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In addition, distribution of BC subtypes is different from men to women. Indeed, luminal A and B BC subtypes rise up 90% of the total BC cases in men and for whom triple negative breast cancer (TNBC) is very rare The early onset breast cancer 1 (BRCA1) and breast cancer 2 (BRCA2) genes, involved in DNA damage response and DNA repair, act as tumor suppressor genes. BRCA1 and BRCA2 genes are located in chromosome 17 and chromosome 13 respectively [START_REF] Harbeck | Breast cancer[END_REF]6 . Both are considered as high penetrance genes for BC as mutation, rearrangement or deletion of BRCA1 and BRCA2 are associated with 15% of familial BC. Moreover, carrying mutations of BRCA1 or BCRA2 in women represent up to 50-85% of lifetime risk of BC 7,8 . Recent studies have identified moderate-penetrance genes such as CHEK2, ATM, BRIP1 and PALB2 9 . However, these genes appear to stand only for 2.3% of the family risk of BC which leave open the possibility of new investigations on hereditary BC 10,11 .

Types of breast cancer

The classification of BC relies on histological and molecular patterns with the expression of key proteins such as estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2, encoded by ERBB2) and the proliferation marker Ki67. BC can be classified into four major molecular subtypes: luminal A, luminal B, HER2enriched and TNBC (Figure 2). Distinct incidences, risk factors and therapeutic strategies are observed depending on the BC subtypes. Briefly, luminal A subtype concerns 60-70% of the BC worldwide. It is associated with slow growing, more likely to respond to hormonal therapies and less aggressive than other BC subtypes. Luminal B subtype stands for 10-15% of all BC and compared with luminal A, luminal B is positive for Ki67 and therefore related to higher proliferation rate and poorer prognosis 12,13 . HER2-enriched subtype represents around 5% of all BC and according to recent studies, it is associated with the highest death rate followed by TNBC, luminal A and luminal B 14 . Finally, the remaining 10-15% is attributed to TNBC that is negative for ER, PR and HER2 markers and presented as the most aggressive BC subtypes.

Overview of standard therapies for breast cancer

The early-detected BC with no metastatic spread is potentially curable in contrast to late BC diagnosis with distant organ metastases that is considered incurable and for which available treatments tend to improve survival and quality-adjusted life expectancy. Traditional therapies include radiotherapy, chemotherapy and hormone therapy. Owing to the high heterogeneity in BC, therapeutic strategies take into considerations various parameters such as the tumor biology subtypes, clinical examination, sentinel node profile and menopausal status 1 . Surgical removal of the primary tumor remains a cornerstone of curative breast cancer treatment either as first-line of treatment or second line following an initial systemic treatment. Indeed, systemic therapy can be administrated before the surgery (neoadjuvant) and/or after the surgery (adjuvant) in order to reduce and control tumor burden.

Particularly in some BC subtypes such as HER2-enriched BC and TNBC whereby neoadjuvant systemic treatment becomes the standard of care and has been correlated with improved patient outcome and pathological complete response 13 .

Luminal breast cancer

For luminal BC, the primary systemic treatment is the endocrine therapy. In hormone sensitive BC, endocrine therapy prevents estrogen-promoting tumor growth. Among the current drugs used in hormone positive (HR + ) BC, tamoxifen and aromatase inhibitors are both valid for hormone-sensitive tumors 15 .

Tamoxifen is an ER modulator that competitively binds to and inhibits the ER pathway.

Interestingly, a meta-analysis of individual data from 20 trials underlined the benefit of 5 years tamoxifen treatment. Indeed, throughout the first 15-years recurrence and mortality rates were decreased by about a third in the group treated with 5-year adjuvant ta- 

Triple negative breast cancer

Recurrence and metastases rate are significantly higher in TNBC patients in comparison to non-TNBC tumors 25 . Moreover, the absence of ER, PR and HER2 markers disqualifies the use of hormone-targeted therapy. For this reason, chemotherapy (e.g. anthracycline, taxanes) alone or in combination with bevacizumab, an antibody that targets vascular endothelial growth factor (VEGF), remains the backbone as the first line treatment of TNBC 26 . Mostly for TNBC, the development of new therapies is urgently needed to overcome acquired resistance. Recently, encouraging results for the treatment of TNBC have been published which include poly (ADP-ribose) polymerase (PARP) inhibitors, anti-angiogenic agents, EGFR inhibitors and immunotherapies 27 . Indeed, although BC has been considered tumor (i.e. low immune cells infiltration) and therefore prone to be likely unresponsive to immunotherapy, in TNBC subtype increasing level of lymphocytic infiltration has been described as compared with the other BC subtypes 28 . Interestingly, recent advances have focused on priming the tumor microenvironment from in tumors in order to improve immune-based therapy efficacy. In this regard, numerous combination strategies to boost immune cell infiltration and activation are currently investigated in TNBC [29][30][31] .

2. Epithelial to mesenchymal transition (EMT) Formerly, three types of EMT are described depending on the biological settings. The EMT is occurred during embryo formation, implantation and organ development.

The T is associated with wound healing, tissue regeneration and organ fibrosis.

T is arisen in neoplastic cells and is related to cancer progression and metastasis (Figure 3). Remarkably, common and differences between the three different types of EMT will be discussed in section 2.1.5.

Type I EMT: Embryogenesis

Early EMT process is observed during implantation of the embryo and initiation of placenta formation. Indeed, cytotrophoblast cells, one of the 3 main trophoblast populations, undergo an EMT to finally colonize the maternal interstitium and enable the placental anchoring 34 .

Gastrulation was first described in 1967 in the chick embryo and has been extensively studied 35 . The first manifestation of gastrulation is the formation of the primitive streak present within a midline region in the epiblast layer. Indeed, the primitive streak undergoes through invagination or ingression to form (i) the endoderm which is an inner layer originate from cells invagination through the primitive streak, (ii) the ectoderm which is an outer layer represented by the remaining cells of the former epiblast and (ii) the mesoderm which is a middle layer arises between the ectoderm and endoderm layers 36 .

At the molecular level, convergence of different signals such as Wnt, transforming growth factor beta (TGF )/bone morphogenetic proteins (BMPs) or fibroblast growth factor (FGF) pathways led to the expression of one of the master EMT-transcriptional factors (EMT-TF), SNAI1 37 . Interestingly, heterozygous mutation of Wnt3 +/-in mice embryos showed a normal phenotype similar to wild-type (WT) mice in contrast to homozygous deficiency Wnt3 -/-in which a normal egg cylinder was observed but without any distinct structures as primitive streak or mesoderm 38 . Likewise, ectopic expression of Wnt8 in mice embryo generates multiple primitive streaks but with an incomplete axis duplication 39 . In addition, deficiency of TGF superfamily such as Nodal and Vg1 in embryo showed important mesodermal defects [40][41][42] . Following SNAI1 transcriptional activity, the actin cytoskeleton is remodeled and cells lose their apical-basal polarity through the downregulation of E-cadherin, claudin-1 and occluding expression 43,44 . Interestingly, deletion of Snai1 in mouse embryos and drosophila embryos fails to process gastrulation 45,46 .

Throughout the embryonic development, EMT program is also essential for the migration of neural crest cells which subsequently differentiate into various structures including the peripheral nervous system, endocrine cells and melanocytes 37 . Of note, the most common human congenital anomalies, the cleft palate originates from EMT dysfunction 47 .

Type II EMT: Wound healing and organ fibrosis

Type II EMT is observed during wound healing and organ fibrosis. In contrast to type I EMT, type II EMT is occurring in response to acute and chronic inflammation. Tissue wound healing evolves in three major steps 48 :

-(i) Inflammation phase is characterized by the secretion of inflammatory molecules preventing further blood loss and enhancing immune cells recruitment.

-(ii) Proliferation phase is defined by the contraction of new tissue, presence of granulation tissue, and by the formation of new blood vessel network through angiogenesis.

-(iii) Maturation phase stands as a remodeling process.

During the last step, keratinocytes negotiate their way from the edges to the hole of the wound by the acquisition of an intermediate phenotype state where both epithelial and mesenchymal markers are expressed. Interestingly, increased plasma level of TGF was detected in the first two weeks post-injury and immediately decreased in patients who had a complete healing. However, for patients developing hypertrophic scarring, no early increased of TGF was detected 49 . In addition, it has been shown that following EGF stimulation, SNAI2 (also known as Slug) is induced and causes keratinocytes migration 50 . Moreover, EMT was reported to drive the post ovulatory wound healing of scarfed ovarian surface epithelium (OSE) during menstrual cycle in women. Indeed, EGF induces OSE cells to undergo EMT, thus, allowing the OSE cells to penetrate in the stroma with a fibroblastic-like phenotype. Furthermore, this migration involves the activation of metalloproteases (MMP)-2 and -9 and of extracellular signal-regulated kinases (ERK) and integrin-liked kinase pathways 51 .

