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Objectifs et approches

Dans cette étude, pour la première fois, nous avons disséqué la complexité du TME dans la LLC murine et humaine afin d'identifier de nouvelles cibles potentielles pour une approche immunothérapeutique. À cette fin, nous avons utilisé une technologie de pointe, la cytométrie de masse (CyTOF), pour caractériser en détails les sous-populations de cellules immunitaires au sein du TME de la LLC. Introduction lymphocytic leukemia (CLL) and its therapeutic targeting. CLL represents a complex disease, in which leukemic cells co-evolve and constantly interact with the immune system. Therefore, to understand pathogenic mechanisms underlying CLL development, an expanded comprehension of tumor immunology is required. In this context, the first chapter of the introduction will outline basic principles of tumor immunology including the concept of immunoediting, which describes the role of the immune system in tumor development, ranging from inhibiting tumor growth (anti-tumoral) to favoring tumor growth (pro-tumoral). Moreover, the section "tumor immunotherapy" will describe current approaches modulating the immune system during tumor development.

Résultats

Then, the second chapter of the introduction will specifically focus on CLL. In particular, it will provide a detailed review of CLL clinical aspects including manifestation, diagnosis, prognosis and current treatment options as well as CLL pathogenesis. At the end of the second chapter, the preclinical Eµ-TCL1 CLL mouse model used in this work will be introduced.

I. Tumor immunology

Concept of immunosurveillance and immunoediting

Since P. Ehrlich, awarded in 1908 for the Nobel Prize in Physiology and Medicine, first suggested that the host immune system represents a natural defense against arising neoplastic cells in the body 1 , the idea of immunological control of tumors was born. Several decades later, based on findings from tumor transplantation models, L. Thomas and M.F. Burnet formulated the concept of immunosurveillance, which states that the immune system is able to recognize antigens expressed on tumor cells and to efficiently eliminate developing tumors 2 . Indeed, tumor cells can be immunogenic and can induce an immune reaction. However, studies over the last years demonstrated that this immunological elimination of tumors is only part of a larger dynamic process, which has been called cancer immunoediting 3 . The concept of immunoediting refers to the fact that the immune system has a two-faced role in tumor control, it can limit, but also promote tumor development 4 .

Usually, immunoediting consists of 3 phases: elimination, equilibrium and escape 4 , which are also called "the 3 Es" 5 , and will be described more in detail in the following sections.

Elimination (Immunosurveillance)

The elimination phase represents the first part of the immunoediting concept and describes the immunosurveillance of cancer. In this phase, there is a complex interplay between cells of the innate and adaptive immune system to induce effective destruction of arising neoplastic cells before they develop into clinical apparent tumors 5 . This interplay is essential for effective anti-tumor immunity and for the fight against cancer. The innate immune system represents the first line of defense. Innate immune responses are immediate and independent of tumor antigens. In contrast, the adaptive immune response is tumor-specific and requires prior priming and activation by tumor antigens. In a first step, natural killer (NK) cells, which are the main effector cells of innate anti-tumor immunity, recognize tumor cells and induce direct cell lysis. Furthermore, innate dendritic cells (DCs) capture antigens released from dead tumor cells and initiate the so-called "Cancer-Immunity Cycle", a stepwise and dynamic process leading to the amplification of immune-stimulatory factors and ending up in effective anti-tumor T cell responses 6 (Figure 1). Upon maturation, DCs migrate to tumor draining lymph nodes (tdLNs) and present tumor antigens on their surface via major histocompatibility complex (MHC) I and II molecules to naïve T cells inducing T cell priming and effector T cell activation.

As T cells are part of the adaptive immune system, DCs represent the essential bridge between innate and adaptive anti-tumor immune responses. Once activated, CD8 + cytotoxic T lymphocytes (CTL) infiltrate into tumors, specifically recognize and bind to tumor cells and induce their killing 6 . In late stages of tumor development, during the escape phase, the Cancer-Immunity Cycle is dysregulated at one or multiple levels and thus effective killing of tumor cells is inhibited. 

NK cell mediated cytotoxicity

NK cells are innate effector lymphocytes that develop from common lymphoid progenitors in the bone marrow (BM) and can be found in lymphoid but also non-lymphoid tissues (e.g. in the liver). The importance of NK cells in anti-tumor immunity was illustrated in the 1980s by the fact that patients with defects in NK cell function were unable to control tumor growth 7 . NK cells exhibit important cytotoxic and secretory functions and are one of the major players in cancer immune surveillance.

Unlike other lymphocytes, NK-cell mediated killing of target cells is antigen-independent. Instead, NK cells are able to distinguish between "self" and "non-self" by integrating signals from a variety of activating and inhibitory receptors on their surface that engage with respective ligands on target cells 8 . For example, inhibitory receptors such as the killer immunoglobulin-like receptors (KIRs) KIR2DL and KIR3DL as well as the C-type lectin receptors CD94/NKG2A/B interact with MHC I, which is expressed on all nucleated cells, and suppress NK cell function thus preventing "self" attack. Also, the engagement of immune checkpoints (ICs) such as Programmed Death 1 (PD1), cytotoxic T lymphocyte-associated protein 4 (CTLA-4), T cell immunoglobulin and Mucin domain containing 3 (TIM3) and T cell immunoreceptor with Ig and ITIM domains (TIGIT) transduce inhibitory signals to NK cells dampening their function 9 . In contrast, lack of MHC I and stimulation of activating receptors such as KIRs, NKG2D, DNAX Accessory Molecule 1 (DNAM-1) and the natural cytotoxicity receptors (NCRs) NKp30, NKp44 and NKp46 induce the cytotoxic and secretory functions of NK cells. Once activated, NK cells show direct cytotoxicity towards cancer cells by different pathways. First, NK cells form immune synapses with their target cells releasing preformed granules with perforin (membrane-disrupting protein) and granzymes (proteolytic enzymes) and thus induce cell lysis 10 .

Second, NK cells express the death ligands FasL and Tumor Necrosis Factor Related Apoptosis Inducing Ligand (TRAIL), which bind to the receptors Fas (CD95) and TRAIL-R, respectively, on target cells and thus trigger caspase-dependent apoptotic cell death. Third, NK cells express the Fc receptor CD16 that can bind to the Fc part of antibodies coating target cells and thus exhibit antibodydependent cell cytotoxicity (ADCC) 11 . In addition to their cytotoxicity, NK cells also show secretory functions by producing chemokines such as CCL3 and CCL4 11 as well as pro-inflammatory cytokines such as interferon gamma (IFNγ) and tumor-necrosis factor alpha (TNFα) and thus shape the innate and adaptive anti-tumor responses 12,13 .

The "Cancer-Immunity Cycle"

Release of tumor antigens

The "Cancer-Immunity Cycle", which ends up in effective destruction of tumor cells, involves an antigen-specific T cell response and for this, recognition of "non-self", i.e. tumor antigens are required.

In general, tumor antigens can be classified into tumor-specific antigens (TSAs), tumorassociated antigens (TAAs) and cancer/testis antigens (CTAs) 14 .TSAs, also called neoantigens, are not encoded in the normal host genome and derive from oncogenic viral proteins or proteins with somatic mutations. As these mutated proteins mostly derive from "driver" or "bystander mutations" that caused the initial oncogenic transformation of the cell, cancer cells are not able to downregulate TSAs. Thus, TSAs are "ideal" antigens, as they are tumor cell-restricted and not expressed on normal cells. The first TSAs MUM-1 and CDK4 were detected in human melanoma 15,16 , and based on this, recent work is focusing on the design of personalized neoantigens vaccines as treatment 17 . TAAs are encoded in the normal host genome and represent either overexpressed antigens such as Wilms tumor 1 (WT-1) in leukemic cells 18 and HER2/NEU in breast cancer cells 19 , or tissue differentiation antigens such as melanocyte-specific gp100 20 and MART-1 21 in melanoma. Finally, CTAs are cancer germline antigens and are highly expressed in testis and fetal ovaries, but not in healthy somatic cells 22 . As these cells normally do not express any MHC molecules, expression of CTAs on tumor cells is recognized as "non-self". The first CTA, MAGE-1, has been described in human melanoma by Van der Bruggen 23 . Another example of CTA is Receptor Tyrosine Kinase Like Orphan Receptor 1 (ROR1), an oncofetal antigen that is expressed on the surface of malignant cells in CLL 24 .

Importantly, proteins from damaged cells such as heat shock proteins (HSPs) 25 and cellular debris from dying tumor cells (apoptotic or necrotic) can be also recognized as tumor antigens and presented by DCs 26,27 .

DC migration and antigen (cross-) presentation

As the most potent antigen-presenting cells (APCs), DCs represent the essential link between innate and adaptive immune response and constitute the basis of the "Cancer-Immunity Cycle" 6 . After development from monocyte-dendritic progenitors (MDP) and common DC progenitors (CDP) in BM, they differentiate into two main subsets, classical/conventional DCs (cDCs) and plasmacytoid DCs (pDCs) 28 . cDCs are further classified into cDC1 and cDC2, which differ in their transcription factor (TF) and cytokine dependency 29 . Migratory cDC1 are important activators of the CTL response and are critical for anti-tumor immunity 28 . cDC1, which are characterized by expression of CD103 in mice (alias BDCA3 or CD141 or Thrombomodulin in humans), represents the major DC population transporting tumor antigens in a CCR7-dependent manner to LNs and priming CD8 T cells by crosspresentation 30 . Cross-presentation is the process, by which internalized exogenous antigens are presented via MHC I, and is fundamental for efficient CD8 + T cell priming [START_REF] Schiavoni | Type I Interferons as Stimulators of DC-Mediated Cross-Priming: Impact on Anti-Tumor Response[END_REF] . Indeed, several in vivo studies in mice demonstrated that despite their low abundancy in the TME CD103 + cDC1 have profound effects on T cell priming and growth control of highly immunogenic tumors [START_REF] Hildner | Batf3 deficiency reveals a critical role for CD8alpha+ dendritic cells in cytotoxic T cell immunity[END_REF][START_REF] Broz | Dissecting the Tumor Myeloid Compartment Reveals Rare Activating Antigen-Presenting Cells Critical for T Cell Immunity[END_REF] . Moreover, CD103 + cDC1 infiltration in tumors correlates with better prognosis for patients [START_REF] Broz | Dissecting the Tumor Myeloid Compartment Reveals Rare Activating Antigen-Presenting Cells Critical for T Cell Immunity[END_REF] and better response to immunotherapy [START_REF] Salmon | Expansion and Activation of CD103(+) Dendritic Cell Progenitors at the Tumor Site Enhances Tumor Responses to Therapeutic PD-L1 and BRAF Inhibition[END_REF] . Additionally, intratumoral CD103 + cDC1 express CXCL9 and CXCL10 and thereby recruit effector CD8 + T cells to the tumor [START_REF] Spranger | Tumor-Residing Batf3 Dendritic Cells Are Required for Effector T Cell Trafficking and Adoptive T Cell Therapy[END_REF] . The role of other DC subsets in anti-tumor immunity is less clearly defined. In physiological conditions, cDC2, which are characterized by expression of CD11b in mice (alias BDCA2 or CD303 or CLEC4C in humans), are specialized in presenting internalized antigens on MHC II to activate CD4 + T cells 29 . They are also present in tumors, but their function remains poorly understood [START_REF] Broz | Dissecting the Tumor Myeloid Compartment Reveals Rare Activating Antigen-Presenting Cells Critical for T Cell Immunity[END_REF] . pDCs show rather pro-tumoral effects and their infiltration correlates with poor prognosis in melanoma [START_REF] Li | Disease-Associated Plasmacytoid Dendritic Cells[END_REF] . However, they also exhibit anti-tumoral effects by secreting large amounts of IFNγ thus enhancing cross-presentation and shaping the adaptive immune response 28 . Recently, two other DC subsets, Monocyte-derived inflammatory DCs (inf-DC) and TNF/iNOS-producing DCs (TIP-DCs) were associated with anti-tumoral functions by activating both CD4 + and CD8 + T cells [START_REF] Kuhn | Monocyte-Derived Dendritic Cells Are Essential for CD8(+) T Cell Activation and Antitumor Responses After Local Immunotherapy[END_REF][START_REF] Marigo | T Cell Cancer Therapy Requires CD40-CD40L Activation of Tumor Necrosis Factor and Inducible Nitric-Oxide-Synthase-Producing Dendritic Cells[END_REF] .

T cell priming and regulation of the T cell response

Differentiation of naïve T cells (Tn) into effector T cells (Teff), which can kill tumor cells, needs prior activation by antigen-presenting DCs. This activation, also called T cell priming, is initiated by a specific interaction of the T cell receptor (TCR) with antigenic peptide -MHC I/II complexes on DCs, and guides the specificity of the T cell response. Usually, CD8 + T cells recognize endogenous antigens presented via MHC I complexes, and CD4 + T cells recognize exogenous antigens presented via MHC II molecules. As mentioned above, the adaptive immune response in tumors is mainly mediated by CTLs, and therefore cross-presentation, where CD8 + T cells recognize (exogenous)

tumor antigens via MHC I (instead of MHC II), plays a critical role. After DC migration to tdLNs, T cells and antigen-presenting DCs come in close contact and form a tight junction, called immunological synapse (IS) [START_REF] Dustin | The immunological synapse[END_REF] . The IS provides a platform integrating multiple signals and thus acts as a "controller" that increases T cell sensitivity or decreases strong T cell signals [START_REF] Huppa | T-cell-antigen recognition and the immunological synapse[END_REF] .To regulate the immune response, the IS includes three types of receptors: (1) TCR (antigen receptor), ( 2) adhesion molecules and

(3) ICs [START_REF] Dustin | The immunological synapse[END_REF] . Indeed, the composition and interplay of these receptors within the IS as well as their signaling determine the output, i.e. the amplitude and quality of the immune response [START_REF] Dustin | The immunological synapse[END_REF] . It is important to note that not only the receptors but also the presence of cytokines play a critical role in regulating the T cell response.

T cell receptor (TCR)

The TCR of Tn is composed of one α and one β subunit from the immunoglobulin (Ig) gene superfamily and interacts with both the MHC and its associated peptide [START_REF] Lanzarotti | Identification of the cognate peptide-MHC target of T cell receptors using molecular modeling and force field scoring[END_REF] . During T cell development in the thymus, TCR genes are rearranged thus creating a high TCR diversity, and T cells with selfreacting TCRs either undergo apoptosis or generate suppressive regulatory T cells (Tregs) [START_REF] Dustin | The immunological synapse[END_REF] .

Moreover, the TCR forms a complex with CD3 dimers and immunotyrosine activation motifs (ITAMs) that are required for intrinsic catalytic activity [START_REF] Birnbaum | Molecular architecture of the alphabeta T cell receptor-CD3 complex[END_REF] . Stimulation of the TCR induces signaling cascades that result in T cell proliferation, migration, cytokine production and effector functions. Briefly, the TCR complex recognizes and binds to its cognate antigenic peptide in the pocket of MHC I or II, and in parallel, the co-receptors CD8 or CD4 bind to MHC I or MHC II, respectively, thus causing recruitment of the Src-family tyrosine lymphocyte kinase (Lck) and phosphorylation of ITAMs. When phosphorylated, the tyrosine kinase zeta-associated protein of 70 kDa (ZAP70) is recruited and activates multiple adaptor and effector molecules leading to induction of signaling pathways such as mitogen-activated protein kinase (MAPK) and nuclear factor κB (NFκB) [START_REF] Gaud | Regulatory mechanisms in T cell receptor signalling[END_REF] .

Adhesion molecules

Adhesion molecules such as integrins and selectins expressed on T cells are important to stabilize signaling interactions within the IS [START_REF] Dustin | The immunological synapse[END_REF] . For example, the lymphocyte function-associated antigen-1 (LFA-1; CD11a) binds to the ligand intercellular adhesion molecule-1 (ICAM-1) on DCs and provides a stop signal for migration of T cells [START_REF] Dustin | Antigen receptor engagement delivers a stop signal to migrating T lymphocytes[END_REF] . Indeed, ICAM-1 is upregulated during DC maturation by inflammatory cytokines such as TNFα, IL1β and IFNγ [START_REF] Dustin | The immunological synapse[END_REF] . LFA-1-ICAM-1 interaction also transduces a co-stimulatory signal to T cells and promotes their production of IL-2 [START_REF] Harjunpaa | Cell Adhesion Molecules and Their Roles and Regulation in the Immune and Tumor Microenvironment[END_REF] . Other adhesion molecules expressed by T cells are LFA-2 (CD2) and LFA-3 (CD58) [START_REF] Dustin | The immunological synapse[END_REF] , among others.

Immune checkpoints

ICs are co-stimulatory or co-inhibitory molecules that are required for fine-tuning of the immune response including regulation of T cell response during T cell priming [START_REF] Pardoll | The blockade of immune checkpoints in cancer immunotherapy[END_REF] . Depending on the balance between co-stimulatory and co-inhibitory signals transduced by ICs, T cells become activated or inhibited following TCR engagement. Thus, ICs guide the functional outcome of the T cell response and are considered as modulators of the immune response. More specifically, without co-stimulation, Tn enter in a state of hypo-responsiveness, also called T cell anergy, whereas without co-inhibition, hyper-activated Teff can cause auto-inflammation and auto-immunity by attacking selfcomponents. To date, multiple co-activating and co-inhibitory ICs have been identified, and they are not only expressed on T cells, but also on other immune cells such as NK cells and myeloid cells.

However, ICs show a high diversity in terms of expression, structure and function [START_REF] Chen | Molecular mechanisms of T cell co-stimulation and co-inhibition[END_REF] . An overview of the diversity of co-activating and co-inhibitory ICs is depicted in Figure 2. Most of the co-stimulatory and co-inhibitory ICs belong to the immunoglobulin (Ig) superfamily or to the tumor necrosis factor receptor (TNFR) superfamily. The first identified co-stimulator, which is imperative for T cell activation, is CD28 from the Ig superfamily. CD28 binds to the ligands B7-1 (CD80) or B7-2 (CD86) on DCs and subsequent CD28 signaling in T cells induces IL-2 production, which is important for their survival [START_REF] Linsley | Binding of the B cell activation antigen B7 to CD28 costimulates T cell proliferation and interleukin 2 mRNA accumulation[END_REF] . Inducible T cell co-stimulator (ICOS) represents another essential co-stimulatory IC from the Ig superfamily that regulates T cell priming [START_REF] Dong | ICOS co-stimulatory receptor is essential for T-cell activation and function[END_REF] . ICOS structurally resembles CD28, but both have distinct signaling pathways and non-redundant effects on T cell activation [START_REF] Wikenheiser | ICOS Co-Stimulation: Friend or Foe?[END_REF] . ICOS, whose expression is induced in T cells following antigen-specific TCR engagement, binds to ICOSL (B7-H2) on DCs, and thereby regulates T cell proliferation and polarization of CD4 + T helper (Th) cells [START_REF] Wikenheiser | ICOS Co-Stimulation: Friend or Foe?[END_REF] . Co-stimulatory ICs from the TNFR superfamily are for example Glucocorticoid-induced TNFR family related gene (GITR; CD357), 4-1BB (CD137) and OX40 (CD134). Classically, they display pro-inflammatory activities and are involved in T cell clonal expansion and survival [START_REF] So | Tumor necrosis factor/tumor necrosis factor receptor family members that positively regulate immunity[END_REF] . In contrast, cytotoxic T lymphocyte associated protein 4 (CTLA4, CD152)

represents an inhibitory IC from the Ig superfamily. Similarly to ICOS, CTLA4 also structurally resembles CD28 and binds to the same ligands CD80 and CD86 [START_REF] Alegre | T-cell regulation by CD28 and CTLA-4[END_REF] . CTLA4 is mainly intracellular and its surface expression is limited in a clathrin-dependent manner [START_REF] Chuang | Interaction of CTLA-4 with the clathrin-associated protein AP50 results in ligand-independent endocytosis that limits cell surface expression[END_REF] , but upon TCR engagement, surface CTLA4 is rapidly stabilized and binds to CD80 and CD86 with a much higher affinity than CD28. Thus, CTLA4 outcompetes CD28 and interferes with CD28 signaling resulting in inhibition of IL-2

production [START_REF] Krummel | CD28 and CTLA-4 have opposing effects on the response of T cells to stimulation[END_REF] and T cell cycle arrest [START_REF] Walunas | CTLA-4 can function as a negative regulator of T cell activation[END_REF] . PD1 (CD279) represents one of the most prominent IC with pleiotropic functions in the regulation of the T cell response. PD1, which belongs to the Ig superfamily, is absent on Tn, but its expression is induced in primed T cells [START_REF] Sharpe | The diverse functions of the PD1 inhibitory pathway[END_REF] . Following TCR engagement, PD1

expression is positively regulated by TFs such as Forkhead box protein O1 (Foxo1), and negatively regulated by TFs such as T-bet [START_REF] Salmaninejad | PD-1/PD-L1 pathway: Basic biology and role in cancer immunotherapy[END_REF] , but epigenetic modulations are also involved in PD1 regulation [START_REF] Youngblood | Chronic virus infection enforces demethylation of the locus that encodes PD-1 in antigenspecific CD8(+) T cells[END_REF] .

Additionally, TCR-independent mechanisms of PD1 regulation have been described [START_REF] Utzschneider | T cells maintain an exhausted phenotype after antigen withdrawal and population reexpansion[END_REF] . Importantly, PD1 is expressed heterogeneously on different T cell subsets (initially activated T cells, Teff, memory T cells, Tregs, exhausted T cells) and shows different functions depending on the T cell differentiation stage and its environment [START_REF] Sharpe | The diverse functions of the PD1 inhibitory pathway[END_REF] . In the context of initially activated T cells, PD1 binds to the ligands PD-L1 (CD274; B7-H1) or PD-L2 (CD273; B7-DC) on DCs and inhibits TCR and CD28 signaling to attenuate the T cell response and to prevent auto-inflammation [START_REF] Sharpe | The diverse functions of the PD1 inhibitory pathway[END_REF] . Upon PD1 -PD-L1/2 engagement, the intracellular domain of PD1 interacts with the phosphatase SH2 domain-containing protein tyrosine phosphatase (SHP2), which inhibits several kinases such as ZAP70 and RAS (TCR signaling) and phosphoinositide 3-kinase (PI3K, CD28 signaling). Consequently, the action of several TFs (e.g. NFκB, NFAT) that are involved in T cell proliferation, growth and survival is suppressed [START_REF] Salmaninejad | PD-1/PD-L1 pathway: Basic biology and role in cancer immunotherapy[END_REF] (Figure 3). On the contrary, PD1 expression on Tregs promotes their development and expansion, and confers immune suppressive capacities [START_REF] Gianchecchi | Inhibitory Receptors and Pathways of Lymphocytes: The Role of PD-1 in Treg Development and Their Involvement in Autoimmunity Onset and Cancer Progression[END_REF] . Moreover, PD1 is highly expressed on exhausted T cells (Tex), which have reduced effector functions, and therefore initially served as "exhaustion marker". However, this has been revised, as PD1 is also present on activated T cells and important for their proper function [START_REF] Sharpe | The diverse functions of the PD1 inhibitory pathway[END_REF] . Notably, CTLA4 negatively regulates T cell function in an early phase of T cell activation, whereas PD1 acts at a later stage [START_REF] Salmaninejad | PD-1/PD-L1 pathway: Basic biology and role in cancer immunotherapy[END_REF] . Similar to PD1, Lymphocyte-activation gene 3 (LAG3; CD223) is upregulated on activated T cells and inhibits T cell responses [START_REF] Lui | LAG-3: a very singular immune checkpoint[END_REF] , but is also essential for maximal Treg suppressive function [START_REF] Huang | Role of LAG-3 in regulatory T cells[END_REF] . LAG3 is a homolog of the co-receptor CD4 and binds to MHC II, but also shows unique structural domains [START_REF] Ruffo | Lymphocyte-activation gene 3 (LAG3): The next immune checkpoint receptor[END_REF] .

LAG3 expression is induced on CD4 + Tconvs and CD8 + T cells, but is constitutive on Tregs [START_REF] Ruffo | Lymphocyte-activation gene 3 (LAG3): The next immune checkpoint receptor[END_REF] . Upon TCR stimulation, LAG3, which is intracellularly stored in lysosomes, translocates to the cell surface and binds to MHC II, but with a higher affinity than CD4 [START_REF] Bae | Trafficking of LAG-3 to the surface on activated T cells via its cytoplasmic domain and protein kinase C signaling[END_REF] . Interestingly, surface LAG3 can be cleaved by disintegrin and metalloproteinases (ADAM) 10 and 17 and thus can be released as a soluble form (sLAG3) [START_REF] Li | Biochemical analysis of the regulatory T cell protein lymphocyte activation gene-3 (LAG-3; CD223)[END_REF] . Although sLAG3-MHC II interaction on tumor cells can prevent their apoptosis [START_REF] Shapiro | Lymphocyte activation gene 3: a novel therapeutic target in chronic lymphocytic leukemia[END_REF] , the exact function of sLAG3 remains elusive. Moreover, LAG3 can bind to the ligands liver sinusoidal endothelial cell lectin (LSECtin) and fibrinogen-related protein 1 (FGL-1), which are overexpressed in some cancer types, including melanoma [START_REF] Andrews | Inhibitory receptors and ligands beyond PD-1, PD-L1 and CTLA-4: breakthroughs or backups[END_REF] . TIGIT is a member of the poliovirus receptor (PVR)/nectin family, a subset of the Ig superfamily [START_REF] Manieri | TIGIT: A Key Inhibitor of the Cancer Immunity Cycle[END_REF] , and represents another IC that is involved in the regulation of both the adaptive immune response via T cells and the innate immune response via NK cells and APCs [START_REF] Anderson | Lag-3, Tim-3, and TIGIT: Co-inhibitory Receptors with Specialized Functions in Immune Regulation[END_REF] . Analogous to the CTLA4/CD28 pathway, TIGIT is upregulated on activated T cells and NK cells and competes with the costimulatory IC DNAM-1 (CD226) and CD96 (Tactile) for binding to the ligands CD155 (PVR) and CD112 (PVRL2), but with a much higher affinity [START_REF] Joller | Treg cells expressing the coinhibitory molecule TIGIT selectively inhibit proinflammatory Th1 and Th17 cell responses[END_REF] . Such as PD1 and LAG3, TIGIT signaling in Teff and NK cells suppresses their proper function by inhibiting NFκB and PI3K activation [START_REF] Solomon | TIGIT: a novel immunotherapy target moving from bench to bedside[END_REF] , whereas TIGIT signaling in Tregs confers a suppressive phenotype [START_REF] Joller | Treg cells expressing the coinhibitory molecule TIGIT selectively inhibit proinflammatory Th1 and Th17 cell responses[END_REF] . Indeed, TIGIT predominantly suppresses anti-tumor immunity rather through its action on Tregs than on Teff [START_REF] Kurtulus | TIGIT predominantly regulates the immune response via regulatory T cells[END_REF] .

Moreover, together with other co-inhibitory ICs, TIGIT is highly expressed on and marks exhausted T cells [START_REF] Blackburn | Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors during chronic viral infection[END_REF] . Finally, TIGIT modulates APCs by direct phosphorylation of CD155 on DCs and subsequent inhibition of IL-12 and activation of IL-10 production [START_REF] Yu | The surface protein TIGIT suppresses T cell activation by promoting the generation of mature immunoregulatory dendritic cells[END_REF] . TIM3 is another important IC regulating T cell responses. Similar to other ICs, TIM3 is expressed on multiple cell types including T cells, myeloid cells and NK cells, but unlike "conventional" ICs such as PD1 and LAG3, TIM3 is deficient of inhibitory signaling motifs in its cytoplasmic tail [START_REF] Wolf | TIM3 comes of age as an inhibitory receptor[END_REF] . During physiological T cell activation, TIM3, which locates in lipid rafts, interacts with the HLA-B-associated transcript 3 (BAT3) and maintains T cell activation by recruitment of the tyrosine kinase Lck [START_REF] Wolf | TIM3 comes of age as an inhibitory receptor[END_REF] . Upon binding of the ligands soluble lectin Galectin 9 (Gal9)

and carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM-1), BAT3 is released and consequently, TIM3 recruits the tyrosine kinase FYN resulting in suppression of TCR signaling. TIM3 can also bind to the receptor phosphatases CD45 and CD148 thereby leading to disruption of the IS [START_REF] Clayton | T cell Ig and mucin domain-containing protein 3 is recruited to the immune synapse, disrupts stable synapse formation, and associates with receptor phosphatases[END_REF] . Other identified ligands of TIM3 are Phosphatidylserine (PtdSer) and High-mobility group protein B1 (HMGB1) [START_REF] Wolf | TIM3 comes of age as an inhibitory receptor[END_REF] . Notably, like LAG3, TIM3 also exists as a soluble form generated by the cleavage of ADAM10 and ADAM17 [START_REF] Moller-Hackbarth | A disintegrin and metalloprotease (ADAM) 10 and ADAM17 are major sheddases of T cell immunoglobulin and mucin domain 3 (Tim-3)[END_REF] . Alongside its function in suppressing T cell function, TIM3 shows high coexpression with other inhibitory ICs including PD1 on exhausted T cells. On the contrary, TIM3 expression on Tregs is associated with enhanced suppressive activity [START_REF] Sakuishi | TIM3(+)FOXP3(+) regulatory T cells are tissue-specific promoters of T-cell dysfunction in cancer[END_REF] .

Taken together, ICs are key modulators of both innate and adaptive immune responses and have different effects depending on their expression pattern. In the elimination phase of cancer immunoediting, co-inhibitory and co-activatory ICs are in balance to ensure optimal T cell priming by DCs and consequent cytotoxicity towards tumor cells on the one side, and to avoid an overactivation and consequent auto-inflammation on the other side. However, during the escape phase, expression patterns of ICs can be altered and the balance shifted towards co-inhibitory ICs that consequently induces immune suppression and dysfunctional anti-tumor responses.

In summary, T cell priming by DCs represents a complex mechanism that is tightly controlled adapted to the environment. Efficient T cell priming induces changes in the cell cycle, in the transcriptome and in the metabolism of Tn that finally result in the acquisition of an effector phenotype. Moreover, T cell priming not only leads to activation of antigen-specific T cells, but also to their proliferation and clonal expansion.

T cell trafficking and infiltration into tumors

After T cell priming in LNs, activated T cells need to migrate into the TME to re-encounter their cognate (tumor) antigens and thus T cell trafficking and infiltration into tumors are fundamental for an effective anti-tumor T cell response. In general, depending on the extent of T cell infiltration, tumors are classified as T cell-inflamed "hot tumors", "immune-excluded" tumors or non-inflamed "cold tumors". In contrast to cold tumors, hot tumors are characterized by type I interferon expression and a chemokine profile that attracts T cells and DCs to the tumor site [START_REF] Yam | The Ins and Outs of Chemokine-Mediated Immune Cell Trafficking in Skin Cancer[END_REF] . In immune-excluded tumors, immune cells aggregate at tumor boundaries, but cannot enter the tumor core [START_REF] Kather | Topography of cancer-associated immune cells in human solid tumors[END_REF] . T cell infiltration correlates with improved survival and response to immunotherapy in many cancer types including epithelial ovarian cancer, colorectal cancer and melanoma [START_REF] Zhang | Intratumoral T cells, recurrence, and survival in epithelial ovarian cancer[END_REF][START_REF] Galon | Type, density, and location of immune cells within human colorectal tumors predict clinical outcome[END_REF][START_REF] Fridman | The immune contexture in human tumours: impact on clinical outcome[END_REF] .

The trafficking and infiltration of T cells is mainly mediated by the interaction between chemokines and their receptors and is regulated depending on T cell activation stage as well as on microenvironmental cues [START_REF] Lanitis | Mechanisms regulating T-cell infiltration and activity in solid tumors[END_REF] . Chemokines, released by host and tumor cells within the TME, recruit and activate immune cells including T cells, thereby affecting anti-tumor immunity and therapeutic outcomes of patients [START_REF] Nagarsheth | Chemokines in the cancer microenvironment and their relevance in cancer immunotherapy[END_REF] . However, it is important to note that chemokines can also directly act on tumor cells, thereby promoting tumor proliferation, survival and metastasis [START_REF] Nagarsheth | Chemokines in the cancer microenvironment and their relevance in cancer immunotherapy[END_REF] . According to their function, chemokines are classified to be homeostatic or inflammatory. Homeostatic chemokines promote Tn motility within primary (e.g. thymus) and secondary (e.g. LNs) lymphoid tissues during immunosurveillance, whereas inflammatory chemokines play a key role in directing activated T cells to the site of inflammation (including cancer) after antigen presentation [START_REF] Lanitis | Mechanisms regulating T-cell infiltration and activity in solid tumors[END_REF] . Movement of Tn within lymphoid tissues is mediated for example by the homeostatic chemokine (C-C motif) ligands (CCL)

19 and 21, and chemokine (C-X-C motif) ligand (CXCL) 12 released by stromal cells, more specifically by fibroblast reticular cells (FRCs) [START_REF] Lammermann | Rapid leukocyte migration by integrin-independent flowing and squeezing[END_REF][START_REF] Bajenoff | Stromal cell networks regulate lymphocyte entry, migration, and territoriality in lymph nodes[END_REF] . In contrast, DC-activated T cells upregulate several chemokine receptors that enable the exit from lymphoid tissues and the entry into inflamed tissues. Importantly, they upregulate the chemokine receptors CCR5 [START_REF] Gonzalez-Martin | Maximal T cell-mediated antitumor responses rely upon CCR5 expression in both CD4(+) and CD8(+) T cells[END_REF] and CXCR3 interacting with CCL5 and the Th1type chemokines CXCL9 and CXCL10 [START_REF] Nagarsheth | Chemokines in the cancer microenvironment and their relevance in cancer immunotherapy[END_REF] , respectively. CXCL9 and CXCL10 expression is induced by IFNγ, which is released by NK cells in the TME, and promotes CXCR3 + T cell migration towards the tumor [START_REF] Mikucki | Non-redundant requirement for CXCR3 signalling during tumoricidal T-cell trafficking across tumour vascular checkpoints[END_REF] . CXCL9 and CXCL10, but also CCL5 expression levels have been correlated with increased T cell infiltration in tumors [START_REF]Obstacles to T cell migration in the tumor microenvironment[END_REF] . In addition to chemokines, also adhesion molecules that mediate direct cell-cell interactions are implicated in supporting T cell migration [START_REF] Lanitis | Mechanisms regulating T-cell infiltration and activity in solid tumors[END_REF] . An important role in this process is attributed to the LFA-1-ICAM-1 axis, as already mentioned in section 1.2.3. (Adhesion molecules).

This interaction supports T cells on both the surface of DCs during T cell priming, and on tumor cells during CTL attack [START_REF] Lanitis | Mechanisms regulating T-cell infiltration and activity in solid tumors[END_REF][START_REF] Anikeeva | Distinct role of lymphocyte function-associated antigen-1 in mediating effective cytolytic activity by cytotoxic T lymphocytes[END_REF] . Finally, also the tissue structure affects T cell motility. Within the TME of melanoma, lung and breast cancer, T cells are mainly detected in stromal regions that are similar to reticular fiber networks of lymphoid organs and that, by their structural and chemical properties allow the fast migration of T cells [START_REF] Dieu-Nosjean | Tertiary lymphoid structures, drivers of the anti-tumor responses in human cancers[END_REF] .

T cell effector functions

Anti-tumoral CD8 + T cells

Diverse subsets of CD8 + T cells are present in the TME. Indeed, antigen cross-presentation via MHC I and T cell priming by DCs generates both memory (Tmem), i.e. central memory (TCM) and effector memory (TEM), CD8 + T cells, as well as CTL, i.e. Teff, and several differentiation models exist explaining their development and occurrence [START_REF] Henning | Epigenetic control of CD8(+) T cell differentiation[END_REF] . For example, the hierarchical or linear model describes that, depending on the signal intensity and duration, there is a progressive differentiation from CD8 + Tn to terminal Teff, with TEM and TCM being an intermediate stage [START_REF] Gattinoni | T memory stem cells in health and disease[END_REF] . During this process, which is regulated by epigenetic mechanisms as well as TFs [START_REF] Henning | Epigenetic control of CD8(+) T cell differentiation[END_REF] , the terminal effector phenotype is acquired step by step and proceeds through several memory phenotypes. Moreover, according to this linear model, terminal differentiated Teff represent the final differentiation stage and thus normally undergo apoptosis, but they have also the possibility to enter an exhausted T cell stage as observed during chronic antigen stimulation [START_REF] Henning | Epigenetic control of CD8(+) T cell differentiation[END_REF] . In contrast, the circular model claims that Teff differentiate into TCM and TEM and de-differentiate back into Teff [START_REF] Henning | Epigenetic control of CD8(+) T cell differentiation[END_REF] . As Tn, Teff, TCM and TEM represent different phenotypes, they can be discriminated according to the expression of specific markers. Tn in mice typically highly express CD62L (L-Selectin), which is required for T cell homing in LNs. In contrast, murine Teff loose CD62L expression and gradually acquire CD44 expression, which is important for T cell activation and migration. Additionally, in humans, Tn highly express CD45RA, whereas Tmem acquire CD45RO expression [START_REF] Tomiyama | Differentiation of human CD8(+) T cells from a memory to memory/effector phenotype[END_REF] . Finally, Teff highly express functional markers such as granzyme B, perforins as well as IFNγ, which modulates the immune response [START_REF] Andersen | Cytotoxic T cells[END_REF] .

CTL-mediated killing of tumor cells

Teff have cytotoxic properties and therefore are named CTLs. CTLs are the main effector cells in antitumor immunity and similarly to NK cells, CTLs directly induce apoptosis in tumor cells by two different mechanisms, or indirectly shape the immune response by secreting cytokines. In the TME, following re-encountering of their cognate antigens presented on tumor cells via MHC I, CTLs directly induce caspase-dependent apoptosis by engagement of the death ligand FasL with the Fas receptor (CD95) on the tumor cell. Additionally, CTLs are able to mediate direct cytotoxicity by the release of perforins and granzymes from pre-synthesized cytotoxic granules [START_REF] Martinez-Lostao | Help for cytotoxic-T-cell responses is mediated by CD40 signalling[END_REF] . Furthermore, CTLs produce the inflammatory cytokine TNFα that induces apoptosis in tumor cells, as well as IFNγ that enhances antigen presentation and target cell lysis by upregulation of MHC I and Fas (CD95) on target cells [START_REF] Andersen | Cytotoxic T cells[END_REF] . However, other functions are rather pro-tumoral and will be described in the section 2.2.3. ("The role of cancer-associated myeloid cells in the TME").

Anti

The role of other immune cells in anti-tumor immunity

Macrophages

Macrophages are innate, tissue-resident cells with important phagocytic and antigen-presenting capacities. During embryogenesis, they develop from erythro-myeloid progenitors (EMPs) in the yolk sac 113 and colonize all tissues throughout the body. Additionally, in adults, they also differentiate from 

Equilibrium

In the elimination phase tumor cells are effectively killed by the interplay of the innate and adaptive immunities. However, the action of the immune system exerts a Darwinian pressure on tumor cells and thus leads to the generation and selection of poorly immunogenic tumor clones (immunoselection), which are able to survive and escape from immunosurveillance 119 . This phase, in which the immune system edits the cellular immunogenicity of tumor cells, is characterized by a co-existence of immune and tumor cells, and a state of tumor dormancy is reached 4 . As there is a balance between immunosurveillance of highly immunogenic tumor cells and escape of poorly immunogenic tumor cells, the tumor does not yet become clinically detectable 120 .

Escape (Immunoevasion)

The process of immunoselection in the equilibrium phase leads to the development of new tumor variants that enter into the final escape phase. The escape phase is characterized by a complex network of tumor cells and surrounding immune and stromal cells, which form the TME. Dynamic cellular interactions and feedback mechanisms within the TME allow edited tumor cells to escape from immune elimination, to survive and finally to grow. Thus, the tumor becomes clinically apparent.

"Immune escape" represents one of the hallmarks of cancer 121 and different escape strategies are exploited by edited tumor cells to impair effective anti-tumor immune responses.

Avoidance of immune recognition and immune cell stimulation

As Thus, tumor cells are also able to escape NK cell attack. 

Establishment of an immunosuppressive TME

Tumors

The role of PD-L1/PD1 axis in the TME

Physiologically, PD-L1, as dominant ligand for PD1, is constitutively expressed on immune cells such as DCs and macrophages 126 , but also on non-immune cells such as on liver cells, reticular fibroblasts, mesenchymal stem cells and vascular endothelial cells 127 . Interestingly, aberrant PD-L1 expression by tumor cells and thus enhanced PD-L1/PD1 signaling in the TME is frequently observed and represents a marker of poor prognosis in many cancer types [128][129][130][131] . For example, overexpression of PD-L1 has been reported in multiple human solid tumors such as pancreatic cancer, esophageal cancer and ovarian cancer [132][133][134] as well as in hematological tumors including CLL, follicular lymphoma In summary, exploitation of the PD-L1/PD1 axis in the TME enables tumor cells to escape immune surveillance and to establish an immunosuppressive TME, and thus represents a prominent target for immunotherapy. Indeed, PD-L1/PD1 blockade is evaluated in more than 1,000 clinical trials and showed successful activity in several solid cancer types including melanoma 174,175 , NSCLC 176 , RCC 177 , urothelial cancer 178 and HNSCC 179 . In B cell lymphomas, PD-L1/PD1 blockade produced variable results in clinical trials, ranging from low response rates in CLL to high response rates in HL 180 . 

The role of Tregs in the TME

Definition and context

Tregs in cancer

The first evidence that Tregs protect cancer cells from destruction by immune cells was brought in 1999 by Shimizu et al who showed that depletion of CD25 The metabolism of tumor-infiltrating Tregs is characterized by decreased use of glucose, enhanced mitochondrial oxidative phosphorylation (OXPHOS) and a high utilization of lactate 240 . Thus, as they show a higher mitochondrial activity, they generate high amounts of ROS, which induces their apoptosis. Importantly, apoptotic Tregs display an even more suppressive phenotype than their nonapoptotic counterparts due to enhanced conversion of ATP into immunosuppressive adenosine by the ectonucleotidases CD39 and CD73 241,242 .

Mechanisms of Treg accumulation in the TME

First

Taken together, accumulation of Tregs within the TME is preferentially due to the recruitment of tTregs than the conversion from Tconvs into iTregs. Once recruited to the tumor site, tTregs become strongly activated by self-antigens presented by tumor cells and consequently clonally expand and proliferate.

Nevertheless, iTregs induced and maintained by several extrinsic and intrinsic mechanisms, can also be found within the TME. Finally, due to the selective pressure of the TME, tumor-infiltrating Tregs undergo molecular changes (e.g. metabolic reprogramming) that result in their increased stability and their enhanced immunosuppressive functions.

The role of cancer-associated myeloid cells in the TME

Cancer-associated myeloid cells including MDSCs and TAMs represent one of the most important "protector" cells of the TME, as they harbor immunosuppressive functions that inhibit anti-tumor immunity 107 . They are not detectable in healthy individuals, but present in cancer patients 243 .

As already mentioned in section 1.3. ("The role of other immune cells in anti-tumoral immunity"), in physiological conditions, myeloid cells derive from several hematopoietic progenitor cells in the BM.

In the setting of cancer, MDSCs and TAMs derive from the same BM progenitors, but differentiate Overall, MDSCs and TAMs strongly contribute to immune suppression in cancer. Due to their high phenotypic heterogeneity, they exhibit diverse functions depending on their tissue location 256 .

T cell exhaustion in cancer

Definition

In general, the infiltration of T cells in the TME, mainly CD8 + T cells, is associated with good prognosis for patients [START_REF] Fridman | The immune contexture in human tumours: impact on clinical outcome[END_REF] . However, these tumor infiltrating lymphocytes (TILs) are often dysfunctional and unsuccessful in eliminating tumor cells. Besides anergy and senescence, exhaustion represents one of such a dysfunctional state of T cells 257 .

Tex were first described by Zajac and Gallimore in 1998 as "non-responding or hyporesponsive CD8 + T cells" that arise due to chronic antigen stimulation in the context of chronic lymphocytic choriomeningitis virus (LCMV) infection 258,259 . Several years later, CD8 + Tex have been also identified in both solid and hematological tumors including melanoma 260 , ovarian cancer 261 , HL 262 and CLL 263 , and they have been associated with immune dysfunction and immune suppression in the TME. By deep profiling studies, it became clear that Tex represent a distinct cell lineage, such as Teff and Tmem, with a unique phenotype and with different subsets 264,265 that fail to control tumor growth. Thus, the elucidation of features and drivers of cancer-associated T cell exhaustion as well as the attempt to reverse Tex to a functional effector state (reinvigoration) by immunotherapy are currently "hot topics" in the field of tumor immunology.

Features of exhausted T cells

Following the process of cell differentiation, Tex display a lineage-specific cellular and functional phenotype that differ from the one of Teff and Tmem. and the most prominent is PD1. Initial evidence that high PD1 expression is associated with T cell exhaustion was obtained by the observation that PD-L1/PD1 blockade partially restored T cell effector functions 270 and thus PD1 has been defined as "exhaustion marker". However, PD1 is also highly expressed on activated T cells ("activation marker") and Tex can also exist in the absence of PD1 271 . Moreover, Tex display high expression of other ICs such as TIGIT, LAG3, TIM3 and CTLA4 [START_REF] Blackburn | Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors during chronic viral infection[END_REF]272 . In fact, rather the quality and quantity of IC expression, i.e. the specific IC expression pattern, than only high PD1 expression is associated with the severity of exhaustion and thus "PD1 as exhaustion marker" has been replaced by "co-expression of multiple ICs". In parallel, chromatin analysis revealed that Tex display a stage-specific epigenetic landscape.

Additionally

Indeed, more than 6,000 differentially accessible chromatin regions associated with transcriptional activity were identified by ATAC sequencing 285 . Notably, the PD1 locus is transiently demethylated in activated Teff, but fully demethylated in Tex, and thus PD1 is constitutively expressed [START_REF] Youngblood | Chronic virus infection enforces demethylation of the locus that encodes PD-1 in antigenspecific CD8(+) T cells[END_REF] . Furthermore, activity of the DNA methyltransferase (Dnmt3a), i.e. de novo methylation, is responsible for silencing effector functions in Tex 286 . This specific epigenetic imprinting in Tex underlines that exhaustion is a controlled form of differentiation 287 . Additionally, the exhausted-specific epigenetic landscape represents a hurdle in immunotherapy, as it prevents T cell reinvigoration during PD1 blockade 286 , but combination with epigenetic modulators such as valproic acid, a histone deacetylase inhibitor, or the DNA demethylating agent 5-aza-2′deoxycytidine (decitabine) showed promising effects in restoring effector functions 286,288 .

Changes in metabolic pathways also represents a feature of Tex. While Tn mainly use OXPHOS that sufficiently generates energy for the quiescent state 289 , Teff metabolically shift to aerobic glycolysis in order to produce ATP, which is required for their bio-energetically costly effector functions 290,291 . Tmem are characterized by returning to OXPHOS and by utilizing mitochondrial fatty acid oxidation (FAO) for their survival 292 . In contrast, Tex show dysregulated metabolic pathways, as reflected by decreased glucose uptake and utilization, and thus suppressed glycolysis, and by increased anabolic pathways 293 . A strong link between PD1 expression and alterations in metabolic pathways has been established. In particular, by interfering with the PI3K/Akt/mTOR pathway, PD1 suppresses glycolysis and promotes FAO 294 .

In line with this, Bengsch et al. reported that loss of mitochondrial function is due to PD1-mediated inhibition of the transcriptional coactivator PGC-1α, and that overexpression of the latter improved effector functions 293,295 .

Drivers of T cell exhaustion

The key driver of T cell exhaustion (illustrated in Figure 5) is chronic antigen persistence and consequent sustained TCR stimulation. However, also other drivers, which are mainly of 

Subsets and heterogeneity of Tex

Like the effectormemory T cell lineage, Tex follow a continuous developmental trajectory with different phenotypic and functional intermediate states 305 (Figure 6). So far, two main subsets have been discovered, namely (1) stem cell-like progenitor and (2) terminal Tex, and they are transcriptionally and epigenetically distinct from Teff and Tmem 269 . Initially, Tex were described as descendants of Teff, but recently, the key finding that KLRG1 + Teff are unable to differentiate into Tex disproved this hypothesis 306 . However, while the existence of these two subsets and their hierarchy have been now clearly established, their exact origin and initial development remains elusive. In one model, after T cell priming, a common precursor, the so-called CD127 + memory precursor T cell pool (MPEC), develops, which then differentiates, following chronic TCR stimulation, into progenitor Tex 306 . Progenitor Tex have a high self-renewal potential in order to maintain the exhausted phenotype and a high dependency on Tcf1 expression 283,307 . Additionally, they are characterized by intermediate expression of PD1 (PD1 int ), high expression of CD44 (CD44 hi ), expression of CXCR5 (CXCR5 + ) and low expression of Eomes (Eomes lo ) [START_REF] Blackburn | Coregulation of CD8+ T cell exhaustion by multiple inhibitory receptors during chronic viral infection[END_REF]278,308 .

Moreover, progenitor Tex show lower expression of inhibitory ICs 264 . Notably, within tumors, the progenitor Tex subset is responsible for the response to PD1 blockade 309 and, as such, can be functionally restored 305 . In contrast, terminally differentiated Tex represent rather a "fixed state", due to its epigenetic fixation, that cannot be functionally reversed by PD1 blockade 310 . They reflect 

Mass cytometry (CyTOF) as a tool to dissect TME complexity

The characterization of immune cell phenotypes ("immunophenotyping") represents a key approach in the field of immunology to understand the complex nature of expression patterns in leukocytes. In the recent years, advances in single-cell analysis technologies as well as the improvement of computational methods allowed the exploration of the immune system and the elucidation of molecular interactions at single-cell resolution in health and disease. Among these technologies, mass cytometry (also known as Cytometry by Time-of-Flight; CyTOF) represents a single-cell proteomic technique that uses heavy metal stable isotopes instead of fluorochromes as tags for antibodies. As heavy metal isotopes have a minimal overlap, it enables the simultaneous measurement of multiple parameters (more than 40) within each single cell, and thus overcomes the limitation of traditional flow cytometry 311 . As such, mass cytometry has been widely implemented in translational research to define, characterize and quantify (rare) immune cell populations and linked biomarkers. Indeed, mass cytometry allows the dissection of the phenotypic heterogeneity of immune cells in many malignancies including cancer. By mass cytometry, several groups characterized the immune cell landscape in numerous types of both solid tumors such as lung cancer, RCC and HCC [312][313][314] , and haematological tumors including MM and AML 315,316,317 

II. Tumor immunotherapy

As already described in section I. ("concept of immunosurveillance and immunoediting"), the immune system has a dual role in anti-tumor immunity, detecting and eliminating tumor cells on the one hand, but supporting immune escape of tumors by exhibiting selective pressure on tumor cells on the other hand. Based on the studies of escape mechanisms, immunotherapy evolved as a new weapon against cancer. In an early phase, immunotherapy emerged solely as a therapeutic

alternative, but nowadays it appears on the frontline in the treatment of cancer and it refle cts clinical reality. Immunotherapy represents a therapeutic approach that aims to overcome immune escape mechanisms by manipulation of the immune system. In contrast to conventional therapies, it involves targeting the immune system, rather than the tumor cells themselves. More specifically, the goal of immunotherapeutic interventions is to alleviate immune suppression by induc ing a novel and/or reactivate a preexisting anti-tumor response 320 . As the immune system is a highly complex arrangement consisting of multiple actors, immunotherapeutic targets are diverse and thus, different types of immunotherapy exist. They all have in common that they rely on the host's immune system, but based on their specificity, they can be broadly divided into antigen-specific and non-antigen-specific methods 321 . Antigen-specific methods require the knowledge of the antigen, for which a specific immune response is aimed, and the most representatives of this type include systemic and in situ vaccination, tumor targeting antibodies (Abs), and adoptive cellular therapy (ACT) 321 . In contrast, non-antigen-specific methods are of wide, sometimes unknown specificity, including cytokine therapy or treatment with inhibitors of immunosuppressive metabolism. However, the most representative of this group refers to immune checkpoint blockade (ICB).

