in the disease.

  different flow cytometry-based strategies, we confirmed the presence of the two main sEV tetraspanins, CD63 and CD81, on the surface of our ME-sEV. In doing this, we established a protocol to analyze membrane marker combinations (up to 5 colors) on the surface of single LME-sEV. With this strategy we specifically visualized the distribution of CD63 and CD81 in combination to each other and, in accordance with the literature, we found up to are highly heterogeneous even when two highly common markers are taken in example. As a further detail of our setup, in flow cytometry analysis, as well as in vitro and in vivo ME-sEV studies, we used MemBright (MB) dye to fluorescently label our ME-sEV 952 . The advantage of this dye is that it turns fluorescent only when integrated in double lipid layer membranes. In particular, this exclude false positive signals given by other self-fluorescent lipid dyes (e.g. PKH)

  Considering the effect on CTL cells, PD1 pathway activation is physiologically used to regulate CD8 + T cell expansion by triggering their apoptosis during contraction phase 1024 . It is known that tumor cells expressing PD-L1 also favor CTL cell apoptosis, as well as inducing functional exhaustion1025,1026 . Furthermore, PD-L1/PD1 axis has been implicated in CD8 + T cell functionality dysfunction, for instance, by altering cytokine secretion1027 . In accordance with this data, we showed an increased apoptosis level when CD8 + T cell were treated in vitro with LME-sEV. While the remaining viable CD8 + T cells showed an effector phenotype (CD62L - KLRG1 + ) with significant upregulation of multiple ICP, including PD1. Furthermore, treatment with LME-sEV expanded CD8 + T cell subpopulations characterized by decreased cytokine release capability (e.g. IFNγ and IL-2).In CLL microenvironment, Treg represent an essential component that sustains the disease progression by maintaining CTL cells suppressed by different means 1028 . For instance, sEV released by Treg have been described to contain multiple molecules, such as the miRNA Let-7d and iNOS, involved in the decrease of T cell proliferation and activity (e.g. IFNγ production)1029,1030 . Furthermore, naïve T cells targeted by Treg-derived sEV have been shown to differentiate into Treg themselves, further boosting their number and suppressive potential 1030 . Concerning ICP-mediated regulation, PD1 has been previously described as a positive regulator for Treg 1031 . In particular, activation of PD1 pathway has been associated with a more stable Foxp3 expression, due to the endolysosomal protease asparagine endopeptidase (AEP) inactivation 1031 . Indeed, the latter is involved in the cleavage of Foxp3, and, in AEP absence, the frequency of Treg increases 1031 . Furthermore, it appears that a sustained PD-L1/PD1 axis activation on Th1 cells could favor their acquisition of a Treg-like phenotype 1032 .

  presence of MHC-I and II has been probably one of the first immune-related characteristics found on sEV. In particular, B cell release sEV enriched in MHC-II in view of a direct Th modulation6,213,214 . Normally, MHC-II on APC or APC-derived sEV is involved in the establishment of a correct and selective immune response against a foreign antigen by interacting with the TCR on CD4 + T cells 1050 . Although the purpose of MHC-II + sEV during cancer development is still under investigation, it is known that it could still being involved in the activation of pro-tumor Th cells (Th2). In accordance with other studies, our LME-sEV show an enrichment in MHC-II, which pathological function could be explained by focusing on CLL microenvironment cell composition. It is evident during CLL progressing a skew from Th1, producing IL-2, IFNγ and TNFβ, towards more pro-tumor Th2, responsible for L-4, IL-5, IL-6