Fibrosis implies an excessive scarring which goes beyond the normal wound healing.

The most known example concerned the renal interstitial fibrosis, common feature observed in chronic kidney disease (CKD). Indeed, several factors can promote excessive epithelial cell injury characterized by an increase of free fatty acids and hyperglycemia 52 . In addition, renal interstitial fibrosis is associated with the accumulation of myofibroblasts leading to increased extracellular matrix (ECM) interstitium components such as collagens type I and III 53 . Moreover, Sato and colleagues demonstrated that targeting Smad3, downstream of TGF signaling, protects against renal tubulointerstitial fibrosis in vivo 54 . Similar results were obtained with the administration of paricalcitol, an analog of vitamin D that inhibits TGF pathway, which preserves the expression of E-cadherin and attenuates the expression of -SMA 55 .

Furthermore, the activation of SNAI1 is sufficient to promote renal fibrosis that can be repressed upon paricalcitol treatment 55,56 . Of note, recent evidence indicated similar pattern of EMT in areas of fibrosis in the colon, therefore initiating new investigations on EMT involvement and eventually, explore new therapeutic strategies 57 .

2.1.4. Type III EMT: Cancer progression and metastasis

Knowing that the primary cause of death in cancer is due to primary tumor spreading to the surrounding tissue, it becomes necessary and crucial to decipher the mechanism underlying the cancer progression and metastasis. Strikingly, invasion and metastasis are part of the six hallmarks of cancer highlighted by Hanahan D. and Weinberg R.A. along with sustainable proliferative signaling, evasion of growth suppressors, resistance to cell death and ability to replicative immortality 58,59 . Interestingly, EMT has been associated with resistance to cell death, senescence, chemotherapy and immunotherapy 37 .

Under specific EMT inducers stimulation such as TGF , epithelial cells from the primary tumor lose their cell-cell adhesion and acquire a more motile and invasive characteristics. These cells invade the ECM, migrate and reach the blood vessels (intravasation) 60 . Remarkably, several studies shed the light on the importance of a mixed phenotype of epithelial and mesenchymal cells, along with the presence of a continuum intermediate state between epithelial and mesenchymal phenotypes 61,62 for which lower expression is associated with poor prognosis in inflammatory BC [75][76][77][78] . Indeed, targeting CCN6 enhanced EMT features such as motility and invasiveness abilities in breast epithelial cells 78 .

While SNAI2 activity is largely described in tumor invasion, developmental embryos and wound repair, SNAI1 appears to have a limited role in wound healing. Indeed, SNAI2

but not SNAI1 exhibits a critical role at the margins of wound healing and in re-epithelialization [79][80][81] . Considering similarities between cancer and wound healing, using anti-metastatic drugs might have an impact on both processes. For instance, EGF receptor 1 (Her-1/Erb1) inhibitors (e.g. gefitinib, erlotinib and cetuximab) and Her-2 (Erb2) inhibitors (e.g. lapatinib) used as anti-EMT therapies in cancer have been related to rash formation and reepithelialization defect 70,[82][83][84] . Overall, development of future therapies against cancer metastasis should indeed consider to not compromise wound healing mechanism. Therefore, it would be interesting to focus on targets for which differential expression have been observed between those two processes, such as CCN2 and SNAI1. 102,104 . In spite of the fact that vimentin expression is associated with cancer malignancy and late-stage cancers, its role during cancer progression is not fully understood 104 .

Furthermore, Tan and colleagues have assessed the quantification of an EMT phenotype across multiple cancer types such as ovarian, breast, bladder, lung, colorectal and gastric cancers and introduced the so-called EMT scoring. EMT scoring allows the estimation of the degree of EMT with values ranging from -1 to +1 mirroring epithelial, intermediate and mesenchymal states in a wide range of cancer cell lines and tumors. This universal scoring was generated based on cancer-specific transcriptomic EMT signatures of the above-mentioned cancers. Interestingly, overall EMT scoring of renal carcinoma reveals a strong mesenchymal feature whereas colorectal carcinoma shows an epithelial feature which might be explained by the embryonic origin of the kidney epithelial as it derived from the condensation of the mesoderm. In contrast to bladder, breast, gastric, liver, lung and prostate cancers were a large spectrum of EMT spectrum have been described. In addition, these results do not reveal whether the observed EMT traits are an inherent trait reflecting the cell lineage of the cancer or acquired by stimulation of the tumor microenvironment (TME) (Figure 5) 105 . EMT, for instance SNAI1 and ZEB1 share some common target genes such as CDH1. In cancer, EMT-TFs expression have been correlated with tumor progression, poor prognosis and metastasis in various types of cancer 86,106 (Table 1).

Transcriptional regulation during EMT

Here we will focus on the three major families of transcription factors: SNAIL, ZEB and TWIST (Table 2) [106][107][108] . Of note, novel potential EMT-TFs have been recently described such as forkhead box (FOX) 109,110 , GATA family 111 and SRY box (SOX) 112 . The SNAIL family comprises three members: SNAI1, SNAI2 and SNAI3 (also known as Smuc). They all share a highly conserved C-terminal domain containing four to six C2H2type zinc fingers and bind to the promoter of their respective target genes in the domain called the E--CANNTG- 113,114 .

Of note, mutation of p53, a well-known tumor suppressor, has been reported to correlate with low MDM2, high SNAI2 and low E-cadherin expression, and associated with poor clinical outcome in non-small-cell lung cancer (NSCLC). Indeed, targeting p53 and MDM2 in mouse embryo fibroblast showed an increase of SNAI2 expression with enhanced cancer cell invasiveness 115 .

Pioneers works from Batlle et al. and Cano et al. reported that SNAI1 binds to three E-boxes in the human E-cadherin promoter and represses its gene expression 95,116 . Upon promoter binding, SNAI1 recruits different components: (i) the polycomb repressive complex 2 that is composed of methyltransferases such as enhancer of zeste homologue 2, G9a, lysine methyltransferase, and suppressor of variegation 3 9 homologue 1, (ii) the co repressor SIN3A, (iii) the histone deacetylases 1, 2 and 3, and (iv) the lys specific demethylase 1. Thus, the recruitment of this epigenetic machinery induces histone modification on CDH1 pro- moter that is crucial for E-cadherin suppression [117][118][119][120][121] . Furthermore, SNAI1 has been described to cooperate with ETS1 and induce the expression of MMP-9 metalloproteinase 122 , and with SMAD3/4 complex acting as co-repressors of OCLN, CLDN3 and CDH1 gene expression 123 .

Multiple signaling pathways activate SNAI1 expression such as TGF , Wnt family, Notch and receptor tyrosine kinase (RTK)-dependent growth factors (cf. section 2.2.3.). TWIST1 is induced by a wide-ranging signaling pathways such as hypoxia inducible factor-1 (HIF1) . Constitutive expression of HIF1 in FaDu cells, a human hypopharyngeal carcinoma cell line, promotes lung metastasis and local invasion in non-obese diabetic severe combined immunodeficient (NOD-SCID) mice. Further investigations reveal that TWIST1 was upregulated under hypoxia in FaDu and MCF-7 cells. Moreover, HIF-1 complex directly binds to hypoxia response elements (HRE) in the proximal promoter of TWIST1 144 .

Signaling pathways inducing EMT

EMT can be initiated via autocrine, paracrine and endocrine signaling. Some pathways have predominant roles in the induction of EMT and, are interconnect at some extend to activate the EMT program (Figure6). Of note, hypoxia has also been reported to induce EMT particularly in solid tumor 145,146 .

The WNT pathway can be activated upon 19 WNT ligands binding to Frizzled receptors which comprises canonical -catenin dependent signaling, non-canonical WNT-calcium signaling and non-canonical planar cell polarity signaling 147 . The canonical WNT pathway promotes the accumulation of the nuclear translocation of -catenin acting a transcriptional cofactor. As a result, a wide range of genes encoding for cell differentiation, cellular fate specification and tumorigenesis proliferation is induced 148 . Interestingly, -catenin-activated pathways is related to invasion and metastasis in various cancers 148 . In normal cells, catenin proteins ( -catenin, -catenin and p120-catenin) promote the formation of adherens junctions by interacting with E-cadherin. Nevertheless, the loss of E-cadherin mediated by EMT subsequently leads to the release of -catenin from the cell membrane which promotes nuclear localization of -catenin and activates the transcription of WNT/ -catenin target genes 149,150 . Moreover, knockdown of WNT3 enables the switch from nuclear to cytoplasmic accumulation of -catenin in HER2-expressing BC cells in vitro 151 . SMAD7, an inhibitory SMAD protein, has been demonstrated to prevent -catenin phosphorylation allowing the formation of -catenin/E-cadherin complex at the plasma membrane thereby promoting cell-cell adhesion 152 . Additionally, recent reports demonstrate that WNT/ -catenin pathway can be modulated by microRNA such as miR-200 and miR-23a acting as repressor or activator respectively 153,154 .