Antigen-specific interventions

Cancer vaccination

The first vaccination has its roots in 1796 and was employed by Edward Jenner, who succeeded to protect ("immunize") a young boy from the infectious disease smallpox by repeated inoculation with cowpox 322 . Nowadays, vaccination immunizes millions of people against infectious diseases and found its way into cancer therapy. The principle of vaccination in cancer consists of the transfer of "vaccines" in order to stimulate T cell responses de novo, i.e. prime Tn. As already described in section 1. 339 . In this context, their anti-neoplastic activity is mediated by Fc-dependent recruitment of effector immune cells such as NK cells or macrophages and by activation of the complement system 340,341 . As such, the prominent anti-CD20 mAb (Rituximab) gained approval by the FDA for the treatment of CLL and nHL 342 . In addition, recent studies focus on the generation of so-called bispecific T cell engagers (BiTEs). In this approach, two single-chain variable fragments from distinct mAbs are linked, one of which targets specific tumor antigens, and the other targets the T cell-specific CD3/TCR complex to provide stimulatory signals. Hence, BiTEs redirect T cells to tumor cells and mediate T cell-dependent lysis of tumor cells 343 . The first BiTE Blinatumomab, which is composed of CD3-CD19 antibody fragments, showed high clinical efficacy and thus has been approved by the FDA for the treatment of acute lymphoblastic leukemia (ALL) 344 .

Adoptive cellular therapy (ACT)

The principle of ACT consists in the introduction of tumor-reactive T cells into patients with the aim to mount a tumor-specific immune response 345 . This approach requires the isolation of circulating or tumor infiltrating T cells from the patient, their ex vivo modification, activation and expansion, and the re-administration to the patient 346 . Among different forms of ACT, the most innovative so far is chimeric antigen receptor (CAR) T cell therapy. CAR T cells are engineered T cells, which are composed of an extracellular antigen binding domain that recognizes specific tumor antigens, and an intracellular ITAM domain that exhibits costimulatory signaling functions 347 . As such, CAR T cells are activated independently of MHC engagement, and thus overcome escape mechanisms related to MHC downregulation or deficiencies 347 . Over the last years, by genetic engineering, tremendous efforts have been made to improve the characteristics and clinical success of CAR T cells, and in fact, next-generation CAR T cells display enhanced antigen-specificity, increased proliferation and persistence, improved cytokine production, enhanced migratory properties and superior cytotoxicity.

CD19 CAR T cells showed high efficacy in hematological malignancies, and thus, the FDA approved its clinical use for the treatment of DLBCL and ALL 347 . The application of CAR T cells in solid tumors is currently investigated in many clinical trials. However, significant side effects such as neurological toxicities and cytokine release syndrome, a systemic inflammatory response due to rapid CAR T cell expansion, are commonly observed with this kind of immunotherapy 347 .

2.

Immune checkpoint blockade (ICB) HL [360][361][362][363] . However, in some cancer types including CLL, pembrolizumab as single therapy does not show clinical efficacy 364 . It is hypothesized that the anti-tumor activity of PD1 blockade is mainly mediated by the reinvigoration of Teff thus increasing their frequency and effector functions 365 . Similar to CTLA4 blockade, anti-PD1 treatment mediates the expansion of specific CD8 + T cell subsets. In the context of LCMV infection, a subpopulation of CXCR5 + PD1 + T cells that responds to anti-PD1 therapy with increased proliferation was detected 308 . This specific anti-PD1 responsive subset of CD8 + T cells exists also in the context of cancer, such as in melanoma patients treated with anti-PD1 366 .

Additionally, progenitor CD8 + Tex that do not display epigenetic reprogramming respond to PD1 blockade, whereas de novo epigenetic reprogramming of terminally CD8 + Tex inhibits anti-PD1 mediated reactivation 285,286 . In addition, PD1 blockade has an effect also on PD1-CD8 + T cells including Tn, Teff, and Tmem subsets 367 . More specifically, RNA-Seq revealed that anti-PD1 treatment induced the TF Tcf1 mediating transcriptional changes in PD1-cells, which subsequently showed increased proliferation and effector functions including secretion of IFNγ, TNFα and granzyme B 367 . Whether CD4 + T cells can also represent a target of PD1 blockade and are responsible for its clinical success or not, remains ill-defined. Given the requirement of the immune system for ICB, and the involvement of CD4 + T cells in the regulation of the immune response, it seems likely that they are affected by PD1 ICB 368 . Furthermore, in a similar way that PD1 blockade reprograms metabolic pathways in a specific subpopulation of Tex during virus infection in mice 293 , PD1 blockade modulates metabolic programs in antigen-specific T cells in a sarcoma mouse model 369 .

Similar to anti-PD1, anti-PD-L1 (Atezolizumab) achieved durable responses in clinics and has been approved by the FDA in 2016 for the treatment of bladder cancer, and in 2018 for the treatment of NSCLC 370 . In fact, anti-PD-L1 treatment seems to clinically mimic the effects of PD1 blockade 365 .

However, in contrast to PD1 blockade, the efficacy of PD-L1 blockade is mainly mediated via Fc binding and ADCC 371 . Moreover, as PD-L1 also binds to the alternative receptor B7-1 inhibiting T cell responses, PD-L1 and PD1 blockade are likely to differ in terms of mechanistic pathways 372 .

Additionally, whether the targets of PD-L1 blockade are PD-L1 + tumor cells or PD-L1 + non-malignant cells, or both, remains contradictory so far 373,374 .

In comparison to monotherapies, combination of ICBs showed enhanced durable clinical efficacy and survival benefit for patients 375,376 distinct mechanisms than the respective monotherapies, as reflected by genomic and functional differences in T cells and monocytes. In particular, while mono PD1 blockade mainly affected genes associated with cytolysis and NK cell function, and mono CTLA4 blockade mainly affected proliferation of Tmem subsets, dual blockade had an impact on genes associated with proliferation and chemokine expression 378 . However, the exact underlying mechanisms still need to be clarified and their understanding is crucial for the improvement of IC therapies.

Novel ICB candidates

Building up on the success of CTLA4 and PD1 blockade, other inhibitory ICs are under preclinical and clinical investigation, either alone or in combination with already approved therapeutic options, for their potential as immunotherapy target. Currently, numerous clinical trials, of which many show encouraging results, are ongoing. In this context, the most prominent are LAG3, TIM3 and TIGIT [START_REF] Andrews | Inhibitory receptors and ligands beyond PD-1, PD-L1 and CTLA-4: breakthroughs or backups[END_REF] .

For example, anti-LAG3, either alone or in combination with anti-PD1, is in clinical trial for the treatment of solid tumors including NSCLC, gastric cancer, RCC, HCC, bladder cancer, melanoma and HNSCC (NCT01968109), but also for the treatment of hematological tumors including CLL, HL and MM (NCT02061761). Anti-TIM3 is currently under clinical evaluation for the treatment of both advanced solid and hematological tumors (NCT03489343) as well as, with or without anti-PD1, for the treatment of recurrent glioblastoma (GBM, NCT03961971). Anti-TIGIT is in a phase I/II randomized trial for patients with refractory MM (NCT04150965) as well as, with or without anti-PD1, in advanced solid tumors (NCT04047862). The biology of these ICs is only partially understood. To improve clinical efficacy of ICB, precise understanding of their expression, function and interactions within the TME is a prerequisite 379 .

Biomarkers of ICB response

However, despite the great clinical success of ICBs, only a minority of patients (approximately 30%) respond to this kind of therapy. The majority of patients shows primary or acquired resistance. Thus, there is a strong interest in understanding the mechanisms underlying ICB resistance, and in identifying biomarkers that predict ICB response. Indeed, numerous studies elucidated ICB resistance mechanisms, often in the context of pre-treated, on-treatment and post-treated melanoma, and they demonstrate that the response to ICB is highly dependent on the heterogeneity of the TME 380 .

Several factors within the TME including infiltration of immune cells, PD-L1 expression and mutational burden, have a crucial role in the determination and prediction of the response to ICB 380 .

Immune cells

As already described, tumors can be divided according to their degree of lymphocyte infiltration into "hot" or "cold" tumors. As ICB targets TILs, especially tumor-attacking Teff, their infiltration largely influences the response to ICB. Indeed, ICB response is associated with an increased level of TILs in many types of cancer including melanoma and CRC 381,382 , and thus, TIL density has been proposed as a prognostic marker for ICB response [START_REF] Fridman | The immune contexture in human tumours: impact on clinical outcome[END_REF] . In fact, based on the quantification of CD8 + T cells within tumor tissues in situ, an "immunoscore" with prognostic value in CRC has been developed

and validated, and is implemented in clinics as complementary tool to predict the outcome of patients 383 . In addition to TIL density, their spatiotemporal localization within the TME also influences the response to ICB. More specifically, analyzing melanoma metastasis of anti-PD1treated patients by quantitative immunohistochemistry revealed that TILs infiltration at the invasive tumor margin correlates with better prognosis than TILs infiltration in the central tumor 384 . The same observation has been made in lung cancer 385 . In the recent years, the development of powerful highdimensional transcriptomic and proteomic technologies including single-cell RNA sequencing (scRNA-Seq) and mass cytometry (CyTOF) allowed the deep immune profiling of tumors to better decipher their heterogeneity. This extensive characterization revealed not only the density of TILs, but also their phenotype and function as potential biomarkers for ICB response. In particular, by scRNA-Seq of the TME in untreated and treated melanoma patients, a specific Tcf + CD8 + T cell subset correlated with positive anti-CTLA4 and anti-PD1 response 386 . Besides this specific CD8 + T cell subset, in the same study, a CD4 + Tmem subset was detected in the ICB responder group 386 .

Consistently, CyTOF-mediated immune profiling identified both CD4 + and CD8 + Tmem levels as predictors for anti-CTLA4 response in melanoma 387 . This observation also holds true for CRC 388 .

Moreover, in a melanoma mouse model as well as in melanoma patients, a high ratio of Teff to Tregs positively correlates with anti-CTLA4 response 389 . Recent work identified PD1 expression levels on TILs as predictive marker for ICB response. For example, the frequency of PD1 hi CD8 + T cells correlates with a better therapeutic outcome for anti-PD1 treated HNSCC patients 390 . Similarly, by transcriptional, metabolic and functional analysis, Thommen et al. showed that CD8 + T cells with the highest PD1 expression (they refer to them as PD1 T ) are associated with a higher response to anti-PD1 treatment in human NSCLC 391 . Although these PD1 T CD8 + T cells displayed impaired cytokine production, they were distinct from terminally Tex 391 . In line with this, in another study, PD1 hi CTLA4 hi CD8 + T cells with a partially, but not terminally exhausted phenotype predicted response to PD1 blockade in human melanoma 392 . Notably, the two distinct subgroups of CD8 + Tex, namely progenitor and terminal Tex, differently respond to ICB 393 . In a recent work, based on scRNA-Seq, non-responders to ICB in human melanoma showed a shift towards Tex resembling the terminal subset with significantly increased expression of the inhibitory ICs CTLA4, PD1, LAG3, TIGIT, TIM3, CD38 386 . Along this line, progenitor Tcf1 + PD1 + CD8 + Tex with stem-like properties showed increased proliferation upon ICB and were able to control tumor growth in a mouse model of melanoma 309 .

Notably, Tcf1 + PD1 + CD8 + Tex can be also detected in the tumor tissue of human melanoma 309 .

Besides PD1 hi CD8 + T cells, a specific PD1 hi Foxp3 -CD4 + (4PD1 hi ) T cell subset resembling follicular Th cells (Tfh) was proposed as biomarker for anti-CTLA4 and anti-PD1 treatment optimization 394 .

These 4PD1 hi T cells with inhibitory functions accumulate during tumor progression in a murine melanoma model and are differentially modulated by anti-CTLA4 and anti-PD1 therapy. While anti-CTLA4 blockade promotes their expansion, anti-PD1 blockade interferes with this effect, the persistence of high frequencies after anti-PD1 blockade correlating with poor outcome in treated mice 394 . In the context of TILs density, phenotype and function as predictive biomarkers, also TCR diversity defines the response to ICB. However, studies focusing on this issue gave rise to conflicting results. While some studies show that a high TCR diversity before or after therapy with anti-PD1 correlates with positive ICB response in human melanoma and NSCLC 384,395 , other studies claim that the TCR diversity during therapy is the determining factor for the outcome of melanoma patients 396 .

Additionally, in another study no impact of TCR diversity on response to anti-PD1 therapy in melanoma was observed 397 .

Beyond T cells, other immune cells populating the TME also influence response to ICBs. As such, myeloid cells including immunosuppressive TAMs negatively correlate to ICB response in many types of cancer including melanoma and pancreatic cancer 398,399 . Mechanistically, in the setting of human melanoma, tumor-derived myeloid growth factor CSF1 induces TAM expansion and resistance to anti-PD1 blockade, and consequently, addition of anti-CSF1 to anti-PD1 therapy improves responsiveness to immunotherapy 398 . Consistently, using a mouse model of pancreatic cancer, blocking of CSF1 signalling reprogrammed immunosuppressive TAMs and thus enhanced anti-tumor responses mediated by anti-PD1 or anti-CTLA4 therapy 399 . In the last years, an increasing number of specific immune cell populations, which predict response to ICB in different types of cancer, have been identified. Thus, in order to integrate multiple determinants, recent studies focus on the development of computational models that define the precise immune contexture of the TME for prediction of ICB response, a process called "immune deconvolution". This approach allows the identification and association of alterations in immune subpopulations to ICB response. Among these, an increase in CD8 + T cells and NK cells, and a decrease in M1 macrophages are associated with positive response to anti-PD1 therapy in human melanoma 400 . Additionally, a lack of myeloid cells is part of an immune signature positively correlating to anti-CTLA4 and anti-PD1 response in a pancancer analysis involving 20 solid tumor types 401 . In the same study, an expansion of CD8 + T cells, γδ T cells and NK cells, along with a reduction or depletion of Treg cells correlated with good prognosis 401 . Similarly, a high myeloid inflammation signature, as assessed by whole-transcriptome profiling, correlates with a reduced clinical outcome for RCC patients treated with anti-PD-L1

antibody 402 . In contrast to macrophages, intratumoral DCs seem to be beneficial for ICB therapy. 

Circulating immune cells and soluble factors

In addition to predictive immune cells within the tumor tissue, immune cells in PB of cancer patients correlate with responsiveness to ICB. The clinical relevance of circulating immune cells as biomarkers is highlighted by the fact that PB is easily accessible and can be used as monitoring material. In line with observations within the tumor tissue, circulating absolute lymphocyte count, CD4 + and CD8 + T cell count, Treg count, TCR repertoire as well as the count of CD14 + CD16-HLA-DR hi monocytes and MDSCs are indicators of positive ICB response in different cancer types 406,407 . In addition, the ratio of circulating Tex to tumor burden represents a predictive biomarker 366 .

Mutational burden

Every type of cancer is associated with a different amount of somatic mutations. As already described, a high degree of somatic mutations is associated with the presence of neoantigens (TSAs), which are ideal antigens to mount an anti-tumoral immune response. The number of somatic mutations within a tumor is measured as tumor mutational burden (TMB), and a high TMB, i.e. high neoantigen load, correlates with a high response rate to anti-PD1 therapy in many types of solid cancers 408 as well with a high response rate to anti-CTLA4 in melanoma 409 . Consistently, a high neoantigen burden in advanced NSCLC is associated with an increased frequency of PD1 hi CD8 + T cells and thus with an enhanced response to anti-CTLA4 and anti-PD1 therapies 410 .

PD-L1 expression

As PD1 ICB interrupts the PD1/PD-L1 axis, it appears obvious that PD-L1 expression is a determinant factor for the prediction of ICB response. Activation of the PD1/PD-L1 axis within the TME is a feature of "hot" tumors and consistently, high PD-L1 expression levels within the TME positively correlates to responsiveness of ICB in human cancers like NSCLC 176 , urothelial cancer and HNSCC 411,412 . The positive correlation between PD-L1 expression and ICB response is likely due to the fact that PD-L1 expression is induced by IFNγ that is produced by immune cells implying their presence within the TME 413 . Consistently, high levels of tumor-derived exosomal PD-L1 in the circulation of melanoma patients correlate with higher IFNγ levels and a higher level of T cell activation by ICB 414 . The high clinical relevance of PD-L1 expression as a biomarker for ICB response is reflected in the establishment of a classification of tumors into distinct groups "PD-L1 high" or "PD-L1 low" with different ICB response 415 . Additionally, the FDA recently approved PD-L1 immunohistochemistry as complementary diagnostic tool to predict response to anti-PD1 therapy in NSCLC 416 . However, some studies report no relationship between PD-L1 expression and ICB response. This dichotomy might be explained by the usage of different PD-L1 detection assays, the high dynamics in PD-L1 expression as well as the non-standardized threshold for PD-L1 expression 416 .

Need for new immune checkpoint targets and combination therapies

Limitations of ICB monotherapy

ICB has revolutionized cancer therapy, and as it generated higher response rates and improved survival of patients in comparison to conventional chemotherapy, it is now clinical routine for some types of cancer. However, this therapeutic approach also has limitations. First, as inhibitory ICs physiologically dampen immune responses, the blocking of these inhibitory pathways unbalances the immune system and favors its increased activity. This increased activity can cause undesirable side effects, which are referred to as immune-related adverse events (irAE). Indeed, irAEs are similar to autoimmune diseases and they have a diverse clinical spectrum affecting the whole body including skin, gut, liver, lung, endocrine system, nervous system and muscoskeletal system 417 . IrAEs are less common and less severe in patients treated with anti-PD1 than in patients treated with anti-CTLA4, with a rate of up to 70% and up to 90%, respectively 417 . Most of these irAEs can be treated with steroids interfering with lymphocyte activation, but this approach leads to immune suppression including the suppression of anti-tumoral responses 418 . Hence, ICB represents an effective immunotherapy, but its use is often limited by irAEs. Secondly, the majority of patients, about twothird, does not respond at all (primary resistance) or develop resistance (acquired resistance)

to IC inhibitors 419 . Various clinical trials investigate the clinical efficacy of anti-CTLA4 and anti-PD1

therapies and demonstrate that durable responses are solely partially achieved across multiple types of cancer. Moreover, responses are highly variable between different cancer types. For example, in the setting of previously untreated melanoma patients, anti-PD1 (Pembrolizumab) showed an overall response rate (ORR) of 36% and 33% 382,420 , while in NSCLC, CRC and RCC the ORRs were 41%, 30% and 21%, respectively 176,375,421 . In contrast, the response to anti-PD1 therapy in HL was very high, as reflected by an ORR of 65% 422 . A recent study integrated multiple tumor types to investigate the clinical efficacy of anti-PD1 monotherapy, and reported an ORR of 29% 423 . In comparison to anti-PD1 therapy, anti-CTLA4 therapy displays even a lower clinical efficacy. For example, in one study anti-CTLA4 therapy (Ipilimumab) showed an ORR of 13% in treatment-naïve melanoma patients 382 , whereas in NSCLC patients, the ORR was 24% 424 .

Overall, the unsatisfying clinical efficacy, as reflected by low response rates and by the high frequency of irAEs, demonstrates the need for combinatorial approaches and for the need for identification of new checkpoint targets.

Combinatorial ICB

One promising approach to overcome low response rates and to improve clinical efficacy of ICB is combinatorial therapies. Indeed, more than 1,000 clinical trials combining different therapeutic options are currently under investigation 425 . Among these, the combination of ICB with another ICB (dual ICB) is very prominent. In fact, the first dual ICB employed was anti-CTLA4 plus anti-PD1 therapy, which showed encouraging results. For example, in one trial, dual CTLA4/PD1 ICB drastically increased the response rate when compared to the respective single therapies (58% in the dual arm, 44% in the PD1 mono arm, and 19% in the CTLA4 mono arm) in melanoma patients 382 . In another study, the efficacy of this dual ICB in advanced RCC was significantly higher when compared to standard therapy 375 . Based on these and various other clinical trials, dual CTLA4/PD1 blockade is approved by the FDA for the treatment of melanoma ( 2015), advanced RCC (2018), CRC (2018) and HCC (2020).

Other dual ICBs, which are currently in clinical trials for the treatment of different cancer types, include combinations of anti-PD1 or anti-PD-L1 with novel ICBs such as anti-LAG3, anti-TIM3 and anti-TIGIT 426 . In particular, anti-LAG3 combined with anti-PD1 is under investigation in many types of solid tumors including NSCLC, gastric cancer, HCC, RCC, bladder cancer, HNSCC, and melanoma (NCT01968109), and preliminary data showed promising results 427 . Moreover, anti-TIM3 is tested in combination with anti-PD1 in the treatment of HCC (NCT03680508) as well as in GBM (NCT03961971). Additionally, anti-TIGIT with anti-PD-L1 is in clinical trials for the treatment of NSCLC (NCT03563716, NCT04294810). Recent studies focus on the development of bispecific antibodies that simultaneously block inhibitory ICs. As such, a bispecific PD-L1/LAG3 antibody (FS118) is currently under evaluation in patients with advanced tumors (NCT03440437), while a bispecific PD1/TIM3 antibody (RO7121661) is tested in advanced melanoma and NSCLC (NCT03708328).

Taken together, compelling evidences point toward an enhanced clinical efficacy of dual ICB over single therapy, suggesting that inhibitory ICs act in a synergistic manner to limit anti-tumor responses.

However, underlying mechanisms of their synergy and cooperation remain largely elusive. Some Next to combinatorial immunotherapeutic approaches, immunotherapy is also tested in combination with conventional treatments including chemotherapy, radiotherapy and targeted therapy such as oncogenic pathway inhibitors 426 . Notably, the combination with epigenetic modulators might have additional benefits for patients with different types of cancer 426 .

III. Chronic Lymphocytic Leukemia (CLL)

1.

Epidemiology and disease overview

CLL is an incurable B lymphoproliferative disorder and represents the most common leukemia in the western world, but is less frequent in Asia 436 . In the US, with an incidence rate of 4.9 per 100,000

persons, approximately 21,000 new cases of CLL and 4,000 deaths from CLL are estimated for the year 2020 437 . The disease risk is higher in men than in women (about two-fold) 438 and, with a median age of 70 years, CLL mainly affects older adults ("leukemia of the elderly") 439 . The clinical course of CLL is highly heterogeneous, ranging from patients with an indolent disease that do not require treatment, to patients with an aggressive disease that progresses rapidly and show refractoriness to specific treatments. CLL is characterized by an accumulation of monoclonal mature CD5 

Cellular origin and clonal evolution

Extensive phenotyping revealed that CLL cells derive from antigen-experienced, and not from naïve B cells, as they express common surface markers of mature B lymphocytes such as CD23, CD19, 

Clinical features and diagnosis

The CLL is diagnosed when a specific lymphocytosis with ≥ 5,000 B lymphocytes per µl of PB, which is maintained for at least three months, is detected 449 . The clonal nature of these B cells, reflected by the restriction to either kappa or lambda Ig light chains, needs confirmation by flow cytometry 449 .

Additionally, the expression of other specific CLL cell antigens such as CD5 and B cell antigens such as CD19, CD20 and CD23 are measured by flow cytometry 446 . Lymph node biopsies are solely performed if cytometric immunophenotyping does not provide final information 447 . Importantly, an increase in monoclonal B lymphocytes in PB, i.e. the criteria of a B lymphocytosis, can be also fulfilled in other lymphoproliferative disorders and thus need to be differentiated from CLL. In particular, the existence of a lymphocytosis, but with fewer than 5000 B lymphocytes per µl of PB and the absence of any symptoms of lymphoproliferative disorders is defined as monoclonal B cell lymphocytosis (MBL) 450 . In contrast, the existence of a lymphocytosis with fewer than 5,000 B lymphocytes per µl of PB in the presence of lymphoadenopathy is defined as small lymphocytic lymphoma (SLL) 446 .

However, if BM infiltration occurs, the diagnosis is definitely CLL, even if the number of monoclonal B lymphocytes per µl of PB is less than 5,000 446 .

Genetic and epigenetic features

In CLL, there is no specific and single genetic driver mutation. Instead, it exists a high genetic heterogeneity with a set of recurrent genetic and epigenetic events leading to common disrupted pathways 451 . Chromosomal alterations occur in more than 80% of CLL patients and have a strong 

Clinical staging and prognosis

As the progression of CLL and the outcome for patients is highly variable, patients are stratified for This led to the establishment of prognostic scores that integrate patient-related information (e.g. age and sex), clinical parameters, but also biological and genetic information 484 . Among these, the most actual and prominent CLL international prognostic index (CLL-IPI) combines five factors with important prognostic value, which are TP53 dysfunction, IGHV mutational status, serum β2microglobulin, clinical stage and age, and subsequently defines four risk groups (i.e. low-risk, intermediate-risk, high-risk, very high-risk) with different overall survival (OS) at 5 years and treatment recommendation 446,485 (Table 1). Notably and in contrast to the Rai and Binet staging systems, the CLL-IPI additionally defines a risk group (low-risk) that does not require treatment 446 .

Table 1. CLL international prognostic index (CLL-IPI). For the parameters listed, weighted points are assigned, resulting in a total risk score between 0 and 10. The total risk score classifies patients into 4 risk groups (low, intermediate, high, very high), which differ in their OS and treatment consequence. IGHV, immunoglobulin heavy chain variable region. 

Current treatment and unmet needs

In the recent years, advances in the comprehension of molecular mechanisms in CLL significantly improved the treatment of this disease. New combination therapies that show durable responses were introduced, while new clinical trials currently ongoing show promising and encouraging results for an even more efficient CLL therapy in the future. However, to date, CLL remains an incurable disease.

Therapy of CLL is only indicated when the disease is active/symptomatic/progressive 449 . Indeed, treatment in early stages of CLL confers no benefit for patients 447 . If treatment is indicated, the regimen is dependent on the stage, physical fitness of the patient, reflected by existing comorbidities, and the TP53 mutational status. Furthermore, first-line therapy generally differs from therapy after relapse 447 . An overview of the current treatment recommendations in given in Table 2.

Several years ago, the cytostatic drug chlorambucil served as "gold standard" for front-line therapy in CLL 486 . Since then, many clinical trials were initiated to systematically improve CLL therapy.

Fludarabine, a purine analogue, showed increased response rates when compared to chlorambucil, but did not improve the overall survival (OS) 487 and thus has been tested in combination with cyclophosphamide, another conventional chemotherapy drug (CLL4 trial) 488 . In this phase II study, treatment with fludarabine plus cyclophosphamide (FC) showed higher ORR and resulted in increased progression-free survival (PFS) in younger patients (below age 65) when compared to fludarabine alone (94% versus 83% and 48 months versus 20 months) 488 . Consequently, FC chemotherapy replaced chlorambucil as standard of care. However, due to its low toxicity, chlorambucil is still used today as palliative option for older and physically unfit "slow go" patients 446 .

In 1997, the FDA approved the first monoclonal CD20 antibody rituximab (R) that directly targets CLL cells. As high-dose single immunotherapy, it showed improved efficacy in CLL, but was less efficient than in FL 489 . Following this observation, R was combined with FC chemotherapy (FCR). This randomized phase III trial (CLL8 trial) compared FCR versus FC treatment in physically fit ("go go")

CLL patients without comorbidity and, for the first time, resulted in improved OS 490 . Thus, with approval of the FCR regimen, a very effective chemoimmunotherapy was established that currently represents the first-line therapy for younger and physically fit CLL patients 446 . Notably, the long-term analysis of the CLL8 trial reported that most prognostic subgroups of young and fit CLL patients, but especially those with IGVH-M, del13q or trisomy 12 CLL cells benefit from the FCR regimen 491 .

Unfortunately, FCR treatment failed to improve the survival of patients with del17p CLL cells and additionally resulted in high BM toxicity and severe infections thus being not applicable in older and unfit patients with comorbidities 492 . For elderly patients with good physical fitness, bendamustine, an alkylating chemotherapeutic drug, plus R (BR) that is less effective than FCR, but shows only moderate toxicities, is indicated (CLL10 trial) 493 . For elderly and physically unfit patients, treatment with chlorambucil in combination with the second-generation monoclonal CD20 antibody obinutuzumab (GA101) has been established 447 . Obinutuzumab is a humanized antibody with higher affinity to CD20 than R and increased ADCC 494 . Indeed, obinutuzumab plus chlorambucil improved OS of CLL patients with significant comorbidity when compared to chlorambucil alone or chlorambucil plus R (CLL11 trial) 495 . To overcome the poor response rates of patients with cytogenetic risk factors (e.g. del17p), new anti-CD20 antibodies were developed. Ofatumumab, a fully humanized antibody, entered clinical trials, but its commercialization was stopped in 2019, as other drugs were used more frequently. Moreover, the anti-CD52 alemtuzumab monotherapy showed higher efficacy than chlorambucil 496 , including in patients with del17p and TP53 abnormalities or in relapse 497 . However, alemtuzumab in combination with FC chemotherapy exhibited severe toxicity and increased mortality 498 . Overall, chemoimmunotherapy evolved as first-line treatment for CLL patients without cytogenetic risk factors. For CLL patients after relapse and for patients with TP53 changes, the recent introduction of new kinase and Bcl-2 inhibitors marked a new era.

With the advanced understanding on how important BCR signaling is for the survival of CLL cells, new strategies targeting this pathway were implemented. Specifically, oral inhibitors of BCR associated kinases (BAK) were tested alone or in combination with chemotherapy or immunotherapy.

The modes of action of these BAK inhibitors in CLL cells include "turning off" BCR signaling, increase in apoptosis of CLL cells, inhibition of CLL chemotaxis towards CXCL12 and 13 and decrease in chemokine production and BCR-derived survival signals 499,500 . Among these, ibrutinib, a Bruton's tyrosine kinase (BTK) inhibitor, was superior to chlorambucil as first-line therapy in older patients (>65 years) as reflected by prolonged OS, higher response rates and higher PFS (RESONATE-2 trial) 501 .

Notably, long-term treatment resulted only in modest toxicity that was less severe compared to chemotherapy and thus is eligible for physically unfit patients 502 . Importantly, ibrutinib treatment also showed good efficacy in previously untreated patients with del17p CLL cells that are often refractory to chemotherapy, as well as in previously treated patients with relapsed CLL 502 . Based on this, ibrutinib has been approved in 2017 as first-line treatment for patients with del17p CLL cells as well as relapse treatment and alternative treatment for older comorbid patients 447 . Since January 2019, the combination ibrutinib plus obinutuzumab tested in the ILLUMINATE trial, has been approved also for previously untreated CLL patients (first-line therapy) 503 . Earlier, in 2014, idelalisib, an inhibitor of the phosphatidylinositol 3-kinase-delta (PI3Kδ), has been clinically approved as it demonstrated, in combination with R, high response rates in older comorbid patients with relapsed CLL 504 . As it also resulted in severe infections, it is now applied as alternative relapse treatment and treatment of patients with genetic TP53 changes, when chemotherapy or ibrutinib is not indicated 447,505 . Very recently, in November 2019, the FDA approved the use of acalabrutinib, another irreversible BTK inhibitor, based on the results of the ELEVATE-TN and ASCEND trial. Acalabrutinib was given either alone or in combination with obinutuzumab and compared to obinutuzumab plus chlorambucil and to idelalisib plus R or BR in previously untreated patients and in refractory patients. PFS significantly increased in all acalabrutinib groups 506 . In line with the high response rates observed in CLL patients, these new BAK inhibitors not only act on CLL cells themselves, but also affect the TME and alter intercellular communication 507 .

Venetoclax (Ve) is an inhibitor of the anti-apoptotic protein Bcl-2 and showed impressive results in refractory CLL patients with TP53 changes. In particular, after a follow-up of only 12 months, Ve monotherapy resulted in an ORR of approximately 80% 508 . But, due to its rapid response, Ve monotherapy is associated with a higher risk for tumor lysis syndrome (TLS), an abrupt release of cellular debris in the blood, and therefore its application was only recommended in patients with del17p/TP53 changes that are refractory to ibrutinib 447 . However, Ve was also tested in combination with anti-CD20 antibodies. Combination with obinutuzumab showed good efficacy and thus has been approved by the FDA in May 2019 for first-line treatment of patients with del17p/TP53 as well as for physically unfit patients 446 . In addition, the efficacy of immunomodulatory drugs that shape the function of immune cells were tested in CLL. Lenalidomide belongs to the thalidomide analogues that have pleiotropic effects such as anti-inflammatory by TNFα suppression, co-stimulation of T cells or amplification of NK-cell function 509 . The combination of lenalidomide plus R was well tolerated and showed an ORR of 66% in patients with relapsed or refractory CLL and serves as an alternative for these patients 446,510 . 

Current trials

More drugs that showed durable responses (e.g. Duvelisib) and that were not mentioned above are approved for the treatment of CLL and many clinical trials using these compounds are currently ongoing. Among them, the CLL13 trial was initiated by the German CLL Study Group (GCLLSG) to test a chemotherapy-free regimen as first-line therapy for fit patients without TP53 changes. In In the past, the use of CAR T cells was also tested in CLL, but in a lower extent than in ALL and DLBCL. CLL patients injected with anti-CD19 CAR T cells showed a partial response (20-30%) 511 and the efficacy was lower when compared to ALL and DLBCL. However, few responders showed complete BM responses, the absence of minimal residual disease (MRD) as well as an OS of almost 100% 512 . Many clinical trials using CD19 CAR T cells for CLL therapy are currently ongoing, either alone (NCT02935257; NCT04271410), or in combination with other drugs such as ibrutinib (NCT03960840). Other potential targets of CAR T cells in CLL include CLL-specific CD23 513 and ROR1 514 , which instead of depleting the whole B cell compartment including non-malignant B cells, are more specific towards CLL cells. The overall low efficacy of CAR T cells in CLL is probably due to the fact that T cells from CLL patients show severe defects, which implies difficulties for their ex vivo expansion and engineered modifications. In light of this, there is evidence for the successful use of CAR T cells in CLL, but its efficacy needs to be improved and its application optimized.

Taken together, the last decade was marked by a fast and dynamic development of new targeted therapies for CLL. The current available treatment options show encouraging results and mainly the combinational and sequential therapies seem to achieve long-term responses. However, their application is mostly endless and only minimizes the tumor load, but their curative potential has not yet been established. The only established curative option so far is allogeneic hematopoietic stem cell transplantation (HSCT). In this approach, multipotent stem cells from healthy donor BM or PB are transplanted into the patient, which then induces an immune response against the leukemic cells, termed as "Graft-versus-Leukemia" effect (GvL) 515 . Unfortunately, HSCT is associated with high toxicity as well as with method-related mortality and additionally with complications such as Graftversus-Host (GvH) disease and severe infections 516 . Therefore, only fit and young CLL patients, which represent the minority of CLL patients, benefit from this treatment.

Preclinical models of CLL

Mouse models mimicking human diseases provide an important tool to elucidate pathogenic mechanisms and to test drugs in preclinical studies. The generation of mouse models in CLL is based on either mimicking chromosomal aberrations (del13q) or altered gene expression (TCL1, APRIL, BCL2 × traf2dn, ROR1) found in human CLL 517 .

As already mentioned, del13q is the most common chromosomal alteration in CLL affecting the miR-15a/ miR-16-1 cluster. A genomewide analysis of New Zealand Black (NZB) mice, which develop CLL, identified an unique point mutation in the miR-16-1 gene, located at chromosome 13, that was linked to CLL 518 . Based on this finding, targeted deletion of the miR15a/16-1 region in mice unraveled the function of these miRNAs as tumor suppressors in CLL 453 . MiR-15a/16-1 -/-and miR-15a/16-1 fx/fx CD19 Cre mice develop MBL, CLL and other (CD5-) nHLs, with a penetrance of 25-30%, between 12 to 18 months. In contrast, 14qC3 minimal deleted region (MDR) -/-and MDR fx/fx CD19 Cre mice, in which the chromosomal deletion extends to the dleu2 and dleu5 genes, develop CLL between 6 to 18 months, show a higher penetrance (40-50%), a more aggressive disease, and die earlier than miR-15a/16-1 -/-and miR-15a/16-1 fx/fx CD19 Cre mice (12-18 versus 15-18 months) 453,517 .

Other mouse models of CLL include transgenic (tg) mice overexpressing TCL1 (Eµ-TCL1), APRIL, BCL2 (× traf2dn), ROR1, miR-29 (Eµ-miR-29), Vh11 (× irf4 -/-) and IgH.TEμ. APRIL tg mice overexpress APRIL, a TNF family member, that is involved in the proliferation of CLL cells, and develop clonal CD5 + B1 lymphoproliferations with a penetrance of 40%, between 9 and 12 months 519 . BCL2 × traf2dn tg mice have been generated based on the findings that upregulation of anti-apoptotic Bcl-2 by CLL cells promotes CLL survival, and adaptor protein TNF receptor-associated factor 1 (TRAF1) is increased in CLL 520 . Development of CLL occurs between 9 to 15 months with a penetrance of 80%, and at an age of 14 months, 80% of BCL2 × traf2dn tg mice are dead 517 . ROR1 is an antigen (CTA) highly produced by CLL cells and thus led to the development of ROR1 tg mice 24,521 As decreased expression of Irf4 is associated with CLL development, Irf4 -/-mice were crossed with heavy chain Vh11 tg mice, which exhibit accumulation of CD5 + B cells in the peritoneal cavity 523 . At an age of 5 to 10 months and with a penetrance of 100%, Vh11 × irf4 -/-mice develop a CLL-like malignancy 517 . However, as Irf4 is a crucial regulator of physiological immune responses, irf4 -/-mice also develop severe immune deficiencies 517 . Finally, B cells of IgH.TEμ mice express the T cell antigen SV40, which has an oncogenic role in B-cell disorders, with the B cell specific Eμ enhancer 524 .

All IgH.TEμ mice develop CLL at an age of less than 5 months. Notably, CD5 + B cells of this mouse model do not display clonal rearrangements, but preferentially express Vh11 U-IGHV genes 517 .

All the above described preclinical mouse models develop CLL-like diseases involving an expansion of CD5 + B cells (except CD5 -B-cell nHL in mice with del13p) with an increased age. However, they highly differ in their disease penetrance, with Eµ-TCL1 mice showing the highest (100%), as well as in the phenotypic, histological and genetic nature of their malignant clones reflecting more or less the nature of human CLL clones 517 . As it shows the highest disease penetrance and the highest similarities to human CLL, the Eµ-TCL1 mouse model will be described in more detail in the following section.

The Eµ-TCL1 CLL mouse model

In physiological conditions, the protein T cell leukemia 1 (TCL1) is exclusively expressed in immature and that can be easily assessed and followed-up using hematocytometry and flow cytometry.

Moreover, they show human hallmarks of CLL such as lymphoadenopathy and hepatosplenomegaly 528 . In particular, at the endpoint, the spleen weighs about 543 . In line with this dynamics of CLL cells is the observation that drugs targeting the TME result in disruption of important homing and adhesion signals from the tissue and thus in enhanced release of CLL cells in the blood stream 544,545 . Critical components of the TME comprise both non-immune cells including stromal cells, but also immune cells such as T cells and myeloid cells that provide a variety of activating stimuli through adhesion molecules, chemokine receptors and soluble factors 540 (Figure 8). As the TME in CLL is crucial for CLL proliferation and survival, several These and many more insights about microenvironmental interactions in CLL derive from studies in TCL1 mice. Therefore, the following sections will describe phenotypic and functional characteristics of different cell types within both murine and human CLL in parallel. Altogether, CLL cells are highly dependent from stromal cells for tissue homing and survival, and the bidirectional communication between stromal cells and CLL cells drives CLL progression and therefore its targeting is of great therapeutic value.

T cells in CLL

According to the concept of immunoediting, tumors are able to escape anti-tumor immunity by shaping their TME. As T cells, especially CTLs, are key components of anti-tumor immunity, abnormalities in the T cell compartment are frequently observed in cancer. This is also the case for CLL, which is associated with dynamic changes in number, distribution and function of T cells. Indeed, profound defects in the T cell compartment lead to dysfunctional anti-tumor immunity and immune suppression and are reflected by increased sensitivity of CLL patients to infections.

CLL-induced T cell defects observed in patients are phenocopied in TCL1 mice, reflecting the suitability of this mouse model to study microenvironmental interactions.

Globally, although the frequency of CD4 + and CD8 + T cells in PB of CLL patients is decreased, their absolute count is increased 581 , and this T cell expansion occurs proportional to the course of the disease. Moreover, an inverted CD4 + /CD8 + ratio in the circulation, which correlates to a shorter time of indolent disease and to reduced overall survival 582 , is probably due to the fact that CD4 + T cells are more sensitive to CLL-induced FasL-mediated cell death when compared to CD8 + T cells 583 .

Leukemic TCL1 mice also display a reduced CD4/CD8 ratio 584 . Furthermore, T cells display a shift from naïve to CD4 + TEM and terminally differentiated CD8 + T cells, i.e. an overall skewing towards antigen-experienced T cells, in both the mouse model and human CLL 585 . Another observation is the increase of virus-specific CD4 + and CD8 + T cells in cytomegalovirus (CMV)-infected CLL patients. This is explained by the fact that, due to immune deficiency in CLL patients, latent CMV can be reactivated and cause a clonal expansion of T cells in order to mount an anti-viral immune response 586,587 . However, the role of T cells in CLL remains controversial, as they show both pro-and anti-tumoral functions. This dichotomy might be explained by the high range and heterogeneity of T cell subpopulations.

CD4 + T cells

In PB of CLL patients, as already mentioned, the global CD4 + T cell population increases with a memory phenotype and notably, this shift is more pronounced in CLL patients with U-IGHV 588 .

Additionally, as reflected by inverted CD4 + /CD8 + ratio, CD4 + T cells expand less than CD8 + T cells in the circulation. In contrast, they are the predominant T cell population in secondary lymphoid organs, the privileged niches, in which CLL cell activation occurs 589 . Moreover, the accumulation of CD4 

CD8 + T cells

Similar to CD4 + T cells, the CD8 + T cell compartment also shows a shift towards the memory phenotype. More specifically, there is an accumulation of KLRG1 + TEM cells representing a pool of senescent CD8 + T cells in PB of CLL patients 606 . Notably, the expansion of this subpopulation correlates with CD38 expression on CLL cells and therefore might have a pro-tumoral role and be involved in CLL progression 606 . In accordance with that, CD8 + TEM cells were proposed as prognostic marker and signature of disease evolution 607 . In contrast, numerous data provide evidence for the existence of an anti-tumoral CD8 + T cell response in CLL. For example, CLL-specific CD8 + T cells mounting an anti-tumoral response can be induced by a vaccination approach in CLL patients 608 .

Additionally, neoantigens stimulating long-lived CTLs were identified in PB of CLL patients 589 . Hanna PD1 + Teff population (CD45RO -CCR7 -) that retains effector functions in PB, but is defective in LN, can be found in CLL patients. Thus, it is hypothesized that CD8 + T cells in CLL are functional and have a crucial anti-tumoral role, but due to chronic antigen encounter, mostly in the tissue niche, they acquire a dysfunctional state and thus fail to control CLL development 605 .

Features of T cells in CLL

As described above, exhaustion is a common phenotype of T cells observed in CLL. Indeed, T cells in PB of CLL patients show alterations in surface marker expression such as increased levels of the ICs 2B4 (CD244), CTLA4 as well as PD1 609 that are more pronounced in the tissue niche 605 .

Accordingly, a study demonstrated that CLL cells induce an exhausted phenotype that is not related to aging in TCL1 mice. In particular, in the TME, overexpression of PD-L1 and PD-L2 by CLL cells is concomitant with overexpression of PD1 on CD8 + T cells that show reduced effector functions, and consistently PD-L1 blockade in TCL1 mice results in restoration of CTL functions and limits CLL development 584,610,611 . However, despite their exhaustion signature and defects in proliferation and cytotoxicity, circulating T cells from CLL patients and TCL1 mice retain the functional capacity of cytokine production such as IL-2, and they even increase IFNγ and TNFα levels 263,605 .

Notably, CLL-specific "functional exhaustion" is independent of the CMV serostatus of patients thus supporting the hypothesis that not only viruses, but also CLL cells contribute to activation- Overall, T cells expand in CLL. As they comprise a heterogeneous and highly diverse population, it appears reasonable that they exhibit different functions in CLL. In this context, numerous studies report both pro-tumoral and anti-tumoral properties of T cells in CLL. While CD4 + T cells seem to have rather a pro-tumoral role, CD8 + T cells seem to possess an anti-tumoral role but acquire functional exhaustion/dysfunction due to chronic antigenic stimulation. Tregs contribute to immune suppression, but the mechanisms, by which they infiltrate CLL and suppress T cell functions, as well as their precise phenotype, remain elusive so far probably due to the different utilization of phenotypic markers in different studies.

Besides the CD4 + and CD8 + T cells, a study provides evidence for the existence of CD4-CD8-double negative (DN) T cells 633 . The function of these DN T cells remains elusive, but a recent publication showed that they represent regulatory cells that suppress Tconvs. More in detail, DN T cells display low TCR reactivity, but high IL-2 production and proliferation 633 . They are able to inhibit mTOR signaling in Tconvs and thereby suppress metabolic reprogramming of the latter required for their function 634 . Interestingly, DN T cells accumulate in CLL patients, correlating with CLL load. This CLL-specific accumulation probably occurs through impairments in their Fas-mediated degeneration, however, their role in CLL is not understood so far 596 .

NK cells in CLL

As part of the cancer immunity cycle described in chapter 1, NK cells are important innate mediators of anti-tumoral immune response as they elicit antigen-independent cytotoxic functions towards tumor cells. CLL is associated with alterations in NK cell number, functional capacity and phenotype.

Similar to T cells, NK cells expand in PB of CLL patients 635,636 . Defects in the function, i.e. cytotoxicity of NK cells were first reported in 1984 and are nowadays widely confirmed, but their exact evolution and mechanisms are less understood 637 . However, understanding NK cell dysfunctions in CLL is of great relevance as it is clear that the efficacy of several therapeutic antibodies including CD20 mAb ---

Aims of the PhD project

The central hypothesis underlying this PhD project includes that CLL represents a microenvironmentdependent disease, in which a complex cross-talk between CLL cells and cells populating the TME induces relevant alterations within the immune landscape that can be modulated by immunotherapy.

In this context, in a first part, the aim of the PhD project is the

1) Extensive characterization of the murine CLL TME by mass cytometry to identify potential targets for an antibody-based immunotherapeutic approach, and consequently, to test the efficacy of immunotherapy in a pre-clinical model of CLL.

To confirm the relevance of the pre-clinical results, and to translate the findings into clinics, in a second part, the aim of the PhD project is the

2) Deciphering of the T cell heterogeneity in the human CLL TME as well by using mass cytometry.

More in details, the aim is to analyse T cell heterogeneity between CLL patients and to explore the potential therapeutic and prognostic value of specific T cell subsets in this disease. This is also of great interest, as most previous studies about T cells in CLL were performed using patient-derived blood material, which is easily accessible, but does not mirror microenvironmental interactions within the tissue niche.

Abstract

CLL represents the most frequent leukemia in western countries, but despite recent advances in targeted therapies, remains an incurable disease. In the TME, CLL cells highly interact with immune cells and accessory cells, and this complex cross-talk promotes CLL survival, progression and immune suppression. Hence, immunotherapy evolves as a new therapeutic strategy in the treatment of CLL as it targets the TME with the aim to restore anti-tumoral immunity. However, for the development of an efficient immunotherapeutic approach in CLL, a deep knowledge of the immune contexture of the TME is needed.

In this study, for the first time, we extensively dissected the complexity of the CLL microenvironment to identify novel potential targets and consequently, we evaluated the efficacy of a dual antibodybased immunotherapy in pre-clinical mouse models of CLL. For this purpose, we employed singlecell proteomics technology mass cytometry (CyTOF) with a custom 35-marker panel to establish an extensive cartography of immune cell subsets populating the leukemic spleen of transgenic Eµ-TCL1

and AT-TCL1 mice. the spleen volume as determined by magnetic resonance imaging. Very interestingly, we noticed that a higher frequency of antigen-encountered T cells in PB before starting the dual therapy was strongly correlating with a higher reduction in the spleen size. This observation provides evidence for the potential of circulating T cell subsets as biomarkers to predict the response to this dual immunotherapeutic approach.

In conclusion, with this first CyTOF study in CLL, we expanded the current knowledge of the phenotypic complexity of the immunosuppressive TME. We demonstrated that dual targeting of the immune checkpoints PD1 and LAG3 efficiently controlled CLL growth in preclinical models, and therefore could have clinical benefits in human CLL. Marina Wierz, 1 Sandrine Pierson, 1 L éa Guyonnet, 2,3 Elodie Viry, 1 Audrey Lequeux, 1 Anaïs Oudin, 4 Simone P. Niclou, 4 Markus Ollert, 2,5 Guy Berchem, 1,6 Bassam Janji, 1 Coralie Gu érin, 2,3 Jerome Paggetti, 1, * and Etienne Moussay Tissue-infiltrating chronic lymphocytic leukemia (CLL) cells come in direct contact with both accessory stromal and immune cells that compose the tumor microenvironment (TME).

The proliferation and survival of CLL cells is highly dependent on complex interactions with nonmalignant cells of the TME. 1 Malignant cells are capable of suppressing antitumor immune responses by several mechanisms to escape immune surveillance, [2][3][4] including the dysregulation of immune checkpoints, which are surface proteins that regulate immune cell activation. 5,6 It has been demonstrated that CLL cells overexpress programmed cell death ligand 1 (PD-L1), resulting in increased PD-L1/PD1 signaling and, consequently, CD8 1 T-cell functional silencing. 7,8 Immunotherapy aims to stimulate antitumor activity by reactivating the immune system and showed encouraging results in preclinical CLL studies. 9 Here, we established an extensive cartography of immune cell subsets populating the leukemic microenvironment in a murine model of CLL, as well as their immune checkpoint profile, and evaluated the efficacy of a relevant dual immunotherapy in a preclinical study.

We performed adoptive transfer (AT) of splenocytes from diseased Em-TCL1 mice into C57BL/6 recipient mice. Mice were killed when CD5 1 CD19 1 CLL cells represented 75% of peripheral blood mononuclear cells (PBMCs) (;5 weeks). Singlecell suspensions were prepared from spleens and analyzed by mass cytometry (n 5 6) with a custom 35-marker panel (supplemental Table 1, available on the Blood Web site) to identify and characterize immune cells from the TME. Besides the enrichment in CLL cells in AT-TCL1 (mean, 84.3%; range, 77.9 to 87.2%) (Figure 1A; supplemental Figure 1A), we observed that compared with normal B cells, CLL cells showed a higher expression for cell adhesion molecules, immune checkpoints, and intracellular cytokines (Figure 1B). PD-L1 is heterogeneously expressed on splenic CLL cells. A high expression is associated with high expression of maturation/adhesion molecules. Moreover, blood cells showed a lower expression for all these molecules than splenic cells (supplemental Figure 1B), suggesting the presence of different stages of recirculating cells in the spleen. 8 Next, B cells were excluded from our analysis to focus on other immune cells (CD45 1 CD19 2 B220 2 ). We observed that CD4 1 T cells are decreased in diseased animals while regulatory T (Treg) cells, monocytes, macrophages, dendritic cells, and mesenchymal stem cells/cancer-associated fibroblasts are more abundant (supplemental Figure 2A-B). The viSNE algorithm was used to generate immune maps of the spleen (Cytobank, Figure 1C; supplemental Figure 2C). Then, the SPADE unsupervised algorithm generated 50 clusters of immune cells (supplemental Figure 2D) that were overlaid on viSNE plots to visualize immune subpopulations. Fifteen clusters were enriched in AT-TCL1 mice (P , .01), while 18 clusters were decreased and 17 remained unchanged (Figure 1D; supplemental Figure 2E). Immune cell clusters enriched compared with C57BL/6 and of specific interest were further characterized.