  considerable changes in TR-compared with TCL1-derived sEV. For instance, immunemodulating (e.g. GAL9 and IL4I1) and tumor cell activating (e.g. NF-kB and CXCR5) proteins were depleted in TR-derived sEV. This suggests a decreased immune suppressive activity and tumor cell stimulation.Despite these interesting and encouraging results, doubts on the true reason of this phenotype could have been raised given to the nature of RAB27a and b KO. Indeed, in the original RAB27DKO model, intended to study platelet granule secretion, all cells lack RAB27a and b 950 . Thus, our TR mouse model also presents the same global knock-out in both CLL and microenvironment cells. Based on this, essential physiological processes, such as release of lytic granules in T and NK cells are also impaired, implying that TR mice are not fully immunocompetent. Interestingly, despite an overall reduced immune activity, TR CLL cells still required an extended time to properly expand. This suggest that, in order to properly sustain tumorigenesis, CLL cells require further sEV-mediated stimuli beyond being spared by the immune surveillance. For instance, Crompot and colleagues previously showed that sEV released from healthy BMSC rescue CLL in vitro apoptosis and increase as well leukemia cell migration potential 1107 . Interestingly, the same study demonstrated that the gene upregulation (e.g. CCL4) was not due to BMSC-sEV RNA or miRNA transfer, but rather a de novo transcription stimulation in CLL cells 1107 . Furthermore, we know that through the use of sEV, CLL cells actively convert surrounding stromal cells (e.g. MSCs) into CAF 143 , which in exchange sustain CLL development and immune evasion by different means. For instance, the transfer of miR-92 from CAF-derived sEV to tumor cells (e.g. breast cancer) leads to upregulation of PD-L1, while miR-4717-5p has been shown to mediate pyrimidine drug resistance in lymphoma cells1108,1109 .At the same time, BMSC under the influence of CLL-derived sEV release sEV which further enhance CLL cell migration and apoptosis resistance compared with sEV from healthy BMSC 1107 .
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CLL diagnosis and deaths based on age groups. 0 10 20 30 40 50

  CLL diagnosis for individuals younger than 20 year-old is extremely rare, while it progressively increases with age starting from 30. Despite CLL starts with an indolent behavior, it acquires new mutations and progressively increases its aggressiveness reaching high death rate in older patients. Despite this "linear" correlation, Montserrat and colleagues, and others, showed that life expectancy post CLL diagnosis for individual of 50 years is considerably shorter (12.3 years) compared with the control cohort (31.2 years)226,227 . This highlights even more the heterogeneity of CLL evolution given most likely not only by genetic alteration but individual predisposition. Data source: Epidemiology, and End Results

(SEER, http://seer.cancer.gov/) Figure 6.

  . Patient stratification is generally based on the Rai classification in USA, while Binet classification is more commonly used in Europe 232 . In particular, Rai classification takes in account the PB cellular composition together with the enlargement of secondary organs (e.g. lymph nodes)233,234 . On the other hand, Binet classification takes in account the number of affected lymphoid tissues and whether or not the patient shows anemia or thrombocytopenia235 . As example, an overview of the former and updated Rai stage classification can be found in Table3.

	2.2. Pre-CLL abnormalities
	About 12% of healthy adults, increasing up to 25% in people older than 70 years, can be
	affected by monoclonal B lymphocytosis (MBL) 236,237 . This asymptomatic condition is
	characterized by the progressive accumulation of monoclonal B cells in the PB, possibly
	resembling typical CLL cells (e.g. CD5 + CD23 + ) 231 . Patients affected by MBL can be classified in
	low count MBL (< 500 B cells/mL) or high count MBL (> 5000 B cells/mL) 238 . The latter is
	considered a pre-CLL malignancy as virtually all the high count MBL patients will develop
	CLL

Updated Rai stage Former Rai stage Criteria

  

	Low risk disease	Stage 0	B lymphocytes increase in the PB (>30%, lymphocytosis) with normal red blood cell and platelet counts. No detectable lymph nodes, spleen or liver enlargement.
		Stage I	Lymphocytosis with normal red blood cell and platelet counts, or slightly low. Lymph nodes show enlargement, but not spleen or liver.
	Intermediate		
	risk disease		Lymphocytosis with normal red blood cell and platelet counts, or
		Stage II	slightly low. Enlargement of spleen, while lymph nodes and liver
			may or may not be enlarged as well.
			Lymphocytosis with disease-related anemia (hemoglobin < 11g/dL),
		Stage III	and platelet count close to normal levels. Enlargement of secondary
			organs is not always noticeable.
	High risk		
	disease		. Furthermore, myeloid cells such as neutrophils and monocytes
	show defects in phagocytosis and bactericidal activity 262 . Beyond defects in immune cell Lymphocytosis with thrombocytopenia (platelet count < 100x10 9 /L),
	cytotoxic activity, the majority of CLL patients also show extensive decrease in immunoglobulin Stage IV with or without disease-related anemia. Enlargement of secondary
	(Ig) production, defined as hypogammaglobulinemia 263 . Immunoglobulin are essential organs is not always noticeable.
	molecules involved in immune response, principally by augmenting immune cell ability to
	recognize and get rid of potential pathogens (e.g. directing phagocytosis) 264 . This phenomenon
	is due to the physical interaction (via CD95/CD95L) between CLL cells and plasma cells, the
	major Ig producers, resulting in activation of pro-apoptotic signals for the latter 265 . Altogether,
	CLL patient immune system is highly compromised, and the risk of opportunistic infections is
	a common event. In line with this, CLL patients are often diagnosed with bacterial infections
	occurring in the lower respiratory tract, leading for instance to dangerous cases of pneumonia
	(e.g. S pneumonia) 266 . Decreased immuno surveillance also leads to reactivation of virus from
	previous infections, with herpes virus (e.g. H zoster) being the most recurrent 266 . At the same
	time, new viral infections have been associated with increase probability of RS transformation
	(e.g. Epstein-Barr virus) 266 .	
	Beyond an increased probability of infections, up to 25% of CLL patient will face
	autoimmune complications at certain point during the disease progression 267 . These are most
	likely due to Ig direct to self-antigens released by the few non-CLL B cells. For instance the
	most common autoimmune event in CLL is the autoimmune hemolytic anemia (AHA), driven
	by an aberrant response against the Rhesus (Rh) proteins carried by red blood cell 267,268 .