The NOTCH signaling functions in different developmental and homeostasis contexts.

The highly conserved NOTCH receptors comprise four isoforms (NOTCH1-NOTCH4) and bind to delta-like 1, 3 and 4 or jagged family 1 and 2. The resulting binding is followed by The TGF ligand family comprises 33 members including three isoforms of TGF (TGF 1-TGF 3), BMPs, growth and differentiation factors, activins, inhibins, nodal, and anti-Mullerian hormone 161,162 . Following binding of TGF s to TGF receptor type 1 (TGF R1) and TGF R2, SMAD2 and SMAD3 are phosphorylated and form a trimeric complex with SMAD4.

Similarly, in response to BMPs ligation, phosphorylation of SMAD1/SMAD5 occurred and proceed to form a trimeric complex with SMAD4. Thus, the trimeric complexes (SMAD2-SMAD3-SMAD4 or SMAD1-SMAD5-SMAD4) are translocated into the nucleus and act as a transcription factor on the promoter of genes involved in invasion, motility, cell growth proliferation, angiogenesis, apoptosis and senescence 86,107 . Furthermore, the TGF -induced SMAD complex induces transcription of mesenchymal genes such as the EMT-TFs which in turn downregulate E-cadherin expression. Additionally, in BC SNAI1 and SNAI2 upregulate the expression of TGF ligands which therefore enables an autocrine and positive feedback loop emphasizing the maintenance of the mesenchymal state 163 . Interestingly, Vincent et al.

have shown that SNAI1 and SMAD3-SMAD4 can form a complex in the nucleus and corepress the transcription of genes encoding for occluding, claudin-3 and E-cadherin in TGFinduced EMT in breast epithelial cells 123 . In addition, reduction of ID1 expression was observed upon TGF treatment in epithelial cells in SMAD3-SMAD4-ATF3 dependent manner 164 . Strikingly, some mesenchymal markers do not necessarily require EMT-TFs activation as SMAD4-LEF1 complexes directly promote the expression of vimentin and fibronectin and repression of E-cadherin 165 .

The mitogenic growth factors binding to their cognate receptors induces receptorsassociated tyrosine kinases dimerization and activation such as AXL receptor and followed by the downstream activation of PI3K-AKT, ERK-MAPK, p38 MAPK and JNK pathways. Consequently, the mitogenic growth factors stimulate cell growth, cell migration and cell motility via the induction of a large diverse target genes involved in EMT program 86,166 . Of note, synergistic effects of EGF and TGF were observed that induce molecular and morphological changes typical of an EMT such as MMPs expression 167,168 . In addition, in response to EGFmediated EMT, the activation of the janus kinase 2 (JAK2) and the downstream signal transducer and activator of transcription (STAT)3 were observed in breast and ovarian cancer cells 169,170 64,86,177,178 . Importantly, metastasis represents the primary cause of cancer-related deaths emphasizing the urgent need of developing drugs enable to target metastasis spreading [179][180][181][182] .

In the early 1890s, Stephen Paget introduces a visionary eed and soil theory that is based on the analysis of 735 BC cases and the presence of metastases mostly observed in liver, far from the primary site. Based on this observation, Stephen Paget stated that metastasis spreading is not a matter of chance but rather a non-random-pattern. Thus, metastasis considered similarly to plant, needs soil to grow and spread which imply that some specific organs are more prone for metastasis development than others. Nowadays, this concept is always up-to-date 179,183 .

The metastasis cascade is described as a succession of sequential steps endowing primary cancer cells to migrate, invade and colonize distant tissues thus leading to the formation of metastases (Figure 7) 178 .

Initial escape of epithelial cancer cells from the primary site requires the acquisition of different characteristics that allow the breakdown of cell physical barriers such as loss of cell-cell junctions and degradation of the surrounding ECM. Secondly, the mesenchymal tumor cells penetrate into the blood vessels (intravasation) and thereby enter the systemic circulation. Interestingly, very few of these circulating cancer cells survive and reach the systemic circulation and escape the immune attack. Finally, the circulating cancer cells extravasate at distant organs and seed to form micrometastases. Depending on the new stromal microenvironment, micrometastasis can pause for years without being harmful for the patients. However, some deposits succeeded to grow and spread to constitute macrometastases. This last step is termed metastatic colonization and leads to malignant secondary tumors and tumor progression 178,184,185 . EMT and MET have been largely described and initially believed to be a binary process where cells detached and escaped from the primary site through EMT and revert back to an epithelial state, through MET, in secondary tumor sites. However, recent publications supported the notion that metastasis occurs with a succession of intermediate state rather than just being a dual system. Indeed, presence of intermediate states referred as partial, incomplete or hybrid epithelial/mesenchymal (E/M) cancer cells appears to be crucial for navigating among these multiple steps that leads to metastasis formation 186,187 First, EMP is occurring in episodic and transient manner which render it difficult to observe in vivo but also within the cancer patients 186,205 .

Second, several publications have demonstrated that the metastatic spreading capability is more likely to be observed in cancer cells that express a partial EMT with the expression of both epithelial and mesenchymal markers rather than cancer cells expressing a complete mesenchymal profile. In this matter, the traditional view of EMT as a binary system has been questioned as increasing evidences show the existence of hybrid EMT morphologies 187,204,206 .

The impact of EMP in cancer progression and clinical outcomes is still not fully understood even though in multiple carcinoma types association between poor clinical outcomes and positive expression of EMT-TFs e.g. SNAIL, ZEB or TWIST, or positive expression of mesenchymal markers e.g. vimentin have been demonstrated [207][208][209] . Indeed, it is in part due to intrinsic heterogeneity of tumors and TME in comparison to cell culture models where observed phenotype appears to be more homogeneous 210 .

Interestingly, it has been shown that transient expression of SNAI1 compared with continuous expression of SNAI1 is necessary and sufficient to increase the percentage of bone morrow disseminated tumors cells and lung metastasis in MMTV-PyMT mice model 211 .

In BC, some subtypes such as claudin-low and basal-like are more predisposed to exhibit a high metastatic potential with a high EMT score as compared with other BC subtypes 105 . A recent study involving 41 patient samples and using an antibody cocktail against EpCAM, EGFR and HER2 to capture CTCs, demonstrated that CTCs from TNBC patients showed a predominant mesenchymal profile relative to the ER + /PR + BC patients that present an epithelial phenotype in CTCs population 212 . Interestingly HER -BC patients receiving first-line chemotherapy exhibit an enriched percentage of CSC + /partial -EMT + CTCs that is associated with lack of response to treatment. Thus, suggesting that these cell population are resistant to conventional chemotherapy regimens 213 . From a pre-clinical point of view, EMT has also been associated with cancer therapy resistance and most likely to stemness properties. Indeed, Inoue and al. have reported that homozygous Slug -/-mice were more sensitive to radiation as all the 17 mice died at a median time of 8.5 days while 7 out of 17 wild-type mice animals died at a median time of 14.5 days 214 . Similar observations were reported in ovarian and breast cancer [215][216][217] .

Metformin is a well-known drug initially shown to reduce glucose levels and therefore In addition, mesenchymal phenotypes are also been observed at the edges of primary tumors particularly at the tumor invasive front in interaction with the ECM and stromal cells such as cancer-associated fibroblasts [223][224][225] .

Overall, the controversies on EMP appear to be mainly based on the failure of a proper lineage-tracing experiments and on the fact that metastasis appears to be a rare event in primary tumors. In addition, EMP is a complex mechanism regulated by numerous stimuli from the microenvironment. Depending on the type of stimuli, cancer cells will step up differently along the EMP spectrum. Also, even though common features have been observed

among different cancer types, discrepancy exist and tend to increase the degree of comprehension. However as described, accumulating evidences have involved EMP in tumor metastases and therapeutic resistance, indeed in the next section, we will focus on encouraging results in clinical trials based on EMT inhibitors. 3. Tumor-Immune interface 3.1. Basic principle on immune system

Targeting EMT program in cancer therapy

The immune system is a complex network of white blood cells or leukocytes commit- 

Innate immune system

The immune system is build based on the interaction of the innate and adaptive response to rapidly eliminate foreign substances and create a long-term memory response against pathogens. The innate immune response is the first line of defense against pathogens and takes place rapidly in contrast to hours or days for the adaptive immune system.

Inflammatory inducers such as the release of bacterial lipopolysaccharides or adenosine triphosphate . Thus, the defective cells 236 . P) cells that give rise to the innate immune system comprising macrophages, dendritic cells (DCs)

and granulocytes (neutrophils, eosinophils, and basophils) which represent the three types of self-renewal and longevity 238,239 . In adulthood, macrophages can also arise from circulating monocytes and migrate into the tissue where it can differentiate. Moreover, both cell types have phagocytic functions and as most infections occurs in the tissue, they are more prone to be in contact with intruders than other immune cells 240 .