Although the overall frequency of CD8 1 T cells was not affected, some specific subpopulations were enriched in AT-TCL1 mice, whereas others were reduced (Figure 1E; supplemental Figure 2F). Indeed, we noted a significant increase in effector memory (cluster 50) and central memory (cluster 14) cells along with 2 large clusters of activated CD38 1 CD69 1 effector cells displaying features of exhaustion, such as high expression of PD1, LAG3, TIM3, and CTLA4 (clusters 31 and 17). Interestingly, three clusters of Treg cells were identified (Figure 1F). Cells from cluster 46/C represent terminally differentiated KLRG1 1 CD69 1 Treg cells described as tumor-infiltrating Treg cells. 10,11 In addition, the higher abundance of Foxp3 1 CD25 low LAG3 1 Treg cells (cluster 10/B) also reveals the recruitment of a reservoir of committed CD25 low Treg cells shown to efficiently suppress humoral immune response. 12,13 These 2 clusters are enriched in AT-TCL1 mice and express high levels of PD1, LAG3, KLRG1, and CTLA4. Such phenotype reflects cells with enhanced suppressive capacities. 14,15 In contrast, the density of naive CD44 low CD62L 1 CD38 2 PD1 2 KLRG1 2 Treg cells (cluster 41/A) was not altered in AT-TCL1 mice. Therefore, fully activated Treg cells became the majority, suggesting an immunosuppressive microenvironment (increased B/A and C/A ratios).

Concerning myeloid cells, CD8 1 dendritic cells (cDCs; cluster 49) were augmented in CLL mice (Figure 1G). These highly suppressive cDCs usually fail to induce an effective CD4 1 T cell response 16 and have the capacity to induce Foxp3 1 Treg cells. 17 Moreover, we confirmed the induction of CLL-promoting patrolling monocytes in AT-TCL1 mice recently described (Figure 1H). 9,18 More specifically, although all subsets of monocytes were more blood® abundant, 2 subpopulations of Ly6C low CD44 1 PD-L1 high patrolling (PAT) monocytes, distinguished by their expression of PECAM-1 (CD31) and IL-4, were particularly enriched in AT-TCL1 mice. As CD31 ligation leads to inflammatory cytokines secretion, 19 PAT-2 monocytes exhibit an even stronger protumorigenic potential. Finally, we showed that PD1 and LAG3 expression was high/ increased in most of these clusters (CD8 1 T cells, Treg cells, macrophages, and natural killer cells; Figure 1I), reflecting the exhausted (CD8 1 T cells) or activated (Treg cells) state of immune cells. Importantly, the results observed in AT-TCL1 mice were confirmed by mass cytometry in diseased Em-TCL1 mice (supplemental Figures 3 and4). Although the proportion of some immune cell populations differed (slight increase in CD8 1 T cells and granulocytes, supplemental Figure 4C), the enrichment in specific immune cell subsets was very similar between AT-TCL1 and Em-TCL1 mice (supplemental Figure 4E-J). Altogether, CLL induces a dramatic remodeling of splenic immune cell populations, thus favoring an immunosuppressive microenvironment with altered antitumor immunity. Therefore, we hypothesized that an antibody-based therapy targeting multiple immune checkpoints could restore a functional antitumor immune response.

For this purpose, we designed a protocol to treat AT-TCL1 mice with single-or dual-antibody-based therapy. Single anti-PD1, single anti-LAG3, single anti-KLRG1, and dual anti-PD1/KLRG1 treatments resulted in slight or no improvement regarding CLL progression (supplemental Figure 5E-G). Importantly, dual anti-PD1/LAG3 therapy was the most efficient, as both the percentage and the number of CLL cells remained significantly lower in blood and spleen. Splenocytes from independent donors were transferred to 2 cohorts of recipient mice. Although the disease developed at different pace in both cohorts, dual blockade resulted in disease-free animals, showing regular spleen weight and absence of CLL cells (Figure 2A-D; supplemental Figure 5A-D).

Splenocytes from animals successfully treated (PD1/LAG3 therapy, cohort 1), along with C57BL/6 and diseased AT-TCL1 mice (isotype and anti-PD1 treated), were analyzed by mass cytometry with the same methodology (supplemental Figure 6A-D). Similar or higher alterations in immune cell compositions and phenotypes were observed in mice treated with isotype or anti-PD1 antibodies, reflecting a more advanced disease (95% CLL cells in spleen) than that seen in mice shown in Figure 1 (Figure 2E-I; supplemental Figure 6E-G). Dual therapy corrected the imbalance generated by CLL and restored an immunocompetent environment with fewer Treg cells and myeloid cells and more T cells. Phenotyping of the second cohort confirmed a switch from antigen-experienced/effector T cells to naive cells similarly to anti-PD-L1 therapy. 9 The percentage of PD1 1 and PD1 1 LAG3 1 T cells also strikingly decreased after therapy (supplemental Figure 6H-K). Of great importance, dual therapy also significantly reduced spleen volume in diseased Em-TCL1 mice (supplemental Figure 7A-B). Notably, we identified strong correlations between the decrease in spleen volume and T-cell phenotypes in the peripheral blood before treatment (percentages of naive or antigen-experienced/effector CD4 1 and CD8 1 T cells, ratio of CD4 1 /CD8 1 T cells) (supplemental Figure 7C-G). Altogether, these data demonstrate that dual PD-1/LAG3 blockade efficiently decreases tumor load in CLL-diseased animals.

Next, we quantified cytokines in blood serum and spleen plasma to better characterize the microenvironment. The disease greatly influenced the cytokine profiles in both compartments with an increase of specific cytokines in the serum (CXCL13, CXCL9, interleukin 10 [IL-10], and IL-16) and a decrease in the spleen (BAFF, MMP9, IL-33, and CXCL5) (Figure 2J-K; supplemental Figure 8), reflecting leukocyte chemoattraction from the periphery and a local immunosuppression within the TME. Animals successfully treated by dual therapy presented an altered cytokine profile in circulation compared with healthy controls. Dual blockade restored an immune response exemplified by increased levels of IL-2, IL-23, tumor necrosis factor a, and CCL1 in serum. Cytokine profiles of dual-treated nonresponsive animals significantly differed from responsive animals (supplemental Figure 8C,F) and resembled the ones of diseased animals (isotype or anti-PD1 treated).

In conclusion, we expanded the current knowledge regarding immune cell populations present in the CLL TME and demonstrated that dual targeting of immune checkpoints PD1 and LAG3 successfully controlled CLL development in preclinical mouse models and therefore could represent an effective treatment to restore a functional antitumor immune response.

TO THE EDITOR:

No red blood cell damage and no hemolysis in G6PD-deficient subjects after ingestion of low vicine/convicine Vicia faba seeds

Valentina Gallo, 1 Oleksii A. Skorokhod, 1 Luigi Felice Simula, 2 Tiziana Marrocco, 1 Elisa Tambini, 1 Evelin Schwarzer, 1 Pascal Marget, 3 G érard Duc, 3 and Paolo Arese Favism, or "favic crisis," is a potentially life-threatening acute hemolysis elicited in carriers of low-activity glucose 6-phosphate dehydrogenase (G6PD) variants by ingestion of raw faba bean (Vicia faba L) (FB) seeds. 1,2 In 2 surveys of hemolytic crises because of favism in Sardinia in 948 children aged 2 to 12 years and 610 adults, hemolysis was elicited by raw beans in 94.4% and 97% of all cases, respectively. 3,4 Low-activity G6PD variants are the Mediterranean variant (1% to 5% residual activity) 2,5 predominantly present in Sardinia and common in Mediterranean and Middle East countries and in the Indian subcontinent, 5 and other G6PD variants common in China and the Far East. 6 FBs are rich in proteins, starch, fibers, vitamins, and minerals and are low in fat. 7 FB seeds are uniquely rich (5-14 g/kg wet weight) with the b-glucosides vicine (V) and convicine (C), 7,8 which generate the redox-active aglycones divicine (D; 2,6-diamino-4,5-dihydroxypyrimidine) and isouramil (I; 6-amino-2,4,5-trihydroxypyrimidine) 1,9 upon hydrolysis by the b-glucosidase very active in raw FBs. 10,11 D/I share an identical mechanism of action and are considered to be causative elements of favism. [9][10][11] In isolated, oxygenated red blood cells (RBCs), D/I generate semiquinoid free radicals 12 that produce oxygen radicals and hydrogen peroxide, 13 which rapidly oxidize reduced NAD phosphate (NADPH), reduced glutathione (GSH), thiol groups, and membrane lipids of RBCs 10,11,14 ; transform oxy-hemoglobin in ferrylhemoglobin, methemoglobin, and hemichromes 11,[15][16][17] ; and release iron from hemoglobin and ferritin. 14 Although in D/I-treated G6PD-normal RBCs GSH and NADPH are rapidly regenerated and oxidative modifications reversed, no reversal occurs in D/I-treated G6PDdeficient RBCs. 10,11 Without the protective action of GSH and NADPH, a chain of oxidative events may enhance phagocytic removal of damaged RBCs. 10,11 Indeed, RBCs isolated during hemolytic crisis have shown early decrease of GSH and NADPH 10,11 ; peroxidation 

Materials and Methods

Mice

Female C57BL/6 mice were purchased from Janvier labs (France). Eμ-TCL1 mice (on C57BL/6 background) were a kind gift from Pr. Carlo Croce and Pr. John Byrd (OSU, OH) and provided by Dr.

Martina Seiffert (DKFZ Heidelberg, Germany). Both strains were maintained under specific pathogenfree conditions in an animal facility with the approval of the Luxembourg Ministry for Agriculture. Mice were treated in accordance with the European Union guidelines.

Adoptive transfer (AT) and treatments

Six-week-old recipient C57BL/6 mice were injected intraperitoneally (i.p.) with 2 x 10 7 splenocytes from a pool obtained from several leukemic Eμ-TCL1 donor mice in 100μl DMEM. All antibodies were purchased from Bio X Cell (West Lebanon, NH, USA). For the single therapies, mice were injected with 10mg/kg anti-mouse LAG3 antibody (n=11) or anti-mouse KLRG1 (n=9) or corresponding isotype antibody (n=12 and n=7, respectively). For the dual antibody blocking experiment (cohort 1), mice were randomly assigned into 4 groups. The "isotype" group received 10mg/kg of combined isotype antibodies (n=8), the "aPD1" group received 5mg/kg anti-murine PD1 and 5mg/kg isotype antibody (n=10), the "aPD1 + aLAG3" group with 5mg/kg anti-murine PD1 and 5mg/kg anti-murine LAG3 (n=10), and the "aPD1 + aKLRG1" group with 5mg/kg anti-murine PD1 and 5mg/kg anti-murine KLRG1 (n=10).

Antibody administration started five days after adoptive transfer and was repeated twice a week during the course of the treatment. CLL development was monitored weekly. The blood cell count was analyzed with the MS4e Vet hematology analyzer (Melet-Schloesing, France) and the percentage of CD5 + CD19 + CLL cells in PBMC was determined by FACS analysis. C57BL/6 mice were used as healthy controls (HC).

To confirm the efficacy of the dual PD1/LAG3 blockade, we repeated the treatment in a second cohort of mice injected with splenocytes from another independent single donor, as described above (n=7, isotypes and anti-PD-1/LAG-3).

Six month-old diseased Eμ-TCL1 mice were treated with anti-murine PD1 combined with anti-murine LAG-3 (10mg/kg each) three times per week for 8 weeks. Spleen volumes were measured by magnetic resonance imaging before treatment start (D0), at D14, D42, and D55. T cell subpopulations present in PB at D0 were analyzed by flow cytometry.

Magnetic resonance imaging (MRI)

MRI was used to quantify the volume of the spleens. Mice were anesthetized with 2.5% of isoflurane and placed prone in 3T horizontal bore MRI (MR Solutions, Guilford, UK), equipped with a quadratic mouse head volume coil. Temperature was maintained at 37°C and breathing was monitored throughout the acquisition. A Fast Spin Echo T1-weighted MRI sequence was used and slices were acquired in the sagittal and transverse planes, with the following acquisition parameters: TE: 11ms, TR: 720ms, echo train: 4, 3 averages, in plane resolution: 156μm, slice thickness: 1mm. 24 slices per plane were generated to cover the abdomen. The volume of the spleens was measured in ImageJ as the sum of area obtained by delineating spleen in each slice and multiplying by slice thickness. The final volume was defined by the mean of the spleen volumes in each plane.

Sample preparation

Peripheral blood was drawn via retro-orbital puncture with EDTA as anticoagulant and processed for flow cytometry and blood cell count. Blood serum was obtained by collecting blood without EDTA allowed to clot for 30 minutes followed by centrifugation at 12,000 x g at 4°C for 20 minutes.

The animals were sacrificed by cervical dislocation, spleens were dissected and weighed before being transferred to a tube containing 1ml PBS (without Ca 2+ /Mg 2+ ) per 100mg spleen weight. Splenocytes isolation was performed mechanically by grinding spleens through a 100 μM strainer (BD Biosciences) and cells were recovered by centrifugation (400 x g, 4°C, 10 minutes). Supernatant (spleen plasma)

was further centrifuged at 2,000 x g at 4°C for 20 minutes. Cell pellets were resuspended in ACK lysing solution (Lonza) to lyse red blood cells. Finally, splenocytes were washed in MACS buffer (Miltenyi Biotec), filtered through a 50 μM strainer (Celltrics, Sysmex), counted and processed for flow/mass cytometry.

Flow cytometry analysis

Anti-mouse CD5-PE and anti-CD19-APC antibodies as well as anti-mouse CD8a-FITC, anti-CD11b-PE/Cy7, anti-CD19-FITC, anti-CD40-PE, anti-CD44-APC, anti-ICAM-1-APC, and anti-PD-L1-APC, were purchased from Biolegend. Anti-mouse CD3-APC/Vio770, anti-CD4-PE, anti-CD38-APC, anti-CD62L-PE/Vio770, anti-LAG3-PE, and anti-PD-1-APC, were from Miltenyi Biotec. Splenocyte staining was performed in 100 μl MACS buffer for 30 minutes on ice in the dark. Peripheral blood was directly stained for 30 minutes 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 acquired on a CytoFLEX analyzer (Beckman Coulter).

To compare the expression of specific surface markers, both splenocytes and peripheral blood from AT-TCL1 mice were subjected to lysis with ACK lysing buffer (Lonza) before staining with respective antibodies and acquisition.

Mass cytometry

Cells were resuspended at 1 x 10 7 cells per ml and stained with a 5 μM concentration cisplatin for 5 minutes at room temperature. Cells were washed with PBS plus 0.5% BSA at 500g for 10 min. Surface staining was performed by adding a cocktail of pre-conjugated and homemade-conjugated antibodies (Supplemental table 1) for 30 min at room temperature and excess antibodies were removed by washing. Cells were fixed and permeabilized using the Fixation/Permeabilization kit from eBioscience according to the manufacturer's instructions. Intracellular staining was performed by adding a cocktail of pre-conjugated antibodies (Supplemental table 1) for 30 min at room temperature and excess antibodies were removed by washing. Cells were stained with cell-ID Intercalator-Ir in fixation and permeabilization solution (Fluidigm protocol). Prior to acquisition, fixed cells were washed with PBS twice and deionised water twice. Cells were resuspended at 5 x 10 5 per ml in 1:10 calibration beads (EQ Four Element Calibration Beads, Fluidigm), diluted with deionised water and the samples were analyzed with the Helios mass cytometer (Fluidigm) at a flow rate of 0.030 ml per minute. After acquisition, fcs files were normalized with the HELIOS instrument acquisition software by using EQ beads as standard.

Mass cytometry data analysis Downstream analyses were performed with FlowJo (LLC, OR) and Cytobank (Santa Clara, CA). viSNE plots were generated with the following parameters: equal event sampling, iterations = 1,000, perplexity = 30, and Theta = 0.5. viSNE plots on live CD45 + splenocytes were generated using 31 markers (only cytokines were excluded). viSNE plots on splenic immune cell populations (live CD45 + CD19 -B220 -) were generated using 29 markers (CD19, B220 and cytokines were excluded). The SPADE plots were generated as follows: number of nodes = 50 and downsampled events target = 100%. Dot size and color scale indicate the number of cells in the cluster. More cells are present in the cluster, bigger and more red is the spot. Heat map color range was defined based on the median signal intensity of all clusters in all conditions with the minimum value being 0 (blue), the maximum being the highest value for each specific marker (red), and the turning point being the 50 th percentile (white).

For Figure 1B, the maximum value corresponds to highest value of each marker in B/CLL cells of individual animals (red). CD4 + T cells represent all CD3 + CD4 + lymphocytes except FOXP3+ regulatory T cells. Mesenchymal stem cells (MSC)/cancer-associated fibroblasts (CAFs) were defined as CD45-CD44 + CD31 -cells.

Immunohistochemistry

Mice were euthanized by cervical dislocation and dissected to collect spleens (two C57BL/6 and three AT-TCL1). A portion was cut out, fixed in 10% neutral buffered formalin (HistoTainer™ prefilled specimen containers, Simport) and directly shipped to HistoWiz Inc. (histowiz.com). Samples were processed, embedded in paraffin, sectioned at 4μm, and stained with an anti-mouse Alpha-Smooth

Muscle Actin (α-SMA). Sections were then counterstained with hematoxylin, dehydrated and film coverslipped using a TissueTek-Prisma and Coverslipper (Sakura). Whole slide scanning (40x) was performed on an Aperio AT2 (Leica Biosystems).

Cytokine arrays

Cytokines were quantified from blood serum and spleen plasma using the Proteome Profiler Mouse Cytokine Array Kit, Panel A (R&D Systems) and the Proteome Profiler Mouse XL Cytokine Array (R&D Systems), respectively, according to the manufacturer's instructions. Equal volumes of serum or spleen plasma were loaded across conditions. Normalized signal intensity for each spot was quantified using the Array Quick Spots Tool from HLImage++ (Western Vision software). The progression of chronic lymphocytic leukemia (CLL), the most frequent leukemia in adults, is highly dependent on complex interactions with cells populating the CLL tumor microenvironment (TME), which is associated with dysfunctional antitumor immunity. 1 To escape surveillance by the immune system, tumor cells are able to co-opt multiple immunosuppressive pathways 2,3 such as the engagement of immune checkpoints that prevents an effective anti-tumor immunity. Immunotherapy aims to stimulate anti-tumor activity by reactivating the immune system. Recently, immune checkpoints blockade showed promising results in a mouse preclinical model of CLL. 4 Despite recent advances in treatments, CLL remains an incurable disease. Therefore, finding specific targets and combining immunotherapy approaches represent new challenges for efficient CLL treatment.

Statistical analyses

As first CyTOF (Cytometry by Time Of Flight) study in CLL, we deeply characterized the splenic CLL microenvironment by high-resolution mass cytometry using a custom 35marker panel (Fig. 1A). Over the last years, mass cytometry emerged as a new technology for high-dimensional multiparameter single cell analysis that overcomes the limitations of conventional flow cytometry. By using antibodies labeled with heavy-metal isotopes instead of fluorescent tags, mass cytometry enables the simultaneous quantification of multiple surface and intracellular proteins and thus provides the most comprehensive understanding of the cellular phenotypic signature within the TME. For example, mass cytometry enabled the identification of specific cancer-associated fibroblast (CAF) subsets in human breast cancer 5 as well as the analysis of immune responses in several tissues after immunotherapy in genetically-engineered cancer models. 6 However, interpretation of the complex cytometry data remains challenging and requires tools that capture the multi-parametric relationship of cells.

To establish an extensive cartography of immune cell subsets populating the leukemic spleen, we combined multiple tools as viSNE (visualization for high-dimensional single-cell data based on the t-Distributed Stochastic Neighbor Embedding (t-SNE) algorithm) and SPADE (SPAnning tree progression of Density normalized Events) to provide a comprehensive view of the data, and more especially to facilitate statistical comparison of cell populations (SPADE) while maintaining single-cell resolution (viSNE) (Fig. 1A).

We observed that malignant CLL cells, when compared to normal B cells, show a higher expression of Programmed cell death ligand 1 (PD-L1) and Lymphocyte-activation gene 3 (LAG3) immune checkpoints as well as several maturation and adhesion molecules such as CD44 and ICAM-1. Furthermore, PD-L1 expression was heterogeneous on CLL cells, a high expression being concomitant with a higher expression of maturation and adhesion molecules. Excluding B cells from our analysis pipeline, we identified a significant alteration in the immune cell composition in CLL that is associated with strong immune suppression (Fig. 1B). More particularly, we revealed a significant enrichment of CD8C T cell subpopulations displaying features of exhaustion such as the expression of the immune checkpoints PD1, LAG3, T-cell immunoglobulin and mucin-domain containing-3 (TIM3) and cytotoxic T-lymphocyte-associated Protein 4 (CTLA4). Our analysis revealed as well an expansion of two subsets of activated regulatory T cells (Treg) expressing PD1, LAG3, CTLA4 and killer-cell lectin-like receptor G1 (KLRG1), both described to have enhanced suppressive capacities. 7 Concerning the myeloid compartment, tolerogenic CD8C dendritic cells also expressing immune checkpoints such as LAG3 or TIM3 as well as PECAM-1C PD-L1C patrolling (PAT) monocytes 8 were enriched in CLL. Overall, we recognized an upregulation of PD1 and LAG3 on the majority of immune cell populations in CLL TME. This is particularly relevant as both PD-L1 and MHC II, the ligands for PD1 and LAG3, respectively, are expressed by CLL cells and monocytes thus indicating enhanced PD1/PD-L1 and LAG3/ MHC II signaling in the CLL microenvironment. Therefore, we evaluated a dual anti-PD1/anti-LAG3 immunotherapy in preclinical mouse models of CLL. Indeed, dual PD1/LAG3 blockade efficiently limited CLL development and restored an immuno-competent microenvironment as identified by mass cytometry (Fig. 1C). Additionally, the cytokine profile in serum after dual checkpoint blockade was comparable to healthy controls and showed the restoration of an effective immune response illustrated by increased levels of IL-2, IL-23, TNF-a, and CCL1. Some checkpoint blockades such as anti-CTLA4 and anti-PD1 are already approved and show beneficial effects in the treatment of melanoma 9 and non-small cell lung cancer (NSCLC). 10 The number of open clinical trials investigating checkpoint blockade is increasing in hematological malignancies. In particular, PD1 blockade is currently tested as monotherapy or combination therapy with anti-LAG3 in CLL and other B-cell malignancies (ClinicalTrials.gov ID NCT02061761). Indeed, the majority of patients do not respond to single-agent therapies, thus highlighting a clinical need to design combination therapeutic approaches for multiple targets. In this study, we demonstrated that a dual anti-PD1/LAG3 therapy is a potential combination that could be beneficial for CLL patients.

In conclusion, this study underlines that high-dimensional mass cytometry represents a powerful tool to profile the immune contexture and characterize complex phenotypic populations within a heterogeneous microenvironment to identify potential new therapeutic targets for leukemia treatment. Thus, integration of immune phenotyping appears as a novel branch of precision/targeted medicine in which therapeutic decisions are based on the composition of the TME. Clinically, mass cytometry arises as a new technology allowing rapid implementation and adoption of novel advances in clinical immunology.

Importantly and in contrast to a wide array of solid tumors, the TME of hematological malignancies is per se composed of a high number of immune cells and particularly T lymphocytes, and thus can be recognized as a "hot tumor". Combination immunotherapies appear especially suitable to restore functional anti-tumor immunity and therefore more clinical trials are required to identify and test promising therapies.
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No potential conflicts of interest were disclosed. Introduction In Chronic lymphocytic leukemia (CLL), the microenvironment is crucial. CLL cells need to interact with their neighboring cells for their survival and proliferation. This is true for all the organs were CLL cells can be detected: in the blood, bone marrow, spleen and lymph nodes. In humans, the very specific nodal microenvironment is an important site for activation of the B-cell receptor (BCR) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-KB), which directly drives cell proliferation and disease progression (1).The leukemic microenvironment (LME) is highly immunosuppressive, and these immune cells represent crucial targets for immunotherapy. However, the development of such therapies is limited due to the lack of knowledge in the composition of the LME and to the singularity of this environment for each cancer type. In addition, it is composed of a high variety of stromal and immune cells, which often display phenotypes exclusive to the LME, with the appearance of populations unique to this very specific environment. In this context, the use of high dimensional techniques is crucial to unravel the LME in its full diversity. Mass cytometry was developed in the late 2000s/early 2010s in order to push forward the number of cellular parameters that could be analyzed in parallel compared to conventional Flow Cytometry (FC) analysis. Whereas in the early 70s, the detection of a single color by FC was a revolution, it appeared clearly that conventional cytometry was unable to reach the contemporary requirement and the willingness to decipher highly heterogeneous cell populations. Whereas mass cytometry technology allows the analysis of up to 50 parameters in parallel, it is still associated with a relatively high throughput compared to conventional FC. This was made possible by combining FC platform with mass spectrometry analysis. Mass spectrometry is able to precisely separate unique stable metal isotopes based on their atomic weight. These isotopes can be coupled to antibodies and used to stain cells. Contrary to conventional fluorophores-based cytometry, virtually no overlap between the different isotopes is observed, which enables to have up to 50 parameters detected simultaneously presently. The number of parameters analyzed, combined with the high throughput give rise to many advantages, among those, the detection of rare cell subsets and the discovery of novel cell populations or sub-populations, as markers which would not have been analyzed together in a normal FC panel can now be grouped.

Recently, we took advantage of the power of mass cytometry to decipher the splenic LME of the Eμ-TCL1 mouse, the canonical model for CLL, which allowed us to identify specific immune cell populations and the immune checkpoints PD1 and LAG3 as potential targets in CLL (2) . Other groups applied this technology to study either LME or directly the diversity of the leukemic cells themselves in the context of B cell malignancies (3-6). However, these studies are still very rare in this field. It is worse noting that mass cytometry is classified as a tier 1 assay for cell profiling in the Cancer Immune Monitoring and Analysis Centers (CIMACs), which highlights the advantage of this technique.

Here we provide a stepwise protocol for the staining of cells prior to acquisition on a mass cytometer, preceded by explanations, tips and troubleshooting for panel design, samples preparation, acquisition and analysis, which are useful for new users of this technology.

Methods

The experimental design in mass cytometry requires thoughtful planning as some experimental factors can have an impact on the acquisition, data analysis and the results. These factors include panel design, sample preparation, storage, fixation and sample stimulation. Thus, the verification and standardization of the assay is highly important to avoid misleading interpretations.

Mass cytometry applied to CLL

Panel design

The association of the antibody or probe with corresponding heavy-metal isotope to achieve the best possible signal intensity for the detection of specific targets on single cells is one of the most precious steps in the experimental design using mass cytometry (7). In general, the rules of panel design for FC are applicable to mass cytometry, with some adaptations regarding isotopic mass and contamination. Moreover, it is possible to adapt the antibody clones used for FC also for the mass cytometry panel as specificity and affinity to the matching antigens are already known.

First, it is crucial to understand the capabilities of the instrument. For example, the "Helios" version of the mass cytometry instruments is able to detect ions with atomic masses between 75-209 Da. It provides 135 channels out of which only approximately 50 are available today due to the current limitations of the heavy metal isotopes availability. In mass cytometry the sensitivity of the channels is dependent on the mass window of the detector which has a maximum sensitivity in the upper-middle channels (~157Gd to 170Er) (Figure 1). A combination of two factors explains the difference in sensitivity of the channels. First, because of collisions, ions with lower mass have more probability to be ejected from the ion beam during acquisition. Secondly, as ions with a mass-to-charge ratio (m/z) lower than 80 are filtered out (ions that are naturally found in the cells that need to be removed) and the quadrupole mass filter dedicated to this function has a maximum of efficacy for ions with a medium mass (8,9).

In order to design a mass cytometry panel, the markers that need to be analyzed are first classified as primary (to identify major backbone subsets, such as CD45, CD3, CD4, and CD19; highly expressed and well defined), secondary (to fine-tune subsets, such as CD44, CD62L, CD23, and CD27; medium and variable expression) or tertiary antigens (low, unknown or variable expression, such as IL-10, LAG3, T-bet, and HELIOS). Then, the primary targets are associated to weak channels and the tertiary markers to the channels with the highest sensitivity. When designing the panel, it is important to have information on the expression level of considered marker in the specific context of the study. Indeed, the cell types, the type of sample and organs from where the cells originate may affect the level of expression for some markers. For example, the CD5 molecule is expressed on T and B cells including CLL cells, however, B cells usually express this molecule 2-to 5-fold less compared to T cells (10). This will have an impact on choosing the correct channel for detection depending on the cell of interest. This first step of panel design needs adaptation according to the next steps described below, where three sources of crosstalk among channels need to be considered.

Mass cytometry is used for the detection of ~30-50 markers as it has the advantage compared to classical flow cytometry, to have no spillover between the heavy metal isotopes used as labeling. However, it is important to know the sources of crosstalk between channels. First, "isotopic impurity" is a contamination of the heavy metal with one of its isotopes. Even though a 100% pure isotope preparation is desirable for the use in mass cytometry, this is not feasible for all the metals used. Secondly, "abundance sensitivity" is explained by an error in the detection of the ions during acquisition. Abundance sensitivity can be detected in the channels with a mass higher or lower of 1 ("M+1", "M-1"). Finally, after ionization some metals have a tendency to oxidize, which might lead to an increase in the element mass by 16 ( 16 O, "M+16",Figure 2). La, Ce, Pr, Nd and Gd metals have high levels of oxide formation (11). These oxidations cannot be eliminated but can be decreased by optimal setting of the make-up gas (12).

In general, when possible, it is recommended to design a panel with heavy metals separated by a mass difference of more than 1, and to avoid metals with M+16 mass. For panels with a high number of detected markers, this is not possible. To reduce the crosstalk, markers that are less expressed can be selected for less-pure metals. Hence, the contamination of this isotope will be minimum. If these metal-labeled antibodies are selected for primary markers, avoid adding a tertiary target at the M+16 and M +1/-1 positions. In addition, it is recommended to select markers that label well identified cell Mass cytometry applied to CLL subsets for less-pure isotopes as their M+16 and M +1/-1 contamination can be easily spotted (for example CD4 and CD8 are virtually not co-expressed outside of the thymus). Furthermore, in case of expected high contamination in one channel, the latter should be used for an exclusion marker (cells that need to be gated out, for example CD19+ cells if the interest resides in T cells, Figure 3).

Some strategies have been developed to correct any crosstalk between channels. Chevrier et al. have proposed a compensation method using a bead-based strategy and R-based software (13). This new method provides the first steps into mass cytometry compensation to avoid artifacts and improve sensitivity, although, a good panel design is still required to minimize crosstalk between channels.

In contrast to flow cytometry, cells are not detected by their size and granularity using forward scatter and side scatter as the cells are vaporized. In order to track cells, after permeabilization they are labeled with rhodium-(103Rh) or iridium-based (191Ir) DNA intercalators for nucleated cells (Figure 4A) and specific probes to characterize non-nucleated cells (14). In addition, the mass cytometer is unable to measure information of height, area and width as in the fluorescence FC to discriminate doublets from singlets. However, there are possibilities to reduce the amount of doublets by slowing down the acquisition rate, filtering and diluting the sample, bar coding and gating out events that show a higher DNA intercalator signal (Figure 4B). However, this limits the information available in term of DNA content of the cells, if the interest resides in cell cycle. In this case, 5-iodo-2-deoxyuridine (IdU; atomic mass of 127) detects cells which underwent DNA synthesis (15).

The viability staining is performed before the permeabilization step, by using cisplatin which enters the disrupted cell membrane of dead cells more easily than of live cells. Cisplatin binds nonspecifically to intracellular DNA and proteins and is detected in 195Pt channel (Figure 4C).

Having these rules in mind, the use of dedicated software is highly recommended to help for the design of specific panels. First, Fluidigm supplies already preconfigured screening panels for comprehensive phenotyping and functionality of certain cell populations, which will save time and simplify the experiment. Secondly, Fluidigm provides the online Maxpar Panel Designer (https://dvssciences.com) that calculates and visualizes predicted signal overlaps by the selection of available pre-conjugated antibodies from Fluidigm and custom antibodies/probes.

Heavy metal-labeled antibodies and kits are commercially available. However, they can be very limiting in regard to the panel design. This limitation demands in-house conjugating of the antibodies with the heavy metal-labeled isotopes. Guojun Han et al. provide a detailed protocol about conjugating antibodies with heavy-metal isotopes which requires different methods due to their chemistry and stability (16). Another method to overcome the issue of unavailability is the two-step staining. This consists in detecting the targets with primary monoclonal antibodies labeled with fluorophores followed by detection of this fluorophore by secondary antibodies conjugated with the desired metal isotopes.

In case of a very weak signal, it is possible to amplify it by either two-step staining or a second antibody that recognizes a different epitope on the target (12).

Panel titration and test

After designing the panel, it is crucial to titrate the antibodies, test the full panel and the experimental workflow before moving forward to the final samples.

Titration of antibodies

As in flow cytometry, the titration of heavy metal-labeled antibodies is the key to optimize staining conditions, reduce nonspecific binding of antibodies and to validate the contamination in M+/-1 and M+16 channels.
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In general, a serial dilution strategy of at least 5 dilutions (up to 7) is recommended for the selection of the appropriate concentration. Based on our experience, we recommend testing also higher concentrations than those suggested from the antibody data sheets. In our laboratory, we mostly perform the titration with a 1:3 dilution factor. First, we titrate the antibodies of primary markers. Afterward, we perform the titration of the secondary and tertiary targets, expressed only on specific subsets, by adding the known concentration of the primary markers to gate the lineage populations (context titration). For example, after the titration of CD3, CD4, CD8 and CD19, the antibodies for FoxP3, CD25, PD1 and LAG3 can be titrated. This has two advantages: to titrate the secondary in the context of the population of interest, but also, to enrich the signal by gating the cells which are known to express the secondary/tertiary markers. For further information, Van Vreden et al. provides a detailed protocol for the titration of new antibodies (17).

If using probes after long-term storage (more than 6 months), it is important to re-titrate them. In addition, we experienced that storing the antibodies in an auto-defrost fridge induces a higher evaporation compared to a classic fridge, greatly affecting the concentration of the stock. Thus, we recommend storing the antibodies in a fridge without auto-defrost mechanism.

Figure 5 displays the selection of the correct concentration for antibodies. Here, we use the tool to concatenate samples in Flowjo10 (Becton, Dickinson & Company) to display all the dilutions in one plot. There should be a good separation between the negative and positive population. To help define this separation factor, the staining index can be calculated. It is the ratio of the separation between positive and negative population divided by two times the standard deviation of the negative population (the higher, the better). If a plateau is observed, the first dilution before this plateau should be selected. In addition, it is also important to take into consideration the signal in the contaminated channels (M+16 and M+/-1). The selected dilution should have the better separation, before the appearance of the plateau, and giving as less contamination as possible.

Full panel test

After titration, testing the full panel on an appropriate control sample is essential. As some experiments use rare samples which are too precious to be used for the tests (BM or LN biopsies), the type of sample requires a careful consideration. For example, PBMCs from healthy donors are easy to obtain, however, stimulation or treatments should be considered, in order to induce expression of markers that are not found in PBMCs from healthy donors (such as exhaustion markers, specific cytokines, transcription factors…). In addition, these samples need to be handled in the same way as the experimental samples (e.g. isolation method, cell enrichment, storage…).

Assessing the impurity and oxidation rate of antibodies is also an important step during the full panel test. If it is not possible to reduce the contaminations by tuning the instrument or reducing concentration of the antibody, adjustments of the panel need to be considered.

During this test, we recommend to acquire an unstained sample, in order to validate the potential contamination due to reagents used for cell preparation. For example, barium is one of the most abundant elements, and is found in laboratory dish soaps. Distilled water can contain low levels of mercury, lead or tin or even iodine (12). Small adaptions in the daily laboratory life help to minimize the environmental contamination, such as using reagents with a high purity, new plastic or glass container for the storage of the buffers and testing these for contaminations on the mass cytometer. High purity reagents are commercially available.
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Controls used in mass cytometry

Panel controls

In flow cytometry experiments, isotype controls can be useful. Unfortunately, until now, isotypes with the corresponding metal are not commercially available (14). The signal-minus-one or metal-minus-one controls (SMO/MMO, respectively) remains useful. However, as the panels include up to 50 antibodies, considering the acquisition time per sample and expenses for the heavy metallabeled antibodies, these controls are practically unfeasible. Nonetheless, these SMOs/MMOs can be performed for unknown targets (mainly tertiary ones) or in combination (metal-minus-many (MMM) (14). In order to substitute these SMO/MMO controls, a valuable choice is to consider positive and negative cell populations within the sample. For example, outside of the thymus, virtually all CD4 + cells are CD8 - (12). When using a two-step staining, it is necessary to include controls such as secondary antibody with and without a primary antibody, in order to examine the unspecific binding properties of the secondary antibody (12).

Control to reduce variability during longitudinal studies

Sample barcoding of the samples is a strategy that increases the efficiency of the process and decreases technical variability. Heavy metal-labeled cellular barcoding enables running multiple samples (multiplexing) in one tube by staining each sample with a unique combination of isotopes before pooling the samples. Bodenmiller and colleagues published a method for barcoding (18). A probe, which recognizes thiol groups in the cells (maleimido-mono-amide-DOTA (mDOTA), nonspecific labeling of cells), is conjugated with 7 different lanthanide isotopes. This results into 128 (2 7 ) possible combinations. Zunder et al. further improved this method (19). Indeed, lanthanide can be conjugated to antibodies, thus the previous barcoding method restricts the use of such antibodies. Then, lanthanide are a source of contamination (abundance sensitivity) and oxidation. Here, they used palladium isotopes, which cannot be used for antibody conjugation (chemical incompatibility with the conjugation tools) so far, and have limited oxidation rate. In this method, they chelated 6 palladium (Pd) isotopes with isothiocyano-benzyl-EDTA, which labels proteins through their amine groups, allowing 64 combinations. Accordingly, the Cell-ID 20-Plex Pd is commercially available by Fluidigm providing 20 combinations (Figure 6). A drawback of these protocols is the need of staining on fixed and permeabilized cells. Lai et al. developed a multiplexing protocol using CD45 to barcode PBMCs (20). As the result of the acquisition of multiplexed samples, it reduces technical and instrumental variations. This being said, it is important to keep in mind that if one or more low-quality samples (poor viability, high amount of debris) are added in the pool of samples, the background will increase, reagent titer problems will occur, and the recovery can be reduced due to sample clumping, jeopardizing all the samples (7). Pipetting errors of the large antibody panels is an important source of variability. Therefore, lyophilization of the antibody mixes can be adopted (21) .

For longitudinal studies, which involve separate acquisition of samples that need to be compared and cannot be pooled, it is important to implement a technical control. In this case, three types of controls are suggested and combination of those is possible. First, the use of a unique sample that will be stained and acquired at every run of acquisition is advised. This requires freezing of enough aliquots to cover the period of the study and will allow taking into consideration the variability in the staining. Another method is to include labeled spike-in samples as an internal reference to monitor variability between batches concerning the machine itself. These spike-in controls can be labeled with an isotope which is usually not used in the analysis of mass cytometry, such as Tantalum (21). Finally, Polystyrene bead standards containing known concentrations of the metal isotopes are used to normalize data using a mathematical algorithm that corrects for decrease in sensitivity of the instrument over the time of the study (further discussed in section "3.5 Acquisition").

Sample preparation and staining

Even though clinicians perform the sample collection of patient material and thus it is often not controllable, it is crucial to develop a clean sample preparation for a reliable data acquisition and analysis. Testing different protocols on healthy donor material before moving forward to the actual precious samples is highly suggested if not already established in the laboratory. Leelatian and colleagues published different protocols generating viable single cell suspension derived from human peripheral blood (22) and from a variety of human tissues and tumors (23) which are useful to obtain samples with a high cell viability and little amount of debris.

It is often necessary to enrich the samples for the cell of interest. For example, in the case of CLL, if the focus of the study lies on T cells, CD19 + depletion to remove CLL cells is advised, whereas, if the leukemic cells are the one to study, negative selection of CD19 + cells is preferred. The idea is to leave the cells of interest untouched. If considering a pre-enrichment with magnetic beads it is important to choose one that does not interfere with the detection of the mass cytometry. Thus, testing the reagents for background detection on the mass cytometer is recommended. In our experience, the use of the MACS Cell separation system (Miltenyi) does not interfere with the detection on the mass cytometer. Other methods to enrich cell populations are Fab-based Traceless affinity cell selection (IBA lifesciences) and fluorescence-activated cell sorting. In any case, we suggest to include antibodies in the panel that target cells which should have been removed by the pre-enrichment step, to be able to exclude the remaining cells during the analysis (Figure 3). If the sort consist of negative selection using multiple markers (for exclusion of T cells: CD3, CD4 and CD8), it is possible to use several antibodies with the same labeling isotope.

Concerning sample handling, it is important to have in mind that freezing steps can greatly affect the expression of some markers, especially cytokines. Thus, it is recommended to test the effect of freezing on targets by conventional FC beforehand (Figure 7). If required, stimulation of the samples, by PMA and ionomycin, can be performed shortly before the staining. In order to hinder the transportation of the produced cytokines outside the cells, a reagent that stops the Golgi activity has to be added after stimulation, for example brefeldin A. However, the stimulation of the samples is artificial, and will reveal the maximum capacities of a cell to produce cytokines, but does not necessarily reflect this production in the microenvironment that would have been detected before freezing.

As for classical FC, it is recommended in mass cytometry experiments to use blocking reagents to reduce the staining of antibodies via their constant Fragment crystallizable region (Fc) domain on Fc receptors, which are mainly found on monocytes, macrophages, dendritic cells and B cells. However, considering other blocking methods is important if the CD16 or CD32 markers are of interest.

Extracellular staining for mass cytometry can be performed at room temperature, as it appears that internalization of antigens does not change the detection on the mass cytometer (which is important for flow cytometry, where staining is usually performed at 4°C). However, one should consider performing the fixation and permeabilization as recommended when using commercially available kits, which is mostly done at 4°C. After the surface and intracellular staining, the cells are incubated with the intercalator which will allow the cell detection. Before acquisition, it is possible to store the samples in the fridge for up to one week in the intercalator buffer. However, it is recommended to inject the samples to the mass cytometer as soon as possible, because long-term storage can have an effect on the detection of markers.
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For storing of the samples, the use of polystyrene tubes/plates is preferred, however the recovery of cells on the mass cytometer is higher in polypropylene tubes. Thus, it is recommended to filter the cells into a polypropylene tube just before acquisition or for their storage.

Concerning the number of cells to prepare, it is important to know that in mass cytometry, only 60-70% of the sample can be recovered, the rest of the sample will be lost due to the aggregation on the walls of the spray chamber and injector ( 14). An additional cell loss of 20-30% should be taken into account as cells will be lysed and lost during the sample preparation, staining procedure and washing steps. Performing the staining and washing steps in a 96-well plate helps to reduce cell loss. In addition, resuspending samples in high purity water removes any contamination before acquiring the samples. Here, also a commercially available running buffer can be used to reduce cell breakdown and antibody disassociation (11).
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.5 Acquisition

The CyTOF machinery is an inductively coupled plasma (ICP) time-of flight (TOF) mass spectrophotometer (MS). Samples are injected into the mass cytometer, manually or via an autosampler, and introduced into a nebulizer through a narrow capillary. Once in the nebulizer, the cell suspension is aerosolized into single-cell droplets by argon gas-based pneumatic nebulization and released into the spray chamber. Argon gas (also known as make-up gas) transports the cell droplets to the ICP torch along the heated spray chamber, subsequently shrinking them by evaporation. The sample introduction system has a cell transmission efficiency of approximately 60-70% (7). Cells are then delivered into the plasma core wherein they are atomized, and the metal ions ionized, leading to the formation of a cloud of charged metal ions corresponding to single cells. The ion cloud passes through a quadrupole filter which removes low mass ions (m/z < 80) derived from naturally found elements in cells, such as carbon and oxygen, while allowing the flow of ions of analytical interest to proceed to the TOF chamber. Here, the reporter ions are accelerated at a fixed potential and thus travel at a speed proportional to the square root of their masses. Each mass ordered ion pulse is detected by an electrode multiplier, and the resulting signal recorded as a digitalized waveform by the detector via an analogto-digital converter.

Continuous operation of the CyTOF machinery leads to loss of sensitivity due to several factors; including and build-up of cellular debris in nebulizer and cones. Even regular cleaning and maintenance can cause significant day-to-day signal variation. This is why it is crucial to use appropriate controls during longitudinal studies (see section 3.3.2).

Data analysis

As discussed in previous sections, mass cytometry emerged as an alternative to traditional fluorescent-based flow cytometry, enabling the simultaneous detection of over 50 cellular parameters by using heavy metals as antibody/probes labeling reagents, and hence avoiding fluorescent spectral overlap.

The exponential increase in phenotypic and functional characteristics that can be analyzed, allows for the dissection of cellular diversity and heterogeneity with unprecedented resolution, and favors the discovery of new cell subpopulations by visualizing previously inaccessible marker combinations. The ability to perform such detailed single-cell profiling is particularly valuable for the dynamic characterization of immune cell subsets within the TME. This holds true for a wide range of solid and hematological tumors, including, as per our experience, B cell malignancies. However, the elevated number of parameters analyzed in parallel requires careful data processing in order to fully benefit from this technology. Here, we give a brief review of different analysis options, which, will provide the novel mass cytometry users with a better understanding of the distinct possibilities Mass cytometry applied to CLL available. For further reading, more detailed reviews on data analysis are published by Kimball et al. and Pedersen and Olsen (24,25).

2.6.1 Manual gating Mass cytometry data is saved as standard flow cytometry FCS 3.0 format, and consequently can be analyzed using traditional flow cytometry data analysis software such as FlowJo. In fact, manual gating can provide key insights on cellular abundance and expression and is particularly useful when it comes to user guided data analysis. However, interpretation of such complex data via manual gating of bivariate plots can become an overwhelming task, as the number of parameter pairs increases exponentially with the number of parameters analyzed. Additionally, meaningful multivariate relationships are lost as they cannot be discerned in two dimensions, and unanticipated cell populations can be unintentionally excluded given the subjective nature of manual gating. The immense complexity of the data generated demands exhaustive organization. Structured and consistent file nomenclature, as well as appropriate data storage, greatly facilitates downstream data processing and analysis. We recommend using manual gating for validation of the experiment (e.g. looking at specific cell populations that are known to be enriched or lost during treatment or between samples), to clean-up the data (gate out beads, dead cells, doublets of cells) and to exclude non-relevant cells (e.g. CD19 + cells if interest resides in T cells) before proceeding to algorithm-based analysis.

2.6.2 High dimensional data analysis using algorithms Different algorithms were developed during the past decade for high-dimensional data. Some of the most widely used software kits include viSNE (26), SPADE (27), Phenograph (28), Citrus ( 29) and X-shift (30). These computational tools use a variety of languages (e.g. Mathlab, R or Python), clustering methods (e.g. parametric vs non-parametric), and dimensionality reduction approaches to generate a comprehensive depiction of multiparametric single cell measurements. Nevertheless, the data retrieved is highly impacted by the choice of the algorithm, which, as a result must be chosen based on the nature of the biological question.

Even though these algorithms are developed by bioinformaticians at the forefront of mass cytometry research, their use is directed towards bench scientists working on a wide variety of fields. viSNE and SPADE were among the first algorithms developed for multiparametric data analysis, and, in our experience, represent a user-friendly option for recent adopters of mass cytometry. After gating on the population of interest, the data selected are exported and uploaded to a cloud-based computational platform or to a specific software (such as Cytobank or Cytosplore, respectively). These allow the user to run several algorithms to interpret high-dimensional data, including viSNE, SPADE, Citrus, and FlowSOM. The user can run them in the Cytobank platform or as single standing algorithms using the respective R packages or Bioconductor-based tools (e.g. Cytofast) (31). We hereby present a brief introduction to viSNE and SPADE followed by a practical guide on CyTOF data analysis using these algorithms in the context of LME analysis in B cell malignancies.

viSNE is a nonlinear dimensionality reduction technique based on the t-distributed stochastic neighbour embedding (tSNE) algorithm which enables the analysis of high-dimensional data on a twodimensional map. The resulting viSNE plot, reminiscent of a traditional scatter plot, shows a continuum of cellular phenotypes distributed by the parameters tSNE1 and tSNE2; wherein phenotypically related cells cluster together leading to the formation of phenotypic islands. viSNE maintains single-cell resolution and takes into account high-dimensional similarities between all cell pairs, providing information about nearby and distant cells while preserving the geometry and non-linearity of the data. Cells are colored according to the expression of a chosen parameter in order to identify the cellular identity of the island by co-expression of lineage markers. When analyzing a complex mixture of cells, Mass cytometry applied to CLL we find particularly useful the creation of a grid of viSNE plots organized per sample for different lineage defining parameters. Manual gating within the viSNE plots can be performed while in cytobank to obtain information such as population cell number and percentage in each experimental sample.

The global overview of the sample provided by viSNE facilitates the identification of known cell types, the distinction of phenotypic diversity within these populations, as well as the discovery of unexpected cell subsets. One of the main limitations of viSNE is the need for random down-sampling of cells to avoid event overcrowding in the 2D scatter plot. With a limited number of cells to be displayed, cell number can be reduced equally or proportionally, depending on the similarities in event number among the different samples. Finally, it is important to consider that independent viSNE runs on the same dataset will produce different plots, and, as a result, it is only possible to compare experimental groups when subjected to the same viSNE run. SPADE (Spanning-tree progression analysis of density-normalized events) is another unsupervised clustering algorithm which allows the visualization of high-dimensional single cell data as a 2D minimum spanning tree of interconnected nodes. Each node comprises a group of phenotypically related cells, with the size of the node indicating cell number, and the color quantifying the median intensity of a parameter of interest. The number of nodes in the SPADE tree is set by the user based on the expected cell populations to be found within the sample. We recommend launching the algorithm several times for each parental population using a different node number in order to find the most appropriate settings for the experiment in question. One aspect that must be taken into consideration is that the relative distance between two nodes is not proportional to the phenotypic similarities or differences among these populations, and thus, the SPADE tree structure can be slightly modified to suit the needs of the user. The specific phenotype of each cluster can be further characterized by creating a heat map including lineage marker MSI values derived from the multiparametric analysis. MeV, an open multiomics experimental viewer, is available for this purpose.

The schematic visualization of multiparametric data provided by SPADE facilitates the analysis of cellular heterogeneity and is particularly helpful when assessing changes in population structure. Nevertheless, given the agglomeration of events in nodes of phenotypically related cells, single cell resolution is lost.

In our experience, running both algorithms for the same dataset provides key complementary insights in order to analyze and interpret complex immunological data, viSNE gives a general overview of the high dimensional data while SPADE assesses any changes in population structure or marker expression within distinct cellular phenotypes.