Table 3. Patient clinical classification based on Rai stages.

  

	Based on the updated Rai Stages, CLL and pre-CLL abnormalities can be divided into three major risk
	levels: low, intermediate and high.

  Jeromin et al., alterations such as SF3B1 mutations, del11q and IGHV-UM status have been associated to decrease TTFT, while considering direct TP53 alteration (rather than del11q) positively correlate with poor OS 363 . The study conducted byNadeu et al., despite considering a lower number of patient, has the advantage of considering mainly early diagnosed cases. Both the studies,Jeromin et al. and Nadeu et al., identified the impact of SF3B1 on TTFT, while, together with TP53 correlate with OS prognosis363,364 . Finally, Rossi et al. highlighted the importance of applying different approaches in the analysis of CLL cells aberrations. Particularly, fluorescence in situ hybridization (FISH) on a large cohort of patient, revealed that within two different subgroups, being one of about 20% and that was previously considered under good prognosis, was associated with high risk 351 . All these different prognostic scores reveal the complexity required to categorize CLL patients.

Abbreviations: MAX gene associated (MGA) and F-box/WD repeat-containing protein 7 (FBXW7).

  Despite this, NK infiltration does not always correlate with other cancers prognosis 591 , thus, NK role and efficacy in the TME is sometimes still under debate529 . Concerning this, it appears that NK cells mainly affect circulating cancer cells 592 , which are not structurally protected and enclosed within the TME593,594 .Beyond a structural barrier, tumor cells might be further protected from NK by different supporting cells in the TME. Released by Treg, TGF-β highly affects NK by inhibiting IFNγ production and NKp30 and NKG2D expression595,596 . Furthermore, TGF-β is also known to block NK cytokine stimulation by interacting with serine and threonine kinase mTOR, thus efficiently leading to anergic phenotype535,597 . The balance of different NK subtypes is also something to take in consideration when NK are actually detected in TME598 . Cell composition and the presence of intratumoral tertiary lymphoid structures (TLS) in the TME lead to an accumulation of chemokines, such as CXCL9 and CXCL10, promoting the migration of NK CD56 bright CD16 low rather than CD56 dim CD16 high 599,600 . The latter are characterized by the typical cytotoxic activity (e.g. release of perforin granules) while NK CD56 bright behave similarly to Th releasing cytokines (IFNγ and TNFα) to support surrounding cells 599 .

. While low presence or decrease activity of circulating NK has been correlated with cancer cell dissemination 590 .

  . It appears that MSCs gather on injured sites (almost undetectable in uninjured tissues) and are able to modulate the local immune response[711][712][713] . In cancer, MSCs role is still under debate due to different contrasting studies which show MSCs potential to either enhance or reduce tumor growth and spreading. These discrepancies are majorly given by a strong MSC immune regulatory activity and, potentially, an involvement in tumor escape.Concerning pro-tumor activities, MSCs have been shown to modulate immune response by inhibition of CD8 + , CD4 + T cell and NK cell activation and proliferation, as well as DC maturation[714][715][716][717][718] . At the same time, MSCs are able to recruit Treg within the TME 719 . To achieve

this, MSCs secrete several inflammatory signals, such as PGE2, iNOS, IFNγ, IL-10 and TGF-β, that directly or indirectly enhance tumor-immune escape

[720][721][722][723][724] 

. MSCs have been reported to also release VEGF in the TME, leading to increase in local angiogenesis and thus, tumor growth

710,725,726 

. Finally, together with proangiogenic factors, chemokines released by MSCs (e.g. CCL5) enhance tumor dissemination 727 .