As part of the immune sentinel, macrophages participate to phagocytosis and neutralization of potential pathogens as well as driving inflammatory reaction by secreting battery of cytokines, which help in the recruitment and activation of monocytes and lymphocytes. Following pathogens engulfment, antigens peptide can be processed, loaded and presented on surface class II major histocompatibility complex (MHC) molecules on macrophages highlighting another major role of macrophages as antigen-presenting cells (APCs). 

Granulocytes

Granulocytes are characterized by a large cytoplasmic granule and multilobulated nucleus structures. They represent the third main phagocytic immune populations. Granulocytes are divided in three subtypes: neutrophils, eosinophils and basophils. Importantly, granulocytes are the most abundant phagocytic population with a higher representation of neutrophils as compared with eosinophils and basophils. Granulocytes represent approximatively 40% to 60% of the white blood cells with a relatively short life survival (24h) and a continuous renewal in the bone marrow. Indeed, granulocytes mature in the bone marrow and are released into the blood circulation 249 .

Neutrophils stand as the first line of defense against bacterial and fungal infections notably with the extrusion of the so-called neutrophil extracellular traps (NETs). NETs are secreted by activated neutrophils and are described as a network of DNA fibers, histone and antimicrobial proteins that will capture, immobilize and kill pathogens 250 . Additionally, activated neutrophils release a variety of toxic effector molecules such as reactive oxygen species (ROS) and hydrolytic enzymes 251 .

Basophils and mast cells mostly participate to allergic inflammation with the release of histamine contained in the cytoplasmic granules. Moreover, following plasmocytes activation IgE concentration gradually increase and bind to the Fc receptor on the surface of mast cells and basophils which therefore increase the recognition and elimination of the allergic agents 252 .

Natural killer cells

NK cells are the only innate immune cells arising from lymphoid lineages. NK cells account for 5 to 20% of circulating lymphocytes, characterized by high cytotoxic activities with the release of perforin and granzymes. Moreover, NK cells can produce inflammatory cytokines such as interferon (IFN) and IFN 253 .

The activation of NK cells is controlled by a repertoire of activating and inhibitory receptors. NK cells express a set of inhibitory killer cell immunoglobulin-like receptors (KIRs) that binds to MHC class I molecules. Thus, in the absence of KIRs activation, as observed in cancer with the decrease of MHC Class I expression, NK cells would eventually be more prone for activation. Remarkably, a lack of inhibitory signals is not sufficient to activate NK cells. Indeed, NK cells need an activating signal with the engagement of killer cell activating receptors (KARs) 254 . Among the activating signal, NKp46 receptor has been reported to bind to soluble molecule complement P while NKG2D receptor, a well-known KARs, bind to ligands expressed on cancer cells such as polypeptide-related sequence 1 (MICA), MICB and UL16-binding proteins 255 .

In addition, NK cell activation can be mediated by the antibody-dependent cellular cytotoxicity (ADCC) through immunoreceptor tyrosine-based activation motifs (ITAMs) downstream pathway. This mechanism is based on the interaction between (i) Fc receptor expressed on effector immune cells such as monocytes and NK cells and (ii) the Fc portion of an immunoglobulin (Ig)-opsonized cells. Interestingly, ADCC mechanism showed that innate and adaptive system are interconnected as it relies on the efficiency of antibody-producing B cells and the ability of NK cells to recognize and lyse antibody-coated target cells.

Importantly, abilities of an antibodies to induce ADCC is highly desirable in antibody-based immunotherapies 256 .

Adaptive immune system

In contrast to the innate immune response, the adaptive immune system requires more time, up to few days to mature and be capable to efficiently eliminate defective cells. Indeed, B-and T-linages arise from CPL in the bone marrow and their activation is antigendependent (Figure 8). Furthermore, an immunological memory can be further processed from days to weeks leading to be genesis of memory B cells and T cells 257 .

B lymphocytes

Immunoglobulins are characterized by two heavy chains and two light chains, which are involved in forming constant and variable regions. On the one hand, the constant Fc region is common to a class of immunoglobulin (Ig) such as IgE, IgM or IgG and can bind to Fc receptor present on DCs. Interestingly, Ig production depend on different parameters such as the type of inflammation. For example, IgE is often produced following allergic reaction whereas IgM is associated with a primary immune response and IgG, the most Ig present in the body is produced following a secondary immune response with higher specificity to antigens and neutralizing functions as compared with IgM. On the other hand, the Ig variable region recognize a specific epitope called antigens that can be variously displayed on pathogens or by soluble molecules 258 .

Antibodies are produced by plasma cells, i.e. activated B cells and can be either soluble or present at the surface of B cells known as B cell receptor (BCR). Interestingly, BCR is composed of membrane Ig combined to an intracellular domain containing ITAM. In T-dependent response, interaction between pre-activated B cells with the presence of co-stimulatory signals and cytokines produced by helper T cells, are necessary for B-cell differentiation in the germinal center of lymph nodes 258,259 . Finally, differentiation to plasmocytes allows Ig class switch recombination with somatic hypermutation in a cytidine deaminase protein dependent manner 260 . Interestingly, during the negative selection of T-cell repertoire, each lymphoid progenitor that react to self-antigens will be eliminated by apoptosis hence limiting self-reactivity. However, failure of this mechanism can cause autoimmune disease 261,262 .

T lymphocytes

Thymopoiesis is occurring through different steps comprising positive and negative selections that finally generate functional and diverse repertoire of TCR molecules towards MHC/peptide complexes. Basically, T-cell population is divided in two main subgroups expressing either CD4 or CD8 markers. Interestingly, human naïve T cells represent an important proportion of total T cells about 20%-50% and last for 5-10 years 263,264 . CD3 + T cells are exclusively restricted to pan-MHC class II binding protein for helper or regulatory CD4 + T cells or to pan-MHC class I binding protein for cytotoxic CD8 + T cells 257,259 . Moreover, CD4 + Tcells differentiate in four subtypes of CD4 + T helper cells: Th1, Th2, Th17 and Tregs 257 .

Tregs are defined as CD4 + CD25 + cells with the unique expression of the Foxp3 tran- During prolonged antigen stimulation and to avoid a chronic inflammation, T cells undergo into an exhaustion state. This state is defined by progressive loss of effector functions with collective expression of immune checkpoint molecules (cf. section 4) such as cytotoxic T lymphocyte-associated protein 4 (CTLA-4), programmed cell death 1 (PD-1), lymphocyte activation gene 3 protein (LAG-3) and T cell immunoreceptor with immunoglobulin and tyrosine-based inhibitory motif domain (ITIM) domain (TIGIT). As such, the reversible state of the exhausted T-cell population is standing as a potential interest to reverse tumorinduced T cell dysfunction and insure an optimal immune response. Regardless the inhibitory immune checkpoint regulation, there are also co-stimulatory signals that positively regulate T cell responses, known as co-stimulatory checkpoint pathways such as B7 related protein 1 /inducible co-stimulator (ICOS) and OX40L/OX40 266-268 .

Immune system in the tumor microenvironment

In the 1990s, two major publications have outlined the role of IFN and more generally of the immune system in cancer immunosurveillance 269,270 . Kaplan and colleagues demonstrated that IFN -insensitive mice exhibits higher tumors frequency as compared with control mice. In addition, MHC class I molecules surface expression was strictly observed upon IFN pathway activation, hence leading to tumor-specific T-cell recognition upon IFN stimulation 270 . Furthermore, immunodeficient RAG2 -/-mice caring lymphocytic deficiency developed more rapidly chemical carcinogen methylcholanthrene-induced sarcomas relative to WT mice 271 . T only described an early intervention of the immune system is nowadays no longer applied in cancer context. Indeed, the is preferred as it involves a sculpting action of the immune system during tumor development. This model is divided in three different stages including elimination, equilibrium and escape (Figure 9). While elimination and equilibrium stages are usually occurring behind the scenes , in the escape stage tumor cells have succeeded to escape from the immune system. Beyond the escape phase, chronic inflammation acts in an empiric manner that amplify cancer immune escape and cancer progression 272 .

During tumorigenesis, production of MMP enzymes is essential for tumor dissemination. MMPs are produced either by cancer cells themselves (e.g. MMP-7), stromal or innate immune cells (e.g. MMP-2 and MMP-9). As the result, the ECM, that helps to maintain the tissue three-dimension structures, is degraded allowing cancer cell growth, motility and survival. Diverse reports demonstrated that in most cancers including BC and NSCLC, increasing MMPs expression is associated with unfavorable prognosis [273][274][275] . According to a meta-analysis covering 4944 BC patients, increasing MMPs expression have been demonstrated to be associated with poor OS 276 . Instead, in colorectal cancer no correlation was found between MMP-2 and MMP-9 expression, and tumor stages or survival time 277 .