The development of software kits for multiparametric data analysis is a rapidly evolving field. An increasing number of algorithms, which introduce novel visualization methods and overcome previous software restrictions are now being published and made available. In our laboratory, we continuously review and use new algorithms of interest as a complementary tool to viSNE and SPADE. A recent example would be H-SNE (Hierarchical Stochastic Neighbor Embedding), an algorithm available in Cytosplore software (32). H-SNE is able to represent multiparametric single cell data while maintaining non-linear relationships and, unlike viSNE, is not affected by overcrowding and hence not limited by cell number. A number of novel clustering algorithms have also been developed, and provide valuable insights when launched alongside SPADE. X-shift, for example, is a population finding algorithm available in the online platform VorteX. This algorithm utilizes multiparametric data to construct a weighted k-nearest-neighbor density estimation (kNN-DE) graph, followed by clustering based on cell event density (30). However, unlike SPADE, X-shit finds the optimal number of clusters in a data-driven manner. This reduces the potential over or under fragmentation of cell populations resulting from the estimated number of nodes when using SPADE. A common approach involves the integration of both algorithms: X-shift is used initially to define the number of cellular phenotypes, followed by the generation of a SPADE tree with an informed number of nodes.
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Data visualization

Downstream data analysis of CyTOF data can be performed using different software kits. Excel is commonly used for the analysis of single cell cytometry data, and hence is applicable to CyTOF data as well. However, the immense complexity of multiplex single cell technologies renders this method archaic and practically prohibitive. In order to effectively visualize the data we find that Tableau, a data visualization tool, is the ideal program for downstream processing and visualization of highdimensional CyTOF data (33).

For this purpose, Tableau offers two separate software kits, Tableau prep and Tableau desktop, designed for data preparation and visualization respectively. Initially, the data generated after running the high dimensional algorithms of interest are exported as a text file from the online platform or software (Cytobank, Cytospore). The text files are then imported to Tableau prep, which enables the user to combine, shape, and clean up data prior to analysis and visualization. Tableau Prep provides the data in a visual way by showing a row and column profile -whereas rows show every single cell and columns illustrate markers, sample ID-and further it displays every step during data preparation. The output of Tableau Prep is a table of the high-dimensional data organized in a format that fit to the researchers needs. Once the data has been appropriately prepared, it is exported to Tableau desktop, which allows visual analytics and data exploration and thus gives quick answers to specific research question (e.g. differences in expression of one marker between different conditions). The software is user-friendly and does not require advanced computational skills. With Tableau desktop, one can create and display different features, such as: create groups (e.g. healthy vs tumor) and heatmaps, implement calculations with existing data (e.g. calculate the frequencies of cluster/total), display information (e.g. MSI values, cluster frequencies) and rebuild dot plots, viSNE plots and SPADE trees. Regarding the statistical analysis, Tableau desktop can be used to perform descriptive statistics (e.g. mean, median, percentile, standard deviation...). Nevertheless, complex statistical operations are not readily available. As a result, we easily export the needed data and perform our advanced analysis using statistic software such as Graph Pad Prism.

2.7

Stepwise procedure for the staining The following protocol is applied to murine splenocytes from control and leukemic (Eu-TCL1) mice. Isolation and purification of cells of interest are not a topic of this method article. Chosen methods should ensure cell viability and preserve antigen integrity as for FC. The following can be performed on fresh or previously frozen cells, some restrictions applying to the latter (see section 3.4).

1. If required, thaw your cells in a water bath (37°C) 2. Transfer the cells in 10 ml of preheated Fetal Bovine Serum (FBS,Sigma Aldrich) or full media in a 50ml conical tube 3. Centrifuge at 500 x g for 5 minutes at room temperature (RT) 4. Remove supernatant (by discarding) 5. Resuspend cells in 1ml of Phosphate-buffered saline (PBS, without Mg 2+ /Ca 2+ Life Technology) containing 10% of FBS (PBS-10% FBS) 6. Prepare a dilution and count the cells 7. Transfer the desired amount of cells (typically between 5.10 5 and 3.10 6 ) in a 15ml conical tube, wash by adding PBS 8. Centrifuge at 500 x g, 5 minutes, RT 9. Re-suspend the cells in 100ul of 5µM Cell-ID Cisplatin (Cis-Pt, Fluidigm) 10. Mix and incubate for 5 minutes at RT Mass cytometry applied to CLL 11. Wash with 5 volume of PBS-10% FBS, centrifuge (500 x g, 5minutes, RT) and discard supernatant 12. In the meanwhile, prepare extracellular antibodiy mix 13. Re-suspend the cells in 45ul PBS-10% FBS with 5ul of Fc Blocker (purified anti-mouse CD16/32 antibody, Biolegend) 14. Transfer 50µl of cell suspension in U-bottom 96-well Mass cytometry applied to CLL

Expected results

It is widely admitted that the microenvironment plays a crucial role in the development and maintenance and progression of leukemia. However, in the context of CLL, this microenvironment is still understudied. In this context we decided to decipher the immune cell landscape in a murine model of CLL, using mass cytometry few years ago (2,34). We performed adoptive transfer (AT) of splenocytes from terminally diseased Eµ-TCL1 mice, which overexpress TCL1 exclusively in B cells and develop CLL within 8 to 12 months, into C57BL/6 recipient mice. Few weeks after the transfer, the recipient mice (AT-TCL1) developed the leukemia. The splenocytes from these diseased mice and from healthy control C57BL/6 mice were then subjected to CyTOF staining with a custom panel of 35 antibodies, following the above protocol. This panel was designed to study T lymphocytes, myeloid cells, and associated immune checkpoints. Following acquisition, the single live CD19 -cells were selected (manually gated) using FlowJo. Data were reanalyzed for the purpose of this Method article, therefore cluster numbers and number of associated cells differs from our original report (2). The respective FCS files were uploaded to Cytobank and SPADE was launched using all the markers except the one used for the initial gating strategy, with a target number of 50 nodes and 10% targets events downsampling. Then, viSNE was run on the SPADE data using the same markers, a maximum of 1,3 millions of cells, with the following parameters: iteration of 2000, perplexity of 30 and Theta of 0.5. The data were then exported from Cytobank, uploaded to TableauPrep where they were organized, and subsequently analyzed with TableauDesktop.

After creating two groups (healthy control HC and CLL samples), the viSNE plots can be visualized for the two groups separately. In addition, the plots for the two groups can be overlaid in order to easily identify clusters which are highly enriched (red arrow) or depleted (blue arrow) in the CLL samples (Figure 8A). By allocating colors to each Spade cluster, they can be visualized on the viSNE plot (Figure 8B). In order to quickly characterize the different clusters, the expression of each marker can be displayed. The cluster which was highly enriched in the CLL sample (Figure 8A, red arrow) is expressing high levels of CD8 (Figure 8C), whereas the one which was highly depleted (Figure 8A, blue arrow) expresses F4/80 (Figure 8C). Then, the percentage of each cluster can be calculated in order to identify the clusters which are either enriched or depleted (Figure 9A-C, left panels). In addition, the MSI of each marker for each cluster can be extracted, and corresponding heatmaps can be created (e.g. in excel by conditional formatting) in order to define each cluster (Figure 9A-C upper right panels). Finally, the clusters can be highlighted on the viSNE plots (Figure 9A-C, lower right panels). In Figure 9A, three different clusters of Tregs are depicted, showing that clusters 10 and 35 are enriched in CLL samples compared to HC. The three clusters express high levels of CD3, CD4 and FOXP3 which is characteristic of Treg populations. The three clusters express high levels of PD-L1, LAG3 and CTLA4. Clusters 10 and 35 express higher levels of PD1 compared to cluster 19, and cluster 10 shows the highest expression of KLRG1, representing fully activated and highly suppressive Tregs. In Figure 9B, the cluster 30, which is virtually not found in HC, is highly enriched in CLL samples. This cluster is composed of CD8 + T cells expressing high levels of inhibitory immune checkpoints KLRG1, LAG3, PD1 and CTLA4, characteristic for exhausted CD8 + T cells. By highlighting cluster 30 on the viSNE plot, we can clearly see that this cluster corresponds to the cells we identified as highly enriched in Figure 8A (red arrow). Concerning the monocytes, 3 clusters were enriched, with clusters 13 and 36 which represent patrolling monocytes expressing high levels of PD-L1 and LAG3 and being associated with CLL progression (Figure 9C). From these data, we concluded that the development of CLL is associated with the establishment of a very immunosuppressive microenvironment. In addition, the identified immunosuppressive cells in the CLL splenic microenvironment express high levels of immune checkpoints, particularly PD1 and LAG3. We next sought to validate if these immune checkpoints could represent potential therapeutic targets for an immunotherapeutic approach. To this end, we treated AT-TCL1 with blocking antibodies directed Mass cytometry applied to CLL against PD1 and LAG3. This therapy led to a control of CLL development, with the restoration of a normal immuno-competent splenic microenvironment (2). Altogether, the study of the splenic CLL LME allowed us to better understand the immunosuppression found in CLL, to define clusters of cells highly enriched in CLL, and to identify potential targets for immunotherapy.

Discussion

In addition to be costly, mass cytometry experiments tend to be time consuming (from panel design to sample staining, acquisition, and analysis). In order to make sure to fully benefit from this technology, all the steps must be carefully planned. Even though clearly limited compared to FC, contaminations between channels need to be scrupulously considered and eliminated as much as possible to avoid misinterpretation of the data. In addition to classical protein level quantification, mass cytometry offers a large range of detection of other biological parameters by the use of different probes. Post-translational modification, proteolysis, DNA synthesis, hypoxia, enzymatic activity and chromatin modification can be assessed by this technique, opening up the possibilities for phenotypic analysis and discoveries of novel cell populations and unsuspected mechanism. However, the technology is currently limited to approximately the use of 50 channels, although the machines contains around 130 detectors. This is because the purity of some isolated metal isotopes is not high enough or it is not possible to couple those metals to antibodies/probes, although they could be detected by the mass cytometer. Effort is made to improve this pitfall, and the number of parameters analyzed in parallel will certainly increase in the coming years. The analysis of mass cytometry data is moving fast, with the development of new tools, not requiring bioinformatic skills. Mass cytometry is facing harsh competition with the development of fluorophore-based cytometers which can reach up to 30-50 parameters detected in parallel (such as the BDSymphony or bio-rad ZE5), and the emergence of spectral cytometers (Sony SP6800 and Cytek Aurora). Combined with the development of new fluorophores, these technologies could compete directly with mass cytometry in the coming years. However, the advantages of mass cytometry still hold true, such as simpler panel design, multiplexing, minimal crosstalk among channel, no need of compensation. In the recent years, a novel imaging technology has been developed (35), Imaging Mass Cytometry (IMC), which enables now the detection of up to 40 markers in a single imaging scan on tissue and tumor sections. This technology is provided by the same equipment as the mass cytometer, with adaptation for imaging. Complementary to mass cytometry, it allows the analysis of interaction between different cell types, but can also give insights on the activity of the cells, depending on their localization within the LME and interactions with other cells.

Mass cytometry represents a perfect asset for the study of LME in B cell malignancies. We applied this technology to the splenic microenvironment in the Eμ-TCL1 mouse model and identified a potential immunotherapeutic approach for the treatment of CLL. Other groups applied this technology to B malignancies, and these studies allowed to obtained new and innovative information concerning malignant B cells themselves or immune cells found in the LME. Maity et al., detected clusters of B cells specific to a subset of CLL patients bearing the R110 mutation in the particular lightchain allele IGLV3-21, and observed that these patients are phenotypically closer to unmutated (UM) patients, independently of their hypermutation status (6). In Follicular Lymphoma (FL), mass cytometry analysis allowed to understand that the malignant cells have a unique phenotype, not found in healthy donors. Contrary to what was shown based on gene expression profiling, the B malignant cells are not similar to germinal center (GC) B cells (3). By the study of immune cells in the context of Hodgkin Lymphoma, M. Shipp's lab identified an enrichment of distinct regulatory T cells (Treg) populations with a T helper 1 (Th1) polarization phenotype (5). Finally, in FL, the presence of a specific T cell population expressing PD1 is associated with poor prognosis, whereas, the expression of PD1 Mass cytometry applied to CLL on general T cells is not of prognostic value, highlighting the interest of having multiparametric analysis (4).

In conclusion, mass cytometry is an excellent tool to get phenotypical information at the single cell level, on protein expression, and the generalization of its use should lead to new discoveries, paving the road for the development of more specific and efficient therapies, targeting either directly the malignant cells or in the cells found in the LME.

5 Material and Equipment 5.1 Equipment

The Helios system (Cytometry by Time of Flight, CyTOF; Fluidigm) equipment was used for the data shown in this study. In addition, controls, for the expression of some markers, were acquired on conventional CytoFLEX (Beckam Coulter) flow cytometer.

Cells and reagents

All the reagents and cells used are described in the section "3.7 Stepwise procedure for the staining".
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B cell depletion

Frozen cells were thawed, washed, and incubated in 15 ml pre-heated RPMI1640 (Gibco) containing 10% FBS for 30 minutes at room temperature (RT) on a rolling apparatus. To remove dead cells, cell suspensions were filtered through 100 μM cell strainers (CellTrics, Sysmex, #04-004-2327). To deplete B cells from single cell suspensions, magnetic bead activated cell sorting (MACS) using human CD19 Microbeads (Miltenyi Biotec, #130-050-301) was performed. For this, cells were magnetically labelled with the CD19 Microbeads according to the manufacturer's protocol and then loaded onto MACS® LS Columns (Miltenyi, #130-042-401), which were placed in the magnetic field of a MidiMACS TM Separator. CD19 + cells were retained within the columns and the unlabeled CD19 - fraction was collected and washed in MACS buffer (Miltenyi, #130-091-221). Finally, CD19 -cells were filtered through MACS SmartStrainer (70μM) (Miltenyi, #130-110-916), counted and processed for mass cytometry.

Mass cytometry (CyTOF) panel and metal labeling of antibodies

We designed a custom 42-marker panel focusing on T cell phenotyping and including both surface and intracellular markers. Combinations of markers and heavy metal isotopes are detailed in Table B2. For most of the markers, heavy metal-conjugated antibodies were commercially available and purchased from Fluidigm. For the other markers (*) heavy metal labeling was performed using the Maxpar® X8 Multimetal Labeling kit (Fluidigm, #201300) according to the manufacturer's instructions.

113

In, 115 In and 139 La heavy metal isotopes (#) were not available from Fluidigm and were purchased from Trace Sciences International ( 113 In) and Sigma ( 115 In, #203440-1G; 139 La, #211605-100G)

Following the preparation of a 1M solution, 113 In, 115 Ln and 139 La heavy-metal isotopes (#) were conjugated to monoclonal purified IgG antibodies using the Maxpar® X8 Multimetal Labeling kit (Fluidigm, #201300).

Mass cytometry (CyTOF) staining and acquisition

CD19 -cells were stained and processed as described previously 690 . Following staining, samples were analyzed at a flow rate of 0.030ml per minute using the Helios mass cytometer (CyTOF, Fluidigm) of the National Cytometry Platform (NCP) at the Luxembourg Institute of Health (LIH) in Luxembourg.

After acquisition, initial data processing and quality control were performed by the NCP and FCS files were normalized with the HELIOS instrument acquisition software (version 6.7.1014) by using EQ beads as standard.

Mass cytometry data analysis

Using FlowJo software, samples were pre-gated for nucleated cells, singlets, live cells, CD19 -CD45 + cells (non-B immune cells), CD3 + NCAM -cells (CD3 + T cells), CD4 + and CD8 + T cells (Fig. 10).

Respective FCS files were exported, and then uploaded to Cytobank (www.cytobank.org) for advanced downstream analyses. Signal intensities for each mass channel were transformed to arcsinh with a cofactor of 5. First, to visualize the global T cell profile, we performed viSNE analysis on FCS files containing a maximum number of 30,000 CD4 + and CD8 + T cells. As the maximum number of events useable for a viSNE analysis is limited to 1,300,000 cells, and the total cell number of all our samples exceeds this limit, therefore downsampling of the samples is required. Since the cell number of each sample is highly variable, ranging from 1,700 to 745,179 CD4 + and CD8 + T cells, proportional downsampling during viSNE would create a bias and neglect samples with lower cell number. To overcome this issue and to avoid biases due to different cell numbers during algorithm downsampling, we performed manual downsampling in FlowJo by exporting FCS files containing a maximum number of 30,000 cells per sample (cell number range: 1,700 to 30,000; total cell number:

1,097,121). For viSNE analysis we included 32 markers. We excluded markers that were used for the gating strategy (DNA content, viability, CD45, CD19, CD3, NCAM) as well as markers, for which no signal (GITR, 4-1BB) or a too intense signal (HLA-DR, CD47) due to high background in the corresponding channel was detected during CyTOF acquisition. Analysis settings included perplexity 30, iterations 2,500, and Theta 0.5. In order to define the proportion of global T cell populations, clustering analysis was performed using the SPADE algorithm. For this, as SPADE is not limited to a specific cell number, we used FCS files containing all CD4 + and CD8 + T cells (Fig. 10). SPADE analysis was performed with the same 32 markers and SPADE parameters were as follows: target number of nodes = 30 and density-based downsampling of target events = 10%. Then, in order to better dissect the T cell heterogeneity, separate SPADE analyses on manually gated CD4 + (CD8 -

) and CD8 + (CD4 -) T cells were performed. Analysis on CD4 + T cells was performed on 48 samples, whereas analysis on CD8 + T cells included only 43 samples, as for 5 samples the cell number was too low (< 1,000 cells). In both SPADE analyses, CD4 and CD8 markers were excluded, as they were used for the manual gating. The tSNE algorithm was performed on the same data to visualize the SPADE clusters on the viSNE map. For the characterization of tumor-specific CD39 + T cells, FCS files containing a maximum number of 30,000 CD4 + and CD8 + T cells were uploaded to the Cytosplore software and HSNE analysis was performed. HSNE represents an algorithm embedded in the analysis framework Cytosplore +HSNE that, similar to the tSNE algorithm (viSNE), uses non-linear dimensional reduction to generate a hierarchy of related cells 691 . This hierarchy can be interactively explored, i.e. by a stepwise zoom into specific cells of interest, and can be analysed up to the singlecell level 691 . Notably, in contrast to tSNE, HSNE is not limited by the number of cells and thus overcomes the risk of losing cells during the analysis due to downsampling 691 . For the analysis of heterogeneity between CLL patients, hierarchical clustering was performed based on a Pearson correlation matrix of cluster frequencies using Multiple Experiment Viewer (MeV, version 4.9.0). 
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LN, lymph nodes; PB, peripheral blood; BM, bone marrow; IGHV, immunoglobulin heavy chain variable region; Nd, not determined; M, mutated; U, unmutated; Y, yes; N, no.

Results

Mass cytometry reveals a distinct global T cell profile in the CLL LN niche

To analyse and visually detect differences in the global T cell profile we performed viSNE analysis on CD4 + and CD8 + T cells. To identify changes in cellular abundance, we created reciprocal viSNE overlays that compare the topography of the viSNE plots from CTRL and CLL LN (Fig. 11A). By overlaying CTRL on CLL LN viSNE maps, we identified four islands gaps (yellow arrowheads),

indicating highly enriched T cells (Fig. 11A). Overlay of CLL LN on CTRL viSNE maps revealed one main island gap (blue arrowhead), indicating depleted T cells (Fig. 11A). By displaying the expression of the main T cell lineage markers, we identified that the changes in cellular abundance affect multiple T cell subsets, including the CD4 + (referred hereafter as Tconv), CD8 + and Treg (Foxp3 + cells) compartment (Fig. 11B). Based on these differences, we next performed clustering analysis by using SPADE with a target number of 30 nodes to define the global T cell composition. We evaluated 30 as appropriate target node number by assessing the spread of the expression of each marker within each cluster. The stochastic nature of the SPADE algorithm, as implemented in Cytobank software, results in the generation of different trees each time the algorithm is applied on the same data set. Therefore, to evaluate the quality of the results, i.e. the target number of nodes, we created a heatmap to visualize the distribution of the cells in each cluster based on their marker expression, and we chose the SPADE tree with the lowest spread. As visible in the representative minimum spanning trees (MST) (Fig. 11C), SPADE analysis revealed 19 clusters of CD4 + T cells and 11 clusters of CD8 + T cells. Among CD4 + clusters, 15 clusters represent Tconv subsets, and 4 Treg subsets (Fig. 11C). Next, we grouped respective CD8 + , Tconv and Treg clusters to determine their frequency and distribution within the CD3 + T cell compartment (Fig. 11D). We observed no relevant changes in the global CD8 + T cell population (mean of 25.3% and 26.0% in CTRL vs CLL LN) and CD4 + T cell population (mean of 74.7% vs 74.0%). CD4 + /CD8 + ratio remained unaffected (ratio of 3.3 vs 3.3) and was not inverted, as described in PB of CLL patients 582,619 . However, in CLL LN the frequency of Tconv was significantly decreased (mean of, 66.8% vs 52.8%), and Tregs were increased (mean, 7.9% vs 21.1%, Fig. 11E), indicating a shift towards Tregs within the CD4 + T cell compartment. This is in line with previous studies demonstrating an expansion of Tregs in the CLL LN niche 623,624 . We further identified changes in CD4 -CD8 -DN T cells in CLL LN, which will be described in the last section of the results part (section 7.).

Overall, by using both viSNE and SPADE, we identified significant alterations within the global T cell profile in CLL LN compared to non-malignant LN. The expansion of Tregs provides evidence for a skewing towards an immunosuppressive microenvironment in the LN niche of CLL patients. 

Multiple CD4+ and CD8+ T cell subsets are present in CLL LN

To better dissect T cell heterogeneity and to characterize specific subpopulations in CLL LN, we performed clustering analysis of CD4 + T cells and CD8+ T cells separately. For this, we used SPADE with a target number of 15 nodes each. viSNE was run on SPADE to visualize the clusters on a viSNE map (Fig. 12A and12C). To define the identity of each SPADE cluster, we created heatmaps displaying the median expression of specific markers in each cluster (Fig. 12B and12D). Both, CD4 + and CD8 + clusters were classified into 5 subsets each based on their expression profile: naïve cells (N) as CD45RA + CD45RO -CCR7 + , central memory cells (CM) as CD45RA -CD45RO + CCR7 + , effector memory cells (EM) as CD45RO + CCR7 -, exhausted T cells (Ex) as Tox + , and effector T cells (Eff) as CD45RO -CCR7 -, and Tregs were defined as CD4 + Foxp3 + . Among 15 CD4 + clusters (Fig. 12B), we identified 5 Treg subsets (C6, C10, C12, C14, C15; referred to as Treg1 to Treg5, respectively), 2 N subsets (C3, C8; N1, N2), 4 EM subsets (C4, C5, C9, C13; EM1 to EM4, respectively), 2 CM subsets (C1, C2; CM1, CM2), and 2 Ex subsets (C7, C11; Ex1, Ex2). Among 15CD8+ clusters (Fig. 12D), we detected 2 N subsets (C1, C11; N1, N2), 3 Eff subsets (C10, C13, C15;

Eff1 to Eff3, respectively), 5 EM subsets (C2, C3, C7, C8, C14; EM1 to EM5, respectively), 2 CM subsets (C6, C12; CM1, CM2), and 3 Ex subsets (C4, C5, C9; Ex1 to Ex3, respectively). We validated this classification by checking the expression of these lineage-defining markers for each cluster on conventional dot plots in FlowJo. The mean frequencies of both CD4 + and CD8 + clusters in CLL LN are highly variable (Fig. 13A, 13D and 13F), ranging from 0.18% of EM1 and 0.35% of Eff3 to 16.7% of Ex1 and 22.5% of Ex1 (Fig. 13E and13G), respectively. Overall, separate clustering analysis of CD4+ and CD8+ T cells revealed a high diversity of T cell subsets in the CLL LN niche, ranging from naïve subsets to Ag-experienced and exhausted subsets. 

Enrichment of specific CD4+ and CD8+ T cell subsets in CLL LN points towards strong immune suppression

To identify CLL-associated alterations within specific T cell subsets, we explored the distribution and phenotype of subpopulations within the CD4 + and CD8 + T cell compartment. First, we compared the Treg profile between CTRL and CLL LN (Fig. 13A). While we detected an overall expansion of all 5 Treg clusters, only Treg5 and Treg1 were significantly enriched in CLL LN (mean of 1.9% vs 6.7% and 5.5% vs 11.4% in CTRL vs CLL LN, respectively, Fig. 13B). Intriguingly, Treg5 and Treg1 highly express Foxp3 and Helios (Fig. 12B), which are both associated with enhanced Treg stability in tumors 232 , as well as the proliferative marker Ki67 (Fig. 12B), indicating that these two Treg subsets accumulate due to enhanced proliferation in CLL LN. Moreover, Treg5 and Treg1 display an elevated expression of ICs including CTLA4, TIGIT, PD1, and OX40 (Fig. 12B), which are increased on tumor-infiltrating Tregs and associated with enhanced immunosuppressive function 234 .

Unfortunately, we could not detect any signal for the ICs LAG3, TIM3 and GITR, probably due to the long and harsh procedure of the samples for CyTOF acquisition (CD19 depletion, extracellular staining, fixation/permeabilization, intracellular staining, washings) leading to a loss of these interesting antigens. However, while both enriched Treg subsets highly express CD39 (Fig. 12B),

Treg5 upregulates expression of CD39 (Fig. 13C), a marker associated with immunosuppressive capacities of Tregs. In addition, Treg5 and Treg1 show high expression levels of the death receptor CD95/Fas (Fig. 12B). As CD95+ Tregs are highly susceptible to CD95L-mediated cell death, i.e. Next, we focused on the Tconv profile (Fig. 13D). Among 10 Tconv clusters, EM3 and Ex1 were enriched in CLL LN (mean of 0.3% vs 1.1% and 5.1% vs 16.7% in CTRL vs CLL LN, respectively, Fig. 13E). C9 represents a Th1 subset of EM cells as defined by high expression of T-bet and KLRG1 (Fig. 12B). The accumulation of this T-bet+ cluster is consistent with a previous study showing that Th1 cells expand in CLL LN without affecting disease 596 . Ex1 is the most frequent Tconv cluster in CLL LN (Fig. 13D) and highly expresses PD1, TIGIT, CD38 and CD27 that are co-regulated exhaustion-related molecules 265 . Additionally, Ex1 shows features of terminal exhaustion as reflected by high co-expression of Eomes and grK as well as low expression of T-bet and progenitor marker Tcf1 (Fig. 12B) that are linked to a terminally exhausted signature 264 . The enrichment of a terminally exhausted phenotype points towards an immunosuppressive state of CLL LN. However, the role of this specific subset in CLL remains elusive, as a recent study provides evidence for an IL-10-mediated anti-tumoral role of Eomes + PD1 + CD4 + T cells in LN of CLL and DLBCL patients as well as in the TCL1 mouse model 694 .

Next, we interrogated the CD8 + T cell profile (Fig. 13F). Among 15 CD8 + clusters, EM2, EM4 and Ex1 were enriched in CLL LN (mean of 0.7% vs 2.5%, 10.2% vs 19.3%, 2.6% vs 22.5% in CTRL vs CLL LN, respectively, Fig. 13G). While EM2 displays an effector-like phenotype, as reflected by high expression of 2B4, KLRG1 and T-bet, EM4 shows high co-expression of OX40 and grK (Fig. 12D).

Interestingly, OX40 + CD8 + T cells are described as effector cells with the potential to overcome immune suppression by expression of cytotoxic molecules including granzymes 695 , and their high frequency in tumors is associated with favourable prognosis in NSCLC 696 . In this light, OX40 + grK + CD8 + T cells in CLL LN might be enriched as compensatory mechanism of immune suppression.

In contrast, Ex1, the most frequent CD8 + cluster (mean of 22.5%), displays the signature of terminal exhaustion, as reflected by the expression of exhaustion-associated molecules including the TFs Tox and Eomes, inhibitory ICs CTLA4, PD1 and TIGIT, chemokine receptor CXCR5, as well as ectoenzymes CD38 and CD39 265 (Fig. 12D).

Overall, by clustering analysis, we identified the enrichment of highly activated and suppressive Tregs, as well as both terminally exhausted CD4 + and CD8 + T cells, indicating a strong immune suppression in the CLL LN niche. We also identified the expansion of EM CD8 + T cell subsets, one of which with potential cytotoxic capacities that might arise in a compensatory manner to overcome immune suppression and that might be involved in the control of leukemic growth. 

The CLL LN niche appears as unique site of T cell exhaustion

CLL represents a "two-compartment disease", with resting CLL cells in the circulation, and activated, proliferating CLL cells in the tissue niche including LN and BM 108,543,697 . Based on this, we asked if, along with changes in the CLL cell phenotype, also the distribution and the activation state of CD4 + and CD8 + T cells changes between CLL-infiltrated anatomic compartments. First, we observed that infiltration of several Treg subsets including Treg1, Treg5, Treg2 and Treg3 is more pronounced in the LN niche when compared to PB and BM (Fig. 14A). Treg1, a highly activated and suppressive Treg subset, shows a more than 2-fold increased infiltration in CLL LN (mean of 11.4%, Fig. 14A) than in PB and BM (mean of 4.7% and 3.4%, respectively, Fig. 14A). Differences in the distribution of the highly activated Treg subsets Treg5 and Treg2 are even more pronounced, with 6.7% and 5.7% in CLL LN, 1.4% and 0.6% in PB, and 1.3% and 0.5% in BM, respectively (Fig. 14A).

This predominant Treg infiltration indicates that the LN niche provides an enhanced immunosuppressive microenvironment in comparison to other CLL-infiltrated compartments.

Additionally, Tconv cluster Ex1, a terminally exhausted subset highly abundant in CLL LN, is less frequent in PB and BM of CLL patients (mean of 16.7% vs 3.4% vs 3.9%, respectively, Fig. 14B).

Among CD8 + clusters, OX40 + grK + EM4 and terminally exhausted Ex1 preferentially co-exist in CLL LN, supporting the hypothesis of a compensatory mechanism of immune suppression. While OX40 + grK + EM4 is enriched in CLL LN (mean of 19.3%, Fig. 14C) when compared to PB and BM (mean of 7.9% and 11.1%, respectively, Fig. 14C), terminally exhausted Ex1 is almost exclusively present in CLL LN (mean of 22.5%, Fig. 14C), and barely detectable in PB and BM (mean of 0.8% and 1.7%, respectively, Fig. 14C). In contrast, EM2 is less abundant in LN (mean of 2.5%) when compared to circulation (mean of 22.9%) and BM (mean of 20.9%) of CLL patients (Fig. 14D),

supporting the hypothesis of enhanced immune suppression in CLL LN.

Together, these findings indicate that the LN niche represents a privileged site of T cell exhaustion in CLL. 

Tumor-specific T cells expand in CLL LN and mainly display an exhausted phenotype

As described in previous sections, we identified an accumulation of specific CD4 + and CD8 + T cell subsets within the LN niche of CLL patients. It is well established that not only tumor-specific T cells, but also virus-specific, mostly CMV-specific, T cells expand in CLL patients 587,698 . As CD39 represents a marker of tumor-reactive T cells, especially tumor-specific CD8 + T cells 699,700 , we next analysed CD39 + CD8 + and CD4 + T cells to characterize CLL-specific T cells. First, by manual gating on conventional dot plots in FlowJo, we identified a significant increase in the frequency of CD39 + KLRG1 -cells within both the CD8 + and the CD4 + T cell compartment (mean of 2.8% vs 20.3% and 8.8% vs 41.3% in CTRL vs CLL LN, respectively, Fig. 15A and15C), indicating an expansion of tumor-specific T cells in CLL. Additionally, diverse CD8 + and CD4 + clusters resulting from SPADE analysis displayed an upregulated CD39 expression levels (Fig. 15B and15D). Previous studies reported that CD39 upregulation on T cells is associated with the induction of an exhaustion signature in T cells 699,701 , supporting our hypothesis of strong T cell exhaustion in the CLL LN niche.

Moreover, CD39 upregulation on T cells is linked to reduced polyclonality 699,701 , suggesting that CD39expressing T cell subsets in CLL LN might be of oligoclonal nature which is consistent with, previous studies demonstrating an accumulation of oligoclonal T cell populations in CLL 605,702 . By comparing the frequency of CD39 + CD8 + T cells and Tconv, of which the majority displays an exhausted signature, in different CLL-infiltrated anatomic compartments, we observed that they are almost exclusively present in the CLL LN niche (Fig. 17). This is consistent with our previous findings, suggesting that the LN niche represents a unique site of T cell exhaustion. 

CLL patients can be stratified according to specific CD4+ and CD8+ T cell subsets

As outlined in the introduction, CLL reflects a high heterogeneity in terms of genetic and epigenetic alterations, which are consequently implemented into clinics to predict outcome for patients. However, heterogeneity can also affect the existence of specific immune cell subsets, which are to date not used in clinics as prognostic factors. Thus, in order to investigate T cell heterogeneity between CLL patients, to elucidate the prognostic value of specific T cell subsets and to stratify patients according to patterns in their T cell profile, we integrated clinical data with comprehensive T cell profiling. First, to detect heterogeneity between patients, we performed separate hierarchical clustering (HCL) analysis of CD8 + and CD4 + T cell cluster frequencies resulting from SPADE analysis of CLL LN. For this, we selected clusters, which showed the highest variability between patients, as defined by a calculated interquartile range (H-Spread) > 3.

HCL based on CD8 + clusters revealed strong correlations between several CLL patients leading to the formation of 3 patient groups (Fig. 18A). Next, to identify, which factors define the respective patient group, we first compared clinical and biological parameters. We could not observe any differences between patient groups neither in CLL cell cytogenetic aberrations including TP53 mutation(s), trisomy 12, del13q, del17p, del11q and IGHV mutational status, nor in stage of diagnosis (Rai and Binet). However, we observed that the time between diagnosis and first treatment (time to initial treatment) was longer in group 3 (mean of 47.1 months) when compared to group 1 and 2

(mean of 1.5 months and 9.2 months, respectively, Fig. 18B). Then, by comparing CD8 + T cell cluster frequencies between patient groups, we identified that the terminally exhausted subset Ex1, which is enriched in CLL LN, was more abundant in group 1 (mean of 46.3%) when compared to group 2 and 3 (mean of 26.1% and 6.5%, respectively, Fig. 18C). Moreover, OX40 + grK + EM4 with potential cytotoxic capacity was less frequent in group 1 (mean, 5.5%) when compared to group 2 and 3 (mean of 23.2% and 24.6%, respectively, Fig. 18C). Consistently, EM4/Ex1 ratio was the highest in group 3 (mean of 4.4, Fig. 18C). By plotting Ex1 and corresponding EM4 frequencies of CLL LN (Fig. 18D), we observed that CLL patients can be stratified into the 3 respective groups according to the distribution of these two specific CD8 + T cell clusters. Interestingly, we observed a negative correlation of Ex1 frequency and a positive correlation of EM4/Ex1 ratio with time to initial treatment (Fig. 18E), suggesting a prognostic value of these specific T cell subsets. HCL based on CD4 + T cell clusters also stratified patients into 3 groups (Fig. 19A), which are not identical with the patient groups based on CD8 + T cell clusters. We could not observe any differences in clinical or biological parameters between these 3 patient groups. However, by comparing CD4 + T cell cluster frequencies between patient groups, we identified that group 1 was defined by a higher percentage of N1 (mean of 35.3%) when compared to group 2 and 3 (mean of 6.3% and 2.7%, respectively, Fig. 19B). Moreover, Ex1 was more abundant in group 2 (mean of 28.8%) than in group 1 and 3 (mean of 4.3% and 9.5%, respectively, Fig. 19B), and infiltration of several Treg subsets including Treg1 (mean of 18.6%), Treg2 (mean of 11.0%) and Treg3 (mean of 10.2%, Fig. 19B) was more pronounced in group 3. Furthermore, we detected a negative correlation of Treg1 abundance, a highly activated and suppressive Treg subset, with time to initial treatment (Fig.

19C).

As both CD8 + EM4/Ex1 ratio and Treg1 frequency correlate with time to initial treatment, we asked, if there is a link between these specific clusters. We could identify a negative correlation between EM4/Ex1 ratio and Treg1 abundance (Fig. 19D), implying two aspects. First, the higher Ex1 frequency, the higher Treg1 frequency, indicating that there is an association between T cell exhaustion and Tregs in the CLL LN niche. Second, the higher EM4 frequency, the lower Treg1 frequency, supporting the hypothesis that EM4 exhibits an anti-tumoral role, probably by compensating immune suppression.

Altogether, these data demonstrate that T cell heterogeneity between CLL patients is high, and patients can be stratified according to specific CD8 + and CD4 + T cell subsets. The correlation of specific T cell subsets with time to initial treatment reflects their prognostic potential. 

CLL-specific double negative (DN) T cells accumulate in LN of CLL patients

Apart from the common CD4 + and CD8 + T cell subsets, recent studies provide evidence for the existence of CD4 -CD8 -double negative (DN) T cells, which can inhibit Tconv 633,634 . First, in order to detect these regulatory cells with a potential role in immune suppression in CLL, we manually gated on NCAM -CD3 + CD4 -CD8 -T cells, and we identified an enrichment of DN T cells in CLL LN when compared to CTRL (mean of 8.1% vs 14.5% in CTRL vs CLL LN, respectively, Fig. 20A). Then, to visually identify differences of DN T cells between CTRL and CLL LN, we performed unsupervised viSNE analysis. By creating reciprocal viSNE overlays, as described before for CD4 + and CD8 + T cells, we identified a drastic enrichment of different DN T cell subsets, as illustrated by several island gaps, whereas depleted DN T cells are restricted to one island of the viSNE plot, indicating that they belong to the same subset (Fig. 20B). Furthermore, by investigating the expression of specific markers we revealed that all highly enriched DN T cells express CD39, indicating that they are tumor-specific. In addition, while one specific DN T cell subset displays expression of the inhibitory IC CTLA4, another DN T subset highly expresses PD1 and Eomes, similarly to cells associated with immune suppression (Fig. 20C). The central hypothesis underlying this PhD project included that CLL represents a microenvironmentdependent disease, in which a complex cross-talk between CLL cells and cells populating the TME induces relevant alterations within the immune landscape that can be modulated by immunotherapy.

With this first CyTOF study in CLL, we extensively characterized both components in the TME, malignant CLL cells and non-malignant immune cells, and thus revealed the complexity of the microenvironmental communication. Indeed, by deep profiling we provide strong evidence for an interactive microenvironmental signaling and reciprocal relationship between malignant and non-malignant cells in CLL that promote immune suppression and CLL progression. As enhanced PD-L1/PD1 signaling within the TME is a feature of "hot tumors", CLL can be considered as such "hot tumor", which is inflamed by immune cells. This seems reasonable, as hematological tumors per se are composed of immune cells, and is clinically relevant, as "hot tumors" are associated with a positive response to immunotherapy. In this light, the activated phenotype of CLL cells reflects an inflammatory microenvironment and thus provides a rationale for immunotherapeutic approaches in CLL 413 .

Phenotyping of malignant CLL cells

CLL cells exploit physiological immune cell circuitries to induce immune cell dysfunction and to promote tumor progression

As outlined in the first section, CLL cells display an activated signature reflecting a dynamic crosstalk with the TME. In particular, they produce cytokines including IL-4 and IL-6, and are decorated with a set of surface molecules implying that the interactions occur in an indirect manner mediated by soluble factors, but also in a direct manner by cell-cell contact. Notably, CLL cells express several ligand-receptor pairs. In this way, CLL cells can "send" signals (ligands) and "receive" signals (receptors) and this strongly indicates a reciprocal communication influencing both malignant CLL cells and non-malignant cells. Moreover, and interestingly, CLL cells overexpress ligands and receptors that, in physiological setting, are involved in pathways regulating proper immune cell function, but it seems that CLL cells aberrantly use these circuitries to regulate immune cell dysfunction and to favor their progression. As these pathways have an essential role in immunity, their targeting might be difficult, highlighting the need for the identification of alternative targets, which can be achieved by deep single-cell characterization of the TME.

Overexpression of adhesion molecules is linked to the organization of a tumorsupportive microenvironment

We detected an overexpression of adhesion ligands such as ICAM-1 (CD54) on resident CLL cells. This is in line with previous studies reporting an upregulation of ICAM-1 on patient-derived CLL cells as well as elevated serum levels of circulating ICAM-1 711 . As ICAM-1 belongs to a core set of genes whose upregulation is associated with enhanced microenvironmental adhesion signaling 712 , CLL cells might be involved in such interactive processes in the TME 712 . Indeed, aberrant adhesion signaling in the CLL TME leads to the speculation that CLL cells use these pathways to organize the microenvironmental network, which promotes their survival and proliferation. In particular, physiological engagement of the ligand ICAM-1 expressed on APCs and endothelial cells with its Consistently, we detected reduced expression of adhesion molecules in the circulation, where this interdependency is not of relevance.

Overexpression of immune checkpoints on CLL cells is associated with immune suppression and CLL survival and proliferation

In this study, we detected an overexpression of PD-L1 on CLL cells, which coincides with an overexpression of PD1 on T cells, indicating enhanced PD-L1/PD1 signaling between these cells within the TME. Indeed, immunohistochemistry analysis revealed that PD-L1 + CLL cells physically immune suppression is less pronounced in blood than in the spleen. Very interestingly, the existence of a soluble form of PD-L1 (sPD-L1) was reported, being secreted by PD-L1-expressing cells and mediating immunosuppressive effects in several malignancies [726][727][728] . CLL cells use the "shedding system" to release components into the TME 574,729,730 , and thus the release of sPD-L1 to regulate widespread immune suppression should be taken into consideration. Indeed, unpublished data from our group show that CLL-derived exosomes contain PD-L1 and MHC II, among others, and given the fact that the expression of corresponding receptors is increased on cells within the TME, we assume that an exosome-mediated communication strongly contributes to immune suppression.

Moreover, the PD-L1/PD1 axis might also have an impact on CLL cells themselves by tumor-intrinsic signaling. In particular, some studies reported that PD-L1 expressed by tumor cell lines confers resistance towards CTL-mediated apoptosis 170 and increases survival and proliferation of HL cell lines 731 . The survival advantage given by PD-L1/PD1 engagement was confirmed in vitro and in vivo as PD-L1 hi melanoma cells showed a higher proliferation rate compared to PD-L1 lo cells 171 . As we Importantly, it also underlines the potential of these pathways as therapeutic targets, with potential effects on both malignant CLL cells and non-malignant cells within the TME.

Phenotyping of infiltrating immune cells

Accumulation of specific immune cells in the TME is associated with immune suppression in CLL

By deep immune profiling, we revealed relevant alterations within the immune landscape in the CLL TME. These alterations affect both the lymphoid and the myeloid compartment, reflecting the fact that CLL represents a complex disease with involvement of the innate and the adaptive immune system. This participation of the whole immune system becomes clinically manifested by CLL patients' immune deficiency, which is the major cause of mortality in this disease, and underlines the attractiveness of immunotherapy in CLL.

Co-enrichment of exhausted T cells and highly activated Tregs

Within the lymphoid compartment, we identified the expansion of specific T cell subsets that are strongly associated with immune suppression. Among these, the enrichment of CD8 + T cells displaying features of exhaustion including expression of PD1 was very pronounced. This is consistent with other studies demonstrating that along with CLL progression, PD1 + CD8 + T cells expand in the spleen of TCL1 mice 584,605 . Statements about the functional characteristics and the role of these expanded PD1 + CD8 + T cells in CLL are conflicting. While some groups reported that they are defective in proliferation, but retain functional capacities such as IFNγ production 263,605 , others observed maintained proliferation, but defects in the production of IFNγ and IL-4 725 . This discrepancy might be attributed to the fact that PD1 + CD8 + T cells are highly heterogeneous in CLL. Here, we clearly demonstrate an accumulation of distinct subsets of PD1 + CD8 + T cells in the CLL TME that differ in their IC expression profile and potential functional characteristics. In contrast to the PD1 int subset (EM), the PD1 hi subsets (EX-1 and EX-2) lack the expression of IL-4 and IL-5, indicating that they exhibit different functions in the CLL TME. This is supported by a previous study reporting that PD1 int CD8+ T cells from leukemic TCL1 mice, in contrast to their PD1 hi counterparts, show higher functional capabilities including IFNγ release, degranulation and granzyme B 732 . Moreover, in accordance with the same study, the present PD1 hi subsets exhibit an exhausted phenotype, as reflected by elevated co-expression of multiple inhibitory ICs including PD1, LAG3, TIM3 and CTLA4.

Notably, the subset with the highest PD1 expression shows the highest IC expression, suggesting a common regulatory mechanism of IC expression. Moreover, the PD1 int subset lacks the expression of other ICs, highlighting the fact that rather the IC expression profile, instead of PD1 expression alone, need to be considered to define exhaustion in CLL. Indeed, upon engagement, ICs deliver 

Implications for the Kynurenine (Kyn) -Ahr pathway in CLL

In addition to the enrichment of PD1 + and LAG3 + exhausted CD8 for their phenotype and point towards a role of Ahr in Treg-mediated immune suppression in CLL.

Accumulation of myeloid cells is associated with dysfunctional anti-tumor immunity

Besides relevant alterations within the lymphoid compartment, we also detected changes within the myeloid compartment that are associated with immune suppression and tolerance in the CLL TME.

DCs are important myeloid cells, as they capture and present antigens to activate adaptive immune responses. In the setting of cancer, they have a special role in cross-presenting tumor antigens to CTLs, which attack tumor cells and thus are substantial to generate efficient anti-tumor immunity.

Although circulating DCs isolated from CLL patients are defective 741 , DCs that are generated from patient-derived monocytes in vitro are functional, apart from aberrations in the expression of some cytokines and co-stimulatory molecules 742,743 , and are able to induce CLL-specific T cell responses 744,745 Another finding of our study concerning the myeloid compartment was the severe skewing towards patrolling monocytes. This is in accordance with previous studies showing that patrolling monocytes strongly accumulate in all CLL-affected organs in TCL1 mice 611,669 . Consistent with our results, these patrolling monocytes were characterized by high expression of adhesion molecules such as PECAM-1 as well as increased PD-L1 expression. Our data demonstrate that their respective receptors, CD38 and PD1, are frequently expressed by several cell types within the CLL TME including malignant and non-malignant cells, indicating that patrolling monocytes are actively involved in cell-contact dependent microenvironmental cross-talk. Consequently, PD-L1 blockade reduced the frequency of CLL-induced patrolling monocytes 611,669 . Moreover, gene expression profiling revealed that they secrete multiple inflammatory and immunosuppressive cytokines including IL-10, pointing to a role in immune suppression by cell-contact independent mechanisms 669 . These cells have a strong impact on CLL progression as demonstrated by the efficient control of CLL development in AT-TCL1 mice after their depletion.

CLL induces additional changes in stromal cells

We demonstrate that CLL induces severe alterations in the lymphoid and myeloid compartment.

Beyond this, we identified an accumulation of α-SMA + ICAM-1 + CAFs within the CLL TME. A

previous study from our group demonstrated that CLL-derived exosomes induce changes in stromal cells ex vivo and in vivo thereby leading to a CAF phenotype, which contributes to CLL progression.

In the same study, α-SMA + CAFs were also detected in LN of CLL patients 574 . In this context, our data demonstrate, for the first time, the existence of CLL-promoting α-SMA + CAFs in AT TCL1 mice, supporting the suitability of this mouse model for study of the TME in CLL.

Efficacy of dual ICB indicates PD1 and LAG3 synergy in mediating immune suppression

In this study, we demonstrated that immune cells co-expressing PD1 and LAG3 not only expand in the CLL TME, they further upregulate expression levels of these ICs. Indeed, as outlined before, Beyond this, as PD1 and LAG3 signaling have a potential role as "ligands" to send survival signals to CLL cells and protect them from apoptosis, it is reasonable to assume that dual ICB blockade suppresses the delivery of pro-survival signals and thereby induce apoptosis in CLL cells. This would imply a direct action of these blocking antibodies on malignant cells.

In addition, we treated transgenic TCL1 mice with leukemia, as assessed by lymphocytosis (increased white blood cell count) and increased frequency of CLL cells in PB. Importantly, these mice were also responders to dual PD1/LAG3 ICB, as observed by magnetic resonance imaging. This is relevant, as we only started the treatment of these mice, when they showed an advanced stage of leukemia, reflecting the power of dual PD1/LAG3 ICB. Notably, we observed that all anti-PD1/LAG3-treated TCL1 mice initially exhibited an increase in spleen size. This phenomenon is termed as By deep immune profiling, we identified, in the previous section, alterations in the immune landscape that are associated with strong immune suppression in the murine CLL TME. Especially, CLL induces drastic changes within the T cell compartment that can be reversed by immunotherapeutic targeting, underlining the high impact of T cells in CLL. To confirm the relevance of the preclinical results and to elucidate their potential therapeutic and prognostic value, we explored T cell heterogeneity in the human CLL TME. This is also of great interest, as most previous studies about T cells in CLL were performed using patient-derived blood material, which is easily accessible, but does not mirror microenvironmental interactions within the tissue niche. However, the analysis of precious and sensitive samples such as LN cell suspensions also brought new challenges we had to deal with. For example, the cryopreservation as well as the long sample preparation for CyTOF acquisition represented a hurdle resulting in a huge loss of viable cells as well as in a loss of interesting antigens including ICs LAG3, TIM3 and GITR. Despite these challenges, we were able to provide valuable insights into the TME of human CLL.

High T cell diversity in CLL LN: implications for immunotherapy

We detected a high T cell diversity in CLL LN that is distinct from non-CLL LN, implying several aspects. First, the CLL TME actively modulates the abundance of several T cell subsets and thus alters the T cell profile. This is in accordance with our data obtained from the preclinical mouse model and reflects the relevance of T cells in this disease. Second, the existence of diverse CD4 + and CD8 + T cell subsets leads to the presumption that they harbour distinct functions or dysfunctions with potential roles in either immune surveillance or immune suppression. Considering CD4 + T cells, both anti-and pro-tumoral functions are described in CLL. While some studies report that CD40L-CD40 engagement and Th-associated cytokines including IFNγ, IL-4 and IL-6 promote CLL survival 592,594,595,597 , another study demonstrated a crucial anti-tumoral function through a CD4 + T cell depletion experiment 604 . Our data show a high diversity within the CD4 + T cell compartment, suggesting a functional heterogeneity and thus probably explaining these contradictory findings.

However, considering CD8 + T cells, a recent study reported that the function of Teffs in limiting CLL growth by IFNγ production is non-redundant, but suppressed within the tissue niche of CLL patients 605 . Our data confirm the presence of Teffs in LN of CLL patients, assuming that a potential tumor-attacking CTL response exists. In sum, the high diversity of T cells, ranging from naïve to memory and exhausted subsets, points toward a pre-existing adaptive immune response in CLL LN that can be modulated by immunotherapeutic approaches. Third, T cells are not excluded from the tumor. A high T cell infiltration within the TME, which classifies CLL as a "hot tumor", is associated with a better clinical response to immunotherapy including ICB [START_REF] Fridman | The immune contexture in human tumours: impact on clinical outcome[END_REF] . In this light, our data provide a rationale for the application of immunotherapeutic approaches in CLL, especially those ones targeting T cells.

The LN niche as a privileged site of T cell exhaustion and immune suppression in

CLL

By advanced clustering analysis we identified significant changes within both the CD4 + and CD8 + T cell compartments. In line with our findings from the TCL1 mouse model, we detected an accumulation of Tregs in CLL LN. Previous studies already reported an enrichment of CD25 + Tregs in CLL patients in both the circulation 621,622 and in the tissue niche, where the enrichment is even more pronounced 623,624 . Importantly, this enrichment in Treg correlates with the expression of progressive disease markers such as CD38, and a shorter time to initial treatment, indicating a strong pro-tumoral effect of these Tregs in CLL. In accordance with our mouse data, we demonstrated that these Tregs harbor an activated and suppressive phenotype. Enriched Tregs highly express the stability markers Foxp3 and Helios. Interestingly, gene expression profiling revealed that increased expression of Helios by intratumoral Tregs is associated with their increased suppressive activity as reflected by elevated expression of functional markers including granzyme B, IL-10, and ICOS 232 .

Moreover, they highly express ICs including PD1 and TIGIT that are associated with enhanced immune suppression 234 . Indeed, TIGIT + Tregs display a highly active and suppressive signature and specifically inhibit Th1 and Th17, but not Th2 cell responses [START_REF] Joller | Treg cells expressing the coinhibitory molecule TIGIT selectively inhibit proinflammatory Th1 and Th17 cell responses[END_REF] , supporting a Th2 dominance in CLL.