Turning our attentions to the MSC anti-tumor activity, major effector is the Dickkopfrelated protein-1 (DKK-1) normally released by MSCs and responsible to inhibit Wnt signaling pathway in tumor cells (e.g. breast cancer)

728,729 

. It is evident that DKK-1 is not the only player involved in MSCs anti-cancer activity, indeed siRNA against DKK-1 only partially reduced tumor growth inhibition. At the same time, other signature molecules (e.g. AKT and PTEN) have been reported to change in tumor cells treated with MSCs, but the rational of this is still under investigation

[730][731][732] 

.

Table 5 . CLL microenvironment cellular components.
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		CXCL12	CXCR4	Migration and drug resistance	905
		VCAM-1	VLA-4	MSC interaction and cobblestone-like	905-907
		HA and MPP	CD44	structure formation	
		Wnt5a	ROR1	Pro-survival signals	909
		CXCL12 CXCL13	CXCR4 CXCR5	Migration and drug resistance	901,925
	NLCs	APRIL BAFF	BCMA BAFF-R	Pro-survival signals	932,933
		CD31	CD38	Proliferation signals	
	FDCs	CXCL13 HA	CXCR5 CD44	Migration and drug resistance Pro-survival and activation signals	925 935
	Treg T cells	IL-4 CD40L	IL-4R CD40	Pro-survival signals	944 945

  San Diego, CA, USA) following the manufacturer's instructions. The isolated B and CLL cell populations contained at least 90% of CD19 + or CD19 + CD5 + double positive cells respectively.

	YFP/Cre mice (for Treg isolation) and rapidly transferred in a tube containing PBS (without Ca 2+ /Mg 2+ ). Splenocytes isolation was performed by mechanical spleen dissociation through a 100µM strainer (BD Biosciences) and cells were recovered by centrifugation (400g, 4°C, 10 min). Cell pellet was resuspended in ACK lysing solution (Lonza) to lyse red blood cells. Finally, splenocytes were washed in MACS buffer Manuscript Materials and Methods following the manufacturer's instructions. The isolated T cell population contained at least 95% of CD8 + T cells. CD8 + T cells were cultured in anti-CD3 coated wells (10µg/ml) in RPMI1640 medium supplemented with 10% Fetal Bovine Serum (FBS), 1% Penicillin/Streptomycin (P/S), IL-2 (10ng/ml), CD28 (3µg/ml) and β-Mercaptoethanol (50µM). Depending on experiment duration, cells were fed with fresh medium every 48 hours. For intracellular cytokine production, cultured CD8 + T cells were stimulated overnight with PMA/ionomycin (100nM/1µM) and incubated for a maximum of 4 hours with Brefeldin A (BFA, 1X). CD4 + T cells were isolated by negative selection using the MojoSort™ Mouse CD4 T Cell Isolation Kit (Biolegend, San Diego, CA, USA) following the manufacturer's instructions. The isolated T cell population contained at least 95% of CD4 + T cells (comprising CD4+ Tconv cells and Treg). CD4 + T cells were cultured in anti-CD3 coated wells (10µg/ml) with RPMI1640 medium supplemented with 10% FBS, 1% P/S, IL-2 (10ng/ml), and β-Mercaptoethanol (50µM). Depending on experiment duration, cells were fed with fresh medium every 48 hours. B/CLL cells were (Miltenyi Biotec), filtered through a 50µM strainer (Celltrics, Sysmex) and counted. CD3 Results isolated by negative selection using the MojoSort™ Mouse Pan B Cell Isolation Kit II (Biolegend,
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+ T cells

were isolated by negative selection using the MojoSort™ Mouse CD3 T Cell Isolation Kit (Biolegend, San Diego, CA, USA) following the manufacturer's instructions. The isolated T cell population contained at least 95% of CD3 + cells. CD8 + T cells were isolated by negative selection using the MojoSort™ Mouse CD8 T Cell Isolation Kit (Biolegend, San Diego, CA, USA)

Table 1 . List of antibodies used for surface and intracellular staining of cells and sEV.