Activation and attraction of effector immune cells are necessary for initiating an efficient adaptive immune response against neoplastic cells. In that context, pro-inflammatory cytokines and pro-angiogenic mediators are fundamental. Among the most known and Cancer immunoediting is divided in three processes comprising elimination, equilibrium and escape. The elimination phase is comparable to immunosurveillance whereby the innate and adaptive immune systems cooperate to eradicate tumor cells establishment. Despite the effort of the immune system, some cancer cells variants might survive and enter into the equilibrium phase. At this stage, cancer immunogenicity is edited by the tumor cell mutations, tumor cells escape from the immune system which inevitably lead to cancer progression and clinically detectable malignancies. Comprehension of this last process represent great hope to limit cancer progression and improve patient quality of life.

studied cytokines, there are TNF , TBF , VEGF, IL-1 and IL-6 275 . Mainly secreted by inflammatory cells, TNF is a multifaceted cytokine that promotes cancer development and metastasis via nuclear factor kappa B (NF-kB) pathway. Nevertheless, binding of TNFR-1 by TNF can also induce cleavage and activation of caspase-3 and -7 via the mitochondrialmediated pathway. Furthermore, TNF was also reported to launch a caspase-independent cell death in ROS-dependent necrosis manner 278,279 . Interestingly, in a recent study conducted by Kearney et al., the authors underlined TNF as a major pathway for CD8 + T celland NK cell-mediated killing in mouse MC-38 colon carcinoma model 280 . Overall, both strategies through stimulating or inhibiting TNF pathway are currently under investigation depending on the cancer types and cancer staging 279 .

Upon innate system activation, there are two classes of antigens that can be presented to T cells by APCs: tumor associated antigens (TAAs) and tumor specific antigens (TSAs).

TAAs are defined as upregulated self-antigens observed in tumor cells as compared with healthy cells while TSAs are only found expressed in the context of pathology such as cancer, mostly due to mutated genes and also called neoantigens 281,282 . In BC, several TAAs have been identified that include cellular antigens (e.g. HER2), viral antigens and cancer testis antigens (CTA). Interestingly, this latter type of TAAs is expressed in BC and not on normal somatic cells except in germ cells of testis, and comprises melanoma-associated antigen ) [289][290][291] . Furthermore, resistance to the apoptotic pathway also represents an important opportunity for tumor cells to evade from immune cell-mediated killing by either reducing Fas receptor expression on tumor cell surface or by promoting the increase of Fas ligand expression to promote immune cell apoptosis 292 . In BC, Fas-ligand expression was significantly higher as compared with breast normal tissues which might eventually lead to increase immune cells apoptosis 293,294 .

Series of stratagems induced by tumors cells in order to manipulate immune cells recognition and activation have been recently highlighted and exploited in cancer therapies however the overall view of those mechanisms are still not complete.

EMT-associated mechanisms in tumor immune evasion

As previously mentioned, immune escape has been related to cancer progression and closely associated with EMT features, in this section we will describe the main immune resistant mechanisms acquired following driving EMT induction in cancer cells (Figure 10) 295 .

Akalay and colleagues have demonstrated that acquisition of EMT phenotype in BC Strikingly, Kuto-Saito and colleagues demonstrated that following snail transduction in melanoma cells, an increase in the secretion of TGF and thrombospondin-1 were observed, which are both inducing an immunosuppressive TME characterized by an increase of impaired DCs (low CD80 and high indoleamine 2,3-dioxygenase expressions) and Tregs 300 .

Furthermore, several immunosuppressive cytokines have also been reported to be upregulated in Snail-dependent manner such as TNF , CCL2, CCL5 and CXCR2 ligands 301,302 . Additionally, the induction of IL-6 and IL-8 cytokines production, which are essential to induce myeloid-derived suppressor cells (MDSCs) accumulation, appears to be dependent on ZEB1 

Impact of immune cell modulation on metastatic process

As described, initial immune subversion by the primary tumors enables cancer progression and metastatic spreading. It has been reported that once present in the blood circulation after the extravasation phase, CTCs can be captured within NETs, defined as a weblike chromatin structures composed of DNA and histone 307 , thus promoting CTCs clustering before arriving to the dissemination sites 308 . Furthermore, this metastasis-supporting NETs can also promote the of dormant cancer cells and therefore promote lung metastasis in BC mouse model 309 . Likewise, in BC patient samples, presence of NETs has been associated with aggressiveness as TNBC patients showed a significant higher number of NETs in comparison to luminal BC 310 . Interestingly, pre-treatment of NETs was able to induce an EMT phenotype in MCF-7 cells with a switch to a more fibroblast-like phenotype and SNAI1 and ZEB1 overexpression 311 .

In cancer context, it is believed that two main macrophage cell population are described with opposite functions defined as M1 (antitumorigenic) and M2 (protumorigenic) macrophages. It is well established that M2 macrophages also known as tumor-associated macrophages (TAMs) can be differentiated from monocytes by several cytokines including TGF 312 . Moreover, high proportion of infiltrated TAMs were correlated with low expression of E-cadherin as well as higher risk of lymph node metastasis and recurrence in BC 313 .

Additionally, in BC using the PyMT or Met-1 mouse BC cell, Qian and colleagues have identified a specific CD11b High macrophages population. This latter cell population was found highly infiltrated in metastasis lung sites as compared to normal lungs and depletion of these CD11b High macrophages significantly reduced tumor cell pulmonary seeding 314 . This distinct macrophage population were therefore called metastasis-associated macrophages (MAMs).

Interestingly, MAM precursor cells were locally detected at metastatic lung sites where they accumulate following tumor growth 315 .

Similarly, in a highly metastatic 4T1 BC mouse model, it has been reported that tumor . Therefore, aside from the involvement of the immune innate system, concomitant disruption of the immune adaptive system also participates to the metastatic cascade.

Immunotherapies in cancer

Over the last years, immunotherapies have become one of the most important breakthroughs in cancer treatment with the aim to modulate the immune system in order to trigger tumor cells. Nowadays, immunotherapies cover various categories such as oncolytic virus therapies, cancer vaccines, adoptive cell transfer and monoclonal antibody-based therapies 319 . In this section, we will mainly focus on the first three mentioned immunotherapies as the monoclonal antibody-based strategy is developed throughout the manuscript and comprises different approaches such as tumor-specific IgG, angiogenesis inhibition, antibody-drug conjugate (ADC), bispecific antibody therapy and immune checkpoint blockade 320 . Interestingly, according to a global survey performed in 2019, more than 3000 active T cell-targeted molecules are currently in clinical trials accounting for around 60% of all active testing immune-oncology agents 321 .

Oncolytic virus therapy

The approach of oncolytic virus therapy is based on native or genetically modified viruses that selectively trigger tumor cells and initiate an antiviral response leading to an anti-tumor immunity. As the mechanism of actions are not fully elucidated the application of oncolytic therapies are still limited. However, in 2015 talimogene laherparepvec (T-VEC) received the FDA approval for the treatment of advanced melanoma. T-VEC is derived from a human herpes simplex virus type 1 and likely to replicate in tumor cells and produce granulocyte macrophage colony-stimulating factor (GM-CSF) which would stimulate immune cells 322,323 . Interestingly, a phase II clinical trial in advanced sarcoma have been conducted

with T-VEC in combination with pembrolizumab (anti-PD-1 antibody) regimen and showed an increase of anti-tumor activity 324 . Altogether, oncolytic viruses represent an encouraging immunotherapy for treating cancer patients with particular interest in combination therapies.

Cancer vaccine

Unlike the other categories of immune-based therapies, cancer vaccine includes prophylactic and therapeutic treatments. Indeed, two FDA-approved prophylactic vaccines have been validated for hepatitis B virus and human papillomavirus that cause liver cancer and 70% of cervical cancer respectively 325 . In addition, Sipuleucel-T, an autologous DC cellbased vaccine, received the FDA approval in 2010 for metastatic castration-resistant prostate cancer treatment. This latter vaccine relies on harvesting DCs from the patients, induce their activation ex-vivo with a fusion protein composed of prostate acid phosphatase fused to GM-CSF, and re-infuse the primed DCs into the patients 326,327 . The recent approval of therapeutic cancer vaccines proves the important role of APCs in the generation of a robust and durable immune response as well as the interest on developing preventive cancer vaccine.

Yet, many challenges remain such as enhancing the anti-tumor efficacy and identifying specific TSA 325,[328][329][330] .