Notably, highly suppressive TIGIT + Tregs also show high expression of Ahr 72 , supporting our hypothesis that the transcellular Kyn-Ahr pathway regulates Treg suppressive activity in CLL.

Unfortunately we could not detect LAG3, GITR and TIM3 expression on these enriched Treg subsets, but given the fact that LAG3 and GITR are part of the gene signature expressed by TIGIT + Tregs 72 , it is reasonable to assume that they also express these markers, even at low levels. More information about the expression of specific markers including ICs will be provided by scRNA-Seq that was performed on matched CLL LN samples by our collaborators at the DKFZ in Heidelberg. The observation of a highly suppressive phenotype is strengthened by their elevated expression of CD95.

In In this light, it can be assumed that mechanisms similar to activation-induced CD8 + T cell exhaustion occur, by which functional, probably anti-tumoral, CD4 + T cells progressively acquire a dysfunctional state in CLL LN, that might be dependent on Eomes expression levels. Exhaustion is also an agerelated phenomenon. To exclude a potential age bias due to the increased age of CLL patients, control samples from older persons will be recruited in the future. However, as the CLL-specific CD39 + T cells mainly reflect an exhausted nature, we argue that exhaustion is indeed CLL-induced, and not age-related.

In summary, the enrichment of both highly suppressive Tregs and DN T cells, as well as terminally exhausted CD8 + and CD4 + T cells in the LN niche points toward a strong immune suppression of the adaptive immune system, which is reflected in the immune deficiency of CLL patients.

In addition, we identified the enrichment of a CD8 + TEM cell subset in LN of CLL patients. We demonstrate that this subset highly expresses OX40 and grK. Intriguingly, OX40 + CD8 + T cells were described as Teffs with the potential to overcome immune suppression by expression of cytotoxic molecules including granzymes 695 , and their high frequency in the TME is associated with favourable prognosis in NSCLC 696 . In this context, it is possible that this OX40 + grK + CD8 + T cell subset has a potential role in immune surveillance and accumulates in the CLL TME as a compensatory mechanism to control enhanced immune suppression. This hypothesis is strengthened by our observation that an increased ratio of this subset relative to CD8 + Tex correlates with a longer time to initial treatment. However, considering their low abundance compared to Tex subsets, it is reasonable that they fail to overcome immunosuppressive conditions. Interestingly, while the accumulation of highly suppressive Tregs and OX40 + grK + CD8 + T cells is more pronounced in the LN niche when compared to other CLL-infiltrated compartments, the exhausted T cell subsets are almost exclusively present in CLL LN. This is supported by a previous study reporting that dysfunctional T cells preferentially accumulate in LN, while maintaining functions in PB 605 , suggesting an important role of the tissue niche in driving T cell dysfunction. However, our data clearly show that BM, which is also considered a tissue niche, is less affected by such Tex infiltration, being more similar to PB than to LN. This might indicate that the LN niche provides a special architecture, where unique microenvironmental interactions favour immunosuppressive conditions and thus define the LN niche as a privileged site of T cell exhaustion.

Enhanced adenosinergic signaling as important driver of immune suppression?

As outlined before, investigation of T cells provides important insights in the immune state, in this case immunosuppressive state, of CLL patients. However, the analysis of T cells is convoluted by the fact that also virus-specific ("bystander") T cells increase in CLL patients 586 . Therefore, we performed a deeper analysis of the tumor-reactive pool of T cells, which are defined by the expression of CD39 699,700 . CD39 is an ectoenzyme that converts ATP, which is abundantly released in the TME due to cell death, hypoxia and pro-inflammatory signals, to immunosuppressive adenosine and thereby regulates the balance between inflammation and immune suppression 760 . We identified a relevant enrichment of CD39 + CD4 + and CD8 + T cells in CLL LN as well as a strong upregulation of CD39 expression on several T cell subsets. This is consistent with the observation that CD39 expression is increased on CD8 + T cells in other tumor types including NSCLC, breast cancer and melanoma 701,761 and points to several aspects. First, besides virus-specific T cells, also CLL-specific T cells expand in CLL LN. This is relevant, as tumor-reactive T cells are a pre-requisite for efficient restoration of anti-tumor immunity after immunotherapy. Moreover, we clearly demonstrate that the CD39 + T cells, i.e. CLL-specific T cells, mainly have an exhausted phenotype, confirming that exhaustion seems to be a CLL-induced phenomenon. This is in accordance with previous studies reporting that functional exhaustion is independent of the CMV status, i.e. the viral load 263 . Second, the CLL TME is characterized by hypoxic conditions. Indeed, a previous study showed that proliferation centers in CLL LN constitute a hypoxic microenvironment characterized by the overexpression of HIF-1α in malignant CLL cells 762 . Third, CD39 upregulation leads to enhanced adenosine signaling and hence contributes to immune suppression within CLL LN. Recently, a study using TCL1 mice demonstrated that CD39 is upregulated on CLL cells and T cells, and that the subsequent enhanced adenosine production and signaling lead to immune tolerance, with expansion of Tregs, loss of CTL-mediated killing and polarization to patrolling monocytes 735 . Importantly, in vivo administration of an inhibitor of the A2A adenosine receptor restores these alterations but is not sufficient to limit CLL growth 735 . Based on these and our data, we hypothesize that especially within the LN niche of CLL patients, hypoxic conditions (i.e. overexpression of HIF-1α) in the pseudofollicles induce the upregulation of CD39 on T cells and consequently, enhanced adenosinergic signaling causing the enrichment of highly active and suppressive Tregs and the induction of T cell exhaustion. This highlights the putative role of the adenosinergic axis as driver of immune suppression as well as its modulation as therapeutic approach in combination with ICB such as anti-PD1. Indeed, anti-CD39 mAb treatment shows synergistic effects with anti-PD1 ICB and can rescue anti-PD1 resistance in mouse models of melanoma and colon carcinoma 763 . To investigate such synergistic, potentially anti-leukemic effects, combinatorial anti-CD39/anti-PD1 treatment of AT TCL1 mice followed by immunophenotyping and functional analysis can be considered.

Inter-patients TME T cell heterogeneity indicates the prognostic value of specific T cell subsets

CLL displays a high genetic and epigenetic heterogeneity, which is consequently implemented into clinics to predict the prognosis for patients. However, tumor heterogeneity can also occur in terms of immune cell composition. We identified that the T cell profile is highly variable between CLL patients, allowing the stratification of patients into different subgroups. This high T cell heterogeneity between patients reflects the need for the implementation into the clinics of additional information, i.e. the immune cell composition as well as the need for personalized medicine. This is strengthened by our findings that the frequency of CD8 + Tex and Tregs negatively correlates with time to initial treatment, indicating a negative prognostic potential of these immune cell subsets, and that the frequency of OX40 + grK + CD8 + TEM positively correlates with time to initial treatment, suggesting a positive prognostic impact. However, the prognostic potential of these subsets needs to be considered with caution, as we do not have any information about the criteria that qualifies for the start of the treatment.

Ongoing work and perspectives

To provide additional, non-redundant insights into the T cell transcriptional program, scRNA Seq of sorted LN CD3 + T cells was performed at the DKFZ (Germany) in the group of Dr. Martina Seiffert.

Assessing the differential gene expression between CLL-associated and CTRL T cells allows to connect the phenotype to the genotype of specific T cell subsets and to elucidate their regulatory networks and lineage relationships. Indeed, preliminary data show a correlation between similar clusters identified by CyTOF and scRNA-Seq analysis, thus highlighting the possibility to integrate transcriptomic and proteomic information. Moreover, in the future, imaging mass cytometry (Hyperion) of a second cohort of LN biopsies will be performed at the University of Bergen (Norway) in collaboration with Prof. Rolf Bjerkvig. This analysis will not only enable to investigate direct cell-cell interactions and IC expression in situ, it will also give valuable information about the localization of immune cell subsets within the LN and thus about the spatial relationship of different cell types.

Conclusion

By extensive immune profiling using high-dimensional single-cell mass cytometry we provide new insights into the bidirectional communication within the TME in murine and human CLL.

Specifically, in pre-clinical models of CLL, we show that relevant changes in the immune landscape, especially the expansion of specific immune cell subsets are associated with strong immune suppression thereby contributing to an escape phenotype in CLL. Moreover, by detailed phenotypic characterization of these immune cells, we highlight the synergy of IC signaling in mediating immune suppression and thus provide a rationale for combinatorial ICB to restore immune-competent conditions. Beyond this, in human CLL, we demonstrate a high inter-patient T cell heterogeneity and the potential prognostic value of specific T cell subsets.

Altogether, our data emphasize the need to implement information about the immune cell composition into clinics to design and guide immunotherapy decisions. In conclusion, we did not only extent the knowledge of TME biology in CLL, but our findings also suggest new combinatorial immunotherapeutic approaches for the treatment of this disease.

The prohibitin-binding compound fluorizoline induces apoptosis in chronic lymphocytic leukemia cells ex vivo but fails to prevent leukemia development in a murine model Chronic lymphocytic leukemia (CLL), the most frequent leukemia in adults, is characterized by an accumulation of monoclonal B cells with a mature phenotype in the blood and lymphoid organs. Despite considerable advances in the treatment of patients, CLL remains an incurable disorder, 1,2 and therefore novel therapies are needed. New compounds harboring a trifluorinated thiazoline scaffold have recently been described for their pro-apoptotic properties. 3 Indeed, a diaryl trifluorothiazoline, named fluorizoline, demonstrated a high apoptosis induction in different cancer cells in vitro by binding to prohibitin (PHB) 1 and 2. [3][4][5] Very recently, fluorizoline was reported to efficiently induce apoptosis in CLL cells derived from patients, showing synergistic effects with other drugs used in CLL treatment such as the Bruton's tyrosine kinase (BTK) inhibitor ibrutinib. 6 However, none of these studies reported any assessment of fluorizoline efficacy in vivo. Here, we confirmed that fluorizoline strongly induces apoptosis in primary CLL cells through the induction of NOXA. However, we also demonstrated that fluorizoline, in contrast to ibrutinib, fails to control CLL development in a relevant mouse model of aggressive disease.

First, we isolated peripheral blood mononuclear cells (PBMC) from CLL patients (>95% CD5 + CD19 + cell purity) and tested the cytotoxicity of fluorizoline ex vivo (Online Supplementary Methods). We observed that CLL cells were sensitive to treatment, as mirrored by the low inhibitory concentrations ( IC 50 ) after 24 hours (h), 48 h, and 72 h of culture ( 9 normal B and CLL cells. Indeed, both prohibitins are expressed in high levels in both populations with no detectable difference between them (Figure 1F and Online Supplementary Figure S1).

Next, we sought to confirm the therapeutic benefit of fluorizoline in the Eμ-TCL1 mouse model of CLL. For this pur-pose, we first prepared splenocytes from diseased Eμ-TCL1 mice and observed a similar toxicity of the compound towards murine CLL cells in vitro. Indeed, a concentration of 10 μM killed 80-90% of cells depending on the incubation period (Figure 2A). Then, we performed adoptive transfer (AT) of splenocytes from diseased Eμ-TCL1 to haematologica 2018; 103:e156 C57BL/6 recipients (Online Supplementary Methods). After five days, animals were randomized to treatment with either fluorizoline, ibrutinib, or control vehicles. Fluorizoline was administered by intraperitoneal injections three times a week at 15 mg/kg, a dose ten times higher than the dose of another PHB-binding compound successfully used for the treatment of murine CLL. 7 The animals were treated for five weeks and monitored weekly for both the blood cell count and the percentage of leukemic CD5 + CD19 + cells. Interestingly, while the animals receiving ibrutinib maintained an almost undetectable tumor load in the circulation, the animals treated with vehicle or fluorizoline became very rapidly (3 weeks) leukemic, as reflected by the increase in the percentage and the number of CD5 + CD19 + CLL cells in the blood (Figure 2B andC). We also quantified by flow cytometry the proportion of immune cells in the blood of mice treated with fluorizoline or vehicle. After five weeks of treatment, no significant difference in B-and T-cell number was observed (Online Supplementary Figure S2). While monocytes increased and granulocytes decreased in a manner concomitant with the development of CLL cells, no difference was measured in presence of fluorizoline (Online Supplementary Figure S2). Moreover, fluorizoline did not control disease development in the spleen as indicated by enlarged spleens, which were even larger than in vehicle-treated animals (Figure 2D), as well as a high proportion of CLL cell infiltration (>96%). In addition, a survival analysis based on the Kaplan-Meier estimate did not indicate any statistical difference between the groups treated with vehicle or fluorizoline (P=0.273), whereas all animals treated with ibrutinib survived until the end of the experiment (P=0.0004) (Figure 2E).
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Furthermore, we investigated the induction of cell death in several organs after in vivo treatment. The absence of apoptosis was shown in situ by immunohistochemistry staining against cleaved caspase-3 and TUNEL assay in spleen sections (Figure 3A and B). Similarly, no difference in the percentage of live cells was observed for B cells, T cells, and myeloid cells in the blood and the bone marrow (Figure 3C and D). We also analyzed if the microenvironment could have any protective capabilities by co-culturing CLL cells with stromal cells. Indeed, we observed a significant protection from cell death by co-culturing CLL cells with HS-5 cells. The fact that conditioned medium had a protective effect only for JVM-3 cells, but not for CLL cells, suggests that direct cell contact is required for protection of human primary CLL cells (Figure 3E).

Moreover, fluorizoline is likely poorly bioavailable. Indeed, its structure suggests a lipophilic character with, as a main consequence, a rapid transfer from the blood to the fatty compartment and, therefore, a decreased bioavailability. Adsorption of fluorizoline to lipids and proteins in vivo could also reduce the free bioavailable fraction. In addition, the metabolization of fluorizoline (e.g. hydrolysis, oxidation and/or conjugation) into non-active by-products, could also explain the difference observed between cell cultures and animal experiments.

In conclusion, despite promising apoptosis-inducing effects in vitro, fluorizoline was unsuccessful in inducing apoptosis and limiting CLL progression in vivo. The absence of toxicity towards CLL cells and normal cells present in the peripheral circulation strongly points toward the low bioavailability of the drug or its rapid systemic clearance in vivo. Efforts should be made to modify the compound to improve its overall efficacy.

Marina Wierz, 1 Sandrine Pierson, 1 Nora Chouha, 2 Laurent Désaubry, 2 Jean-Hugues François, 3 Guy Berchem, 1,3 Jerome Paggetti 

Materials and Methods

Primary CLL cells and healthy B cells

Peripheral blood (PB) samples from 16 patients with CLL were obtained from the Centre Hospitalier de Luxembourg (CHL) after obtaining written informed consent according to the Declaration of Helsinki. PB mononuclear cells (PBMC) were isolated from whole blood by density gradient centrifugation using the LeucoSep™ Separation Medium (Greiner Bio-One) according to the manufacturer's protocol. PBMC were then incubated with 3ml 1X ACK lysing buffer (Lonza) for 3 minutes at room temperature (RT) to lyse remaining red blood cells (RBC), washed twice with phosphate buffered saline (PBS) and counted. PBMC were cultured immediately after isolation at a concentration of 4 x 10 6 cells/mL in RPMI 1640 culture medium with Ultraglutamine (Lonza) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1%

penicillin/streptomycin (P/S, Lonza) at 37°C in a humidified atmosphere containing 5% carbon dioxide.

Buffy coats were obtained from seven healthy donors (Croix-Rouge Luxembourg). B cells were isolated by positive selection with Dynabeads® CD19 pan B (Life Technologies) according to the manufacturer's protocol.

After release of CD19+ B cells from beads with the DETACHaBEAD® CD19 (Life Technologies), the cells were stained with a Fluorescein isothiocyanate (FITC)-or Alexa Fluor 700-conjugated anti-human CD20 (both from BioLegend, clone 2H7) and analyzed on a CytoFlex cytometer (Beckman-Coulter) to control purity.

Cell lines

The human CLL cell lines MEC-1 (ACC-497, DMSZ) and JVM-3 (ACC-18, DMSZ) were maintained in RPMI1640 culture medium with Ultraglutamine (Lonza) supplemented with 10% FBS and 1% P/S at 37°C in a humidified atmosphere containing 5% carbon dioxide. The human stromal cell line HS-5 was maintained in DMEM culture medium (Lonza) supplemented with 10% FBS and 1% P/S at 37°C in a humidified atmosphere containing 5% carbon dioxide. Conditioned medium was harvested from sub-confluent HS-5 cells. Medium was centrifuged twice at 400 x g for 10 min and stored at -80°C until use.

Reagents and antibodies

Fluorizoline was synthesized as previously described. 1 For in vitro experiments, fluorizoline was dissolved in DMSO at 40mM. For in vivo experiments, fluorizoline was dissolved in DMSO at 27.5mg/ml. Ibrutinib (Imbruvica, Janssen) was dissolved in DMSO at 48mg/ml. Kolliphor®EL and (2-Hydroxypropyl)-β-cyclodextrin water at 0.16mg/ml as previously described. 2 Control mice (n=10) were injected i.p. with 5% Kolliphor®EL/PBS vehicle solely and were provided with 10% β-HC/H2O as drinking water. CLL development was monitored weekly. The blood cell count was analyzed by the MS4e Vet hematology analyzer (Melet Schloesing, France). Healthy C57BL/6 mice (n=5) were used as controls.

To analyze in vivo cell viability, AT was performed as described above. Four weeks after AT, when CLL cells were detectable in peripheral blood (PB), mice (n=5) were injected i.p. with 15mg/kg fluorizoline three times per week for two weeks.

Sample preparation

Peripheral blood was drawn via retro-orbital puncture with EDTA as anticoagulant and processed for flow cytometry and blood cell count. The animals were sacrificed by cervical dislocation and femurs were dissected. Bone marrow cells were isolated by flushing the femurs with cold PBS (without Ca 2+ /Mg 2+ ) followed by cell resuspension and filtration (100μm CellTrics®, Sysmex). PB cells and bone marrow cells were recovered by centrifugation (400 x g, 4°C, 10 minutes) before resuspension in ACK lysing solution (Lonza) to remove erythrocytes. Finally, cells were washed in MACS buffer (Miltenyi Biotec), counted and processed for flow cytometry.

Measure of leukemic load by flow cytometry PB cells were directly stained with anti-CD5 and anti-CD19 for 30 minutes 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 acquired on a CytoFLEX analyzer (Beckman Coulter) and the percentage of CD5+CD19+ CLL cells was determined.

For the analysis of cell viability after in vivo treatment, single cell suspensions prepared from blood and bone marrow were incubated with FITC-conjugated anti-mouse CD4, CD8, CD19, or CD11b and with Annexin V-APC/7-AAD, washed in ABB and analyzed on a CytoFLEX Flow Cytometer.

Western Blot

Freshly isolated cells as well as cultured cells treated with fluorizoline or left untreated (as described for Analysis of cell viability by flow cytometry) were used for western blotting. Cells were harvested, washed twice with PBS and whole cell protein extracts were prepared by lysing cells with RIPA buffer (Millipore)

supplemented with a complete protease inhibitor cocktail (Roche) and Phosphatase Inhibitor Cocktails 2 and 3 (Sigma-Aldrich) for 30 minutes on ice before centrifugation at 12.000g for 15 minutes at 4°C. Protein concentration of the cell lysates was measured using the colorimetric protein assay (Bio-Rad). Protein lysates (15μg) were subjected to reducing conditions before electrophoresis on a polyacrylamide gel (SDS-PAGE) and electrophoretic transfer to 0.2μm PVDF membranes (Whatman). After 1 hour of blocking with 5% (w/v) nonfat milk in Tris-buffered saline with 0.1% Tween®-20 (TBS-T), the membranes were probed with specific primary antibodies against NOXA, MCL-1, PUMA, BCL-2, PARP, cleaved caspase 3, caspase 8, p-ERK1/2 and HSC70. Primary antibody binding was detected using a secondary antibody conjugated to horseradish peroxidase and the enhanced chemiluminescence (ECL) detection system (Perkin-Elmer).

Immunohistochemistry

Mice were euthanized by cervical dislocation and dissected to collect spleens. A portion was cut out, fixed in 10% neutral buffered formalin (HistoTainer™ prefilled specimen containers, Simport) and directly shipped to HistoWiz Inc. (histowiz.com). Samples were processed, embedded in paraffin, sectioned at 4μm, and stained with an anti-mouse cleaved-caspase 3 or with TUNEL assay to detect apoptotic cells. Sections were then counterstained with hematoxylin, dehydrated and film coverslipped using a TissueTek-Prisma and Coverslipper (Sakura). Whole slide scanning (40x) was performed on an Aperio AT2 (Leica Biosystems).

Positive cells were counted in ten fields per sample in three animals. A representative picture is presented for each animal.

Statistical analysis

Statistical significance was determined using the two-sided unpaired t test for in vitro analysis or the twosided Mann Whitney U test for in vivo analysis. p-values lower than 0.05 were considered statistically significant. Analyses were performed with GraphPad Prism 7. Significance displayed in each figure is explained in figure legends.

Introduction

Exosomes were first described in the 1980s as membranous vesicles of endosomal origin released by maturing reticulocytes [1]. Since then, it has been well established that exosomes, as mediators of intercellular communication, are secreted by a diversity of cell types [2-4], including tumor cells [5], and that they play a pivotal role in the progression of cancer [6-11]. To interrogate the impact on disease progression as well as the prognostic and therapeutic 
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value of exosomes in cancer, exosome isolation techniques should be simple, efficient, and reliable to obtain pure vesicle preparations. Indeed, there is a variety of ultracentrifugation-based, size-based, immunoaffinity capture-based, or microfluidics-based techniques to purify exosomes [12]. Here, we demonstrate that leukemiaderived exosomes can be efficiently produced by culturing leukemic cell lines in a bioreactor (CELLine) that is separated into two compartments by a 10 kDa semipermeable membrane, allowing an optimal and continuous diffusion of nutrients with a concurrent removal of any inhibitory waste product. Yielded exosomes can then be isolated and purified with high stringency for downstream analyses by combining differential centrifugation steps, filtration, and density gradient ultracentrifugation (Fig. 1). In a first step, differential centrifugation is used as a "gold standard" method for the isolation of exosomes from a heterogeneous mixture. To this end, the cell suspension is subjected to a series of centrifugation cycles at increasing speeds allowing the sedimentation of particles according to their density and size and, consequently, the elimination of intact cells, dead cells, cell debris, and large extracellular vesicles (EVs). Following this, a final ultracentrifugation at 110.000 × g of the resulting supernatant is used to pellet exosomes. At this step, exosomes can be optionally labeled with fluorescent dyes for post-isolation analyses. Then, in a second step, an additional ultracentrifugation on a density cushion is performed to eliminate more contaminants such as protein aggregates and to purify exosomes with high stringency. For this, the exosomes obtained by differential centrifugation are loaded on top of a 17% OptiPrep ™ cushion having a density close to exosomes and an ultracentrifugal force is applied to enable floatation of the exosomes away from other vesicles and contaminants (Fig. 2) [13].

Finally, the exosome fraction is washed, filtered, and resuspended in physiological buffer (Fig. 3). Purified exosomes can then be used for downstream analyses. For example, exosomes can be characterized by western blot analysis to detect the presence of proteins known to be enriched in exosomes (e.g., antibodies directed against ALIX and TSG101, Fig. 4) or by imaging flow cytometry (ImageStream X , Fig. 5) [14]. Moreover, internalization of exosomes by cells of the microenvironment can be followed by coculture and subsequent fluorescence confocal imaging (Fig. 6) and flow cytometry analyses (Fig. 7).

Materials

1. CELLine CL1000 bioreactor (Integra).

2. Leukemic cell line MEC-1 (DMSZ, Germany).

Cell Culture in a Two-Compartment Bioreactor

Marina Wierz et al. 1. Equilibrate the semipermeable membrane for 5 min by pouring 50 mL of complete medium in the medium compartment (upper).

2. Loose the green cap of the medium compartment to avoid air lock.

3. Inoculate 25 × 10 6 cells in growing phase resuspended in 17 mL complete exosome-depleted medium into the cell compartment (bottom) by inserting a 25 mL pipette in the silicone cone (see Note 2).

4. Try to avoid air bubbles as much as possible. Bubbles in the cell compartment need to be removed by slowly pipetting up and down several times. Tight the cap.

5. Transfer 500 mL of complete medium into the medium compartment and tight the cap.

6. Place the bioreactor in an incubator at 37 °C and 5% CO 2 atmosphere in a humidified atmosphere.

Once a week, proceed as follows:

1. Pour off all the medium from the medium compartment and wash with PBS.

2. Keep PBS in the medium compartment and proceed to the cell compartment.

3. Aspirate the cell suspension from the cell compartment by using a 25 mL pipette and transfer it into a 15 mL falcon tube.

4. Perform a cell count and viability assay. 5. Wash the cell compartment 3 times with 15 mL PBS and reinoculate 15 × 10 6 cells in 17 mL of fresh complete exosomedepleted medium.

6. Pour off PBS from the medium compartment and add 500 mL of fresh complete medium.

7. Place it back in the incubator.

Successive centrifugation steps at increasing speeds are applied to the cell suspension to eliminate live and dead cells, large cell debris, and other extracellular vesicles (EVs). At each of these centrifugation steps the pellet is discarded and the supernatant is subjected to the next centrifugation step (see Note 3) (Fig. 1).

1. Centrifuge the cell suspension at 400 × g for 10 min to eliminate cells.

2. Centrifuge at 2000 × g for 20 min to pellet dead cells.

3. Centrifuge at 10,000 × g for 60 min to eliminate cell debris and larger EVs.

4. At this step, the supernatant can be stored at -80 °C until further processing.

5. For ultracentrifugation steps, transfer the supernatant into polyallomer centrifuge tubes 16 × 76 mm (see Note 4).

6. Centrifuge at 110,000 × g for 70 min at 4 °C with acceleration set at 9 and brake set at 1 using a rotor MLA-55 to pellet exosomes (see Note 5).

7. Eliminate the supernatant by pouring off in a liquid waste disposal. For this, rotate the tube once upside down, keep the tube on this position and transfer on a wipe paper until all the liquid is absorbed (see Note 6).

PKH26 and PKH67 are fluorescent labeling dyes that incorporate into the lipid structures of exosome membranes and are excitated by wavelengths at 551 nm and 490 nm, respectively. PKH26 can be detected at 567 nm (red), while PKH67 can be detected at 502 nm (green).

1. Resuspend the exosome pellet in 100 μL PBS and add 1 μL of PKH26 or PKH67 dye.

2. Mix by pipetting and incubate at room temperature (RT) for 30 min in the dark.

3. Resuspend in 4 mL PBS to stop the reaction and proceed to the purification step by density gradient ultracentrifugation.

Purification on a density gradient (17% OptiPrep ™ cushion) is performed to remove non-exosomal protein complexes and unbound PKH dye (Fig. 1). 1. Gently layer the exosome fraction (4 mL) on top of 1 mL 17% OptiPrep ™ cushion in a polyallomer centrifuge tube 13 × 51 mm and centrifuge at 100,000 × g for 75 min at 4 °C with acceleration set at 9 and brake set at 1 using a rotor MLS-50 (see Note 7) (Fig. 2).

2. Discard the top phase.

3. Collect the interphase containing exosomes and the lower phase (see Note 3) and adjust the volume to 8.5 mL with PBS in a polyallomer centrifuge tube 16 × 76 mm (wash).

4. Centrifuge at 110,000 × g for 70 min at 4 °C with acceleration set at 9 and brake set at 1 using an MLA-55 rotor to pellet exosomes.

5. Eliminate the supernatant by pouring off in a liquid waste disposal. For this, rotate the tube once upside down, keep the tube on this position, and transfer on a wipe paper until all the liquid is absorbed (see Note 6) (Fig. 3).

6. Resuspend the exosome pellet in 500 μL PBS (see Note 8).

7. Save 4.5 μL out of these 500 μL for protein quantification: (g) Determine the protein concentration of your sample using the BSA standard curve.

To assess exosomes purity, the presence of markers enriched in exosomes (Alix, TSG101, RAB5a, HLA-DR, CD63) is detected by western blot. MEC-1 total cell lysate serves as control. If the sample is enriched with exosomes, a stronger signal for Alix, TSG101, HLA-DR, RAB5A, and CD63, while no band for calnexin, is observed. Calnexin is a reticulum endoplasmic protein and a band should appear only in the MEC-1 cell total lysate (Fig. 4).

1. Prepare 10% acrylamide gels, 1.1 mm thickness, 10-well combs:

(a) Separating gel: for one gel (5 mL), mix 2 mL ultrapure water, 1.7 mL 30% acrylamide/bisacrylamide, 1. 

Detection of Exosome Markers by Western Blot
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Thanks to the calibration beads, the exosome concentration in the sample can also be determined.

Exosomes uptake by cells of the microenvironment can be monitored by confocal imaging or by flow cytometry analysis as described below.

PKH26 and PKH67 labeling allows to monitor exosome uptake by cells of the microenvironment using confocal imaging (Fig. 6).

1. Seed HS-5 and HMEC-1 cells in μ-slides at 60% confluency in their respective complete medium. Allow cells to attach. Change culture medium next day.

2. Add PKH-labeled exosomes at your desired concentration (1-100 μg/mL) for various periods of time. As control, use a well with no addition of PKH-labeled exosomes.

3. After incubation, wash cells 5 times with 300 μL of PBS to remove all the non-incorporated PKH-labeled exosomes.

4. Add DAPI to a final concentration of 1 μg/mL to counterstain nuclei and incubate for 5 min at RT (see Note 9).

5. Wash 2 times with 300 μL of PBS and resuspend in 200 μL PBS.

6. Acquire images on a confocal microscope (Fig. 6).

PKH26 and PKH67 labeling allows to monitor exosome uptake by cells of the microenvironment using flow cytometry (Fig. 7).

1. Seed HS-5 and HMEC-1 cells in a 12-well plate at 60% confluency in their respective complete medium.

2. Add PKH-labeled exosomes at your desired concentration (1-100 μg/mL) and time. As control, use a well with no addition of PKH-labeled exosomes.

3. After incubation, wash cells 3 times with 1 mL of PBS to remove all the non-incorporated PKH-labeled exosomes.

4. Trypsinize the cells.

5. Add complete medium to stop the reaction. Recover the cells in FACS tubes.

6. Centrifuge cells at 400 × g for 5 min at 4 °C (see Note 10).

7. Wash cells once with 1 mL of autoMACS ® Running buffer.

8. Resuspend cells in 100 μL autoMACS ® Running buffer.

9. Proceed to FACS analysis (Fig. 7).

Further advanced analyses that are not described in this chapter can be used to characterize exosomes, for example, proteomic characterization by mass spectrometry (LC-MS/MS) analysis, and 

Flow Cytometry Analysis

Purification of Leukemia-Derived Exosomes to study their function in microenvironment modulation such as the investigation of gene activation in target cells by RNA sequencing.

Notes

1. Exosome-depleted FBS is obtained by ultracentrifugation at 110,000 × g at 4 °C for at least 16 h in OptiSeal ™ polyallomer centrifuge tubes 16 × 60 mm previously autoclaved (tubes as well as caps) and filtered through a 0.2 μM filter.

2. The 10 kDa semipermeable membrane of the CELLine bioreactor is very delicate; avoid shaking, banging the flask, or pipetting too strongly in the cell compartment.

3. Do not try to collect all the supernatant, always leave a little bit of liquid on the top of the pellet.

4. Draw a vertical line on one side of the tube and place this line forwards the outside of the rotor. The exosome pellet is localized under this line after centrifugation.

5. When the centrifuge stops, proceed immediately to the next step to avoid exosome pellet dispersion.

6. For this step, the tube has to be hold in the manner that the drawn line where the pellet is located is directed upward to avoid resuspension of the exosomes pellet into the liquid.

7. The overall rotor efficiency is reflected by the k-factor incorporating both g-force and particle pathlength. The lower the k-factor, the lower the run time. MLA-55 represents a fixed angle rotor (k-factor 53) and is used for initial ultracentrifugation, whereas MLS-50 represents a swinging bucket rotor (k-factor 71) and is used for density gradient ultracentrifugation.

8. If exosomes need to be used in a protocol where sterility is required (exosomes uptake by cells), perform a filtration through a 0.2 μM filter under a culture hood. 9. Optional: if slides cannot be imaged instantly, cells can be fixed in 4% paraformaldehyde for 20 min at RT in the dark. Then, wash 5 times with PBS before proceeding to DAPI counterstaining.

10. Optional: if cells cannot be analyzed immediately, resuspended cells in fixation buffer (Biolegend) for 20 min at RT in the dark. Then wash once with autoMACS ® Running buffer and keep tubes at 4 °C.

Marina Wierz et al.
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 567 Figure 5Drivers of T cell dysfunction in cancer Figure 6 Model for T cell activation and exhaustion following antigen recognition Figure 7 B cell receptor (BCR) signaling Figure 8The CLL microenvironment
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 1819 Figure 18Specific CD8 + T cell clusters define groups of CLL patients and correlate with time to initial treatment Figure 19 Specific CD4 + T cell subsets define groups of CLL patients and a specific Treg subset correlates with time to initial treatment Figure 20 CLL-specific DN T cells expand in CLL LN

  Par immunophénotypage du TME dans des modèles précliniques de LLC, nous avons observé que les cellules de LLC, par rapport aux cellules B non malignes, présentent un changement important de leur phénotype. Les cellules de LLC ont une expression élevée des points de contrôle immunitaires (PCI) PD-L1 et LAG3, des cytokines IL-4 et IL-6, et de plusieurs molécules de maturation et d'adhésion, dont CD44 et ICAM-1. L'expression de PD-L1 sur les cellules de LLC est hétérogène, et une expression élevée corrèle à une expression plus importante des molécules de maturation et d'adhésion. En outre, nous avons identifié des altérations significatives de la composition des cellules immunitaires du TME, associées à une immunité anti-tumorale dysfonctionnelle et à un état immunodéprimé. Nous avons détecté un enrichissement des lymphocytes T CD8 + épuisés (Tex) coexprimant plusieurs PCI, y compris PD1, LAG3, TIM3 et CTLA4, ainsi qu'une expansion des cellules T régulatrices (Tregs) KLRG1 + CTLA4 + et Foxp3 + CD25 lo LAG3 + , toutes deux décrites comme fortement activées et suppressives. Concernant le compartiment myéloïde, les cellules dendritiques CD8 + exprimant fortement les PCI LAG3 et TIM3, ainsi que les monocytes « patrolling » PECAM-1 + PD-L1 + s'accumulent dans la LLC. Comme nous avons détecté une surexpression de PD1 et LAG3 sur la majorité des sous-populations de cellules immunitaires présentent dans le TME, nous avons testé un blocage de ces PCI dans les modèles précliniques. En effet, la double immunothérapie anti-PD1/LAG3 a efficacement limité le développement de la LLC. Le pourcentage de cellules leucémiques dans le sang et la rate a diminué de manière significative et un TME immunocompétent a été rétablit comme nous l'avons identifié par cytométrie de masse. De plus, le profil des cytokines dans le sérum après le double blocage des PCI indique le rétablissement d'une réponse immunitaire efficace. De façon très intéressante, nous avons remarqué qu'une fréquence plus élevée dans le sang de cellules T effectrices avant de commencer la thérapie était corrélée avec une réduction plus élevée de la taille de la tumeur. Cette observation démontre le potentiel de l'analyse des cellules T circulantes comme biomarqueurs pour prédire la réponse à cette immunothérapie double.

Figure 1 .

 1 Figure 1. The "Cancer-Immunity Cycle" 6 . The "Cancer-Immunity Cycle" is a stepwise and dynamic process leading to the amplification of immune-stimulatory factors and ending up in effective anti-tumor T cell responses. The cycle includes seven steps, starting with the release of tumor antigens and ending in CTL-mediated cytotoxicity against tumor cells. The figure depicts the different steps, which take place in different anatomic compartments and are mediated by different cell types. APC, antigen-presenting cell; CTL, cytotoxic T lymphocyte. Figure taken from Chen and Mellman, 2013 6 .

Figure 2 .

 2 Figure 2. IC diversity for fine-tuning of the T cell response 49 . APCs, such as DCs, regulate T cell responses important for anti-tumor immunity. ICs are required for fine-tuning of T cell responses. Depending on the balance between co-stimulatory and co-inhibitory ICs, T cells are activated (indicated by green arrows) or inhibited (indicated by red square arrows). Antibody symbols represent IC pathways undergoing evaluation in clinical trials. Green antibodies indicate IC pathways in clinical trials for cancer, dark blue indicate those in clinical use for cancer. Figure taken from Wykes and Lewin, 2017 50 .

Figure 3 .

 3 Figure 3. Mechanisms of PD1 signaling in T cells 49 . Upon binding to the ligands PD-L1 or PD-L2 expressed by APCs or tumor cells, PD1 can inhibit T cell functions by recruiting the phosphatase SHP2, which interferes with TCR and CD28 signaling kinases such as ZAP70, RAS and PI3K, respectively. Consequently, this results in the suppression of several TFs such as AP-1, NFAT and NFκB that are involved in T cell proliferation, growth and survival. In addition, PD1 signaling can enhance the activity of BATF that induces downstream transcriptional programs countering effector functions. Yellow boxes indicate signaling motifs; circles indicate key proteins involved in signaling pathways and key TFs. ITIM, immunoreceptor tyrosine-based inhibition motif; ITAM, immunoreceptor tyrosine-based activation motif; SHP2, Src homology region 2 (SH2)-containing protein tyrosine phosphatase 2; Lck, lymphocyte-specific protein tyrosine kinase; ZAP70, Zeta-Associated Protein of 70 kDa; BATF, Basic Leucine Zipper ATF-Like TF; AP-1, Activator protein 1 TF; NFAT, nuclear factor of activated T-cells. Figure taken and modified from Sharpe and Pauken, 2018 49 .

  -tumoral CD4 + T cells CD4 + T cells are heterogeneous and consist of different subpopulations that have opposing roles in anti-tumor immunity. After T cell priming by DCs via MHC II, CD4 + Tn cells can turn into different CD4 + T cell subsets, i.e. conventional T cells (Tconvs) and Tregs, which either promote or suppress tumor growth, respectively. Tconvs, which are also called Ths and which include the subsets Th1, Th2 and Th17, mainly promote anti-tumor immunity by orchestrating innate and adaptive immune responses at different levels. Firstly, Tconvs provide "help" to induce an effective CTL response in LNs. More in detail, the engagement of CD40L on Tconvs with CD40 on DCs evokes DC maturation and thereby enhances their antigen presenting and co-stimulatory abilities 100 . For example, following CD40L-CD40 interaction, DCs secrete CCL3 and 4, which attracts CCR5 + CD8 + T cells to the DC-CD4 interaction and thus to their cognate DC for priming 101 . Additionally, by the help of Tconvs, DCs upregulate the co-stimulatory molecules CD80/86 and CD70, and release the type I interferons IL-12 and IL-15 favoring CTL survival and differentiation 102 . Secondly, Tconvs not only help to induce CTL response in LNs, they also optimize its quality 103 . In the presence of Tconvs, CTLs show enhanced cytotoxicity, as demonstrated by higher expression levels of TNFα, granzymes and IFNγ, and lower expression levels of co-inhibitory ICs 103 . Within the TME, Tconvs are able to recognize tumor cells if the latter present antigens via MHC II and can exhibit direct cytotoxicity, as CD4 + CTLs 104 .Furthermore, they produce large amounts of inflammatory cytokines, which act on different immune cells. For example, the release of IFNγ recruits CXCR3 + T cells via CXCL9 and 10 to the tumor site and the secretion of IL-2 favors NK-mediated cytotoxicity. Moreover, Tconvs activate M1 macrophages that subsequently produces nitric oxide (NO) for tumor cell killing 102 . It is important to note that the main anti-tumoral effects of CD4 + T cells are mediated by the Th1 cell subset and thus anti-tumor immunity reflects a Th1 response 105 . However, Th17 cells also help in anti-tumoral immunity by secreting IL-17 that induces the production of inflammatory chemokines such as CCL2, CCL7 and CCL20, as well as matrix metalloproteases (MMPs) playing a role in T cell migration 106 .The role of Th2 cells in anti-tumor immunity is less understood, but seems to be minor 106 . Contrarily to Tconvs, Tregs suppress anti-tumor immunity by inhibiting the function of several immune cell types including CTLs and DCs. The suppressive ability of Tregs will be described in the chapter "tumor escape".

  circulating monocytes that migrate to tissues 114 . Macrophages are extremely plastic cells that can quickly change their phenotype according to environmental signals. Generally, two subsets with different polarization profiles exists, the M1 macrophages, which secrete pro-inflammatory cytokines such as IL-6, IL-12, TNFα, IFNγ and reactive oxygen species (ROS) and which have antigenpresenting capacity, and the anti-inflammatory M2 macrophages, which have immunosuppressive effects by production of TGFβ and IL-10 and are involved in wound healing 115 . In the setting of cancer, macrophages are termed as tumor-associated macrophages (TAMs) and they generally display a M2 phenotype, which rather promotes than limits tumor development114 . Indeed, infiltration of TAMs correlates to poor prognosis and poor responses to therapy in most human cancers 116 . Nevertheless, also an anti-tumoral role of macrophages has been described: M1 macrophages in the TME can limit tumor development by secretion of IL-12, which activates NK-cell mediated cytotoxicity, and CXCL10, which favors a Th1 response 117 and T cell recruitment to the tumor site. Importantly, M1 macrophages also generate high concentrations of cytotoxic TNFα and NO for tumor cell killing 118 .

  CTLs are one of the main effector cells in anti-tumor immunity, tumor cells use mechanisms to become invisible for T cell recognition. This can be achieved directly by the lack of antigen expression itself or indirectly by defects in antigen presentation with subsequent loss or downregulation of MHC expression on tumor cells. In fact, loss of MHC I expression on tumor cells has been reported in many cancer types such as melanoma and lung cancer 122 . Low MHC expression within the TME is associated with poor clinical outcome for patients and is used as prognostic factor for example in colorectal cancer (CRC)123 . Moreover, dysregulation of components from the antigen processing machinery such as TAP2 has been described in CRC 124 . However, by loss of MHC expression, tumor cells escape T cell attack, but subsequently are prone for NK cell-mediated cytotoxicity, as MHC I molecules normally bind to KIRs on NK cells to inhibit their function. Interestingly, to avoid to be killed by NK cells, tumor cells express non-classical MHC molecules (membrane-bound and soluble), for example HLA-E and HLA-G in humans, that alternatively bind to inhibitory NK cell receptors 125 .

  use different tumor-intrinsic and tumor-extrinsic mechanisms to generate an immunosuppressive TME. Tumor-intrinsic mechanisms include for example the upregulation of surface molecules such as inhibitory ICs, which consequently engage with their respective receptors on cells within the TME and thus alter their function. Indeed, the exploitation of inhibitory IC pathways favors a pro-tumoral TME. Among these, the PD-L1/PD1 axis represents the most prominent involved in immune suppression. Tumor-extrinsic mechanisms include the secretion of soluble immunosuppressive molecules such as IL-10, TGFβ, adenosine and kynurenine (Kyn) that is generated by activity of the enzyme indoleamine 2,3-dioxygenase (IDO). These factors inhibit effector functions rendering them dysfunctional, in particular exhausted, and recruit immunosuppressive cell types such as Tregs and myeloid-derived suppressor cells (MDSCs).

(

  FL), diffuse large B cell lymphoma (DLBCL)135 , acute myeloid leukemia (AML)136 , mantle cell lymphoma (MCL)137 and Hodgkin's lymphoma (HL)138 . The mechanisms, by which PD-L1 is overexpressed within the TME, are diverse and occur at different molecular levels. Most importantly, PD-L1 expression on tumor cells is strongly induced by proinflammatory stimuli within the TME.For example, IFNγ released by NK and T cells mediates PD-L1 upregulation via JAK/STAT signaling 139 , whereas TNFα induces PD-L1 expression via NFκB signaling 140 . PD-L1 expression is also regulated by cytokines such as IL-17, IL-10, IL-1β, IL-6 and IL-27141 . In addition, PD-L1 represents a target of the TF Hif1α, stabilized by hypoxia in the TME 142 . Interestingly, in CLL, tumorderived exosomes, extracellular vesicles that are involved in intercellular communication, induce PD-L1 expression in monocytes skewing them to a pro-tumoral phenotype 143 . Moreover, several studies showed that oncogenic signaling within tumor cells results in PD-L1 upregulation. For example, oncogenic activation of the AKT-mTOR pathway in non-small cell lung cancer (NSCLC)144 and the MEK-extracellular-signal-regulated kinase (ERK) pathway in multiple myeloma (MM)145 as well as increased MYC oncogene activity in lymphoma, NSCLC and hepatocellular carcinoma (HCC)146,147 and mutated KRAS in NSCLC 148 correlate with elevated PD-L1 expression. Furthermore, genetic alterations in tumor cells inducing PD-L1 expression have been described. Notably, a cohort of HL patients showed aberrations of the PD-L1 locus, such as copy number amplification, in 97% of the cases 149 . Also, at the protein level, PD-L1 expression is regulated. For example, CKLF Like MARVEL Transmembrane Domain Containing (CMTM) 6 and 4 maintain and stabilize PD-L1 protein in tumor cells 150 . The expression of PD1, which engages with PD-L1, is also affected by the TME. As mentioned in a previous chapter, PD1 is not expressed on Tn, but induced during T cell priming and TCR activation. PD1 is also expressed on a wide range of immune cells such as B cells, monocytes and NK cells 127 . In the TME, PD1 is upregulated on T cells as a consequence of sustained tumor antigen stimulation 151 . Furthermore, TFs such as NFATc1, Foxo1 and IRF9 are involved in PD1 upregulation 152 . PD1 expression can be also induced by soluble factors within the TME such as the immunosuppressive cytokines TGFβ 153 and IL-10 154 , the cytokines IL-12 and IL-6, which epigenetically modulate PD1 gene via activation of STAT signaling 155 as well as IL-2, IL-7, IL-15 and IL-21 156 . Moreover, IFNα induces PD1 expression on macrophages via JAK/STAT signaling 157 . Taken together, overexpression of both PD-L1 and PD1 in the TME results in increased PD-L1/PD1 engagement and is an important component of immune suppression within tumors. The functional consequences of enhanced PD-L1/PD1 signaling in the TME has been extensively studied (Figure 4). First, the PD-L1/PD1 axis inhibits Teff cell activity by decreasing their proliferation, survival and cytokine production. As already mentioned before, PD1 counteracts TCR signaling via suppressing the PI3k/Akt pathway 158 . PD1 can also interfere with the Ras/MEK/ERK pathway in Teff to block cell cycle and their proliferation 159 . Furthermore, PD-L1 can engage with CD80 on T cells to deliver blocking signals 160 , and recently CD28 has been proposed as direct target for dephosphorylation by SHP2 161 . Importantly, constitutive inhibition of Teff by the PD-L1/PD1 axis in the TME results in their phenotypic changes and in a state of dysfunction, called T cell exhaustion. Indeed, Tex, which show increased expression levels of the exhaustion marker thymocyte selection-associated high-mobility group box (Tox), highly coexpress PD1 162 . Second, the PD-L1/PD1 axis has a substantial role in the regulation of Treg development and function. As Tregs also inhibit the function of T cells and DCs, this represents another, indirect way of immune suppression induced by the PD-L1/PD1 axis. Indeed, high PD-L1 expression in the TME is associated with high Treg infiltration in ovarian cancer 163 and malignant brain tumors 164 . Mechanistically, as demonstrated by in vitro co-cultures, the generation of Tregs can be promoted by PD-L1 + DCs following stimulation of the Notch pathway and can be consequently abolished by PD-L1 blockade 165 . Furthermore, PD-L1/PD1 signaling maintained stability of Treg-specific TF Forkhead-Box-Protein P3 (Foxp3) via suppressing Asparaginyl Endopeptidase (AEP) in induced Tregs 166 and converted human T-bet + Th1 cells to Tregs via suppressing STAT1 167 . Moreover, human endothelial cells increase the suppressive ability of Tregs via PD-L1/2 168,169 . Third, and very interestingly, not only PD1, but also PD-L1 owns signal transducer capacity and can mediate "reverse signaling" in tumor cells. Notably, tumor cells use the PD-L1/PD1 axis as a protective shield against T cell attack. More in detail, Azuma et al. showed that PD-L1 expression on tumor cells confers resistance to apoptosis and CTL-dependent cytolysis 170 . In the same study, tumor cell resistance could be abrogated by PD-L1 blockade, even if T cells did not express PD1, and by mutation of the PD-L1 signaling domain 170 . Additionally, PD-L1 on tumor cells regulates glucose metabolism in tumor cells via increasing AKT/mTOR signaling, also in the absence of PD1 expressing T cells 171 . Finally, the PD-L1/PD1 axis delivers inhibitory signals to B cells in the TME. PD1 expressed on B cells mediates inhibition of B cell growth by dephosphorylation of BCR pathway-associated molecules 172 .

Figure 4 .