 1 performed two-way ANOVA followed by Bonferroni's multiple comparison test. The unpaired t test was used for the rest of the figures. A p-value lower than 0.05 was considered statistically significant. Significance displayed in each figure is explained in figure legends.

	Results

-8C), we

  pathway has been described in cetuximab-resistant head and neck cancer model, where the co-expression of TIM3 and PD1 led to TIL proliferation, despite the epidermal growth factor receptor (EGFR) inhibition 1055 .Altogether, in accordance with these data, TIM3 upregulation and stimulation is responsible for TIL expansion and conventional immunotherapy resistance. Based on our ICP ligand screening, LME-sEV are highly enriched in Galectin-9 (GAL9), which could ultimately sustain TIL expansion in CLL microenvironment. Beyond this, GAL9 has been reported to stimulate MDSC formation in the microenvironment of nasopharyngeal carcinoma 1056 . Based on this scenario, it is possible that GAL9 + LME-sEV would stimulate MSDC further inhibiting CD8 + T cell by stimulating Treg development 649 . Interaction of MSDC and Treg in the TME would be sustained by a positive stimulatory loop between the two. In fact, IL-10 released by Treg has been reported to induce the expression of costimulatory ligands on MDSC (e.g. ICOSL, and PD-L1), providing activation signals to Treg bearing ICOS and PD1 649 .

  Chiorazzi, N. & Ferrarini, M. B cell chronic lymphocytic leukemia: lessons learned from studies

	of	the	B	cell	antigen	receptor.	Annu	Rev	Immunol	21,

  .4049/jimmunol.1202693 (2013). Almand, B. et al. Increased production of immature myeloid cells in cancer patients: a

								modulates the chemokine receptor
	repertoire doi:10mechanism	of of	human immunosuppression resting	NK	in	cells. cancer.	J	J	Immunol Immunol	190, 166,	5321-5328,

Proc Natl Acad Sci U S A 97,3028-3033, doi:10.1073/pnas.040557697 (2000).
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Discussion and Perspectives

The work of this thesis addresses the role of sEV in CLL pathogenesis. By using sEV isolated from CLL microenvironment (murine spleen) and performing different in vitro and in vivo studies, we achieved the following results: 1) Spleen is an excellent source of sEV released by leukemia and microenvironment cells.

2) Comparison with HCME-sEV revealed that LME-sEV have a specific protein cargo profile and are enriched in specific miRNAs. Furthermore, CLL-derived sEV represent a considerable proportion of the total LME-sEV and carry multiple ICP combinations.

3) Deficiency in LME-sEV release strongly affects CLL development.

4) Different T cell subsets progressively take up LME-sEV both in vitro and in vivo. Title : Impact of small extracellular vesicles on anti-tumor immunity in chronic lymphocytic leukemia in vivo Keywords : Small extracellular vesicles, exosome, CLL, tumor microenvironment, tumor immune escape Abstract : Small extracellular vesicles (sEV) are nanosized particles known for their implications in cell-tocell communication. In cancer, tumor-derived sEV are responsible for the re-education of surrounding healthy cells, promoting tumor proliferation, immune escape and metastasis. In our study, we focused for the first time on the functional characterization of leukemia microenvironment-derived sEV (LME-sEV) by isolating small vesicles directly from the spleen of pre-clinical leukemic mice (Eµ-TCL1). First, we deeply characterized LME-sEV by proteomics analysis and by single-particle flow and imaging cytometry, and identified immune checkpoint molecules. Then, our results show that LME-sEV are essential for chronic lymphocytic leukemia (CLL) development in vivo, and their absence strongly impacts tumor development and progression.

Given

the highly immunosuppressive microenvironment in CLL, we focused our attention on LME-sEV impact on lymphocytes. Our data showed that LME-sEV are able to actively decrease CD8+ T cell anti-tumor activity both in vivo and in vitro by impacting transcriptomic and proteomic profile and transferring miRNA. These lead to a diminished synthesis of pro-inflammatory cytokines, to the expression of exhaustion markers and to a decrease cytotoxic activity. Altogether, our data demonstrate for the first time that LME-sEV play a key pro-tumoral role in vivo and suggests that LME-sEV negatively modulate the anti-tumor immune response.