Adoptive cell transfer

Plethora of pre-clinical and clinical studies shed the light on the role of T cells in cancer in particular, studies that reported a positive correlation between T cells infiltration and improved clinical outcome in a variety of cancer types 331 . The first clinical evidence of an adoptive cell transfer success was observed in 1985. Rosenberg and colleagues reported the treatment of 25 metastatic cancer patients with autologous lymphokine-activated killer plus IL-2, and described more than 50% tumor regression in 11 out of 25 patients 332 .

The CAR T-cell technology consist in a genetically engineered T cells using an optimized TCR signaling that is no longer restricted to MHC class-peptide but rather recognize a specific antigen through an extracellular antibody fragment. For that reason, this technology was named CAR as it benefits from the specificity of a B-cell molecule recognition and the cytotoxic effector T-cell signaling pathway 333,334 . Over the years, different generation of CAR T-cell have been introduce aiming to enhance a durable and efficient clinical response.

Success of autologous CAR T-cell targeting CD19 was observed in B cell malignancies with most patients achieving a complete remission. However, in some patients, a massive cytokine release so-with symptoms like hypotension or fever, that can be solve by reducing dose and affinity of CAR T-cell against the target 334 .

Nevertheless, compensatory mechanisms have been described in vivo whereby CTLA-4, LAG-3 and TIM-3, which are all considered as immune co-inhibitory receptors, were upregulated in the TME following systemic blockade of PD-1. Interestingly, the resulting compensatory response might be overcome through the introduction of combination therapies involving the inhibition of different immune checkpoints [342][343][344] . To activate T-cell immune response, the first signal is the interaction between TCR and pMHC followed by costimulatory signals with CD28 and CD80/86 molecules. However, when CTLA-4 is expressed, there is a competition with CD28 as they both share the same ligands. Thus, interaction of CTLA-4 and CD80/86 inhibits T-cell activation that is also observed with PD-1 and PD-L1 interaction. Discoveries of these immune checkpoints led to the idea of preventing such interactions. Finally, the use of anti-CTLA-4, -PD-1 and PD-L1 allows T-cell activation.

4.1.2. CTLA-4

As previously described, co-stimulatory signals through CD28 receptor stimulation are necessary for T-cell expansion, survival and differentiation. Together with the engagement of pMHC/TCR and co-receptors, it provides a full differentiation and activation signals to convert a naive T-cell to an activated T-cell.

CD28 and CTLA-4 belong to the immunoglobulin superfamily members and share structural and biochemical resemblances with immunoglobulins 345 . Nonetheless, CTLA-4 counteracts the CD28-induced co-stimulatory effects by competitive interaction with CD28 for CD80/86 binding. Besides, CTLA-4 encountered a higher affinity and avidity to B7 ligands as compared with CD28 346,347 . CTLA-4 superior affinity is balanced by its basal low expression at the cell surface however increased upon antigen stimulation in contrast to CD28 for which high surface expression is observed at basal level 335 . Interestingly, it has been reported that CTLA-4 induces the capture and trans-internalization of its ligands CD80/86, thus preventing their binding to the co-stimulatory receptors CD28 348 . First experimental evidence of the role of CTLA-4 as negative immune checkpoint regulator of T-cell have been introduced by the generation of Ctla-4-knockout mice in which lymphoproliferative autoimmune disease have been observed and led to multiorgan injuries 349 . Of note, CTLA-4 is a target gene of Foxp3 transcriptional factor and constitutively express at the surface of immunosuppressive Tregs contribute to their suppressive properties 350,351 .

Ipilimumab was the first antibody-based ICB granted by the FDA for clinical treatment of melanoma in 2011. Indeed, a phase III clinical trial in metastatic melanoma showed an improved survival in the group treated with ipilimumab plus glycoprotein 100 (gp100) vaccine with a median OS of 10 months in contrast to 6.4 months in the group receiving gp100 vaccine alone 352 . A long-term follow-up study also showed an improved durability of ipilimumab therapy in combination with dacarbazine in comparison to dacarbazine treatment alone with a 5-year survival rate at 18% versus 8.8% respectively 353 . Although the efficiency of anti-CTLA-4 has been documented in advanced melanoma, such results was not observed in NSCLC 354 and prostate cancer 355 patients. Given the results, a small proportion of cancer patients is currently showing benefit from anti-CTLA-4 therapy which might be improved by the identification of predictive biomarkers in anti-CTLA4 therapy 356 .

PD-1/PD-L1 pathway

PD-1 is a type I transmembrane protein of the immunoglobulin superfamily and shares 20% and 18% amino acid similarities to CTLA-4 and CD28 respectively 357 . PD-1 expression is usually observed on T-cell following antigen stimulation but its expression has also been reported on B cells and NK cells which can, in part, explain a larger application of PD-1 and PD-1 blockade as it may promote a substantial anti-tumor effect in comparison to anti-CTLA-4 358,359 . PD-1 is originally known to bind to B7 homologues ligands such as PD-L1

(also known as B7-H1) and PD-L2 (also known as B7-DC) which are express on APCs 360,361 .

Moreover, as observed with CTLA-4, PD-1 is highly express on Tregs and participates to their differentiation and immune suppressive activity 362 . Interestingly, PD-L1 has also been reported to bind to CD80 resulting in T-cell activity inhibition 363 .

Mechanistically, PD-1 induces the recruitment of two phosphatases SHP1 and SHP2

and trigger PI3K and ZAP70 leading to a negative regulation of T-cell activity [364][365][366] . Interestingly, the overexpression of PD-L1 on tumor cells has been correlated with poor prognosis in various cancer types including colorectal cancer, melanoma and BC 367 . In addition, chronic antigen exposure can lead to T-cell dysfunction a process known as T-cell exhaustion and characterized by the expression of inhibitory immune checkpoints such as CTLA-4, PD-1 and LAG-3 266,368 .

Following the use of ipilimumab in cancer therapy, anti-PD-1 antibodies (pembrolizumab and nivolumab) have also been approved by the FDA for melanoma treatment. A phase III clinical trial including 418 previously untreated melanoma patients showed impressive and encouraging results with an OS at 1 year of 73% and a median PFS of 5 months in the nivolumab-treated group relative to 42% and 2 months of median PFS in the dacarbazine-treated group respectively 369 . Likewise, a comparative study evaluating the benefit of adjuvant treatment of nivolumab versus ipilimumab with a minimum of 4 years follow-up revealed an improved long-term benefit for nivolumab in comparison to ipilimumab 340 .

Strikingly, the use of pembrolizumab or nivolumab have been extended to other cancer types such as RCC 370 , HNSCC 371,372 , hepatocellular carcinoma 373 and colorectal cancer 374 .

Very recently, pembrolizumab received the FDA approval for early stage TNBC patients in combination with chemotherapy 375 .

Novel immune checkpoint molecules in clinical trial

Despite the success of anti-CTLA-4 and anti-PD-1 antibody-based immunotherapy, their applications are still limited to a small proportion of cancer patients. In order to improve and extend the benefit of ICBs, pre-clinical and clinical studies have been conducted towards the development of other T-cell immune checkpoints such as LAG-3, TIM-3 and TIGIT 268,376,377 .

LAG-3 is express on a large panel of immune cells including activated T cells, Tregs, NK cells, B cells and plasmacytoid DCs 376 . Despite similarities between LAG-3 and CD4 extracellular fraction, binding affinity to MHC class II molecules was 100-fold higher with LAG-3 as compared with CD4 378,379 . In addition, LAG-3 appears to play a role in inhibiting effector T-cell activity and promotes IL-10 secretion in Tregs thus promoting suppressive activity 377,380 . Interestingly, up to 10 different LAG-3 blocking molecules are in current development including bi-specific antibody against LAG-3 and PD-1 376 .

TIM-3 is another immune checkpoint commonly found expressed on T cells, Tregs, B cells, NK cells and specifically on tumor infiltrating DCs, and binds with its ligands galectin-9 and the alarmin high-mobility group protein B1 (HMGB1). Interestingly, following induction of TIM-3 expression on immune cells, the release of HMGB1 from dying tumor cells might promote the activation of TIM-3 signaling instead of an exclusive binding of HMGB1

to PRRs which might potentiates an immunogenic cell death 381,382 . Of note, bispecific antibody against TIM-3 and PD-1 and anti-TIM-3 antibodies are currently investigated in advanced solid tumors and lymphomas 376 .

Similarly, to other immune checkpoint molecules, TIGIT expression is observed on T cells and NK cells. Activation of TIGIT signaling pathway has been reported to induce secretion of IL-10 which inhibits T-cell function and NK cells cytotoxicity 383,384 . Interestingly, antibodies targeting TIGIT are currently evaluated for toxicity, safety and benefit in early phase I and II clinical trials 385 .