 4 Figure 4. The functional consequences of PD1/PD-L1 signaling within the TME. Activation of the PD1/PD-L1 axis within the TME can have different functional consequences dependent on the cell type. PD1 engagement on activated T cells inhibits effector functions by suppressing cytokine secretion and proliferation (negative regulation), whereas PD1 engagement on Tregs enhances their suppressive activity (positive regulation) strengthening Teff inhibition. Additionally, PD1 interaction with PD-L1 can deliver signals to APCs (inhibitory signals) and tumor cells (activating signals) by "reverse signaling". Treg, regulatory T cell; Teff, effector T cell; APC, antigen-presenting cell. Figure taken from Xia, 2016 173 .
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  identified in 1995 bySakaguchi et al., Tregs have been described as a special subset of CD4 + T cells with an important role in maintaining immunologic self-tolerance and preventing autoimmunity181 . Nowadays, it is clear that Tregs, which are characterized by expression of the lineage-specific TF Foxp3 182 , are additionally involved in the suppression of anti-tumor immunity and the promotion of tumor progression183 .Classification (origin and function)Tregs are heterogeneous in phenotype and dynamic in adapting to environmental stimuli, but according to their origin, they can be broadly divided into two main subsets, namely thymus-derived Tregs (tTregs), also called natural Tregs (nTregs), and peripheral-induced Tregs (iTregs or pTregs)183 . Briefly, tTregs derive from autoreactive CD4 + T cells in the thymus, which following positive selection based on high-affinity TCR binding, acquire CD25 (IL-2R) expression. As CD25 is a subunit of the receptor for IL-2, CD25 + Tregs are able to respond to IL-2 and consequently upregulate Foxp3 expression in a STAT5-dependent manner[184][185][186] . In contrast, iTregs, as suggested by the name, are induced from Foxp3 -Tconvs by specific stimuli in the periphery 182 . For example, TCR stimulation, together with the presence of TGFβ and retinoic acid (RA), is sufficient to generate Foxp3 + iTregs from Tconvs in vitro and in vivo 187 . While tTregs preferentially recognize self-antigens, frequently presented by tumor cells, iTregs are more likely specifically activated by de novo antigens. Many efforts have been made to identify markers for the different subtypes. The expression of Neuropilin 1 (Nrp1), a receptor for isoforms of VEGF and TGFβ, as well as Helios, a TF of the Ikaros family important for lymphocyte development, has been associated with tTregs 188,189 . Both subsets use the same mechanisms of actions and express markers that are characteristic for the Treg phenotype including CD25 and ICs such as CTLA4 and GITR. Functionally, Tregs can be divided into resting or naïve Tregs (rTregs) and activated or effector Tregs (aTregs or eTregs) 183 . Similar to the Tconv lineage, murine rTregs are defined by high CD62L expression and lack of CD44 expression (CD62L + CD44-), and human rTregs display high CD45RA expression and low expression of Foxp3 and CD25 (CD45RA + Foxp3 lo CD25 lo ). Conversely, murine aTregs are CD62L -CD44 + and human aTregs are CD45RA -Foxp3 hi CD25 hi183 . Additionally, the existence of a Foxp3 + CD25 -Treg subset that represent a reservoir in the periphery and that is activated by homeostatic signals 190 , as well as a non-immunosuppressive Treg subset with low Foxp3 expression that produces pro-inflammatory cytokines such as IFNγ and IL-17 191 have been reported. Mechanisms of action Tregs use several cellular (cell-contact dependent) and humoral (cell-contact independent) mechanisms that all lead to the inhibition of DCs and/or Teff and thus suppress T cell priming and T cell-mediated cytolysis. As a dominant mechanism, Tregs use the expression of inhibitory ICs. As Tregs highly express CTLA4, they can bind to CD80/CD86 on DCs and establish a direct cellular contact with immunosuppressive consequences. The Treg-DC interaction not only delivers inhibitory signals to DCs and thus suppresses DC maturation and T cell priming, it also induces upregulation of IDO expression in DCs. IDO, which is ubiquitiously expressed in the TME by tumor cells, but also by stromal cells, DCs and MDSCs 192 , is an enzyme that converts tryptophan (Trp) into Kyn, and subsequent increased Kyn release induces T cell apoptosis 193,194 . The importance of CTLA4 for proper Treg function is illustrated by the fact that a lack of this coinhibitory IC in Tregs abolishes their suppressive function in physiological conditions and leads to fatal autoimmune disorders 193 . Similar to CTLA4-mediated immune suppression, LAG3-expressing Tregs also engage with MHC IIexpressing DCs thereby inhibiting DC function 195 . Moreover, surface expression of Nrp1 on Tregs allows direct prolonged binding to MHC II on DCs and subsequent DC inhibition 196 . Indeed, Nrp1 deficiency on Tregs resulted in impaired tumor development in murine melanoma 197 . Furthermore, Tregs have cytolytic capacity and are able to directly induce caspase-dependent apoptosis in NK cells and CTLs through the secretion of granzyme A, granzyme B and perforins 198 . Lastly, membranebound TGFβ (mTGFβ) is involved in Treg-mediated and contact-dependent immune suppression 199 . Cell-contact independent mechanisms include disruption of metabolic pathways in T cells and DCs. More specifically, by expression of CD25 (IL-2R) they consume high amounts of IL-2 that is needed for T cell survival. Consequently, IL-2 is not anymore available for Tconvs and causes T cell apoptosis due to IL-2 deprivation 200 . Moreover, by expression and enzymatic activity of the ectonucleotidases CD39 and CD73, Tregs extracellularly hydrolyze ATP into adenosine that inhibits DC maturation and T cell function upon binding to Adenosine A2A receptor (A2AR) 201 . Tregs also produce high amounts of immunosuppressive molecules and cytokines. Notably, IL-10 that renders DC tolerogenic and directly inhibits Th and Teff. They also secrete soluble TGFβ that suppresses multiple immune cells including DCs and T cells 202 . Moreover, Tregs release IL-35 that limits anti-tumor immunity by inducing the expression of inhibitory ICs on T cells 203 . Notably, these cytokines not only suppress anti-tumor immunity in a paracrine manner, they also regulate the development and maintenance of the Treg phenotype in an autocrine manner 204 .

  of all, as tTregs express cytokine receptors, they are recruited into tumors by chemotactic signaling. In particular, CCL5 produced by MDSCs in melanoma, and produced by tumor cells and stromal cells in breast cancer attracts Tregs into the TME213,214 . Along this line, CCR5 disruption decreased Treg infiltration in a murine model of pancreatic cancer 214 . Moreover, the CCR10/CCL28 axis, CCR3/CCL9/10/11 axis, CCR4/CCL22 axis and the CCR2/CCL2 axis contribute to the homing of tTregs to the TME of several cancer types including ovarian cancer, HCC, breast cancer and glioma, respectively209,[215][216][217][218][219] . Second, within the TME, iTregs are induced from Tconvs by extrinsic factors released within the TME, and subsequent acquired Treg-intrinsic mechanisms favor their development and stability. The fact that Treg-extrinsic mechanisms, i.e. the TME is able to induce iTregs was demonstrated by several in vitro co-culture studies. For example, human AML cells can convert Tconvs into Tregs by the production of IDO. Mechanistically, increased IDO activity, which can be measured by elevated Kyn/Trp ratios in the sera of cancer patients, favors conversion of Tconvs into iTregs via activation of the TF aryl hydrocarbon receptor (Ahr) that upon binding of its ligand Kyn induces Foxp3 expression 220,221 . Other immunosuppressive molecules released within the TME promote Treg development. Notably, tumor-associated prostaglandine E2 (PGE2), in concert with TGFβ, induces the conversion from Th17 into iTregs in vitro 222 . Additionally, PGE2 is metabolized by iTregs to inhibit T cell activation and proliferation, as demonstrated by increased expression levels of the enzyme hydroxyprostaglandin dehydrogenase (HPGD) catalyzing PGE2 into 15-keto PGE2 223 . In line with this, the COX-2/PGE2 axis in lung cancer induces the expression of Foxp3 and thus promotes Treg development and enhanced Treg activity, an effect that could be abolished by COX-2 inhibition in vivo 224 . Moreover, exposure to a specific cytokine milieu is supportive for the induction of iTregs. As already described, the cytokines IL-10, TGFβ and IL-35 are frequently overexpressed in multiple tumors and amplify Treg development. In a study of Ai et al, FL cells from patients were able to induce Tregs, whereas normal B cells did not show this capability 225 . Furthermore, in another study, CD25 + Tregs were induced and expanded by patient-derived nHL cells in coculture with Tconvs 226 , and similarly malignant B cells from nHL patients induced Foxp3 expression probably through the PD-L1/PD1 axis 227 . In fact, the upregulation of inhibitory ICs is also involved in the induction of iTregs in the TME. Notably, PD-L1 is frequently upregulated in the TME and shows synergistic effects with TGFβ in inducing iTregs 228 . Furthermore, tumor-derived exosomes are able to induce iTregs and are associated with dysfunctional anti-tumor immunity. Indeed, exosomes isolated from supernatants from a HNSCC cell line expanded Tregs in vitro and increased their expression of functional markers such as granzyme B, IL-10 and TGFβ 229 . The same group showed that Tregs are more sensitive to changes induced by tumor-derived exosomes than other T cell subsets and that they display a higher transcriptional activity associated with upregulation of the ectonucleotidase CD39 230 . Consistently, exosomes isolated from human lung cancer biopsies contained epidermal growth factor receptor (EGFR), and these EGFR + exosomes induced the tolerance of DCs and the generation of iTregs 231 . For the development, maintenance and stability of Tregs within the TME, also Treg-intrinsic mechanisms are crucial. In this context, the importance of Treg-associated markers such as Helios and Nrp1 has been underlined by several studies. Indeed, Helios-deficient Tregs show a decreased stability within the TME and easily convert into cytokine-producing Teff in murine models of melanoma and colon carcinoma 232 . Similarly, Nrp1-deficient Tregs secrete IFNγ that drives the instability of their WT counterparts, and thus enhance anti-tumor immunity in murine melanoma 188 . Consistently, a high frequency of Nrp1 + Tregs in human melanoma and HNSSC is associated with poor outcome for patients 188 . Additionally, moesin, a protein involved in the regulation of cytoskeleton and membrane organization, is required for efficient development of iTregs by controlling TGFβ signaling 233 .According to these mechanisms of Treg accumulation, i.e. recruitment of tTregs and induction of iTreg along with their development and stability, the origin of Tregs in the TME is diverse, and implies the presence of both tTregs and iTregs.Phenotype of tumor-infiltrating TregsTumor-infiltrating Tregs display a different phenotype than their systemic counterparts. First, Tregs within the TME are highly activated and strongly immunosuppressive when compared to Tregs in lymphoid tissues or blood. In fact, Tregs infiltrating human CRC and NSCLC show increased expression of ICs such as PD1, CTLA4, TIGIT, LAG3, TIM3, ICOS, OX40, 4-1BB and GITR, as demonstrated by transcriptome analysis 234 . Moreover, tumor cells present selt-antigens highly recognized by the TCR of tTregs, thus inducing a high activation state of these Tregs. Indeed, the TCR affinity of tTregs to self-antigens is higher than the one of Tconvs and thus, within the TME, tTregs receive stronger signals235 . Indeed, analysis of the TCR diversity of tumor-infiltrating Tconvs and Tregs revealed a non-overlapping repertoire as well as a shift of the TCR repertoire of Tregs towards self-antigens 236 . In this regard, the current hypothesis is that tTregs are recruited to and clonally expand within the tumor site, rather than being induced from Tconvs 236 . Following this strong TCR-mediated activation within the TME, tumor-infiltrating Tregs also display an enhanced proliferation as illustrated by the enrichment of Ki67 + Tregs in murine models of lung cancer and colon carcinoma 237 , and patients with gastric cancer developing hyperprogressive disease (HPD) after PD1 immune checkpoint blockade (ICB)238 . Lastly, due to their enhanced proliferation, tumorinfiltrating Tregs have a higher demand for energy and thus require metabolic reprogramming 239 .

  into immunosuppressive subsets due to pathogenic signals107 . Two main subsets of MDSCs, namely polymorphonuclear MDSCs (PMN-MDSCs) and monocytic MDSCs (M-MDSCs) were described 107 .The pathogenic signals that cause MDSC activation in cancer have been described as "early" factors produced in the BM or in the TME during inflammation and include several colony-stimulating factors (CSFs) and TFs such as STAT3 and STAT5, IRF8 and NOTCH244,245 . Also other factors including inflammatory cytokines such as IFNγ, IL-1β, IL-4, IL-6, TNFα and Toll-like receptor (TLR) ligand HMGB1 are involved in pathogenic MDSCs activation via NFκB, STAT1 and STAT6 signaling245 . In general, MDSCs display an immature phenotype with strong immunosuppressive features. In particular, they show weak phagocytic capacity, increased production of ROS and NO, high expression of PGE2 as well as anti-inflammatory cytokines246,247 . Metabolically, MDSCs use fatty acid oxidation (FAO) as primary source to meet their bioenergetic needs248 . Consistent with their strong immunosuppressive activities, increased numbers of MDSCs in the circulation are associated with poor clinical outcome for cancer patients 249 . Additionally, an increased number of MDSCs evolved as a predictive marker of poor outcome 250 . In hematological tumors including MM and DLBCL, the accumulation of MDSCs is as well associated with a reduced survival251,252 .TAMs represent the main myeloid cell population resident within the TME, and they mostly reflect a M2-like phenotype favoring tumorigenesis 117 . The induction of their polarization into M2 mainly involves soluble factors, which are released within the TME. For example, IL-4 released by Th1 cells in mammary cancer, and IL-4, IL-10 and IL-13 released by Tregs are involved in this process253,254 . In addition, lactic acid produced by tumor cells induces functional polarization into M2 TAMs in a HIF1αdependent manner 255 .

  , IC co-expression occurs in a specific hierarchy, in which PD1 represents the dominant IC 273 . Another characteristic of Tex is their unique transcriptional and epigenetic landscape. More specifically, transcriptional profiling revealed that Tex show alterations in the expression of key TFs when compared to Teff or Tmem. The two T-box TFs T-bet and eomesodermin (Eomes), which are involved in the development of Teff and Tmem 274-277 , respectively, are crucial in the development of Tex subsets. In fact, the expression of T-bet and Eomes reflects a reciprocal pattern in Tex subsets with a T-bet hi Eomes lo phenotype in progenitor Tex 278 , and the inverse phenotype (T-bet lo Eomes hi ) in terminal Tex 278 . Notably, T-bet and Eomes are also expressed in non-Tex, where they exhibit different functions than in Tex 278,279 , and thus cannot be used as "exhaustion marker". Furthermore, by single-cell RNA sequencing (scRNA-Seq), the HMGB TF Tox has been identified as key regulator of the Tex phenotype 280 . In line with this, Tox-deficient CD8 + T cells retained the ability to differentiate into Teff and Tmem, but not into Tex 162,281 . Consistently, Seo et al. proposed a transcriptional network of Tex, in which Tox/Tox2 and NR4A TFs cooperate to induce the activity of calcium/calcineurin-regulated TF NFAT, which in turn induces the Tex program by upregulating IC expression such as PD1, LAG3 and TIM3 282 .In addition, expression of the TF T cell factor one (Tcf1) has been associated with Tex cell fate decision and subsequent development of progenitor Tex 283 . Other TFs such as Foxo1, Blimp1, Ikzf2 and Irf4 seem to be also involved in transcriptional regulation of Tex 264,284 .

Figure 5 .

 5 Figure 5. Drivers of T cell dysfunction in cancer 304 . Besides anergy and senescence, exhaustion represents one dysfunctional state of T cells in cancer. Exhausted T cells in cancer share features with those in chronic infection. The key driver of exhaustion in cancer is chronic TCR trigger ing, but also other signals within the immunosuppressive TME including inhibitory ligands (ICs), suppressive soluble mediators, suppressive cell subsets, and metabolic factors contribute to exhaustion. Collectively, these signals shape T cells within the TME which subsequently acquire an exhausted phenotype characterized by multiple IC expression, altered transcriptional and epigenetic profile and changes in metabolic pathways. Figure taken from Thommen and Schumacher, 2018 304 .
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  reciprocal expression of specific markers when compared to the progenitor Tex pool, i.e. they are characterized by loss of Tcf1 and CXCR5 expression (TCF1-, CXCR5-), intermediate expression of CD44 (CD44 int ), and high expression of Eomes (Eomes hi ) and PD1 (PD1 hi ) as well as other inhibitory ICs.

Figure 6 .

 6 Figure 6. Model for T cell activation and exhaustion following antigen recognition 264 . After T cell priming, a common precursor, the so-called CD127 + memory precursor T cell pool (MPEC), develops driven by the action of several TFs such as BATF, IRF4 and NFAT. MPECs can then have multiple differentiation fates depending on antigen load and other factors within the TME. Fo llowing unsuccessful antigen clearance, i.e. antigen persistence the progenitor pool of early Tex can form that is characterized by expression of the TF Tcf1, intermediate expression of PD1 and low expression of Eomes. Early Tex have self-renewal capacity and can differentiate into terminal Tex that are characterized by high expression of PD1 and Eomes and loss of Tcf1 expression. MPEC, memory precursor effector cell; Teff, effector T cell, Trm, tissue-resident memory T cell; Tmem, memory T cell. Figure taken from McLane, 2019 264 .

  preclinical studies indicate complementary functions of ICs. For example, PD1 and LAG3 physically interact at the level of the IS thereby inhibiting T cell responses in a mouse model of ovarian cancer 428 .Consistently, Woo et al reported a synergistic effect of PD1 and LAG3 in the regulation of T cell responses in murine models of melanoma and colon cancer 429 . Notably, dual PD1/LAG3 ICB significantly reduced tumor growth in these transplantable tumor models, which exhibited resistance to respective monotherapies 429 . These and other studies provide evidence that single ICB including single anti-PD1 and anti-LAG3 therapy might cause a compensatory upregulation of other ICs within the TME. In fact, a compensatory mechanism between PD1, LAG3 and CTLA4 accounts for the resistance to single ICB in murine ovarian cancer430 . Similar compensatory mechanisms between PD1 and TIM3 lead to the resistance in a murine model of NSCLC 431 , and in patients with advanced melanoma432 . However, exact mechanisms of IC cooperation are unexplored. In order to improve clinical efficacy of ICB, a deeper understanding of the extent of synergy between different IC is required. The present thesis work will deepen into the characterization of the IC profile of the CLL TME with the aim to identify IC candidates, and to evaluate their cooperation during ICB.In addition todual ICB, recent work focus on potential synergistic anti-tumoral effects by combining ICB with other immunotherapeutic approaches. Such novel approach includes the combination of CAR-T cells with PD1 ICB, which showed encouraging results in preclinical studies. For example, a study demonstrated that PD1 ICB increases the efficacy of CAR T cells against established breast cancer in vitro and in vivo433 . Another combination approach is the co-injection of PD-L1 siRNAs with a DC-based mRNA vaccine. This method decreases PD-L1 expression on DCs and thus promotes their activation thereby enhancing anti-tumoral responses in a murine melanoma model 434 . The combination of ICB with tumor-targeting IgG mAbs, which mediate ADCC activity, represents another strategy to boost anti-tumor immunity. For example, CTLA4, PD1 and PD-L1 ICB enhances efficacy of anti-EGFR mAb (Cetuximab) and increases the survival of patients with HNSCC and CRC 435 .

  CD20 and surface immunoglobulins (sIg) 441 . The B cell receptor (BCR) of CLL cells is composed of clonal Ig rearrangements, with expression of either unmutated (U) or mutated (M) Ig heavy-chain variable region genes (IGHV) 442 that classify CLL patients into the two main subgroups IGHV-U and IGHV-M, respectively. IGHV-U and IGHV-M CLL differ in their clinical behavior and outcome, with IGHV-M CLL having a better prognosis for patients 443 . However, their cellular origin and their clonal evolution still remain a debate 436 . According to the recent hypothesis, CLL evolution already begins at the stem cell stage. In a first step, early genetic and epigenetic lesions within hematopoietic stem cells (HSCs) cause the expansion of polyclonal B cell progenitors, as demonstrated by transplantation studies, in which CLL-derived HSCs efficiently engrafted into immunodeficient mice and developed lymphocytosis 444 . Then, stimulation of these polyclonal B cell progenitors by antigens lead to the expansion of oligoclonal B cells. While IGHV-M CLL cells evolve from CD5 + CD27 + B cells that acquired Ig somatic hypermutations (non-pathological) in the germinal center (GC), IGHV-U CLL cells evolve from GC-independent CD5 + CD27 -B cells 445 . Following additional genetic and epigenetic events as well as BCR signals and TME signals, further clonal selection occurs and these oligoclonal B cells develop to monoclonal B lymphocytes and finally to CLL 445 .

  first clinical manifestation of CLL is lymphocytosis, usually detected by chance during a routine blood analysis. Whereas other common clinical features include lymphoadenopathy and organomegaly (splenomegaly and hepatomegaly) 436 , less common features are cytopenias (anemia, thrombocytopenia, neutropenia) that can, in severe cases, result in BM failure, and autoimmune complications 446 . Notably, CLL patients also show a strong immune deficiency reflected by an increased frequency of infections 436 . Typical CLL-related symptoms are fever, extreme night sweats, unintended weight loss and severe fatigue 447 . The diagnosis of CLL is typically established by blood count and by flow cytometry-based immunophenotyping 448 .
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 5 impact on their clinical outcome and thus are implemented in clinics for staging452 . The most frequent chromosomal alteration comprises deletion of the chromosomal arm 13q (del13q), which is the only cytogenetic lesion that normally is associated with low-risk disease and good prognosis 452 . Del13q affects the tumor suppressors miR15a and miR16-1 that are involved in the regulation of apoptosis and cell cycle by inhibiting the anti-apoptotic protein B cell lymphoma-2 (Bcl-2) as well as transition from cell cycle phase G0 to G1453 . More in detail, deletion of these two miRNAs leads to a loss of repression of Bcl-2 resulting in its overexpression 454 . Bcl-2 overexpression is frequently observed in CLL patients455 and represents a central pathogenic feature of CLL as it favors CLL cell survival by inhibiting apoptosis. Other chromosomal alterations include trisomy 12 associated with CLL transformation to Richter's syndrome 456 and poor prognosis for patients 457 as well as del11q. Del11q affects the kinase ataxia telangiectasia mutated (ATM) that is crucial for the DNA damage response458 and, in some cases, Baculoviral IAP repeat-containing protein3 (BIRC3) that interferes with the noncanonical NFκB pathway 459 . Notably, ATM-affected CLL is correlated with poor prognosis for patients, as reflected by reduced survival, relapsed or refractory disease and resistance to chemotherapy452,460 .Del17p that results in inactivation of the tumor suppressor TP53 occurs less frequently, in approximately 10% of CLL patients 452 . But, as TP53 is an essential regulator of the DNA damage response, apoptosis and autophagy, del17p has a substantial contribution to aggressive disease as well as resistance to chemotherapy and therefore is used as prognostic marker in clinics461 . The evolution of whole-genome sequencing (WGS) and whole-exome sequencing (WES) enabled the identification of recurrent somatic mutations in CLL. These mutations are enriched in patients with relapsed or refractory disease as well as in patients with Richter's syndrome transformation, and they accumulate in CLL clones over time462,463 . Contrary to expectations, specific somatic mutations appeared with a higher frequency in IGHV-M CLL than in IGHV-U CLL 463 . The most relevant mutations are within the TP53 gene that, like del17p, affects the DNA damage response, and within the NOTCH1 gene encoding a transmembrane receptor of the Notch family that is involved in the regulation of proliferation, metabolism and survival 464 . Moreover, in approximately 10% of CLL patients, mutations occur within the SF3B1 gene encoding a splicing factor that plays an important role in RNA processing, but also in the DNA damage response463 . Like in other B cell malignancies, recurrent somatic mutations in CLL involve the BIRC3 gene465 and the MYD88 gene 464 leading to constitutive NFκB activation. In CLL, MYD88 mutation and subsequent NFκB activation trigger inflammatory pathways 445 . Rare genetic mutations observed in CLL affect telomere protection (POT1 gene), chromatin modification (CHD2 gene) and Wnt signaling pathways436,451 . Overall, the genetic landscape in CLL is heterogeneous and diverse, and finally results in the dysregulation of common pathways including cell cycle and apoptosis, DNA damage response, NOTCH1 signaling, RNA processing, inflammation and chromatin modification445 . New arising genomewide technologies unrevealed the epigenetic landscape and its changes in CLL. In particular, the CLL epigenome is characterized by a stable global hypomethylation concurrent with local hypermethylation466 . The epigenetic landscape is similar in resting CLL cells in PB and in proliferating CLL cells in LNs 467 , but differs between IGHV-U and IGHV-M CLL cells, which reflect the respective epigenetic state of the cells, from which they originate 466 . Additionally, a high intra-tumoral heterogeneity in the methylation pattern correlates with high-risk genetic lesions and poor clinical outcome468 . The importance of BCR activation and signaling BCR activation and signaling evolved as key mechanism for the progression of CLL cells. Indeed, gene expression profiling of PB, BM and LN tissues of untreated CLL patients revealed that BCR signaling represents the most activated pathway in CLL cells 469 . The importance of BCR activation and signaling for CLL cells is also highlighted by the high efficacy of new kinase inhibitors targeting this pathway. As demonstrated by in vivo gene targeting experiments, a functional BCR is indispensable for the survival of B cells 470 , and also for CLL cells. The BCR is composed of antigenspecific surface Ig (sIg, isotypes IgA, IgD, IgE, IgG or IgM) and the heterodimer Igα -Igβ (CD79A -CD79B). CLL cells typically co-express the isotypes IgD and IgM, and in one third of CLL patients, mostly IGHV-U CLL, stereotyped BCRs (carrying "stereotypic" Ig) could be identified (e.g. IGHV3-21 and IGHV4-34)471 . BCR activation is mediated by antigen binding to sIg, but can also occur antigenindependent ("tonic" BCR signaling)472 . In CLL, autoantigens including cytoskeletal non-muscle myosin heavy chain IIA (MYHIIA) and apoptotic bodies trigger BCR stimulation 473 . In addition, CLL BCRs are able to cluster on the plasma membrane upon self-recognition of epitopes within the third complementarity determining region (HCDR3) that consequently leads to a high antigen-independent, autonomous and chronic signaling capacity 474 . Very recently, by using super-resolution microscopies Gomez de Castro et al. demonstrated that CLL BCRs tend to be organized as dimers and oligomers within the plasma membrane compared to monomer-organized BCRs of normal B cells 475 .Consistently, computational modeling confirmed that BCR clustering within the plasma membrane in CLL quantitatively affects BCR signaling and results in constitutive activation476 . Notably, important differences in BCR reactivity were reported between IGHV-U and IGHV-M CLL clones, also impacting their behavior t. In particular, IGHV-U CLL cells are characterized by low-affinity, poly-and selfreactive BCRs that are more responsive to stimulation thus rendering them more aggressive, while IGHV-M display oligo-and mono-reactive BCRs 477 . However, both scenarios, (auto) antigendependent or antigen-independent BCR stimulation, result in activation of downstream pathways, which are illustrated in Figure 7. Briefly, upon stimulation, the ITAM domains of Igα -Igβ are phosphorylated by the SRC-family kinase LYN followed by recruitment and activation of early kinases such as spleen tyrosine kinase (SYK), Bruton's tyrosine kinase (BTK) and PI3K. BTK activation leads to activation of phospholipase Cγ2 (PLCγ2) that initiates downstream responses including activation of NFκB and the Ras-Raf-MEK-ERK pathway 436 . The co-receptor CD19 is required for PI3K activation, and subsequent PI3K/AKT signaling is essential for the survival of B cells 478 . As the outcome of these engaged pathways results in cell proliferation, differentiation, Ig production and survival, the kinases BTK, PI3K and SYK represent the most prominent targets in CLL therapy. However, the outcome of BCR signaling can be also B cell anergy 479 . The mechanism, by which BCR signaling leads to B cell anergy, a state of B cell dysfunction, is less understood, but is probably mediated by inositol lipid phosphatase (SHIP1) interfering with PI3K activity 479 .The outcome of BCR activation differs between IGHV-U and IGHV-M CLL clones. IGHV-U clones typically show enhanced BCR signaling, while IGHV-M preferentially show anergy 477 .
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 7 Figure 7. B cell receptor (BCR) signaling. Antigen binding by the BCR causes the phosphorylation of the ITAM domains of CD79A -CD79B (Igα -Igβ) by the SRC-family kinase LYN followed by recruitment and activation of SYK, BLNK and BTK. BTK is phosphorylated and activated by SYK (via BLNK) and LYN. BTK activation leads to activation of phospholipase Cγ2 (PLCγ2) that initiates downstream responses including activation of NFκB and the Ras-Raf-MEK-ERK pathway leading to transcriptional changes and finally to proliferation and differentiation. The positive BCR co-receptor CD19 leads to the stimulation of the PI3K-AKT pathway that is essential for the survival of CLL cells. Activation of negative B cell co-receptors (CD5 and CD22) and phosphatases, including tyrosine phosphatase SHIP1 and SHIP2, suppress BCR signaling. SHP, Src homology 2 domain tyrosine phosphatase; SHIP, SH2 domain containing inositol 5-phosphatase; SYK, Spleen tyrosine kinase; LYN, Src family tyrosine kinase; PLCγ2; BTK, Bruton's tyrosine kinase, BLNK, B cell linker.Figure taken from Burger and Wiestner, 2018 480 .

  disease risk. The Rai or the Binet staging system, that are both based on clinical parameters and both classify CLL patients into three prognostic groups with different outcome are commonly used481,482 . Both systems define low-risk (Rai stage 0, Binet stage A), intermediate-risk (Rai stage I and II, Binet stage B) and high-risk (Rai stage III, Binet stage C) disease by blood count and physical examination. Whereas the Rai staging system determines the prognostic group through the presence of lymphocytosis in PB and BM as well as other clinical features such as lymphoadenopathy and organomegaly, the Binet staging system uses the number of involved areas of lymphoadenopathy (e.g. head and neck, axillae) as well as anemia and thrombocytopenia 483 . Despite differences in the determination, both systems predict nearly the same outcome for patients with a median survival of more than 10 years in the low-risk group, 7 years in the intermediate-risk group, and 2 to 4 years in high-risk group 483 . However, over the last years, with advances in the understanding of CLL pathogenesis, new prognostic markers such as CD38 expression or TP53 mutation were identified.

  particular, classical FCR or BR therapy is compared to Ve plus R, Ve plus obinutuzumab and Ve plus obinutuzumab plus ibrutinib. The latter combination is also tested in the CLL2-GIVe trial to test its efficacy in CLL patients with TP53 changes. Moreover, the CLL2-BIO trial wants to reveal the response rates of sequential treatment of bendamustine plus ofatumumab plus ibrutinib. Lastly, the CLL-BAAG trial wants to evaluate the efficacy of a sequential treatment of bendamustine plus obinutuzumab plus acalabrutinib plus Ve in patients with relapsed CLL (website http://www.dcllsg.de/).Other immunotherapeutic approaches that are currently evaluated in clinical trials for CLL therapy mainly involve tumor-targeting Abs such as the anti-CD74 mAb milatuzumab (NCT00603668), mosunetuzumab, a bispecific T cell engager composed of CD3 -CD20 (NCT02500407), the anti-KIR2DL1 mAb Lirilumab blocking interaction between NK and CLL cells (NCT02481297), anti-CD23 mAb Lumiliximab (NCT00058396) and anti-ROR1 mAb Cirmtuzumab (NCT02222688).Importantly, also ICB found its way to clinical trials in CLL. For example, anti-PD1 (Pembrolizumab, Nivolumab) is evaluated for its clinical efficacy in CLL, either alone or with the kinase targeting drugs idelalisib or ibrutinib (NCT02332980; NCT02420912) or acalabrutinib (NCT02362035), as well as in combination with a DC-based vaccination (NCT03035331). Additionally, several clinical trials evaluate, how well anti-PD-L1 (Atezolizumab), alone or in combination with obinutuzumab and Ve works in treating CLL patients (NCT02846623). Moreover, anti-LAG3 (Durvalumab) is tested as monotherapy and when given in combination with lenalidomide and R, ibrutinib, or BR (NCT02733042). Both anti-PD1 and anti-LAG3 are tested in combination in relapsed or refractory B cell malignancies including CLL (NCT03598608; NCT02061761). Another target for antibody-based ICB in CLL is CD200 (Samalizumab), which is evaluated for its efficacy in the treatment of relapsed or refractory CLL patients (NCT00648739).
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  and B cells and has an important role during early embryonic development, stem cell regulation as well as in B and T cell maturation as demonstrated in TCL1-deficient mice 525 . However, TCL1 also has a role in the pathogenesis of T-prolymphocytic leukemia (T-PLL), as the causative oncogene being overexpressed in leukemic T cells due to chromosomal rearrangements 526 . Moreover, overexpression of TCL1 can be found in other B cell malignancies including CLL 525 . In fact, TCL1 is upregulated and highly expressed in tissue-derived CLL cells in approximately 90% of CLL patients, and notably, high TCL1 expression levels correlate with prognostic markers of aggressive disease such as U-IGHV, ZAP70 expression or del11q 527 .Among different preclinical mouse models that have been developed to study CLL, the transgenic Eµ-TCL1 (hereafter termed as TCL1) mouse model represents the most established one. The TCL1 mouse model was generated by inserting the coding region of human TCL1 gene under the control of a B cell VHpromoter and an IgH -Eµ-enhancer 528 . Consequently, transgenic expression of TCL1

  studies now focus on the elucidation of the bidirectional microenvironmental interactions between malignant and non-malignant cells. The TME also plays a pivotal role in the TCL1 mouse model and this became evident through serial transplantations of CLL cells into SCID mice resulting in antigenic selection for aggressive CLL clones with different features dependent on the local tissue niche 546 . Gene expression profiling of CLL cells from different anatomic compartments within TCL1 mice uncovered that CLL cells from the LN niche show enhanced activation of pathways involved in proliferation, survival and immune suppression, while CLL cells from PB overexpress chemokine receptors that allows their migration to the tissue niches 547 . Chemokines and other pro-survival factors are involved in this process in the TCL1 mouse model. For example, TCL1 CXCR5 -/-mice show a drastically reduced tumor growth. Mechanistically, CXCR5 on CLL cells is important for their trafficking to GCs in secondary lymphoid organs, where they interact with CXCL13-expressing follicular dendritic cells (FDCs) that provide proliferative signals 548 . This study also provided evidence that CLL cells from TCL1 mice actively shape their proliferation and survival niche, as FDCs are remodeled by CLL cells to enhance CXCL13 secretion 548 . Moreover, as reflected by reduced CLL development in TCL1 MIF -/-mice, macrophage migration inhibitory factor (MIF), which is overexpressed in CLL patients, is involved in the recruitment of macrophages that support CLL progression 549 . Additionally, using TCL1 CD44 -/-mice deciphered that surface expression of CD44 on CLL cells primarily confers survival signals through stimulation of Mcl1 expression and thus has a protective role in CLL 550 . Instead of knocking out, other groups overexpressed factors within the TME in TCL1 mice to elucidate their impact on CLL. As such, B cell-activating factor (BAFF, TNFSF13B) and a proliferation-inducing ligand (APRIL, TNFSF13) overexpression in TCL1 mice significantly enhances leukemic growth 551,552 , and their pro-tumoral role in the CLL TME has been well established. Very recently, a work described increased expression of surface CD49d (sCD49d) on CLL cells in TCL1 mice. CD49d is a subunit of VLA-4 involved in adhesion of CLL cells to stromal cells via VCAM-1, and VLA-4 is activated by BCR stimulation. As this BCR-VLA-4 axis is highly active in CLL-bearing TCL1 mice, and remains residually active despite treatment with ibrutinib, the TCL1 mouse model recapitulates human CLL in patients harboring high CD49d expression 553 .
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 8 Figure 8. The CLL microenvironment. Homing of CLL cells to the tissue niche is mediated by CXCR4 in response to CXCL12-expressing NLCs and stromal cells (BMSCs) as well as by CXCR5 in response to CXCL13-secreting FDCs. Within tissues, chemokines promote B cell survival, including CXCL12, BAFF (TNFSF13B) and APRIL (TNFSF13) expressed by NLCs. CLL cell survival is promoted by interactions between CD31 (PECAM-1) and CD38 and VCAM-1 and CD49d. CLL cells produce CCL3, CCL4 and CCL22 that recruit T cells to the TME. T cells then provide survival signals to CLL cells by CD40L-CD40 engagement and by expression of cytokines such as IL-4. In addition, CLL cells bind to (self)-antigens that trigger BCR signaling amplifying CLL cell survival and proliferation. NLC, Nurse-like cell; BMSC, bone marrow stromal cell; FDC, follicular dendritic cell. Figure taken from Fabbri and Della-Favera, 2016 554 .

  et al. revealed an expansion of oligoclonal effector CD8 + T cells (CD127 low CD44 int-hi ) in PB and spleen of TCL1 mice that increase along with CLL progression and limit CLL development in an IFNγdependent manner as demonstrated by depletion experiments 605 . This anti-tumoral oligoclonal CD8 + population harbours features of exhaustion including upregulation of PD1 being more pronounced in the spleen, which indicates an enhanced suppression of T cells in the tissue niche 605 . Contrarily, in PB, despite showing increased expression levels of inhibitory ICs such as PD1, these Teff retain functional capacities such as cytokine production and degranulation 605 . Importantly, an expanded

  induced T cell defects263 . By RNA-Seq, Llao Cid et al. identified the transcriptional program of these functionally exhausted effector PD1 hi CD8 + T cells from TCL1 mice and demonstrated that they show enhanced expression of effector molecules such as granzyme B/K and IFNγ, concomitant with ICs such as TIGIT and LAG3, as well as TFs such as Eomes, when compared to naïve cells. Thereby, they confirmed that CD8 + T cells acquire an activation-induced dysfunctional state, probably due to chronic exposure to antigens612 . Recently, the homophilic receptor signaling lymphocyte activation molecule 6 (SLAMF6) was identified to regulate the exhausted phenotype of PD1 + CD8 + T cells from TCL1 mice, including IC expression, as transfer of SLAMF6 + CLL cells from leukemic mice into SLAMF6 -/-recipients resulted in expansion of this CD8 population with impaired cytotoxicity ability 613 .Importantly, impaired effector functions of T cells in CLL are associated with a shorter time to treatment 614 . Another feature of T cells in CLL is the oligoclonal nature of their TCR. In particular, by next-generation-sequencing (NGS) of the TCR beta chain from patient-derived T cells,Vardi et al. demonstrated that the increase in T cells involves an expansion of oligoclonal T cells with a restricted TCR repertoire 615 . Certain T cell clones are CLL-specific and are identical among different patients, mainly patients with the same BCR stereotype, providing evidence for chronic T cell activation by CLL-antigens and selection of specific T cell clones 615 . This restricted clonality of T cells in CLL was confirmed in TCL1 mice585,605 . Moreover, patient derived CD4 + and CD8 + T cells in PB are defective in IS formation with APCs due to abnormal actin polymerization. As the IS is crucial for proper T cell priming and function, this results in dysfunctional adaptive anti-tumor immunity616 . In addition, CLL cells induce alterations in Rho GTPase signalling in T cells leading to reduced LFA-1 expression. As LFA-1 is important for T cell migration, T cells exhibit reduced migratory properties in CLL patients617 . In line with this, gene expression profiling of CD4 + and CD8 + T cells from PB of CLL patients confirmed the high range of defects in the T cell compartment. CD4 + T cells show aberrations in specific pathways such as the Ras-dependent JNK and p38/MAPK pathway involved in cell differentiation to Th1 and Th2 subsets, proliferation, survival and cytoskeleton formation 601 . CD8 + T cells differentially express genes involved in cytoskeleton formation, intracellular transportation and cytotoxic function 601 . Similar pathways, including actin remodeling, dysfunctional IS formation and T cell signaling resulting in immune suppression, are affected in CD4 + and CD8 + T cells from TCL1 mice 618 . Furthermore, epigenetic reprogramming causes T cell defects in CLL. In particular, increase of PD1 expression by T cells correlates with reduced DNA methylation at a distal upstream locus of the PD1 gene in human CLL 619 . Several mechanisms induce T cell defects in CLL. Like other cells in the TME, T cells are also influenced and modulated by CLL cells as the intercellular communication is bidirectional. CLL cells from both patients and TCL1 mice exhibit regulatory functions and secrete immunosuppressive IL-10 that might induce T cell dysfunction 620 . Also other soluble factors, which are elevated in sera of CLL patients, such as TGFβ induce alterations in the expression of chemokine receptors on T cells, including increased CXCR3, CCR4 and CCR5 and decreased CXCR1, CXCR2 and CXCR4, but do not have an impact on cytoskeleton proteins. In contrast, direct cell-cell contact mediated by ICAM-1 expressed on CLL cells and LFA-1 expressed on T cells induces alterations in cytoskeleton formation and vesicle trafficking in human CLL 601 . CD4 + Tregs in CLL As already described in a previous chapter, Tregs represent a specialized subset of CD4 + T cells characterized by the expression of Foxp3 and that exhibit immunosuppressive functions. In physiological conditions, they are crucial to maintain immune homeostasis, but in cancer they are frequently enriched in the TME and contribute to immune suppression favouring tumor growth 192 . The absolute number of circulating CD4 + CD25 + Tregs in CLL patients is increased. Importantly, this increase in Tregs correlates with CLL progression as reflected by increased tumor load, advanced stage (Rai and Binet) and enhanced CD38 expression 621 . Moreover, increased Treg numbers predict the time to initial treatment 622 . The expansion of Tregs is more pronounced in LNs of CLL patients than in matched PB 623,624 . Thus, it is hypothesized that Tregs are predominantly activated in the tissue niches of CLL, where they might inhibit Teff functions in CLL thereby leading to immune suppression. The mechanisms of Treg expansion in the CLL TME remain poorly understood. An enhanced generation of Tregs is caused by CD70 co-stimulation via CD27 expressed on CLL cells in the LN niche. Moreover, Tregs display a decreased sensitivity to apoptosis when compared to Tconvs due to an upregulation of anti-apoptotic Bcl-2 625 . So far, there is no study providing evidence that Treg expansion can be driven by CLL antigenic stimulation. Many studies aim to clarify the functionality of Tregs in CLL, but this issue remains elusive. Two studies reported that Tregs from CLL patients are functional and show similar suppressive capacities when compared to Tregs from healthy individuals 626 . Another study proposed that Tregs release soluble CD25 thereby leading to deprivation of IL-2 and inhibition of Teff functions 627 .Recently, to characterize and elucidate the role of Tregs in CLL in vivo, the TCL1 mouse model was used. In line with observations in CLL patients, this preclinical model shows a significant enrichment of Tregs, with the specification that not only Foxp3 + CD25 + Tregs, but also a Foxp3 + CD25 -subset, which represent a peripheral reservoir of Tregs, expand along with CLL progression190,624 . Moreover, leukemic TCL1 mice display a higher percentage of Ki67 + proliferative Tregs, being even more pronounced in the Foxp3 + CD25 -Treg counterpart, as well as a higher percentage of IL-10 + and granzyme B + Tregs 624 . Characterization of these Tregs revealed that they exhibit an enhanced activated and suppressive phenotype as reflected by their increased expression of maturation markers such as CD103 and KLRG1, activation markers such as CD69 and GITR, as well as suppressive markers including CTLA4 and PD1 624 . Consequently, CD25 + Tregs were depleted in vivo in this mouse model with an anti-CD25 mAb. Although this approach does not target CD25 -Tregs, and additionally depletes CD25 + non-Treg targets, it results in the expansion of anti-tumoral CD127 lo CD44 int-hi Teff and restores their activation and functional activity 624 . However, depletion of CD25 + cells does not control CLL growth, suggesting that CD25-Tregs might also play an important pro-tumoral role624 .Little is known about how Tregs are induced in CLL, but in line with the paradigm of a bidirectional cross-talk within the TME, it is reasonable to suggest that the CLL TME induces their activation and modulates their function. Factors released within the TME such as IL-10 have been described to mediate this effect620,628 . Moreover, in vitro incubation of PB-derived patient CLL cells with CD4 + T cells significantly increases their Foxp3 expression 629 .As Tregs are associated with immunosuppression in CLL, they appear as attractive targets for CLL therapy. Indeed, treatment of CLL patients with chemotherapy such as fludarabine decreases the number of Tregs 630 . Also other drugs commonly used in CLL therapy such as the immunomodulatory lenalidomide and the Bcl-2 inhibitor Ve have a negative impact on Treg numbers 630 . Inhibitors of the kinase PI3Kδ that primarily target BCR signaling in CLL cells are used as treatment for patients. PI3Kδ also has a role in Treg differentiation 631 . Interestingly, recent evidence shows that PI3Kδ inhibitors decrease the Treg count in CLL patients, but instead of reactivating anti-tumoral CD8 + T cells, their activity is abrogated due to impaired TCR signaling 624 . Moreover, a vaccination approach, in which DCs are loaded with tumor apoptotic bodies, decreases the Treg number in CLL 632 .
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 949510 R) relies on NK cell function, namely on ADCC636 . As assessed by CD107a expression, NK cells show decreased degranulation capacity towards CLL cells in both conditions alone or with R 636 .Moreover, R significantly reduces the viability of NK cells636 . In line with this, both GITR expression by CLL cells and ROS production by monocytes lead to reduced R-mediated ADCC response by NK cells638,639 . To overcome this issue and to improve R efficacy, new antibodies were engineered and showed promising results. For example, a CD20 mAb (LFB-R603) with increasing affinity to the Fc gamma receptor IIIA (FcγRIIIA, CD16) expressed on NK cells resulted in vitro in increased NK cell degranulation (CD107a expression) and NK cell-mediated ADCC when compared to R 640 .Interestingly, during allogeneic stem cell transplantations NK cells are able to efficiently kill CLL cells, in case there is a mismatch between KIRs on NK cells from healthy donors and its ligands MHC I (HLA) on cells from patients. Both the mature cytolytic subset (CD56 dim ) and the immature cytokine-producing subset (CD56 bright ) increase, but although the ratio of mature/immature NK cell subsets remains unaffected, they both show an elevated expression of CD27 636 . As CD27 is a marker that is normally downregulated upon NK cell maturation, NK cells in CLL show an enhanced immature phenotype636 . In contrast to T cells, the increase in NK cell number is more pronounced in PB than LN and is associated with a decreased CLL progression636 . Characterization of patient PB NK cells showed a reduced expression of the activating receptors NKG2D, DNAM-1 and the NCRs NKp30 and NKp46 when compared to their healthy counterparts 641 . Additionally, CLL is associated with a progressive loss of NK cells expressing the inhibitory KIRs KIR2DL and KIR3DL, as well as with reduced viability of these KIR + cells 636 . In contrast, the inhibitory receptor CD85j/ILT2 is expressed at higher levels on CLL-derived NK cells as compared to their healthy counterparts, and interestingly, its ligand HLA-G is elevated in serum of CLL patients thus suggesting that CLL-derived HLA-G inhibits NK cell cytotoxicity642,643 . Furthermore, NK cells from CLL patients are more sensitive to activation-induced cell death compared to NK cells from healthy individuals probably due to their chronic activation and response towards circulating CLL cells 636 .Altogether, NK cells expand in CLL, but show defects in cytotoxicity towards CLL cells. However, they have a pivotal role in CLL therapy, given the importance of NK cell-mediated mechanisms underlying antibody therapy and their cytotoxic function during mismatched allogeneic stem cell transplantation. Non-malignant B cells in CLL B cells are key players in adaptive humoral immunity by their production of Igs (antibodies). Like T cells, B cells can recognize antigens through their BCR, and following antigenic stimulation, naïve B cells differentiate into soluble Ig-producing plasma cells (PCs). Soluble Igs are directed against specific antigens including tumor antigens and mediate important humoral target destruction by complement-dependent lysis, ADCC and FcR-mediated phagocytosis 644 . Different B cell subsets exist, which differ in their localisation, function, and interaction with T cells (Tfh) during their maturation in GCs 645 . In cancer, B cells can have both anti-tumoral and pro-tumoral functions, as recently reviewed by Largeot et al. 644 . However, little is known about the role of non-malignant B cells in CLL. The most common immune deficiency observed in CLL patients is hypogammaglobulinemia, an overall reduction of soluble Igs, which is associated with poor prognosis and early death 646,647 and which is probably due to impairment of Ig production by PCs. The mechanisms underlying this defect in B cell function are poorly understood. One study reported that direct interaction of CD95L + CLL cells with CD95 overexpressed by patient-derived PCs cause the apoptosis of the latter 648 . Other studies point towards impairments during the maturation of naïve B cells to PCs. For example, patientderived Tfh cells display perturbations in the production of the cytokines IL-21 and IL-4, which are critical during T cell-dependent PC maturation in GCs 649 . Also other CLL-specific T cell defects such as impaired IS formation or high levels of immunosuppressive cytokines including IL-10 and TGFβ might account for the inhibition of T-cell dependent B cell responses. Taken together, by several mechanisms, the normal B cell response in CLL patients is weakened leading to severe immune complications and increased susceptibility to infections. Myeloid cells in CLL CLL is associated with an abnormal composition of myeloid cells, especially an accumulation of CD14 + HLA-DR lo /-monocytes in PB of patients 650 . First evidences that CLL cells are able to shape the behavior of myeloid cells to induce an inflammatory microenvironment and that myeloid cells have a pathogenic role in CLL derive from in vitro studies: CD14 + monocytes derived from PB of CLL patients differentiate into fibroblast-like adherent cells that express CD68, termed nurse-like cells (NLCs), and protect CLL cells from spontaneous apoptosis 651 . Since then, NLCs were used as in vitro tool to study microenvironment interactions and their multiple functions in promoting CLL progression. Similar to stromal cells, NLCs secrete soluble factors and express adhesion molecules important for homing of CLL cells to the tissue, including CXCL12 and CXCL13 binding to CXCR4 and CXCR5, respectively, both overexpressed on CLL cells 652 . NLCs also provide crucial pro-survival and proliferative signals to CLL cells. In particular, the expression of BAFF and APRIL that bind to their receptors BAFF-R, BCMA and TACI promote CLL survival 653 . Moreover, high cell density cultures of PB mononuclear cells (PBMCs) from CLL patients support the survival of CLL cells, and CLL survival proportionally increases with growing numbers of CD14 + monocytes. Mechanistically, Seiffert et al. showed that CLL cells induce the release of soluble CD14 (sCD14) by monocytes that in turn enhances NFκB activity in CLL cells delivering pro-survival signals 654 . Furthermore, they express antigens such as vimentin and calreticulin that enhance CLL survival through activation of stereotypical BCRs 655 . They also express the ligand CD31/platelet-endothelial cell adhesion molecule 1 (PECAM-1), whose interaction with CD38 on CLL cells stimulates CLL cell survival 656 . In addition, an important pro-survival effect is mediated by the physical interaction between lymphocyte functionassociated antigen 3 (LFA-3) overexpressed on CLL cells and CD2 expressed on NLCs. Notably, this interaction results in shedding soluble LFA-3 (sLFA-3) by CLL cells that can be found in elevated concentrations in serum of CLL patients 657 . As other cell types in the TME, NLCs also release survivalpromoting cytokines such as IL-4, IL-6, IL-10 and IL-13 658 . NLCs further exhibit immunosuppressive functions as reflected by their expression of IDO1 that inhibits CTL function and promotes Treg activity 659 . Additionally, Galectin 1 (Gal1), a protein associated with immune escape in several cancer types and overexpressed in CLL, is secreted by NLCs and stimulates the production of immunosuppressive factors by CLL cells, including IL-10 660 . Moreover, gene expression profiling of CLL cells before and after co-culture with NLCs revealed that NLCs trigger the release of CCL3 and CCL4 by CLL cells that attracts T cells, but also monocytes via CCR1 and CCR3, thus being able to recruit and establish a supportive TME 661 . Similarly, CLL cells induce the secretion of CCL2 by monocytes that is elevated in serum of CLL patients and acts as monocyte attractant 662 . Several mechanisms underlie CLL-induced NLC differentiation. Jia et al. identified increased plasma levels of HMGB1 in patients and they showed that CLL cell-derived HMGB1 mediate NLC differentiation in vitro through binding to both receptor for advanced glycation end products (RAGE) and intracellular Toll-like receptor-9 (TLR9) expressed by monocytes thus triggering NFκB activation 663 . In another study, extracellular Nicotinamide phosphoribosyltransferase (eNAMPT) that is involved in the generation of nicotinamide adenine dinucleotide (NAD) was released by CLL cells into the TME. Release of this factor results in the differentiation of monocytes into CLL-supportive NLCs as reflected by their high secretion of cytokines such as IL-10, IL-6 and IL-8, and chemokines such CCL3 664 . Moreover, CLL-derived exosomes induce the secretion of soluble factors such as CCL2, CCL4 and IL-6, but also the expression of the immunosuppressive IC PD-L1 on monocytes and skew them towards a pro-tumoral phenotype 143 . More specifically, these changes in monocytes are mediated by a specific exosome cargo, the non-coding RNA hY4 that triggers TLR7 signaling in monocytes. Consistently, blocking TLR7 pathway results in decreased activation of monocytes in vitro and in efficient control of CLL development in vivo 143 . Similarly, in another study, transfer of miR-155 by EVs induces a pro-tumoral phenotype in monocytes as reflected by the upregulation of IDO1, and this can be inhibited by vitamin D, a negative regulator of miR-155 expression 665 .While the differentiation of monocytes into NLCs and their pro-tumoral functions have been widely investigated in vitro, the existence and characterization of their in vivo counterparts in CLL is less understood. By gene expression profiling of CD14 + monocytes from patient-derived PB, NLCs evolved as CLL-specific TAMs with a M2-like phenotype 666 . As most studies are based on patientderived PB that, according to the "two compartment disease" model, does not properly reflect the supportive TME in lymphoid organs, the question arises whether these NLCs also exist in the protective niches, where enhanced CLL proliferation occurs. Indeed, CD14 + CD68 + NLCs exist in the spleens of CLL patients 652 . Moreover, CD163 + NLCs can be detected in LNs of CLL patients and notably, their existence correlates with CLL proliferation 667 . In addition, high levels of soluble CD163 in serum of CLL patients are associated with cytogenetic aberrations such as TP53 mutations, poor overall survival 667 and resistance to ibrutinib chemotherapy 668 . However, the function of these CLLassociated myeloid cells in vivo has not been fully addressed. Hanna et al. used the Eµ-TCL1 mouse model that recapitulates the human CLL disease, and revealed not only a CCR2-mediated increased infiltration of monocytes into the peritoneal cavity and lymphoid organs such as the spleen, but they also identified a shift towards non-classical Ly6C lo patrolling monocytes 669 . As demonstrated by gene expression profiling, these patrolling monocytes show increased expression of the regulator of inflammation triggering receptor expressed on myeloid cells 1 (TREM1) accompanied by increased expression levels of factors inhibiting T cell functions such as PD-L1, IL-10 and TNFα, as well as T cell chemoattractants such as CXCL9 669 thus promoting CLL progression. Importantly, in vivo depletion of myeloid cells efficiently limits CLL development669 . Suitability of TCL1 mice to study pathogenic mechanisms and drug testing Since the appropriateness of the TCL1 mouse model to recapitulate human CLL has been validated, it is widely used as preclinical tool to elucidate CLL pathogenic mechanisms including BCR signaling and interactions within the TME and to evaluate the sensitivity or resistance of novel drugs for CLL treatment.Study of BCR signaling and its therapeutic targetingAs high TCL1 levels correlate with high BCR activity and adverse outcome in human CLL 527 , numerous previous observations were studied in TCL1 mice to insight into their roles in vivo. In this mouse model, BCR stimulation of CLL cells is antigen-dependent (extrinsic) responding to autoantigens and to microbial antigens 535 . Consistently, serial transplantations of CLL cells into syngeneic mice to mimic clonal evolution resulted in an enhanced aggressive CLL clone suggesting an antigenic selection during CLL progression 546 . Additionally, BCR stimulation of CLL cells can also occur in an antigen-independent (intrinsic) manner upon self-recognition of epitopes within HCDR3474,670 . Recently, a study reported that CLL-specific depletion of the TF NFAT2 in TCL1 mice causes transformation of CLL to Richter's syndrome. This transformation in NFAT2 lacking mice is mediated by different BCR usage of CLL cells, i.e. by selection of unmutated BCRs and predominant usage of specific VDJ recombinations 671 . In parallel, other studies focus on downstream BCR signaling within CLL cells in the TCL1 mouse model. TCL1 inhibits the tumor suppressor truncated form of protein tyrosine phosphatase receptor type O (PTPROt), which is downregulated in CLL patients, and consequently leads to activation of the kinases SYK and LYN involved in survival and proliferation of CLL cells532,672 . Mechanistically, by using a double transgenic TCL1 -PTPROt mouse model, a study reported that TCL1 interacts with Fos and Jun proteins, thereby inhibiting the activator protein 1 (AP-1) complex, which acts as transcriptional regulator of PTPROt 673 . Another study confirmed in the TCL1 mouse model the constitutive phosphorylation and activation of SYK and its direct substrate BLNK, as it is observed in patients. Consequently, the selective SYK inhibitor fostamatinib disodium (R788) inhibits antigen-dependent as well as antigen-independent BCR signaling and limits CLL growth in vivo 674 . As already described, another important factor involved in BCR signaling is the BTK. The TCL1 mouse model was used to study the role of BTK in CLL. By crossing TCL1 mice with XID mice, which harbor a point mutation in the BTK gene preventing its kinase activity, leukemia development could be delayed and survival improved675 . In light of this, treatment of AT-TCL1 with ibrutinib results in abrogated CLL development, and interestingly, in an initial and transient lymphocytosis in PB that was explained by the inhibition of CLL homing to the tissue due to suppressed CCL3 and CCL4 expression 545 . Very recently, another mode of action of ibrutinib was uncovered. CLL cells from patients are deficient for the Shc family adaptor p66Shc that has a role in apoptosis induction by increasing ROS levels 676 . TCL1 mice also show decreased p66Shc levels during CLL evolution, and treatment with ibrutinib is sufficient to restore its expression676 . Consistently, TCL1 -p66Shc -/-mice show enhanced CLL development, and furthermore, an enhanced infiltration of CLL cells into tissues probably due to its additional role in the suppression of CXCR4 and thus homing of CLL cells 676 . Beyond this, as TCL1 enhances PI3K signaling through direct binding to AKT1/2, TCL1 mice are used for the development of drugs targeting this pathway. For example, the specific PI3K/AKT pathway inhibitor OSU-T315 significantly improves the survival of TCL1 mice 677 . Mechanistically, OSU-T315 hinders the translocation of AKT to the plasma membrane thus leading to apoptosis, and, in contrast to other kinase inhibitors, does not interfere with receptor-associated kinases677 . Other examples of using the TCL1 mice for the development of therapeutic drugs targeting this pathway are: the mTOR inhibitor rapamycin 538 , the dual PI3K/mTOR inhibitor PF-04691502 that also prevented CXCL12 mediated migration of CLL cells into LNs 678 , as well as linsitinib, an inhibitor of the insulin-like growth factor 1 receptor (IGF1R) upstream of PI3K 679 , and enzastaurin that targets both AKT and PKCβ 680 . TCL1 also interferes with and enhances NFκB signaling, which is essential for CLL progression. Inhibition of NFκB activity can be achieved by the chaperone HSP90 inhibitor (17-DMAG) and showed encouraging results in TCL1 mice 681 . Very recently, a study demonstrated that B cell specific overexpression of the protein prostate apoptosis response 4 (Par-4) in TCL1 mice results in reduced CLL development, whereas the B cell specific Par-4 knockout (KO) accelerates CLL development. Mechanistically, Par-4 suppresses NFκB signaling and thus shows an anti-leukemic effect 682 .Study of the CLL TME and its therapeutic targetingAs TCL1 mice acquire T cell defects during CLL development similar to those in human CLL, the role of CLL therapeutics in reversion of T cell functions is investigated using this model. For example, the PI3K inhibitor idelalisib, which was initially developed to target BCR signaling within CLL cells, decreases the number of Tregs, and improves CD8 + Teff functions in CLL in the TCL1 mouse model 624 . Consistently, genetic activation of PI3K p110δ in leukemic TCL1 mice or treatment with idelalisib is sufficient to reverse T cell immune suppression 683 . Similarly, the BTK inhibitor ibrutinib does not only show direct effects on CLL cells, but also modulates other immune cells within the CLL TME in TCL1 mice. As ibrutinib also targets BTK in myeloid cells and IL-2induced T cell kinase (ITK) in T cells, it appears that treatment of leukemic TCL1 mice with ibrutinib alone improves CLL progression, but also reduces the number of CD8 + Teff by impairing TCR activity. Interestingly, combination of ibrutinib with PD1 or PD-L1 ICB does not negatively impact T cells, instead results in increased CD8 + T cell cytotoxicity 684 . Furthermore, the BTK inhibitor CC-292 (Spebrutinib) that shows increased specificity reduces leukemic growth and normalizes CLL-induced expansion of T cells in TCL1 mice 685 . Moreover, IL-1 receptorassociated kinase 4 (IRAK4), whose signaling is linked to inflammation, is activated in CLL. Consistently, the IRAK4 inhibitor ND2158 decreases CLL growth and modulates functions of T cells and myeloid cells in the TCL1 mouse model 686 . Recently, Irf4 -/- mice have been also crossed with TCL1 mice and in this way, the role of Irf4 deletion in T cell exhaustion in CLL could be uncovered 687 . In addition, as progranulin (GRN) is overexpressed in serum of CLL patients, Schulze-Edinghausen et al. studied its role in CLL progression using the TCL1 mouse model. Indeed, they found increased expression of GRN by myeloid cells, however, AT of CLL cells into GRN -/-chimeras does not affect CLL progression 688 .Altogether, as demonstrated by numerous studies, the TCL1 mouse model, as the most used model for CLL, represents a suitable tool to mirror human CLL, especially human CLL with aggressive characteristics and poor disease course. It is suitable for therapeutic studies, in which it demonstrated a high reproducibility. Moreover, TCL1 mice have a good reproductive capacity, and a low number of breeders is required to produce a cohort of mice for experiments. For these reasons, in the present thesis, we employ both the TCL1 mouse model as well as its related AT-TCL1 mouse model to characterize the CLL TME and to evaluate the efficacy of a potential immunotherapeutic approach.