Predictive biomarkers for antibody-based immunotherapy

According to the National Cancer Institute, biomarker is commonly ological molecule found in blood, other body fluids, or tissues that is a sign of a normal or abnormal process, or of a condition or disease. A biomarker may be used to see how well the body responds to a treatment for a disease or conditio In the context of immunotherapy, the aim is to improve response rate towards ICB. Identification of predictive biomarkers had become essential to guide selection by discriminate between potential responders and non-responders and reduce undesirable toxicities. Interestingly, there are two types of biomarkers: prognostic and predictive. Prognostic biomarker communicates on patient outcomes independently of the treatment received while predictive biomarker provides information on the effect of treatment 386,387 .

Tumor mutational burden (TMB) which refers to the total number of somatic gene mutation observed per megabase, has emerged as a potential clinical biomarker to forecast ICBs efficacy in cancer therapy. Interestingly, high TMB translate a higher production of neoantigens which might induce better immune response against tumor cells. Retrospectives studies demonstrated that NSCLC and melanoma patients benefit from ICB therapy and in which high TMB have been observed 388 . Nevertheless, a phase III clinical trial in RCC in which intermediate level of TMB has been observed that would predict low ICB response, revealed that contrary to the predictive model pembrolizumab treatment showed a longer OS relative to everolimus treatment 370,389 . Furthermore, intrinsic differences within the same cancer types may appear over time and modulate the immune landscape by the acquisition of intratumor heterogeneity (ITH) 390 .

Currently in clinical practice, the evaluation of PD-L1 expression using immunochemistry is the most common predictive biomarkers used in ICBs. Interestingly, the predictive value of PD-L1 positivity has been validated by the FDA as predictive biomarker of anti-PD-1/PD-L1 therapies alone or in combination. NSCLC patients with at least 50% of PD-L1 staining on tumors cells were assigned to the pembrolizumab-treated group rather than chem-otherapy for the group with less than 50% PD-L1 + tumor cells. Thus, based on PD-L1 expression, the pembrolizumab treated group showed a higher response rate and longer PFS relative to the group receiving chemotherapy alone 337 . In TNBC phase III clinical trial, patients with PD-L1 + tumors exhibited better median OS of 25 months in atezolizumab plus nabpaclitaxel group in comparison to 15.5 months in the placebo plus nab paclitaxel group 391

However, in other cancer types such as HCC and urothelial cancer, the use of PD-L1 as predictive biomarker for ICBs was not effective 392 . Such discrepancies may be explained by a low T-cell infiltration into the tumor bed hence limiting the anti-tumor immune response.

Interestingly, not only one but rather a panel of predictive biomarkers should be considered for ICB treatment 393 .

Different levels of PD-L1 regulation

Upregulation of PD-L1 is often observed on tumor cells and mostly due to genetic alteration and changes in the TME towards an immunosuppressive environment. A comprehensive view on how PD-L1 is regulated has become urgent to improve and extend the benefit of ICBs as well as the use of PD-L1 as a predictive biomarker. Many efforts have been done by the research field to unravel PD-L1 regulation which appears to uncover several layers of regulation including transcriptional and post-translational levels 394 .

At transcriptional level

The MYC oncogene is commonly found aberrantly expressed and correlated with tumorigenesis in various cancer types (70% of human cancers) comprising TNBC and prostate cancer [395][396][397] . Consistent with these data, Casey and colleagues have demonstrated that MYC positively regulates the expression of PD-L1 and CD47 through a direct binding to their gene promoters 398 . Of note, CD47 is a macrophage-related immune checkpoint that is expressed on tumor cells and prevent macrophages-mediated phagocytosis 399 .

IFN is the most prominent inflammatory cytokine known to induce PD-L1 expression in various cancer types and mainly produced by activated T cells. Binding of IFN to its receptors triggers the activation of the oncogenic signaling pathway JAK/STAT which induce the expression of numerous TFs 400 . In addition, the interferon-responsive factors 1 as well as STAT3 have been reported to be essential for the IFN -mediated PD-L1 expression as they directly bind to CD274 promoter and induce its expression 401,402 . Interestingly, analysis of -PD-1 therapy might be associated with JAK1/2 loss of function leading to a lack of PD-L1 surface expression 403 .

As previously reported, hypoxia is a key feature of tumorigenesis. It has been demonstrated that HIF1 transcriptionally regulates PD-L1 expression in plethora of tumor cells including melanoma, NSCLC, prostate cancer, breast cancer as well as in MDSCs [404][405][406] . Likewise, Messai and colleagues reported that HIF2 positively regulates PD-L1 in 786-O RCC cells for which von Hippel-Lindau is altered resulting in HIF2 constitutive activation that is observed in 70-90% of sporadic RCC 407 .

In addition to hypoxia, EMT can also regulate PD-L1 expression. Indeed, in NSCLC and glycosylation in the endoplasmic reticulum 411,412 . For CSCs, the N-glycosylation of PD-L1 appears to depend on STT3 N-glycosyltransferase induced during EMT through the catenin and mouse sequences showed higher similarities for CKLF4 with 97,6% and the lowest similarity percentage was observed for CKLF2 with 46-48%. Moreover, chromosomal mapping showed that CKLF1-4 clustered on chromosome 16 while CKLF5 and CKLF6-8 form gene cluster on chromosome 14 and chromosome 3 respectively 419 .

According to their structural features containing a conserved myelin and lymphocyte protein and related proteins for vesicle trafficking and membrane link (MARVEL) domain, these proteins were renamed CKLF-like MARVEL transmembrane domain containing 1-8 (CMTM1-8) 420,421 . Interestingly, phylogenic analysis demonstrated that CMTM4 and CMTM6 are the most differentiated and closest related members in the CMTM family (Figure 13).

Overview on the CMTM family member function

Due to the recent identification of the CMTM family, little is known on their role during cancer progression. However, some publications point out their potential role in cell cycle, EGFR-induced signaling pathways and apoptosis 422 .

CMTM3 was reported to induce a G2 cell cycle arrest and apoptosis in NCCIT cells. In addition, CMTM3 expression is significantly lower in testis cancer as compared with normal tissue 423 . Likewise, overexpression of CMTM4 prevents Hela cell growth in which accumulation in G2/M phase was observed but with no relevant impact on apoptosis 424 . Similar results

were observed when restoring CMTM4 expression in 786-O RCC cells 425 . In addition, CMTM5 expression was found diminished in human RCC tissue relative to normal tissue. Moreover, CMTM5 has also been reported to induce cell arrest in GO/G1, rather than G2/M as it was observed for CMTM4. Importantly, increasing CMTM5 expression significantly reduced cell migration and invasion in ACHN cells and PCa cells 426,427 .

Likewise, CMTM7 is downregulated in different cancer types including lung, pancreatic and liver cancers in contrast to normal tissues. CMTM7 was shown to promote G1/S cell cycle arrest, EGFR internalization as well as PI3K/AKT signaling pathway inhibition 428 . Molecularly, CMTM7-dependent EGFR internalization is occurring through the activation of Rab5 thus promoting early endosome formation and EGFR degradation. Interestingly, CMTM7

knockdown significantly upregulated lung metastasis in mice bearing A549 tumors 429 .

In addition, CMTM3-expressing CNE2 cells exhibit a decreased tumor cell growth with an increase of apoptosis through caspase 3 cleavage and activation 430 . Further investigations revealed that CMTM3 also enhanced the cleavage of caspase 8 and 9 together with the expression of a series of pro-apoptotic genes comprising BAX and TP53 423 . Similar results

were observed for CMTM5 in pancreatic cancer, cervical cancer and RCC 426,431,432 . In addition to the caspase-dependent apoptosis, CMTM8 also demonstrates capacity to induce caspaseindependent apoptosis through mitochondria-mediated pathway with AIF translocation from the intermembrane space to the cytosol and nucleus 433 . Additionally, CMTM3 and Interestingly, the authors first explored CMTM6 as a transcriptional regulator of PD-L1 however upon CMTM6 deficiency no difference of PD-L1 mRNA expression was observed.

Next, they investigated how CMTM6 interacts with PD-L1 and found that they both co-immunoprecipitated but only in the condition that conserve the membrane integrity.

Moreover, CMTM6 did not interfere on the trafficking from ER to Golgi of PD-L1 maturation but rather participate to PD-L1 stabilization on the cell surface. In absence of CMTM6, the percentage of surface PD-L1 labeled at T=0h is rapidly decreasing overtime as compared with the control condition. In addition, immunofluorescence staining showed that CMTM6 co-localized with markers of endocytic recycling compartment such as TFRC and RAB11.

Furthermore, CMTM6 was shown to colocalize with PD-L1 at cancer cell surface, at the early and endocytic endosomes then promoting PD-L1 recycling to the cell surface whereas in the absence of CMTM6, PD-L1 is still internalized but rapidly degraded through the lysosome (Figure 14) 434 .