First, we observed

  that CLL cells, compared to non-malignant B cells, show a striking shift in their phenotype. In particular, CLL cells displayed increased expression levels of immune checkpoints PD-L1 and LAG3, intracellular cytokines IL-4 and IL-6, as well as several maturation and adhesion molecules including CD44 and ICAM-1 (CD54). Interestingly, PD-L1 expression on CLL cells was heterogeneous, a high expression correlating with a higher expression of maturation and adhesion molecules. Additionally, splenic CLL cells exhibited increased expression of all these maturation and adhesion molecules when compared to their circulating counterparts suggesting the presence of different stages of circulating CLL cells in the spleen. Next, we identified significant alterations in the immune cell composition within the CLL TME that are associated with dysfunctional anti-tumor immunity and an immunocompromised state. More particularly, we detected a significant enrichment of exhausted CD8+ T cells co-expressing several immune checkpoints including PD1, LAG3, TIM3 and CTLA4, as well as an expansion of KLRG1+ CTLA4+ CD69+ Tregs and Foxp3+ CD25 low LAG3+ Tregs, both described to represent highly activated and suppressive subsets. Concerning the myeloid compartment, CD8+ DCs highly expressing ICs including LAG3 and TIM3, as well as PECAM-1+ PD-L1+ patrolling monocytes accumulated in CLL. Besides these changes in the lymphoid and myeloid immune cell compartment, we further detected an enrichment of stromal cells displaying a CAF-like phenotype as reflected by their expression of α-SMA. As we detected a relevant upregulation of PD1 and LAG3 expression on the majority of immune cell subsets, we tested a dual antibody-based PD1/LAG3 checkpoint blockade in both transgenic Eµ-TCL1 and AT-TCL1 mice. Indeed, dual anti-PD1/anti-LAG3 immunotherapy efficiently limited CLL development in the two preclinical models of CLL. More specifically, in AT-TCL1 mice, CLL cell count and frequency in PB and spleen significantly decreased and an immuno-competent microenvironment was restored as identified by mass cytometry. Additionally, the cytokine profile in blood serum after dual checkpoint blockade indicated the restoration of an effective immune response as illustrated by increased levels of IL-2, IL-23, TNFα, and CCL1. In transgenic Eµ-TCL1 mice, anti-PD1/LAG3 combination therapy significantly reduced

  immune checkpoint blockade limits tumor development in a murine model of chronic lymphocytic leukemia

Figure 1 .AFigure 2 .

 12 Figure 1. High-dimensional mass cytometry analysis of murine splenocytes. (A) viSNE plots (Cytobank) allowing the visualization of CD45 1 splenocytes from healthy controls (HC) C57BL/6 (left) and AT-TCL1 (right, CLL) mice on 2 dimensions based on the expression of all markers. The main plot depicts CD19 expression. The lower left box displays PD-L1 expression on B and CLL cells, respectively. Blue indicates the absence of expression; red indicates the highest expression among all cells and all samples. (B) Heatmap plotting the median signal intensity of discriminative markers between normal B and CLL cells (top panel, n 5 6). Heatmap plotting the median expression of markers between PD-L1 low (MSI,20) and PD-L1 high (MSI.90) CLL cells (bottom panel, n 5 6). Expression in CD4 1 T cells, CD8 1 T cells, and CD11b 1 myeloid cells from C57BL/6 mice was plotted as references. (C) viSNE plots illustrating splenic live CD45 1 CD19 2 B220 2 immune cell populations from AT-TCL1 mice (left) and characteristic marker expression (right). (D) The 15 enriched clusters (P , .01) in AT-TCL1 mice (CLL) compared with C57BL/6 were overlaid on the viSNE plots. The color scale depicts the cluster number and the related percentage of cells within live CD45 1 CD19 2 B220 2 cells. (E-H) Heatmaps plotting the median signal intensity of discriminative markers between different clusters of immune cells in AT-TCL1 mice. Selected clusters show a significant enrichment of CD8 1 T cells (E), Treg cells (F), cDCs (G), and monocytes (H) in AT-TCL1 compared with C57BL/6 mice (fold change [FC], P value). Bar charts represent percentages of cells or ratios observed between C57BL/6 (HC, n 5 6) and AT-TCL1 (CLL, n 5 6) mice. CM central memory; EM, effector memory; EX exhausted; INF inflammatory; INT intermediate. (I) Mean signal intensity (MSI) of PD1 and LAG3 expression on relevant immune cell subpopulations. NK, natural killer. For all panels, *P , .05, **P , .01, ***P , .001, and ****P , .0001.

y

  contributed equally. Author's View to: Wierz M, Pierson S, Guyonnet L, Viry E, Lequeux A, Oudin A, Niclou SP, Ollert M, Berchem G, Janji B, Gu erin C, Paggetti J*, Moussay E*. Dual PD1/LAG3 immune checkpoint blockade limits tumor development in a murine model of chronic lymphocytic leukemia Blood, 2018 131:1617-1621.

Figure 1 .

 1 Figure 1. Mass cytometry analysis of the CLL microenvironment before and after dual PD1/LAG3 blockade. (A) High-dimensional single-cell mass cytometry of the splenic immune infiltrate in CLL was performed to dissect the complexity of the tumor microenvironment (TME). (B) Mass cytometry revealed relevant alterations in the composition of the splenic CLL TME, the upregulation of immune checkpoints and other specific surface molecules (colored boxes), as well as cytokines. Enhanced PD1/PD-L1 and LAG3/MHC II signaling in the CLL TME leads to cellular activation (green arrows) or inhibition (red arrows) of target cells depending on cell types resulting in an immunosuppressive microenvironment. (C) Dual immune checkpoint blockade (anti-PD1/anti-LAG3) resolved alterations induced by CLL and restored an immuno-competent microenvironment with an effective anti-tumor immune response.
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 12345 Figure 1. Mass cytometry channel sensitivity.Primary targets (dark yellow) should be detected with low sensitivity heavy metal isotope-coupled antibodies (light pink; low or high masses). Secondary targets (light yellow) should be associated with masses in the medium sensitivity range, and the most sensitive channels (dark red) should be reserved for the tertiary targets (white). Due to oxide formation the paring of antibodies with isotopes is not as simple as shown here. Oxide interference (blue) are seen in masses >157Gd but also in the range of lanthanide elements (140s), and this should be taken into consideration when designing the panel (Adapted fromTakahashi et al. 2017).
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 678 Figure 6. Example of 6-choose-3 barcoding barcoding matrix with 6 palladium isotypes. Adapted from Fluidigm.

Figure 9 .

 9 Figure 9. Characterization of cell populations enriched in CLL. (A, B, C) The left panels show the percentage of clusters in HC and CLL samples. The upper right panels show the heatmap for the expression of selected markers, the lower right panels highlight the position of enriched clusters on the viSNE plots. (A) Treg clusters. (B) CD8+ T cells clusters. (C) Monocytes clusters.

Figure 10 .

 10 Figure 10. Lineage gating strategy. Using FlowJo software, samples were pre-gated for nucleated cells, singlets, live cells, CD19 -CD45 + cells (non-B immune cells), CD3 + NCAM -cells (CD3 + T cells), CD4 + and CD8 + T cells and CD4 -CD8 -DN T cells.

Figure 11 .

 11 Figure 11. High-dimensional mass cytometry reveals a distinct T cell profile in LN of CLL patients. (A) Overlay of viSNE maps (Tableau Desktop) of CD8 + and CD4 + T cells from malignant CLL LN (CLL; red) and non-malignant reactive LN (CTRL; blue) allowing the visualization of alterations within the T cell profile. Highly enriched cells (left panel) are indicated with yellow arrows, depleted cells (right panel) are indicated with a green arrow. (B) viSNE maps (Tableau Desktop) of CD8 + and CD4 + T cells from CTRL (n=13) and CLL LN (n=24). The maps depict expression of CD4, CD8 and Foxp3. Blue indicates the absence of expression, red indicates the highest expression among all cells and all samples. (C) Representative SPADE trees of CD8 + and CD4 + T cells with 30 nodes from CTRL and CLL LN depicting the median expression of CD4, CD8 and Foxp3 within each cluster. Blue means no expression, red means highest expression. Dot size indicates the number of cells in each cluster. Black arrows indicate the 4 Tregs clusters as defined by Foxp3 expression. (D) and (E) Stacked bar chart (D) and violin plots (E) representing the distribution of the frequency of CD8+ T cells, CD4 + T cells, Tconv and Treg cells within the T cell compartment in CTRL (n=13) and CLL LN (n=24). Median frequency is indicated by the dashed line. ***P<0.001, ****P<0.0001.

Figure 12 .

 12 Figure 12. High-dimensional mass cytometry reveals high T cell diversity in LN of CLL patients. (A) Overlay of CD4 + clusters from CLL LN (n=24) on the corresponding viSNE map (Tableau Desktop). The colour scale depicts the cluster ID. (B) Heatmap plotting the median signal intensity (MSI) values of specific markers within each CD4 + cluster in CLL LN (n=24). Blue indicates absence of expression, red indicates highest median expression among all clusters. (C) Overlay of CD8 + clusters from CLL LN (n=20) on the corresponding viSNE map (Tableau Desktop). (D) Heatmap plotting the MSI values of specific markers within each CD8 + cluster in CLL LN (n=20). N, naïve; EM, effector memory; CM, central memory; Ex, exhausted; Eff, effector; grK, granzyme K.

  apoptosis 693 , and apoptotic Tregs are more immunosuppressive than their non-apoptotic counterparts 242 , Treg5 and Treg1 might represent apoptotic, highly suppressive Tregs. Taken together, we detected an enrichment of Tregs harbouring a highly activated, proliferative, and suppressive phenotype in CLL LN, indicating enhanced immune suppression in the LN niche of CLL patients.

Figure 13 .

 13 Figure 13. Enrichment of specific CD4 + and CD8 + T cell subsets in CLL LN points to a strong immune suppression. (A-E) Separate clustering analysis by SPADE of CD4 + T cells in CTRL (n=13) and CLL LN (n=24). (A) Stacked bar chart representing the mean percentage of Treg clusters. (B) Violin plots illustrating the distribution of CLL-enriched Treg clusters. (C) Violin plot showing the distribution of CD39 expression (MSI) in C6 (Treg1). (D) Stacked bar chart representing the mean percentage of Tconv clusters. (E) Violin plots representing the distribution of enriched Tconv clusters in CLL LN. (F-G) Separate SPADE clustering of CD8+ T cells in CTRL (n=13) and CLL LN (n=20). (F) Stacked bar chart illustrating the composition of CD8 + clusters (mean percentage). (G) Violin plots of the frequency of CLL-enriched CD8 + clusters. (A,D,F) Enriched clusters in CLL LN are indicated by colours. (B,C,E,G) Median percentages are indicated by dashed lines. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

Figure 14 .

 14 Figure 14. The CLL LN niche appears as privileged site of T cell exhaustion. Violin plots representing the distribution of (A) highly activated Treg clusters (Treg1, Treg5, Treg2, Treg3) and (B) exhausted Tconv cluster Ex1 in CTRL (n=13), CLL LN (n=24), CLL PB (n=8) and CLL BM (n=3). (C-D) Violin plots showing the distribution of selected CD8 + clusters in CTRL (n=13), CLL LN (n=20), CLL PB (n=8) and CLL BM (n=2). Median percentages are indicated by dashed lines. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. LN, lymph nodes; PB, peripheral blood; BM, bone marrow; Ex, exhausted; EM, effector memory.

Figure 15 .

 15 Figure 15. Tumor-specific CD8 + and CD4 + T cells expand and upregulate CD39 expression in CLL LN. (A) Violin plot representing the distribution of CD39 + KLRG1 -CD8 + T cells in CTRL (n=13) and CLL LN (n=20). (B) Violin plots depicting the distribution of MSI of CD39 among CD8 + T cell clusters in CTRL (n=13) and CLL LN (n=20). (C) Violin plot of the frequency of CD39 + KLRG1 -CD4 + T cells in CTRL (n=13) and CLL LN (n=24). (D) Violin plots depicting the distribution of the MSI of CD39 among CD4 + T cell clusters in CTRL (n=13) and CLL LN (n=24). Median percentages are depicted by dashed lines. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

Figure 17 .

 17 Figure 17. Tumor-reactive T cells specifically accumulate in the CLL LN niche. Violin plots representing the distribution of CD39 + CD8 + T cells (left) and CD39 + Tconv cells (right) within the T cell compartment in CTRL (n=13), CLL LN (n=24), CLL PB (n=8) and CLL BM (n=3). Median frequencies are indicated by dashed lines. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. LN, lymph nodes; PB, peripheral blood; BM, bone marrow.

Figure 18 .

 18 Figure 18. Specific CD8 + T cell clusters define groups of CLL patients and correlate with time to initial treatment. (A) Hierarchical clustering (HCL) heatmap showing the correlation between CLL LN samples (n=20) based on the frequencies of selected CD8 + T cell clusters with a high variability among samples (H-Spread > 3, 8 selected clusters). Blue indicates no correlation, red indicates highest correlation among all samples. The Euclidean distance is indicated by the dendrogram and reflects the relationship between samples. Groups of CLL patients resulting from HCL analysis are indicated by coloured boxes (group 1  purple, n=4; group 2  orange, n=8; group 3  green, n=7). (B) Bar chart representing the mean time to initial treatment (months) of group 1 (n=2), group 2 (n=6) and group 3 (n=5). SEM are depicted. (C) Bar charts representing the mean frequencies of selected CD8 + T cell clusters and their respective ratio in group 1 (n=4), group 2 (n=8) and group 3 (n=7). SEM are depicted. (D) Graph illustrating the correlation between frequencies of C8 (EM4) and C4 (Ex1) in CLL LN samples (n=20). The colours indicate the corresponding group resulting from HCL (group 1  purple, n=4; group 2  orange, n=8; group 3  green, n=7). (E) Graphs representing the correlation of frequency of C4 (Ex1) and C8/C4 ratio in LN with time to initial treatment (left) of corresponding CLL patients (n=14). For all correlation graphs, linear regression lines and correlation coefficients r are depicted. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Ex, exhausted; EM, effector memory.

Figure 19 .

 19 Figure 19. Specific CD4 + T cell subsets define groups of CLL patients and a specific Treg subset correlates with time to initial treatment. (A) HCL heatmap showing the correlation between CLL LN samples (n=24) based on the frequencies of selected CD4 + T cell clusters with a high variability among samples (H-Spread > 3, 10 selected clusters). Blue indicates no correlation, red indicates highest correlation among all samples. The Euclidean distance is indicated by the dendrogram and reflects the relationship between samples. Groups of CLL LN samples resulting from HCL analysis are indicated by coloured boxes (group 1  purple, n=4; group 2  orange, n=10; group 3  green, n=10). (B) Bar charts representing the mean frequencies of characteristic CD4 + T cell clusters in group 1 (n=4), group 2 (n=10) and group 3 (n=10). SEM are depicted. (C) Graph illustrating the correlation between frequency of Treg C6 in LN and time to initial treatment of corresponding CLL patients (n=17). (D) Graph illustrating the correlation between frequency of C8/C4 ratio and the corresponding frequency of Treg cluster C6 in CLL LN (n=20). For all correlation graphs, linear regression lines and correlation coefficients r are depicted. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Ex, exhausted; N, naive.

Figure 20 .

 20 Figure 20. CLL-specific DN T cells expand in CLL LN. (A) Violin plot representing the frequency of DN T cells (out of CD3+ T cells) in CTRL (n=13) and CLL LN (n=24). (B) Overlay of viSNE maps (Tableau Desktop) of DN T cells from malignant CLL LN (CLL; red) and non-malignant reactive LN (CTRL; blue) allowing the visualization of alterations within DN T cells. Highly enriched cells (left panel) are indicated with yellow arrows, depleted cells (right panel) are indicated with a green arrow. (C) viSNE maps (Tableau Desktop) of DN T cells from CTRL (n=13) and CLL LN (n=24). The maps depict expression of CD39, CTLA4, Eomes and PD1. Blue indicates the absence of expression, red indicates the highest expression among all cells and all samples.

1 .

 1 Activated signature of resident CLL cells reflects an interactive and inflammatoryTMEWe identified a significant shift of the CLL cell population when compared to its normal counterpart illustrating important phenotypic differences. First of all, we detected a differential expression of B cell markers. In particular, CLL cells upregulate expression of CD19, which is an important activating coreceptor for BCR signaling. Indeed, in a murine model of aggressive B cell lymphomas, CD19 upregulation on malignant cells, which is induced by enhanced activity of the TF c-Myc 703 , enhances BCR signaling and increases c-Myc expression in a positive feedback loop hence accelerating tumor growth703 . Interestingly, c-Myc is also overexpressed in CLL cells due to global and Myc-specific translation704,705 . Thus, an enhanced c-Myc-CD19 signaling loop that allows a higher responsiveness to external signals from the TME might also exist in CLL and favor CLL survival and proliferation. In addition to CD19 upregulation, we detected an induction of CD5 expression, which is concomitant with a downregulation of the CD45 isoform B220 on CLL cells in the splenic TME. This is consistent with the literature describing CD5 + B220 lo/-phenotype of CLL cells in the Eµ-TCL1 mouse model mirrorring the CD5 + CD20 + CLL cell phenotype in human CLL 528 . Interestingly, CD5 + B220 lo/-CLL cells have a higher proliferation rate and turnover when compared to normal CD5 -B220 + B cells 551 . As such, the CD19 hi CD5 + B220 lo/-signature of resident CLL cells reflects an activated and proliferative phenotype with the ability to respond to and interact with the microenvironment. Besides differential expression of B cell markers, we revealed a relevant upregulation of adhesion molecules and cytokines on CLL cells, which implies at least two phenotypic characteristics. First, CLL cells within the TME display an antigen-experienced, mature phenotype, as upregulation of adhesion molecules including CD44 and ICAM-1, as well as cytokines including IL-6 is strongly linked to the maturation of APCs upon antigenic stimulation. Second, CLL cells harbor effector capacities, as the production of cytokines, especially IL-4, has been attributed to a specific subset of "effector" B cells that develop as a consequence of stimulation by antigens or T cells 706 . Notably, effector B cells are able to subsequently induce the polarization of naïve T cells into Th2 cells providing evidence for a reciprocal relationship of T and CLL cells within the TME 707 . Taken together, CLL cells in the splenic microenvironment display an activated phenotype associated with maturation, proliferation and acquisition of effector capacities. Several aspects are supposed to account for this activated signature of CLL cells within the TME. First, stimulation of CLL cells by antigens. This seems reasonable as CLL cells from leukemic Eµ-TCL1 transgenic mice express stereotyped, U-IGHV BCRs that recognize autoantigens or microbial components in the TME thus leading to chronic BCR signaling and CLL growth 535 . Second, stimulation of CLL cells by microenvironmental interactions. The activated signature of CLL cells reflects that they are embedded in an interactive microenvironment that supports their survival and proliferation. Notably, and closely linked to both antigenic stimulation and stimulation by microenvironmental interactions, such activated phenotype of CLL cells is also induced by inflammatory signals indicating that the CLL TME constitutes an inflammatory milieu driving the survival and proliferation of CLL cells. Indeed, the link between inflammation and CLL activation has been well established. For example, signaling of inflammatory receptors such as Toll-like receptors (TLR), induced by LPS or unmethylated DNA, cooperates with BCR signaling in CLL cells thus leading to CLL cell survival, but also to cytokine production such as IL-10 708,709 . However, inflammatory signals are also provided by immune cells that are actively recruited by CLL cells and shaped into pro-inflammatory tumor supporters. Importantly, the inflammatory potential of the CLL TME is also highlighted in the upregulation of PD-L1 on CLL cells, as PD-L1 expression is strongly induced by pro-inflammatory IFNγ 710 , which is produced by expanding CD8+ T cells in the CLL TME263 . In this study, PD-L1 upregulation on CLL cells is concomitant with PD1 upregulation on T cells and thus indicates enhanced PD-L1/PD1 signaling within the TME.

  receptor LFA-1 strongly expressed on T cells has several effects including T cell adhesion and trafficking713 , naïve T cell activation and proliferation 714 , and Th1 cell polarization715 . As T cells expand and skew towards a Th1 phenotype in CLL 716 597 , it is reasonable to assume that upregulation of ICAM-1 on CLL cells contributes to enhanced T cell adhesion and recruitment to the TME and to their modulation to tumor-supportive cell populations. This is supported by a study showing that in breast cancer the ICAM-1-LFA-1 axis contributes to recruitment of immune cells to the tumor site and thereby to the organization of the microenvironmental structure 717 . Interestingly, tumor infiltrating T cells in melanoma and breast cancer are "trapped" and form aggregates at the tumor site in an ICAM-1-LFA-1-dependent manner 718 . The ICAM-1-LFA-1 axis also induces defects in T cell migration in CLL617 suggesting their retention in the TME. In this light, the role of adhesion signaling in the formation of T cell clusters in the TME and in the prevention of their recirculation and initiation of distant immune responses has to be considered. Moreover, the ICAM-1-LFA-1 axis is involved in the development and maintenance of Tregs 719 suggesting that enhanced signaling in the CLL TME might account for the enrichment of this immunosuppressive cell population. The fact that CLL cells also express the adhesion receptor LFA-1, whose engagement with ICAM-1 ensures CLL cell migration and positioning in TME 720 , reflects the important bidirectional communication via this axis. Similar to LFA-1, expression of other adhesion receptors on CLL cells including CD44, CD40 and CD38 are crucial for CLL cell migration within the TME[721][722][723] . However, beyond their role in CLL cell migration, they are also involved in signal transduction processes and deliver important pro-survival signals to CLL cells upon engagement with their respective ligands. Both CD44 binding to hyaluronic acid in the TME, and CD38 ligation to PECAM-1 (CD31) on cells within the TME such as PECAM-1-expressing patrolling monocytes or endothelial cells cause the activation of signaling pathways such as PI3K/Akt promoting CLL survival723,724 . On one side, upregulation of adhesion ligands on CLL cells appears as a mechanism, by which CLL cells cause the adhesion and modulation of immune cells, especially T cells, thus creating and organizing a microenvironmental network, which supports their survival and proliferation. On the other side, the concomitant upregulation of adhesion receptors on CLL cells is exploited to receive pro-survival signals and to enable CLL cell trafficking within the TME. In both cases, the expression of adhesion molecules on CLL cells reflects their high dependency of the TME.

  interact with PD1 + T cells in LNs of CLL patients725 , and several studies aimed to elucidate the functional consequence of PD-L1/PD1 signaling. While Brusa et al. demonstrated that the PD-L1/PD1 axis contributes to dysfunction of CD8 + T cells by impaired IFNγ secretion and thus to immune suppression 725 , another group reported an induction of functional exhaustion in CD8 + T cells that retain their capacity for cytokine production 584 . Our finding of an enrichment of exhausted PD1 + CD8 + T cells in the CLL TME allows no conclusion about their functionality, but supports previous data showing PD-L1/PD1 signaling as inducer of T cell exhaustion. However, we also provide evidence that PD-L1/PD1 signaling in the CLL TME has additional effects, which go beyond CD8+ T cell exhaustion. In particular, we detected an accumulation of PD1 + Tregs within the TME, suggesting an additional cross-talk between Tregs and PD-L1 expressing CLL cells. Previous studies demonstrated that PD1/PD-L1 signaling has a positive effect on Treg development and stability. Notably, PD1 signaling mediates inactivation of the endolysosomal protease AEP and thus stabilizes Foxp3 expression in Tregs in vitro 166 . Consistently, AEP deficiency increased the frequency of Tregs in melanoma in vivo 166 . Moreover, overexpression of PD-L1 by a myeloid tumor cell line induced the conversion of Th1 cells into Tregs 167 . In this regard, PD-L1 expression by CLL cells might be associated with the expansion of PD1 + Tregs within the CLL TME. As Tregs inhibit T cell effector functions, exploitation of PD1/PD-L1 axis within the TME appears as indirect mechanisms, by which CLL cells cause immune suppression. Along this line, PD-L1 expression on CLL cells and thus

  detected a heterogeneous PD-L1 expression on CLL cells in the TME, this might indicate that different proliferation states of CLL cells are present in the TME. This is also supported by our data showing that PD-L1 expression on CLL cells is lower in the blood, where CLL cells are quiescent, than in the spleen, where they are activated and proliferative. In the same study, PD-L1 suppressed autophagy in melanoma and ovarian cancer, and regulated the glucose metabolism in sarcoma 171 . Altogether, these data indicate that "reverse" PD-L1/PD1 signaling might confer pro-survival and proliferative signals to CLL cells and thus highlights the bidirectional communication within the TME. This tumor-intrinsic role of PD-L1 might explain why a high PD-L1 expression is coincident with a high expression of adhesion and maturation markers and suggests PD-L1 as regulator of CLL cell activation and maturation. As a consequence, heterogeneous PD-L1 expression on CLL cells within the TME indicates that CLL cells with an activated phenotype, but also with a resting phenotype, probably representing CLL cells from the circulation, can be found in the TME, and thus reflects the dynamics of the disease. Overall, these findings provide evidence that CLL cells exploit PD-L1/PD1 signaling within the TME to induce immune suppression and thus to mediate tumor escape, but also to receive survival and proliferation signals for disease progression. In addition, this extends the potential mechanism of action of PD-L1 blockade from reversing T cell function to inhibiting CLL cell proliferation.In addition to PD-L1, we also detected an upregulation of LAG3 on CLL cells. This is relevant, as LAG3 binds to MHC II expressed by APCs, and we identified MHC II-expressing cells including DCs and patrolling monocytes within the TME, indicating a cross-talk between these cells. The outcome of this communication in CLL has not been studied yet, but, as LAG3 engagement with MHC II on DCs causes their inactivation 195 , this might involve, similar to PD-L1/PD1 signaling, immune suppression. Consistently, patrolling monocytes, which support CLL growth 669 , show low MHC II expression, and thus might be less involved in LAG3/MHC II communication. Very interestingly, similar to PD-L1, a soluble form of LAG3 (sLAG3) is released and increased in serum of CLL patients[START_REF] Shapiro | Lymphocyte activation gene 3: a novel therapeutic target in chronic lymphocytic leukemia[END_REF] . A study reported that CLL cells secrete sLAG3 in vitro, and that a recombinant sLAG3 binds to MHC II on CLL cells thus delivering anti-apoptotic signals[START_REF] Shapiro | Lymphocyte activation gene 3: a novel therapeutic target in chronic lymphocytic leukemia[END_REF] . Importantly, anti-LAG3 blockade abolished this effect[START_REF] Shapiro | Lymphocyte activation gene 3: a novel therapeutic target in chronic lymphocytic leukemia[END_REF] . In this regard, LAG3 upregulation on CLL cells might involve an autocrine loop, by which CLL cells regulate their survival. This is supported by our finding that LAG3 upregulation is coincident with an activated signature of CLL cells.Overall, expression of IC ligands and receptors by CLL cells and thus communication via both PD-L1/PD1 and LAG3/MHC II axis within the CLL TME clearly illustrates the reciprocal relationship, in which CLL cells send signals to induce immune suppression, but also receive signals for their survival.

  inhibitory signals and thus inhibit CD8 + T cell functions. As we detected co-incident expression of the ligands PD-L1 and MHC II on multiple cell types, it is likely that enhanced PD1/PD-L1 and LAG3/MHC II signaling in the CLL TME leads to suppression of PD1 hi CD8 + T cell functions and thus underlines the importance of the PD1/PD-L1 and LAG3/MHC II axis in immune suppression in CLL.However, to elucidate the function (or dysfunction) of these PD1 hi exhausted subsets in the CLL TME further functional assays would require more attention. Additionally, besides their functional characterization, a more exhaustion-specific phenotypic characterization, for example by investigating the expression of exhaustion-related TFs such as Tcf1 or Eomes, would help to distinguish between progenitor and terminally exhausted subsets. While progenitor subsets respond to PD1 checkpoint blockade by increased effector functions, terminally differentiated subsets cannot be easily reversed by such single immunotherapy due to their fixed epigenetic state309 . In this light, the distinction of progenitor and terminally differentiated states in CLL would be of great relevance to determine potential mechanisms of actions responsible for the resistance to single PD1 blockade and the efficacy of the dual PD1/LAG3 blockade.The reasons for the enrichment of exhausted T cell in the CLL TME can be multiple. First, chronic antigenic stimulation within the TME can lead to constant TCR triggering and thus to T cell exhaustion. Along with CLL progression, viruses can be reactivated due to acquired immune deficiency. Therefore, it should be considered that not only CLL-associated antigens, but also viral antigens play a role in this process. Second, an inflammatory TME, as evidenced by the CLL cell signature, can induce an exhausted phenotype 299 . Moreover, soluble factors released within the CLL TME could be responsible for an exhausted phenotype. In particular, IL-10, released by Tregs 624 and CLL cells 733 in the TME, and Treg-derived IL-35 can drive the exhaustion of TILs by upregulating inhibitory ICs 203 . As we observed an enrichment of activated Tregs within the CLL TME, it is very likely that these immunosuppressive cells contribute to T cell exhaustion in CLL. This is supported by a recent study showing that depletion of CD25 + Tregs increases effector functions of PD1 + CD8 + T cells 624 . Indeed, co-incident with the enrichment of exhausted T cells, we detected an increase of Tregs. This is consistent with another recent study that reported the accumulation of Tregs in the TCL1 mouse model, and reflects the expansion of Tregs in PB of CLL patients with progressive disease621,630 . As Tregs represent a highly heterogeneous population in terms of origin, phenotype and function, we characterized Treg subsets in more details. We identified that enriched Tregs display a highly activated and suppressive phenotype. Notably, in accordance with a recent study, these subsets comprise both CD25 + and CD25 lo Tregs, reflecting the fact that CD25 is not an appropriate marker to define Tregs in CLL. Their activated state is evident by the expression of the activation marker CD69, as well as by the absence of CD62L expression. Moreover, one of these enriched Treg subsets highly expresses Foxp3. Indeed, Foxp3 regulates Treg stability through controlling metabolic changes including the switch from glycolysis to oxidative phosphorylation 240 , suggesting that Foxp3 hi Tregs in CLL are able to adapt to challenging conditions such as decreased glucose within the TME while maintaining their suppressive function. Interestingly, this enriched Treg subset also highly expresses KLRG1, which marks terminally differentiated Tregs that produce increased levels of suppressive molecules such as granzyme B, IL-10 and IL-35734 . Thus, it is likely that KLRG1 + Tregs in the present study release suppressive soluble factors and thus use cell-contact independent mechanisms to inhibit effector functions and to mediate tolerance. In this context, it is conceivable that these Tregs also utilize other cell-contact independent mechanisms including the generation of adenosine by the ectoenzymes CD39 and CD73. This hypothesis is supported by a recent study demonstrating that adenosine production and signaling is upregulated in lymphoid tissues of diseased TCL1 mice due to hypoxic conditions within the TME 735 . However, Tregs also exploit cell-contact dependent mechanisms for their suppressive function. Importantly, both enriched Treg subsets display high expression of the ICs PD1 and LAG3. In contrast to Tconv, expression of these "inhibitory" ICs on Tregs does not deliver inhibitory signals but is instead associated with their enhanced immunosuppressive activity. In particular, while PD1 engagement with PD-L1 promotes Treg stability via increasing Foxp3 expression 166 , LAG3 confers maximal suppressive capacity to Tregs 64 , which produce high amounts of IL-10 and TGFβ 736 . Reciprocally, LAG3 engagement with MHC II on DCs inhibits maturation of the latter and thus suppresses T cell priming 195 . This emphasizes again the importance of the PD1/PD-L1 and LAG3/MHC II axis in immune suppression in CLL and their potential as immunotherapeutic targets. As outlined before, PD-L1 is not only a ligand, but also has signaling functions, and therefore, PD1 on Tregs might interact with PD-L1 on CLL cells thereby delivering survival signals. In contrast to cell-contact independent mechanisms mentioned above, these potential pro-tumoral effects mediated through the PD1/PD-L1 and LAG3/MHC II axis imply direct contact between respective cells. As a perspective, immunofluorescence staining of Tregs, CD8 + T cells and CLL cells in a tissue section of a leukemic spleen would provide information about their localization and direct cell-cell interactions. A more extensive investigation of cellular interactions between specific cells can be achieved by using imaging mass cytometry. With this technique, in situ staining of more than 30 markers is possible and would allow the identification of the spatiotemporal localization of cells within the CLL TME. The mechanisms of Treg accumulation in the CLL TME remain speculative. The bidirectional communication within the CLL TME and the high potential of CLL cells to shape its microenvironment suggest that Tregs are predominantly induced within the CLL TME. CLL cells release IL-10, which upregulates Foxp3 and thus induces Treg differentiation 620,628 . Furthermore, IDO expressed by myeloid cells in the CLL TME generates Kynurenine (Kyn), which activates the TF Ahr that in turn induces Foxp3 expression and thus favors the generation of Tregs from Tconvs 221,737 . In this regard, a potential role of Ahr signaling in Treg accumulation and thus immune escape in CLL is highlighted. Moreover, as PD-L1 induces the generation of iTregs from Tconvs 228 , it is likely that PD-L1-expressing CLL cells strongly contribute to the accumulation of Tregs within the CLL TME. This PD1/PD-L1mediated induction of Tregs by malignant B cells was confirmed in nHL 227 . Furthermore, CLL cells release exosomes, which, in the setting of other cancer types, are able to expand Tregs and to enhance their immunosuppressive capacities in vitro 229 . However, Tregs from the periphery (pTregs) can be recruited to the CLL TME. As a perspective, to investigate the origin of Tregs in the CLL TME expression of discriminative markers of pTregs and iTregs such as Nrp1 and Helios, as well as expression of chemokine receptors could provide more insights. Overall, highly active Tregs with a potential role in immune suppression are enriched in CLL and they probably use both cell-contact dependent and independent mechanisms to inhibit effector functions and to induce tolerance. They are co-enriched with exhausted T cells, indicating a link between Treg function and induction of T cell exhaustion. To elucidate their suppressive potential, isolation of these specific subsets and performing functional assays would provide helpful information. Moreover, scRNA-Seq would be a possibility to decipher their transcriptional program and to identify differential expressed genes between CLL-associated Tregs and their WT counterparts, that are associated with their immunosuppressive phenotype. To study the impact of Tregs on CLL progression, specific depletion of these cells in vivo using the DEpletion of REGulatory T cells (DEREG) mouse model is considerable. Transgenic DEREG mice express the diphtheria toxin (DT) receptor coupled to eGFP under the control of the Foxp3 promoter, and thus application of DT specifically depletes Tregs thereby allowing their in vivo analysis 738 .

  bidirectional signaling of PD1/PD-L1 and LAG3/MHC II can have effects on both non-malignant and malignant cells within the CLL TME, thereby favoring strong immune suppression and CLL progression. In this light, our study provides a strong rationale for targeting PD1 and LAG3 by immunotherapeutic approaches and highlights their therapeutic value in CLL. Notably, high coexpression of PD1 and LAG3 on malignant and non-malignant cells was recently detected in DLBCL and correlated with poor outcome for patients independent of standard prognostic factors 748 .Moreover, upregulation of LAG3 on TILs was associated with high PD1 expression in NSCLC, and these patients have a poor prognosis 749 , indicating that PD1 and LAG3 might have a prognostic value in CLL as well. Consequently, we evaluated single and combinatorial ICB in preclinical models of CLL, and we demonstrate different outcome: while single PD1 blockade fails to control CLL development in AT TCL1 mice, as reflected by primary and acquired resistance, dual PD1/LAG3 ICB efficiently limits leukemic growth. This resistance to single PD1 therapy can have several reasons and might be attributed to both tumor-intrinsic and tumor-extrinsic mechanisms. First, upregulation of PD-L1 on CLL cells not only inhibits T cell effector functions and enhances Treg activity, it can also confer survival signals to CLL cells through reverse signaling170,731 . Importantly, PD1 blockade suppresses the interaction of PD1 with PD-L1, thus blocking PD1 signaling in T cells, but does not prevent PD-L1 interaction with its alternative receptor B7-1 750 . Consequently, it is considerable that PD-L1 + CLL cells still interact with alternative ligands to receive anti-apoptotic signals through PD-L1 signaling. This non-redundancy of PD1 and PD-L1 blockade is reflected by the observation that PD-L1 blockade, in contrast to PD1 blockade, efficiently limits CLL growth 611 .Second, the expression of additional ICs and their ligands with important roles in tumor progression limits the efficacy of single blockade. We identified high expression of LAG3 on multiple cell types within the CLL TME, assuming a potential role of the LAG3/MHC II axis in immune suppression, which might be able to overcome/mask the effects of PD1 blockade. Moreover, we detected high expression of TIM3 and CTLA4, which are also ICs with inhibitory functions. Besides this, also the strong expression of immunosuppressive molecules such as IL-10, IL-6 and IDO, which are produced by CLL cells and other cell types within the TME, can hinder the efficacy of PD1 blockade 751 . In addition, compensatory upregulation of other ICs is attributed to resistance to single PD1 blockade. In ovarian cancer, blockade of PD1 and LAG3 alone causes an upregulation of other IC pathways leading to the potentiation of immune cell suppression 430 . This potentiation of immune suppression is a common phenomenon in patients undergoing single ICB therapy and clinically manifests in a dramatic acceleration of tumor growth, termed as hyperprogressive disease (HPD). Interestingly, in a recent study, resistance to single PD1 therapy and HPD was observed in NSCLC patients which harbored PD1 and LAG3 co-expressing TILs 752 suggesting similar mechanisms in CLL, albeit to a lesser extent, as we did not observe HPD in single anti-PD1-treated mice. However, to investigate the existence of a potential compensatory IC upregulation in CLL, a direct comparison of the expression of multiple ICs between responders and non-responders of single PD1 therapy would be essential. Third, an abnormal gut microbiome composition can affect the efficacy of PD1 blockade 753 . Particularly, low levels of Akkermansia muciniphila contribute to resistance to PD1 ICB in melanoma and sarcoma mouse models, and consequently, transplantations of responder-derived faecal microbiota could restore the efficacy to single PD1 therapy 753 . To test this hypothesis in CLL, treatment of TCL1 mice or AT TCL1 mice with probiotics prior to PD1 ICB can be considered. In addition to single PD1 ICB, we also demonstrate that single LAG3 and KLRG1 ICB fail to control leukemic growth in AT TCL1 mice, and similar resistance mechanisms are assumed.While single PD1 ICB resulted in leukemic outgrowth in almost all AT TCL1 mice, dual PD1/LAG3 ICB efficiently limited CLL growth and notably, even decreased the tumor load in some mice that initially developed CLL. This suggests a strong synergy between PD1 and LAG3 ICB in inhibiting CLL development and thus indicates a cooperation of PD1 and LAG3 in promoting immune suppression and CLL progression. This is in accordance with previous studies in other tumor models reporting that combinatorial blockade of PD1/LAG3 succeeds, whereas respective single therapies fail to eliminate existing tumors 429 . Mechanisms underlying this synergy as well as the potential contribution of other ICs to immune suppression within the CLL TME remain poorly characterized. limited to immune cells, instead they extent to stromal cells and thus affect the whole CLL TME.

pseudoprogression

  and is attributed to a massive infiltration of immune cells to the tumor site755 , indicating a strong initiation of an immune response. Pseudoprogression is frequently observed in patients treated with IC inhibitors in multiple types of tumors756 . Interestingly, high abundance of antigen-experienced and effector CD4 + and CD8 + T cells, respectively, in PB before beginning dual PD1/LAG3 ICB correlated with a higher reduction in spleen size, thus with enhanced response to such dual immunotherapy. This is in accordance with the observation in human melanoma patients that non-responders to PD1 ICB have a higher frequency of circulating naïve CD8 + T cells before the start of therapy 757 and that lung cancer patients with increased frequencies of memory CD4 + T cells have a superior clinical outcome after PD1 ICB 752 .Gros et al. identified circulating neoantigen-reactive PD1 + CD4 + and CD8 + T cells that predict clinical outcome after PD1 ICB in melanoma patients 151 , suggesting that these antigen-experienced circulating CD4 + and CD8 + T cells in leukemic mice represent tumor-specific T cells that can mount a rapid anti-tumoral response in the tissue niche upon PD1/LAG3 ICB. In this context, the predictive value and the potential of these cells as biomarkers to predict ICB response is highlighted and is clinically relevant, as PB is less invasive than complicated biopsies and convenient for repeated samplings. Notably, all dual ICB-treated mice, TCL1 and AT TCL1, did not exhibit any adverse events, which is important as many patients suffer from irAE during immunotherapeutic treatment.Overall, our preclinical findings suggest an evident synergy between PD1 and LAG3, highlighting the rationale for combinational treatment strategies for CLL patients. Currently, clinical trials explore the therapeutic benefits of combinatorial PD1/LAG3 blockade in hematological malignancies including CLL (NCT02061761; NCT03598608). However, several questions remain open that are not answered to date and that need further investigation. What are the exact underlying mechanisms of synergy following dual PD1/LAG3 ICB? How does LAG3 work? LAG3 signaling is not yet fully understood and therefore potential effects of this pathway may be missed. Moreover, in this study, the treatment with dual PD1/LAG3 therapy was continous, and therefore, the curative potential of this immunotherapeutic approach remains elusive. As a perspective, treatment stop of AT TCL1 mice after several weeks and subsequent monitoring of CLL development would provide more insights. In addition, to investigate, whether dual PD1/LAG3 ICB leads to formation of an immunological memory, a secondary challenge with CLL cells after several weeks could be performed.In summary, by high-dimensional mass cytometry we identified dramatic changes within the immune landscape in CLL. In particular, the strong enrichment of immune cells with increased PD1 and LAG3 expression, together with the coincident expression of the respective ligands PD-L1 and MHC II on various cell types indicates a cell-contact dependent bidirectional communication within the CLL TME, with having effects on both malignant and non-malignant cells. Indeed, the phenotype of enriched cells is associated with strong immune suppression and thus provides evidence for a crucial role of enhanced PD1/PD-L1 and LAG3/MHC II signaling in tumor escape and CLL progression. Dual targeting of these pathways, in contrast to respective single therapies, efficiently controls CLL development, indicating a functional synergy of PD1 and LAG3 within the CLL TME. In this light, we did not only extend the knowledge of the immune contexture in CLL, we also provided a solid rationale for dual targeting of this cross-talk by immunotherapy.

  contrast to CD95 lo Tregs, CD95 hi Tregs are sensitive to CD95-mediated apoptosis693 , and apoptotic Tregs are more immunosuppressive than their non-apoptotic counterparts242 . Moreover, high expression of Ki67 indicates that these Tregs accumulate in the TME due to enhanced proliferation.Beyond this, Ki67 + Tregs are associated with hyperprogressive disease after PD1 ICB 238 , suggesting a strong contribution of these cells to tumor progression. Besides Tregs, we also identified an accumulation of DN T cells. The role of these cells remains ill-defined but seems to include regulatory functions inhibiting immune responses. While one study reported that DN T cells suppress Tconvs by inhibiting mTOR signaling 634 , another recent study demonstrated that they efficiently suppress DC and Tfh functions in a LAG3-dependent manner 758 . Due to a very weak signal, we could not investigate LAG3 expression, but we found that a subpopulation of these DN T cells, which is undetectable in non-malignant LN, shows high expression of the inhibitory IC CTLA4. Interestingly, DN T cells also release IL-10 and IFNγ 759 and therefore might contribute to the increased levels of these cytokines in the CLL TME. These data indicate that DN T cells use, similar to Tregs, cell-contact dependent via CTLA4 and probably LAG3, and cell-contact independent mechanisms to contribute to immune suppression within the CLL TME. How these DN T cells accumulate in pathological conditions including CLL remains speculative, probably occurring through impairments in their Fasmediated elimination633 . Aside from that, our data provide evidence that these DN T cells with an immunosuppressive phenotype are CLL-induced, as reflected by CD39 expression.In addition to these regulatory cells with an immunosuppressive phenotype, we revealed an accumulation of terminally differentiated exhausted CD4 + and CD8 + T cells. The enrichment of CD8 + exhausted T cells confirms our observations from the preclinical model and is in line with a recent study demonstrating an expansion of oligoclonal CD8 + T cells that undergo functional exhaustion in LN of CLL patients605 . In this study, exhausted CD8 + T cells showed increased expression of activation markers such as CD69, but were functionally defective, assuming an activation-induced exhaustion in the CLL TME. Our study provides additional information by demonstrating that these T cells represent a terminally differentiated exhausted pool as reflected by high expression of Eomes and low expression of T-bet and Tcf1, indicating that transcriptional and epigenetic changes might explain their dysfunctionality in the tissue niche. In contrast, CD8 + T cells in PB of CLL patients seem to retain functional capacities 605 , supporting the hypothesis that microenvironmental interactions specifically drive this dysfunction and exhausted phenotype.Likewise, exhausted CD4 + T cells highly expressing Eomes are enriched in CLL LN. This is in line with a recent study reporting the presence of an Eomes-expressing CD4 + T cell subset in LN of CLL patients as well as an expansion of this specific T cell subset along with CLL progression in TCL1 mice 694 . However, the role of this subset in the CLL TME remains elusive. While our data reveal a strong exhausted phenotype that is similar to terminally exhausted CD8 + T cells, suggesting similar functional defects, Roessner et al. demonstrated that this Eomes + CD4 + T cell subset has an important anti-leukemic role in TCL1 mice by releasing IL-10 694 . Interestingly, they further showed by transcriptome analysis that Eomes drives the expression of inhibitory ICs including PD1 and TIGIT 694 , which is consistent with our observations that Eomes+ CD4+ Tex display these ICs at their surface.

  Figure 1. Fluorizoline (fluo) efficiently induces apoptosis in chronic lymphocytic leukemia (CLL) cells in vitro. (A-C) Cytotoxic dose response of fluo on primary human CLL cells (A), CLL cell lines MEC-1 (B) and JVM-3 (C) was analyzed by CCK8 assay. Peripheral blood mononuclear cells (PBMC) from 7 CLL patients as well as the CLL cell lines MEC-1 and JVM-3 were treated with increasing doses of fluo ranging from 1 μM to 40 μM for 24 hours (h) (gray line), 48 h (blue line) or 72 h (red line). (D) Representative scatter plots illustrating annexin-V/7-AAD staining of cells after 24 h of treatment (left panel). MEC-1 (upper left plot), JVM-3 (upper right plot), primary CLL cells (lower left plot, patients CLL#8 to CLL#10), and normal B cells (lower right plot, donors B#1 to B#3) were treated with 5-20 μM fluo or with equivalent volume of the vehicle dimethylsulfoxide (DMSO) for 24 h and stained with annexin V-APC and 7-AAD prior to analysis by flow cytometry. Viable cells (annexin V-APC negative/7-AAD negative, blue gate) were determined and are expressed as percentage of total cell population. Data represent average percentage of live cells (right panel) from independent experiments (n=3). *P<0.05, * * P < 0 . 0 1 ; * * * P < 0 . 0 0 1 ; ****P<0.0001. (E) MEC-1, JVM-3 and primary CLL cells (patients CLL#8, CLL#11 and CLL#12) were treated with 5 μM to 40 μM fluorizoline or with equivalent volume of the vehicle DMSO (Ctrl) for 24 h, lysed and proteins were analyzed by western blot with the indicated antibodies. HSC70 protein served as a loading control. (F) The expression of PHB1 and PHB2 was analyzed by western blot in total cell lysates from normal B cells (donors B#4 to B#7), MEC-1 and JVM-3 cells, and primary CLL B cells (patients CLL#1, CLL#2 and CLL#13 to CLL#16). HSC70 protein served as a loading control.

  the MEC-1 and JVM-3 CLL cell lines were sensitive to the drug as well (7.5 μM and 1.5 μM IC50, respectively) (Figure1B and C). The strong decrease in cell viability was confirmed for MEC-1 and JVM-3 cell lines, and primary CLL cells by the quantification of annexin V/7-AADpositive cells (Figure1D). Fluorizoline also induced apoptosis in healthy B cells. To understand the mechanisms leading to apoptosis induction, we examined the expression and cleavage of proteins playing major roles in the cell death cascade. In cell lines and patients' cells, both caspase-3 and -8 were cleaved after fluorizoline treatment (24 h) along with PARP cleavage in a dose-dependent manner (Figure1E). We also observed an increased expression of the pro-apoptotic Bcl-2 homology domain 3 (BH3)-only protein NOXA and depletion of the anti-apoptotic molecule Mcl-1. However, fluorizoline-induced cell death appeared to be Bcl-2-independent as its level remained unchanged upon treatment. Finally, we observed a dosedependent decrease in Phospho-ERK1 and an increase in ERK2 phosphorylation. The binding of fluorizoline to prohibitins is required to induce apoptosis.4 Therefore, we examined the expression of PHB1 and PHB2 in purified haematologica 2018; 103:e155LETTERS TO THE EDITOR

Figure 2 .

 2 Figure 2. Fluorizoline (fluo) fails to control chronic lymphocytic leukemia (CLL) development in vivo. (A) Cytotoxic dose response of fluo on primary murine CLL cells (Eμ-TCL1 splenocytes). Splenocytes from a diseased Eμ-TCL1 mouse were treated with increasing doses of fluo ranging from 1 μM to 40 μM for 24 hours (h) (gray line), 48 h (blue line) or 72 h (red line). (B and C) Tumor load in the peripheral blood (PB) of individual mice. CLL development of AT-TCL1 mice treated either with 15 mg/kg intraperitoneal (i.p.) fluo (n=8) or ibrutinib in drinking water (Ibrutinib) (n=8) or equivalent doses of vehicles (vehicle) (n=10) was monitored weekly and is depicted by both the percentage (B) and the number (C) of CD5 + CD19 + CLL cells. (D) Spleen weight (g) of mice treated either with 15 mg/kg i.p. fluo (n=8) or ibrutinib in drinking water (n=8) or equivalent doses of vehicles (vehicle) (n=10). (E) Survival analysis of mice upon fluo and ibrutinib treatment. AT-TCL1 mice were treated either with 15 mg/kg i.p. fluo (red line) or ibrutinib in drinking water (blue line) or equivalent doses of vehicles (black line). Overall survival was analyzed using the Kaplan-Meier method and is shown as the percentage of viable mice in the observed period of time. (B-D) *P<0.05; **P<0.01; ***P<0.001. ns: not significant; PBMC: peripheral blood mononuclear cells.

Figure 3 .

 3 Figure 3. Fluorizoline (fluo) does not induce apoptosis in vivo. (A-D) AT-TCL1 mice were treated with either 15 mg/kg fluo or equivalent volume of dimethylsulfoxide (DMSO) as vehicle, three times a week for two weeks (5 mice per group). (A and B) Immunohistochemical staining performed on indicated spleen sections using hematoxylin & eosin (H&E), anti-cleaved caspase-3 antibody, and TUNEL assay, respectively (scale bars, 100 μm). The panels show a representative picture for each animal (A) and the respective quantifications (10 fields per mouse in 3 mice per group) (B). (C and D) Cell viability was assessed by annexin-V/7-AAD staining in T cells, myeloid cells and B cells from blood (C) and bone marrow (D) of treated AT-TCL1 mice. (E) Cell viability was assessed in vitro in chronic lymphocytic leukemia (CLL) cells co-cultured on HS-5 stromal cells or with HS-5 conditioned medium only in presence of 5 μM (for cell lines) or 20 μM (for patients' cells) fluo or equivalent volume of DMSO as vehicle. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. ns: not significant.

  (β-HC) were from Sigma-Aldrich. Cell Counting Kit-8 (CCK8) was purchased from Dojindo Molecular Technologies.Allophycocyanin (APC)-conjugated annexin V was purchased from ImmunoTools. 7-amino-actinomycin D (7-AAD) Viability Staining Solution was purchased from BioLegend. APC-conjugated anti-mouse CD19, phycoerythrin (PE)-conjugated anti-mouse CD5, FITC-conjugated anti-mouse CD11b, FITC-conjugated antimouse CD4, and FITC-conjugated anti-mouse CD8 were from BioLegend. Specific Antibody against Bcl-2 was purchased from Santa Cruz Biotechnology, anti-NOXA was from Calbiochem®, anti-prohibitin (PHB-1) and anti-BAP-37 (PHB-2) were from BioLegend, and anti-Mcl-1 , -PUMA, -PARP, -cleaved caspase 3, -caspase 8, -phospho-ERK1/2 and -HSC70 were from Cell Signaling Technology.MiceFemale C57BL/6 mice were purchased from Janvier labs (France). Eμ-TCL1 mice (on C57BL/6 background) were a kind gift from Pr. Carlo Croce and Pr. John Byrd (OSU, OH) and provided by Dr. Martina Seiffert (DKFZ Heidelberg, Germany). Both strains were maintained under specific pathogen-free conditions in an animal facility with the approval of the Luxembourg Ministry for Agriculture. Mice were treated in accordance with the European Union guidelines.Adoptive transfer (AT) and treatmentsFor adoptive transfer (AT), 6-week-old recipient C57BL/6 mice were injected intraperitoneally (i.p.) with 15 x 10 6 splenocytes pooled from several leukemic Eμ-TCL1 donor mice in 100μl DMEM. Treatments started five days after AT. For fluorizoline treatment, fluorizoline was freshly prepared immediately before injection and diluted in 5% Kolliphor®EL/PBS as vehicle. Mice (n=8) were injected i.p. with 15mg/kg fluorizoline three times per week. For ibrutinib treatment, ibrutinib was administered in 10% β-HC/H2O as vehicle (n=8) via drinking
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Fig. 1

 1 Fig.1Flowchart of exosome purification protocol. Exosomes are isolated by differential centrifugation steps with increasing speeds from leukemic cell suspensions and pelleted by ultracentrifugation. Exosomes are then purified by additional ultracentrifugation on a density gradient (17% Optiprep ™ cushion) (extracted and modified from ref.[6], re-printed with permission by the American Society of Hematology)

Fig. 2 Fig. 3

 23 Fig. 2 Exosomes floating on an OptiPrep ™ cushion. After differential centrifugation steps exosomes in suspension are loaded on top of a 17% OptiPrep ™ cushion and subjected to density gradient ultracentrifugation. Red arrow indicates exosomes on top of the OptiPrep ™ cushion after ultracentrifugation

Fig. 4 Fig. 5 Fig. 6

 456 Fig.4 Western blot analysis of specific markers on purified exosomes. Proteins from purified-MEC-1 leukemic exosomes (Exo) were analyzed by western blot using indicated antibodies. MEC-1 whole cell lysate (cells) served as positive control (extracted from ref.[6], re-printed with permission by the American Society of Hematology)

  Add 1 mL of diluted dye reagent. (e) Incubate at RT for at least 5 min. (f) Measure absorbance at 595 nm.

  3 mL Tris-HCl 1.5 M, pH 8.8, 50 μL 10% SDS, 50 μL 10% APS, and 2 μL Temed. (b) Stacking gel: for one gel (5 mL), mix 1.4 mL ultrapure water, 333 μL 30% acrylamide, 250 μL Tris-HCl 1 M, pH 6.8, 20 μL 10% SDS, 20 μL 10% APS, and 2 μL Temed.
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 4 Antibody panel used for mass cytometry of human samples La leucémie lymphoïde chronique (LLC), caractérisée par l'accumulation de lymphocytes B matures anormaux dans le sang et les tissus lymphoïdes, est la leucémie la plus fréquente dans les pays occidentaux. Malgré les progrès récents des thérapies ciblées, cette hémopathie maligne demeure incurable. Dans le microenvironnement tumoral (TME), les cellules de LLC interagissent fortement avec les cellules immunitaires et stromales, et cette communication complexe favorise la progression de la LLC et l'évasion immunitaire. Par conséquent, le ciblage du TME par immunothérapie apparait comme une nouvelle stratégie thérapeutique dans le traitement de la LLC afin de rétablir l'immunité anti-tumorale. Cependant, le développement d'une approche immunothérapeutique efficace dans la LLC nécessite une connaissance approfondie du contexte immunitaire du TME.
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	Introduction

  In physiological conditions, myeloid cells derive from several hematopoietic progenitor cells in the BM that finally give rise to two main myeloid lineages, the granulocytic lineage including neutrophils and the monocytic lineage including monocytes, macrophages and DCs 107 . Monocytes circulating in Upon inflammation, inflammatory monocytes (Ly6C hi CD43 low in mice, CD14 ++ CD16-in humans) migrate in a CCR2-dependent manner to the site of inflammation and differentiate into macrophages or DCs, which then exhibit important functions in pathogen clearance. In contrast, patrolling monocytes (Ly6C low CD43 hi in mice, CD14 + CD16 ++ in humans) are involved in vascular endothelial integrity and tissue repair after inflammation is solved 108 .

	1.3.1. Monocytes

peripheral blood (PB) can be broadly divided into two main subsets, namely inflammatory (classical) and patrolling (non-classical) monocytes.

In the context of cancer, monocytes have diverse functions, which can be both anti-tumoral and protumoral

109 

. Circulating patrolling monocytes are involved in anti-tumoral immunity by taking up tumorderived material such as exosomes and by phagocytosis 110 . Tumor cells can escape this monocytederived phagocytosis by expressing CD47, which is the "do not eat me signal" for monocytes (and macrophages) when binding to the CD47-signal regulatory protein alpha (SIRPα)

109 

. Both patrolling and inflammatory monocytes can be recruited to the tumor site in a CCL2-dependent manner 109 . Upon exposure to IFNγ or IFNα, they can exhibit direct cytotoxicity towards tumor cells by inducing TRAIL-mediated cell death and phagocytosis 111 . Moreover, they exhibit important anti-tumoral functions by mediating ADCC 112 and by developing into DCs, which prime the CTL response

[START_REF] Kuhn | Monocyte-Derived Dendritic Cells Are Essential for CD8(+) T Cell Activation and Antitumor Responses After Local Immunotherapy[END_REF] 

  Tregs by anti-CD25 improved anti-tumor immunity in murine melanoma205 . Nowadays, it is clearly established that Tregs infiltrate into multiple types of human tumors and that a high Treg infiltration or rather a low ratio of CD8 + T cells to Tregs correlate with poor prognosis in solid tumors such as melanoma, and in hematological tumors such as non-HL206,207 . Overall, as demonstrated by several in vitro and in vivo studies, Tregs have a protumoral role and suppress anti-tumor responses by inhibition of DCs and Teff 208 . However, there is also evidence that they directly contribute to angiogenesis 209 , tumor growth 210 as well as metastatic spread by inducing epithelial-to-mesenchymal transition (EMT)211 . In contrast, Treg infiltration in CRC has been reported as a marker for good prognosis as Tregs counteract chronic inflammation, a feature that favors CRC progression 212 . The mechanisms of Treg accumulation as well as their diverse phenotypes and functions in the TME are widely investigated.

imaging mass cytometry (IMC), which couples mass cytometry with immunohistochemistry and enables the in situ immune profiling, was used to characterize

  

	. Notably, in some cases, the
	identification of a specific tumor-associated immune signature correlates with clinical stage or
	prognosis for patients. For example, Lavin et al. demonstrated that alterations within innate immune
	cells including NK cells and DCs are associated with an early stage of lung cancer 312 . Moreover,
	Chevrier et al. revealed a specific immune signature that correlates to a shorter progression-free
	survival 313 . Bengsch et al., identfied and characterized distinct Tex subsets across chronic infection
	and cancer, and based on this, defined an exhaustion map that links these subsets to disease
	aggressiveness 265 . Recently, immune cell populations and their spatial localization within the TME of DLBCL. Importantly, the
	authors developed a score (M-score), which identifies a CCR4 + TIM3 + PD-L1 + TME signature with
	prognostic potential 318 . Besides its use to identify immune cell populations related to pathogenesis,
	mass cytometry is also employed to

monitor alterations of immune cells during and after immunotherapy, and

  

	to unravel the mechanisms of action of immunotherapies. For example, as
	already described in the second chapter, Wei et al. detected by CyTOF-mediated immune profiling
	that both anti-CTLA4 and anti-PD1 therapies cause the expansion of an exhaustive-like CD8 + T cell
	population, but differentially modulate a specific ICOS + Th1 population 319 . Therefore, mass cytometry
	emerges as a high-throughput

single-cell technology that enables an advanced understanding of the immune landscape and complex microenvironmental interactions within tumors. As the

  

	immune landscape predicts outcome for patients, mass cytometry shows a high prognostic potential
	to guide immunotherapeutic decisions.

2.1. FDA-approved IC inhibitors and mechanisms of action

  

	Later on, in 2014, the FDA approved a novel checkpoint inhibitor, anti-PD1 (Pembrolizumab), for the
	treatment of advanced melanoma 359 . Since then, numerous clinical trials have been initiated, and up
	to date, anti-PD1 checkpoint blockade has gained clinical indication for a thriving list of cancer types
	including both solid tumors such NSCLC, CRC, advanced HCC, and hematological tumors such as
	ICB is considered as a breakthrough in cancer immunotherapy. Its great relevance is reflected in the
	awarding of the 2018 Nobel Prize in Physiology and Medicine to James Allison and Tasuku Honjo for
	their discovery of the ICBs anti-CTLA4 and anti-PD1 348 . As already mentioned in section 2.
	("Escape"), tumor cells are able to escape immune surveillance through several mechanisms. These
	immunosuppressive mechanisms include the exploitation of inhibitory ICs that lead to inhibition of Teff
	functions. In this regard, interruption of inhibitory IC signaling, or in other words "removing the brakes",
	appears as a logic consequence to reactivate such dysfunctional effector cells and to promote anti-
	tumor immunity 47 .
	The first FDA-approved checkpoint inhibitor was an anti-CTLA4 antibody (ipilimumab) introduced in
	clinics in 2011 for the treatment of advanced melanoma 349 . The approval was based on a phase III
	clinical trial (NCT00094653) and significantly improved overall survival of patients with previously
	treated metastatic melanoma 350 .The mechanisms of action of anti-CTLA4 underlying its clinical
	efficacy are poorly understood, but seem to be diverse. First, CTLA4 blockade enhances anti-tumor
	immunity by modulating specific T cell populations. For example, deep characterization of T cells by
	mass cytometry revealed an expansion of tumor-specific CD8 + T cells in a sarcoma mouse model
	after anti-CTLA4 therapy 351 . Consistently, in another study using a melanoma mouse model, CTLA4
	blockade lead to the expansion of specific T cell subsets including exhausted-like CD8 + T cells and
	Th1-like effector CD4 + T cells highly expressing ICOS 319 . Along this line, ICOS + effector CD4 + T cells
	increase in tissues of cancer patients following anti-CTLA4 treatment 352 . Moreover, in a mouse
	melanoma model, blocking of the inhibitory CTLA4 axis not only modulated Teff function, but also
	inhibited CTLA-4 dependent Treg activity 353,354 . Indeed, Tregs represent an additional target of CTLA-
	4 blockade contributing to its anti-tumor activity 355 . In particular, in murine melanoma, CTLA4 + Tregs
	are selectively depleted, as binding of the Fc portion of anti-CTLA4 to Fc receptor-expressing
	macrophages mediates their phagocytosis 356 . In line with this, non-classical monocytes that are
	responsible for Fc receptor-dependent Treg depletion can be detected in the circulation of melanoma
	patients 357 . Beside the expansion of specific Teff subsets and depletion of Tregs, another mechanism
	underlying CTLA4 activity involves the increase in the TCR repertoire 358 . However, further
	investigations are needed to fully understand the pleiotropic effects of this specific ICB.

  Table taken from International CLL-IPI Working Group, 2016 485 .

Table 2 .

 2 

Current treatment recommendations for CLL. Physical fitness is determined by the Comorbidity Illness Rating Scale (CIRS). Fit patients have a score below 6 and are defined as "go go", unfit patients have a score above 6 and are defined as "slow go". FCR, Fludarabine plus cyclophosphamide plus rituximab; BR, bendamustine plus rituximab; O, obinutuzumab; Ve, venetoclax; allo-HSCTx, allogeneic hematopoetic stem cell transplantation. Table taken from Hallek, 2019 446 and modified according to current recommendations.

  . However, these mice develop CLL very late (after 15 months) and with a very low penetrance of 5% 517 . As increased miR-29 favors the development of leukemias, Santanam et al. created the Eµ-miR-29 tg mouse model overexpressing this miR-29a/b cluster specifically in B cells 522 . These mice develop CLL with a penetrance of 20% between 12 and 24 months and die with an age of 24 to 26 months 517 .

tool to elucidate the pathogenic mechanisms underlying poor outcome CLL and to test the efficacy of novel therapies 529

  in B cells contributes to CLL development by interacting with molecular factors that are involved in the survival, proliferation and epigenetic regulation of CLL cells 529 . More specifically, TCL1 binds to At around 2 months, CLL cells can be first detected in the peritoneal cavity, then in PB, before they home to the spleen at around 4 months and to BM at around 8 months 528 . TCL1 mice die with an age of about 10 to 12 months. Similar to CLL patients and depending on the tumor load, TCL1 mice usually develop B cell lymphocytosis in PB that is reflected in an increased white blood cell count (WBC)528 

AKT1/2 kinases thereby activating PI3K signaling that is important for CLL cell survival 530 . TCL1 also activates NFκB signaling by binding the histone acetyltransferase (HAT) p300 as well as by binding to ATM kinase thus leading to enhanced degradation of NFκB inhibitor alpha (IκBα)

531,532 

. Other interactions of TCL1 in support for CLL pathogenesis include ROR1 involved in Wnt signaling, components of the activator protein 1 (AP-1) complex Fos and Jun leading to apoptosis inhibition, and TF XBP1 thereby activating the endoplasmic reticulum (ER) stress response

521,[531][532][533] 

. In addition, TCL1 binds to de novo DNA methyltransferases (DNMTs) thus being implicated in epigenetic regulation of CLL cells 534 . Numerous studies demonstrate that the TCL1 mouse model recapitulates human CLL 517 . It is most similar to the aggressive form of human CLL as reflected in the immunophenotype and BCR characteristics of CLL cells as well as in the disease course. Therefore, this model is used as appropriate . Similar to human CLL, TCL1-derived murine CLL is characterized by an accumulation of clonal B220 + IgM + CD5 + CD19 + mature B cells 528 , and CLL clones from TCL1 mice exhibit features that resemble the aggressive one of the human counterpart 535 . The BCR is composed of unmutated VH genes with the usage of a restricted and stereotypical repertoire

535 

. In line with this, a study reported that TCL1 mice have one predominant unmutated BCR clone (frequency 88.7 to 99.5%) and several BCR-specific subclones (frequency up to 9.4%). In the same study, Zaborsky et al. dissected the genetic landscape of CLL cells from TCL1 mice by performing whole exome sequencing (WES) of both primary CLL cells and CLL cells after serial transplantations into wild-type (WT) mice (adoptive transfer; AT) to simulate clonal evolution.

They revealed a high molecular heterogeneity within CLL cells among different mice that is acquired during CLL progression 536 . Similar to humans, they identified no unifying driver mutation, instead a dynamic and heterogeneous pool of mutations 536 . Notably, they showed that the genes TP53, NOTCH1 and ATM, which are frequently mutated in human CLL, are not affected by mutations in TCL1 mice, i.e. are WT 536 .

9. The importance of the TME and the "two compartment disease" It is well established that the TME plays a crucial role in the pathogenesis of CLL 540

  CLL cells are able to modulate the non-malignant cells within the TME to be tumor supportive and immune suppressive. The high microenvironment interdependency in CLL is also reflected by the fact that CLL cells adopt two distinct activation signatures that are defined by the microenvironment. Circulating CLL cells in PB mostly represent a and proliferate in morphologically privileged sites with a specialized immunoarchitecture, so-called "pseudofollicles" 542 . Following this observation, CLL evolved as a dynamic "two compartment disease", in which CLL cells recirculate between PB and lymphoid organs. CLL cells resident within the tissue microenvironment receive strong survival and proliferative signals thus becoming activated and subsequently are released in the blood. As activating signals for CLL cells are lacking in the blood, they home and migrate back to the tissue niche that releases attracting factors

	1.5g to 2.3g (normal
	spleen weighs approximately 0.07g) and hence is commonly assessed to demonstrate the tumor
	load 528 .TCL1 mice are initially sensitive to fludarabine chemotherapy, but develop drug resistance
	over time 537 .

Adoptive transfer (AT) -TCL1 mouse model

The slow disease course, i.e. the long latency of CLL in this mouse model represents a disadvantage as reflected in time-consuming experiments. To overcome this issue and to accelerate CLL development, CLL cells from leukemic TCL1 mice can be injected intraperitoneally (i.p.) or intravenously (i.v.) into syngeneic immune-competent WT or immune-deficient mice. CLL development in recipient mice occurs at around 3 to 6 weeks after transplantation 538 . This procedure has been termed adoptive transfer of TCL1 (AT-TCL1) and not only accelerates the disease course, it also allows the establishment of a synchronous and homogeneous population of leukemic mice 529 . Importantly, CLL development in recipient mice is highly sensible to little changes in the genetic background including short nucleotide polymorphisms (SNPs) and knockout genes and consequently CLL engraftment is inhibited in case of mismatch between donor and recipient mice 539 . . As demonstrated by several in vitro studies, CLL cells spontaneously undergo apoptosis in monoculture, but co-culture with accessory cells significantly extends their survival 541 . Indeed, for their survival and proliferation, CLL cells are highly dependent on complex interactions with non-malignant cells in the TME. Notably, there is a cross-talk between CLL cells and other cells and this intercellular communication within the TME is bidirectional. quiescent and resting state, whereas CLL cells in lymphoid organs such as LNs and BM mainly display an activated and proliferating phenotype due to NFκB activation induced by the local tissue niche

469 

. Indeed, as demonstrated by immunohistological studies, CLL cells in lymphoid organs show enhanced survival

  cells, which confers proliferation and survival signals595,597 . Consistently, a Th1 dominance can be also detected in PB of CLL patients and IFNγ serum level is elevated598,599 . TCL1 mouse model shows no differences in CLL development, neither in PB nor in spleen 605 .Additionally, Rößner et al. reported an accumulation of Tbet + Th1 cells in the spleen of TCL1 mice over time that do not affect CLL progression 596 .

	However, other studies provided evidence for a Th2 dominance in CLL 600,601 . Cytokines released by
	Th2 cells such as IL-4 and IL-6 promote CLL expansion. In particular, IL-4 delivers pro-survival signals
	to CLL cells by upregulating Bcl-2, as well as by inducing sIgM expression thus enhancing CLL cell
	interaction with antigens and BCR stimulation in patients 602 . Like IFNγ, IL-4 positively correlates with
	CD38 expression on CLL cells and increased levels can be found in serum of CLL patients 603 . In

+ T cells correlates with CLL cells BCR characteristics such as IGHV mutational status 590 . Thus, it is hypothesized that T-cell dependent mechanisms are required for CLL cell activation and that CD4 + T cells have a pro-tumoral role by stimulating the proliferation and survival of CLL cells. CLL cells secrete CCL22 and thereby attract CD4 + T cells 591 . Upon recruitment, CD40L ligation with CD40 on malignant B cells promotes survival of CLL cells by inducing the expression of Mcl-1 592 . Despite the pro-survival effect of CD40L, PB and splenic CD4 + T cells in CLL patients display a downmodulation of CD40L thus being unable to mount a secondary antibody response as reflected in patients acquired immune deficiency

593 

. In line with this, depletion of CD4 + T cells in CLL using xenogeneic mouse transplantations results in abrogation of CLL cell survival and proliferation 594 . Deciphering the role of different CD4 + T cell subsets in CLL led to contradictory findings, probably due to the heterogeneity of CD4 + T cells and different depletion approaches. In particular, by using xenograft models, some groups reported a polarization towards Tbet + Th1 cells

595,596 

. Mechanistically, Th1 cells interact in an antigen-dependent manner with CLL cells and subsequently secrete IFNγ enhancing CD38 expression on CLL contrast, another study using TCL1 mice points toward an anti-tumoral role of CD4 + T cells in CLL.

Depletion of CD4 + T cells (GK5 mouse model) results in accelerated CLL development

604 

. Divergently, other relevant works reported no impact of CD4 + T cells on CLL progression as CD4 + T cell depletion in the
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  plate (Corning) 15. Incubate for 10 minutes at RT 16. Add extracellular antibody mix (50µl/sample) 17. Pipet up and down the samples and incubate for 30 minutes at RT 18. Stop the reaction by adding 100µl of PBS-10% FBS, centrifuge 500 x g, 5 minutes, RT and discard the supernatant by reverting the plate 19. Wash by adding 200µl PBS-10% FBS per well, centrifuge 500 x g, 5 minutes, RT and discard the supernatants 20. Add 100µl of 1x FoxP3 Fix/Perm buffer (from FoxP3/transcription factor staining buffer set, eBioscience) per well 21. Pipet up and down and incubate your samples for 45 minutes at 4°C 22. Meanwhile, prepare the intracellular antibody mix 23. Wash each well with 100µl of 1x Permeabilization buffer (from FoxP3/transcription factor staining buffer set) 24. Centrifuge (800 x g, 5 minutes, 4°C) and discard supernatant 25. Re-suspend cells in 50µl of PBS-10% FBS 26. Add the intracellular antibody mix (50µl/sample) 27. Incubate the samples for 30 minutes at RT 28. Add 100µl PBS-10% FBS per well, centrifuge 800 x g, 5 minutes, 4°C and discard supernatant 29. Wash the cells by adding 200µl PBS-10% FBS, centrifuge 800 x g, 5 minutes, 4°C and discard Re-suspend the cells in 200µl of milliQ water and transfer through the cell strainer of the Round-Bottom Tubes with Cell Strainer Snap Cap (Falcon) into polypropylene tubes 40. Wash the cells with 200µl of milliQ water and add on the filter 41. Repeat step 38 with 100µl of milliQ water, turn the filter and take the residual volume (final

	supernatant
	30. Repeat step 28
	31. In the meanwhile, prepare a solution of 50nM Cell-ID Intercalator-Iridium (Fluidigm) in
	Maxpar Fix & Perm buffer (Fluidigm)
	32. Re-suspend cells in 200µl of the Iridium-Intercalator solution
	33. Pipet up and down and incubate overnight at 4°C.
	34. The next day, centrifuge the 96-well plate at 800 x g, 5 minutes, 4°C, and discard supernatant
	35. Wash cells by adding 200µl of serum/protein free PBS, centrifuge (800 x g, 5 minutes, 4°C),
	and discard supernatant
	36. Repeat step 34
	37. Wash the cells with 200µl of milliQ water, centrifuge (800 x g, 5 minutes, 4°C), and discard
	supernatant
	38. Repeat step 36
	39. volume in the 5ml round bottom tube should be 500µl)
	42. Determine the cell number 43. Adjust the volume to 90% of final volume (final concentration 1.5x10 6 cells/ml: 900 μl for 1.5x10 6 cells) 44. Add 10% Maxpar Four Elements EQ Beads (Fluidigm) before acquisition (for 1.5x10 6 cells
	100 μl of beads)

  Stam K, Höllt T, Ossendorp F, Arens R. Cytofast: A workflow for visual and quantitative analysis of flow and mass cytometry data to discover immune signatures and correlations. Comput Struct Biotechnol J (2018) 16:435-442. doi:10.1016/j.csbj.2018.10.004 32. Van Unen V, Höllt T, Pezzotti N, Li N, Reinders MJT, Eisemann E, Koning F, Vilanova A, Lelieveldt BPF. Visual analysis of mass cytometry data by hierarchical stochastic neighbour embedding reveals rare cell types.
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Table 3 .

 3 CLL patient data including clinical stage at time of sample collection (Rai and Binet staging systems), mutational status of IGHV and TP53, status of chromosomal aberrations Trisomy 12, Del17p, Del13q and Del11q, treatment status at time of sampling and time to initial treatment of patients.

	Patient ID	Clinical stage (Binet)	Clinical stage (Rai)	IGHV Mutational status	TP53 Mutational status	Trisomy 12	Del17p Del13q Del11q	Treatment status	Time to initial treatment (months)
	LN										
	CLL 1	Nd	Nd	Nd	Nd	Nd	Nd	Nd	Nd	Untreated	Nd
	CLL 2	A	III	M	0	N	N	Y	N	Untreated	16.4
	CLL 4	A									

Figure 16. Cytosplore analysis reveals an exhaustion signature of tumor-specific CD39 + T cells in CLL LN.

  Analysis of CD39 + CD8 + and Tconv cells from CLL LN (n=24) by hierarchical HSNE embedding. HSNE maps illustrating different HSNE embeddings (levels) of CD8 + and CD4 + T cells are depicted. Similar cells are grouped within aggregates (landmarks). Size of the landmarks (= "area of influence") indicates the distance of non-linear similarities of cells within one landmark. (A) Overview level of CD8 + and CD4 + T cells. Expression of CD8 is depicted. CD8 + landmarks (red circle) are selected and embedded at the next more detailed level (CD8 Purple indicates absence of expression, yellow indicates highest expression among all cells among all samples. (H) Violin plots representing the frequency of Eomes + grK + cells within CD39 + CD8 + T cells (left) and CD39 + CD4 + Tconv cells (right) in CTRL (n=13) and CLL LN (n=24). Median frequencies are indicated by dashed lines. ***P<0.001, ****P<0.0001. grK, granzyme K.

	level). (B) CD8 level. The expression of selected markers is depicted. CD39 + landmarks (brown circle) are
	selected, embedded at the next level (level 3; not shown) and all landmarks are re-selected and embedded at
	the final level 4 (single-cell level). (C) CD39 + CD8 + single-cell levels showing the expression of selected
	differentiation and exhaustion markers. (D) Overview level depicting CD4 expression. CD4 + landmarks (red
	circle) are selected for the next level (CD4 level). (E) CD4 level showing the expression of Foxp3. Foxp3 -
	landmarks (black circle) are selected for the embedding at the next level (CD4 Tconv level). (F) Tconv level
	displaying the expression of depicted markers. CD39+ landmarks (brown circle) are selected for embedding at
	the final single-cell level. (G) CD39 + Tconv levels illustrating the expression of selected differentiation and
	exhaustion markers. (A,D,F) Black means absence of expression, red means highest expression among all
	landmarks among all samples. (B,F) Blue means no expression, dark red means highest expression among all
	landmarks among all samples. (C,G)

  + T cell clusters with a high variability among samples (H-Spread > 3, 8 selected clusters). Blue indicates no correlation, red indicates highest correlation among all samples. The Euclidean distance is indicated by the dendrogram and reflects the relationship between samples. Groups of CLL patients resulting from HCL analysis are indicated by coloured boxes (group 1  purple, n=4; group 2 

	orange, n=8; group 3  green, n=7). (B) Bar chart representing the mean time to initial treatment (months) of
	group 1 (n=2), group 2 (n=6) and group 3 (n=5). SEM are depicted. (C) Bar charts representing the mean
	frequencies of selected CD8 + T cell clusters and their respective ratio in group 1 (n=4), group 2 (n=8) and group
	3 (n=7). SEM are depicted. (D) Graph illustrating the correlation between frequencies of C8 (EM4) and C4 (Ex1)
	in CLL LN samples (n=20). The colours indicate the corresponding group resulting from HCL (group 1  purple,
	n=4; group 2  orange, n=8; group 3  green, n=7). (E) Graphs representing the correlation of frequency of
	C4 (Ex1) and C8/C4 ratio in LN with time to initial treatment (left) of corresponding CLL patients (n=14). For all
	correlation graphs, linear regression lines and correlation coefficients r are depicted. *P<0.05, **P<0.01,
	***P<0.001, ****P<0.0001. Ex, exhausted; EM, effector memory.

-Ahr pathway is active in the CLL TME and mediates IC upregulation on CD8 + T cells and Tregs, thus promoting immune suppression

  + T cells and Tregs, we further detected an upregulation of PD1 and LAG3 expression on these cells. The underlying mechanisms of IC regulation can be diverse and remain unexplored in CLL. Interestingly, PD1 upregulation on CD8 + T cells can be mediated by a transcellular Kynurenine (Kyn) -Ahr pathway in tumors. More in details, a recent study reported that IFNγ released by CD8 + T cells stimulates the activity of IDO, which catalyzes the production of Kyn from tryptophan (Trp), in tumor cells.Subsequent Kyn release and uptake by CD8 + T cells then activates the TF Ahr, which upregulates PD1 expression739 . Notably, increased Ahr expression is also associated with an immunosuppressive phenotype of Tregs, which show enhanced expression of ICs including PD1 and LAG3[START_REF] Joller | Treg cells expressing the coinhibitory molecule TIGIT selectively inhibit proinflammatory Th1 and Th17 cell responses[END_REF] , suggesting that Ahr activation plays a role in IC regulation not only in CD8 + T cells, but also in highly suppressive Tregs. Moreover, CD8 + T cells within the CLL TME release IFNγ 605 , and CLL-associated patrolling monocytes show enhanced IDO expression and activity 737 , as reflected by elevated Kyn/Trp ratio in serum of CLL patients 740 . Based on this, together with our findings, we hypothesize that the transcellular Kyn

. This hypothesis would imply several aspects that need further investigations. First, the Trp -Kyn metabolic pathway, which is catalyzed by IDO, is enhanced within the CLL TME, with the consequence of increased Kyn levels and the increased uptake by CD8 + T cells and Tregs. To investigate this, determination of the Trp/Kyn ratio in spleen plasma of leukemic TCL1 mice and/or AT TCL1 mice is crucial. Moreover, IDO expression levels in several cell types within the CLL TME could provide information about the source of Kyn. In addition, expression of transporters that allow the uptake of Kyn by Tregs, so-called solute carriers (SLC), is a prerequisite for this pathway. Second, CLL-associated

highly suppressive Tregs show enhanced Ahr activity, which

  is induced by Kyn and which has a role in Treg identity and function. As Ahr is known to regulate Foxp3 expression 221 , this is supported by our observation that Foxp3 is upregulated in the KLRG1 + highly suppressive Treg subset. To study the role of Ahr in CLLassociated Tregs in vivo, conditional knock-out of Ahr in Tregs in mice can be achieved by using the Cre/loxP system. Indeed, as a perspective, we generated Foxp3 Cre -Ahr fx/fx mice, in which the Cre recombinase cuts the Ahr gene specifically in Foxp3 + target cells, to investigate the impact of Ahr on Treg phenotype and function in steady state, but also, in combination with TCL1 mice or the AT model, in the setting of CLL development. Preliminary results show that Ahr expression in Tregs is important

in presenting antigens in the CLL TME.

  . However, their phenotype and function (or dysfunction) in vivo is poorly characterized. In this study, we identified an accumulation of a specific CD8 + DC subset. As reflected by high ICAM-1 and IL-6 expression, CD8 + DCs exhibit a mature APC phenotype, suggesting that they are able to mature upon antigen capture. However, splenic CD8 + DCs fail to induce effective CD4+ T cell responses 746 , indicating that they are dysfunctional Moreover, a previous study showed that CD8 + DCs promote the induction of iTregs from Tconvs by secretion of TGFβ 747 . In this light, it is likely that CD8

+ DCs represent tolerogenic DCs, which rather support CLL growth by inducing immune suppression rather than stimulating anti- tumor responses.

  Importantly, this potential tumor-supportive role is also reflected in their high expression of ICs LAG3 and TIM3. By expression of LAG3, CD8 + DCs can interact with MHC IIexpressing cells including malignant CLL cells. As LAG3 engagement delivers survival signals to CLL cells 68 , this interaction is probably involved in promoting CLL progression. Reciprocally, DCs express MHC II and thus can respond to LAG3 + cells within the CLL TME such as highly suppressive Tregs or CLL cells thereby receiving inhibitory signals. This not only underlines the

bidirectional communication within the CLL TME as well as the potential role of LAG3/MHC II signaling in tumor escape and progression, it

  

also extents the importance of IC signaling to other cells than T cells in the CLL TME.

  1,* and Etienne Moussay 1,* 1 Laboratory of Experimental Cancer Research, Department of Oncology, Luxembourg Institute of Health; 2 Laboratory of Therapeutic Innovation (UMR 7200) CNRS/Université de Strasbourg, Faculté de Pharmacie, Illkirch and 3 Centre Hospitalier de Luxembourg, Luxembourg *JP and EM contributed equally to this work.

Ensuite, afin de traduire nos résultats précliniques dans la pathologie humaine, nous avons caractérisé en détail le profil des cellules T du TME chez des patients atteints de LLC. Nous avons révélé une grande diversité de lymphocytes T dans les ganglions lymphatiques de ces patients et l'expansion de sous-populations de lymphocytes T spécifiques, notamment les Tex et les Treg associés à la suppression immunitaire. De plus, nous avons observé une forte hétérogénéité des lymphocytes T entre les patients, permettant de les stratifier selon le profil de ces sous-populations, et ainsi mettre en évidence la valeur pronostique de ces cellules dans la LLC.
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Deciphering the T cell heterogeneity in the tumor microenvironment in human CLL

Material and Methods

Experimental Workflow

A schematic overview of the experimental workflow is depicted in Figure 9.

Primary CLL samples

Primary lymph nodes (LN), peripheral blood (PB) and bone marrow (BM) samples were obtained from CLL patients after informed consent in accordance with the guidelines with the guidelines of the Hospital Clinics Ethics Committees (Clínic Hospital Universitari Barcelona and Heidelberg University Hospital) and the Declaration of Helsinki. All primary CLL tumors in this study were diagnosed according to the World Health Organization (WHO) classification criteria 689 . Detailed information about the CLL patients is provided in Table 3 and includes clinical stage according to Rai and Binet at time of sample collection, mutational status of IGHV and TP53, chromosomal aberrations (trisomy 12, del17p, del13q and del11q) patient treatment, and time to initial treatment. Non-malignant reactive lymph node samples (rLNs) were used as controls (CTRL).

Single-cell isolation

LN samples obtained from the Hospital Barcelona were proceeded as follows: after excision, one section of LN was taken and underwent routine histopathology and immunological evaluation by flow cytometry. Cells from residual section of LN were obtained after homogenization through 70 µM cell strainers (Falcon, Corning) using 1 ml syringe plungers and were cryopreserved in liquid nitrogen in RPMI1640 (Gibco) containing 10% DMSO (Sigma Aldrich) and 60% heat-inactivated fetal bovine serum (FBS, Thermo Fisher Scientific), and maintained within the Hematopathology collection of the institution (IDIBAPS -Hospital Clínic Biobank, R121001-094). Cells from patient-matched PB or BM samples were isolated by Ficoll-Paque sedimentation (GE-Healthcare) and cryopreserved as described above. LN samples obtained from the University Heidelberg were proceeded using the following protocol: immediately after the excision, the lymph node was minced and put into RPMI1640 medium supplemented with 10% FBS (Gibco), 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco) and 2 mM L-Glutamine (Gibco). After filtering through a 40 µM strainer, cells were washed once with 1X PBS (Gibco), and put into RPMI1640 medium supplemented with 20% FBS (Gibco) and 10% DMSO (Serva), and then cryopreserved in liquid nitrogen until further analysis.

Statistical analyses

Statistical significance of differences between 2 groups was determined using non-parametric Mann-Whitney test. P-values lower than 0.05 were considered as statistically significant. For the comparison between more than 2 groups, statistical significance was determined using non-parametric multiple comparisons Kruskal-Wallis test. For correlation analyses, numerical r coefficient was assessed by computing non-parametric Spearman rank correlation test. Analyses were performed with GraphPad Prism 8. To further explore the phenotype of CLL-specific T cells, we subjected CD4 + and CD8 + T cells to Hierarchical Stochastic Neighbour Embedding (HSNE) analysis. First, at the highest level ("overview level"), we identified the major CD4+ and CD8 + T cell populations (Fig. 16A and16D). Then, we zoomed separately into CD8 + and CD4 + T cell levels (Fig. 16B and16E), before finally zooming into the respective CD39 + single-cell levels (Fig. 16C and16G). For the characterization of CD39 + Tconv, we excluded CD39-expressing Tregs by prior zooming into the Foxp3 -level (Tconv level, Fig. 16F). At the respective single-cell levels, we explored the expression of specific markers (Fig. 16A).

We observed that both CD39 + CD8 + T and CD39 + Tconv cell populations comprise at least two subpopulations, of which one is defined by co-expression of Eomes and grK (Fig. 16C and16G).

In both T cell compartments, this specific Eomes + grK + subpopulation shows an antigen-experienced state as reflected by high CD45RO expression and absence of CD127 and CCR7 expression.

Moreover, this specific Eomes + grK + subset displays features of exhaustion as defined by expression of Tox, PD1, TIGIT, CD38 and CD27. Additionally, CD39 + Eomes + grK + cells do not express KLRG1, which is in line with a recent study demonstrating that tumor-reactive T cells can be distinguished from bystander T cells by CD39 and KLRG1 expression 699 . Furthermore, they partially express Helios and Ki67, indicating an activated and proliferating state (Fig. 16C and16G). By manual gating on dot plots in FlowJo, we identified an enrichment of both CD39 + Eomes + grK + CD8 + T cells and Tconv in CLL LN (mean of 46.3% vs 72.6% and 4.5% vs 28.0% in CTRL vs CLL LN, respectively, Fig. 16H).

Altogether, we identified the expansion of CD39 + CD8 + T cells and Tconv in CLL, which likely 
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Following dual PD1/LAG3 ICB, we detected a reversion of CLL-induced imbalances within the immune landscape, which is similar to that in healthy mice. Beyond this, PD1/LAG3 ICB caused a reactivation of the immune system, as reflected by a different cytokine pattern when compared to healthy mice. Indeed, dual anti-PD1/LAG3 treatment caused an increase in pro-inflammatory cytokines such as IL-23, CCL1, IL-2 and TNFα, reflecting an active immune system. This is relevant, as it indicates that such dual immunotherapy is not only able to block existing pathogenic pathways, but beyond that, can reinvigorate effector cells and thus an effective anti-tumor immunity. In particular, as identified by mass cytometry analysis, dual PD1/LAG3 ICB reduced the frequency of both CD4 + and CD8 + Tex subsets and highly suppressive Treg subsets, indicating that PD1 and LAG3

synergistically contribute to T cell exhaustion and Treg activity and thus to immune suppression in CLL. This was partially already demonstrated by a previous study in ovarian cancer, where functional cooperation of PD1 and LAG3 resulted in inhibition of CD8 + T cell effector functions 428 .

Similarly, Matsuzaki et al. showed that PD1 and LAG3 collaborate to suppress activation and cytokine secretion of CD8 + T cells and thus to mediate their dysfunction/exhaustion 261 . The finding that dual PD1/LAG3 ICB is able to reverse exhausted T cells in CLL is of great relevance for two reasons. First, it implies the existence of a progenitor pool of Tex, as these are the ones that respond to ICB. In contrast, terminally differentiated Tex are epigenetically reprogrammed and thus their reinvigoration would need additional epigenetic modulators 286,309,393 . Second, key regulators of Tex including Tox and Eomes cannot be therapeutically targeted, as they exhibit essential functions during T cell differentiation and memory formation and thus their targeting prevents the expansion of anti-tumoral CTL 162,280 . However, with this study, it remains unclear if the reduction of Tex correlates with a reduced dysfunctionality of these cells. To test this, isolation of TILs before and after dual ICB blockade as well as the downstream functional assays are required. Furthermore, it is elusive, whether the reduction of Tregs or the reduction of Tex, or both, contribute to the efficacy of dual ICB. To elucidate this, CD8+ T cell depletion or Treg depletion in AT TCL1 mice prior to dual ICB would provide helpful information. Moreover, the question arises, which T cells, reinvigorated T cells or newly recruited T cells from the periphery, mediate the anti-tumor immunity after dual ICB.

Besides the reduction in Tex and Tregs, we detected a decrease in CLL-associated myeloid cells including CD8 + tolerogenic DCs as well as patrolling monocytes, indicating an additional synergistic role of PD1 and LAG3 in regulating dysfunctions of innate immune responses in CLL.

Moreover, dual PD1/LAG3 ICB reduced the frequency of CLL-associated ICAM-1 + CAFs. This reduction might be primary or secondary to PD1/LAG3-mediated effects on other cell types.

Interestingly, stromal cells in melanoma express Galectin 3 (Gal3), which is an alternative ligand of 
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The prohibitin-binding compound fluorizoline induces apoptosis in chronic lymphocytic leukemia cells ex vivo but fails to prevent leukemia development in a murine model Marina Wierz, 1 Sandrine Pierson, 1 Nora Chouha, 2 Laurent Désaubry, 2 Jean-Hugues François, 3 Guy Berchem, 1,3 Jerome Paggetti, 1, * and Etienne Moussay 1, * Survival analysis Mice were monitored daily and were euthanized according to the animal welfare scoring system validated by the Luxembourg Ministry of Agriculture. The animals were sacrificed by cervical dislocation and the spleens were dissected and weighed. Overall survival (OS) was defined as the time from adoptive transfer (AT) until death and was analyzed using the Kaplan-Meier method (Graph Pad Prism 7).

Analysis of cytotoxicity by the CCK8 assay

Cell lines (5 x 10 4 cells/well) and human PBMC (2 x 10 5 cells/well) were plated in a 96-well plate in triplicate and incubated in the absence (CTRL) or in the presence of 1μM, 2.5μM, 5μM, 10μM, 20μM and 40μM fluorizoline in a final volume of 100μl. After 24, 48 or 72 hours, 10μl CCK8 was added to each well for 3 hours.

The absorbance values were measured at 450nm on a multi-well plate reader. The inhibitory concentration (IC50) was defined as the concentration of fluorizoline required to reduce the CCK8 metabolization ability by 50%.

Analysis of cell viability by flow cytometry

Cell viability was assessed by the detection of annexin V binding to surface-exposed phosphatidylserine and of 7-AAD binding to DNA. Cell lines (5 x 10 6 cells/25cm 2 flask) or primary cells (20 x 10 6 cells/25cm 2 flask) were incubated with DMSO (Ctrl) or with fluorizoline in a final volume of 10ml RPMI medium for 24 hours.

Cells were then washed once in PBS and once in annexin V binding buffer (ABB). Cultured cells were resuspended in 100μl ABB and incubated with 5μl annexin V-APC for 15 minutes at RT in the dark. After annexin V staining, cells were washed once in ABB, resuspended in 100μl ABB, and additionally incubated with 5μl 7-AAD for 15 minutes at RT in the dark. Cells were resuspended in 400μl ABB immediately before acquisition on a CytoFLEX Flow Cytometer (Beckman Coulter). Data were analyzed using the CytExpert software (Beckman Coulter). After CLL cells were co-cultured with HS-5 cells, CLL cells were stained with a FITC-conjugated anti-human CD20 antibody (BioLegend) to gate on leukemic cells for the quantification of apoptosis. Abstract: Chronic lymphocytic leukemia (CLL), the most frequent leukemia in adults, is characterized by the accumulation of mature B lymphocytes in peripheral blood and lymphoid tissues. The progression of CLL and survival of malignant cells is highly dependent on complex interactions within the tumor microenvironment (TME) and despite recent advances in CLL treatment targeting the TME, CLL remains an incurable disease. Therefore, we wanted to deeply characterize the immune landscape in the TME in murine and human CLL to identify novel potential targets for an immunotherapeutic approach. For this purpose, we performed a comprehensive and extensive characterization by high-dimensional mass cytometry to establish an extensive cartography of immune cell subsets. We demonstrated that relevant changes in the immune cell composition, especially the expansion of specific lymphoid and myeloid immune cell subsets, are associated with strong immune suppression thereby contributing to an escape phenotype in CLL. These CLL-associated changes can be restored in preclinical models by a dual PD1/LAG3 immune checkpoint blockade. Moreover, in human CLL, we demonstrated a high T cell heterogeneity between patients that can be stratified according to their T cell profile, and the correlation of specific T cell subsets with time to initial treatment, highlighting their potential prognostic value. In conclusion, with this first CyTOF study in CLL, we expanded the current knowledge of the phenotypic complexity of the TME. We demonstrated that dual targeting of immune checkpoints efficiently controlled CLL development in preclinical models and therefore could have potential benefits in CLL to restore a functional anti-tumor immunity.
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