In parallel, Mezzadra and colleagues also highlighted CMTM6 as a key modulator of PD-L1 surface expression but also the involvement of STUB1, an E3 ubiquitin ligase in PD-L1 degradation. Strikingly, upon STUB1 deletion in CMTM6 KO A375 cells, PD-L1 surface expression was significantly upregulated with a similar percentage observed in CMTM6 WT In wild-type cells, CMTM6 and PD-L1 colocalized at the cell surface, early endosome and endocytic vesicle where CMTM6 promotes PD-L1 recycling back to the cell surface. In CMTM6 deficient cells, PD-L1 is internalized but rerouted to the lysosome resulting in its degradation. Adapted from Burr et. al, 2017. A375 cells. Furthermore, in CMTM6 deficient cells, the authors observed that only CMTM4, in contrast to other members of the CMTM family, was identified as a positive regulator of PD-L1. Therefore, CMTM4 was defined as a back-up and second regulator of PD-L1 in absence of CMTM6 435 .

Altogether, CMTM6 has emerged as one of the most important regulators of PD-L1 surface expression in cancer cells. However, little is known on how the CMTM family members are regulated except that their expression varies between tumors and normal tissues.

Therefore, plethora of questions remain to be answered such as by which mechanisms the CMTM family members are regulated, do they modulate other immune-related proteins and to what extend targeting the CMTM family would impact tumor progression in vivo.

CMTM6 has recently emerged as a key modulator of PD-L1 surface expression however little is known on its regulatory mechanisms as well as the clinical value of its expression in cancer. My project thesis is focus on exploring and extending our knowledge on the CMTM family members by investigating their potential role in EMT-dependent PD-L1 overexpressed BC cells, assessing their clinical value and evaluating the impact of different stimuli on their expression.

Therefore, the objectives of the thesis are:

First objective:

-Evaluate the degree of CMTM6 expression in BC cells undergoing EMT and its The results of the second objective are described in the supplementary results.
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SNAI1, but not ZEB1, binds to E-boxes on CMTM7 proximal promoter.

As previously demonstrated in article 1, MCF-7 Mes cells expressed higher level of mRNA CMTM7 as compared with to MCF-7 Epi cells. In addition, we have observed that following SNAI1 overexpression, other EMT-TFs are expressed such as ZEB1. Based on these data, we searched for ZEB1 and SNAI1 binding motifs named E--CAGGTG--CACCTG--CAGGTA-using the HOCOMOCO database. We identified four and seven E-boxes within a fragment from -5000bp downstream of the transcription starting site (TSS) in CMTM6 and CMTM7 promoters respectively using the Eukaryotic Promoter Database (Swiss Institute of Bioinformatics) and fuzznuc (EMBOSS explorer) software (Figure 15A).

However, due to low complexity in region close to some E-boxes in CMTM6 promoter, we

were not able to design and validated primers for E-boxes number 3 and 4. For chromatin immunoprecipitation (ChIP) expexriments we used as positive control, the H3 histone antibody as it is known to be highly expressed in most DNA sequences, and IgG antibody as negative control for which we normalized the results.

For histone H3 binding to promoter region of CMTM6 and CMTM7, we observed an important increase of the histone H3 antibody signal in all the E-boxes region in both genes (Figure 15B). Of note, in the article 1 we did not observed difference of CMTM6 mRNA expression, but rather at protein level, between MCF-7 Epi and MCF-7 Mes cells. Surprisingly, here we have detected a slight increase of SNAI1 binding to E-boxes-1 and-2 in the promoter region of CMTM6. Furthermore, our preliminary results suggest that SNAI1, but not ZEB1, binds to E-boxes-1, -2-3, -5, -7 in CMTM7 promoter region (Figure 15C).

Overall, these preliminary results showed a high tendency of SNAI1 binding to Eboxes located in CMTM7 promoter region therefore providing further molecular mechanisms on CMTM7 gene regulation which should be confirmed with an additional experiment and validated by luciferase assay. Overall, these preliminary results revealed that (i) The MCF-7 Mes -induced T-cell caspase 3/7 activity was not fully dependent on PD-1/PD-L1 axis but rather on other modifications induced upon EMT induction, (ii) Targeting either CMTM6, CMTM7 or PD-1/PD-L1 axis in MCF-7 Mes restored 50% of the MCF-7 Mes -induced T-cell caspase 3/7 activity. However, these results should be implemented with additional experiments to validate the potential impact of targeting CMTM6 and CMTM7, which appears to be comparable to PD-1 or PD-L1 blockade. In the TME, EMT can be induced by various stimuli as described in the introduction, here we decided to focus on TGF /TNF cytokines and hypoxia, which are both well-known inducers of EMT.

To this regard, MCF-7 cells were stimulated for 3 days with TGF /TNF cytokines. The EMT status of stimulated MCF-7 cells was validated by RT-qPCR with the increase of SNAI1, ZEB1 and VIMENTIN, and decrease of CDH1 expression as compared with control MCF-7 cells (Figure 17A). Next, we assessed immunofluorescence (IF) staining for E-cadherin, PD-L1, CMTM4 and CMTM6, and performed quantification of the IF signals using ImageJ on 3 independent experiments. Following TGF /TNF treatment, MCF-7 cells showed a significant decreased of E-cadherin expression together with 4-fold increase of PD-L1, CMTM4 and CMTM6 expression relative to control cells (Figure 17B).

In several cancer types including BC, melanoma, NSCLC and prostate cancer, we evaluated whether CMTM6 expression is modulated following 24h, 48h and 72h incubation at 0,1% pO2 in comparison to 21% pO2. We assessed the mRNA expression of SLC2A1 (GLUT1) as HIF1 downstream target gene. Remarkably, we observed a significant upregulation of GLUT1 and CMTM6 mRNA levels upon hypoxia stress in 4T1 mouse BC cell line, B16-F10 mouse melanoma cell line, A549 NSCLC cell line, DU145 human prostate cancer cell line and IPC298 human melanoma cell line (figure 17C).

Even though, CMTM6 expression was shown not to be influenced by IFN stimulation 436 , according to our data CMTM6 can still be found upregulated in the TME upon TGF /TNF and hypoxia stimulation and influence PD-L1 expression in solid tumors. Furthermore, the upregulation of CMTM6 mRNA expression in MDA-MB-231 cells but absent in MCF-7 Mes cells might be explained by a more prominent mesenchymal phenotype in MDA-MB-231 than MCF-7 Mes cells. Thus, upregulated CMTM6 mRNA level would be more likely to be observed in a more mesenchymal-like BC cell. This discrepancy can also be explained by our experimental conditions for which we decided to perform 5 days of doxycycline (DOX) treatment which might not be enough to induce a complete EMT. Nevertheless, we had extended the treatment for up to 10 days of DOX and observed no difference on the EMT status in comparison to 5 days of treatment (data not shown). Therefore, it would be interesting to study the level of CMTM6 mRNA expression following the stimulation of different EMT-TFs.

In agreement with our results, Chen and colleagues have reported that upon TGF - Interestingly, as presented in article 1 we used a SNAI1-dependent EMT inducible system in which we observed that others EMT-TFs such as ZEB1 is also overexpressed in MCF-7 Mes as compared with MCF-7 Epi cells. Hence, we did not exclude that in addition to SNAI1, ZEB1 can bind to E-boxes in the proximal promoter of CMTM6 and CMTM7. Therefore, we performed ChIP using SNAI1 and ZEB1 antibodies in MCF-7 Mes cells (supplementary results). Strikingly, the results highlight that SNAI1, but not ZEB1, appears to bind to E-box-1, -2-3, -5 and -7 in the proximal promoter of CMTM7. These results need to be further validated, however showing potential new leads towards our understanding on CMTM7 regulation.

Overall, our results showed that CMTM6 and CMTM7 are overexpressed upon EMT activation. Mechanistically, in MCF-7 Mes cells the increase of CMTM6 protein expression is observed independently of SNAI1 transcriptional activity. Using ChIP, we showed that SNAI1 binds CMTM7 proximal promoter in SNAI1-inducible MCF-7 cell system. Aside from CMTM6 and CMTM7 regulation during EMT, recent studies reported that CMTM6 can inversely promote EMT and stemness properties which further support the interest in developing CMTM6-targeted drugs.

CMTM6 and CMTM7 participate to EMT-dependent PD-L1 surface expression in BC cells resulting in enhancing T-cell caspase 3/7 activity.

Previous publications have underlined PD-L1 upregulation in EMT-activated BC and NSCLC cells by mechanism involving ZEB1 and miR-200 305,306 . Here, our results provided additional clue on PD-L1 surface expression during EMT. We showed that silencing of CMTM6 or/and CMTM7 in BC cells downregulated the EMT-induced PD-L1 expression. As CMTM6 was previously demonstrated to promote PD-L1 surface expression, it is tempting to predict a similar role for CMTM7. In keeping with this, CMTM7 was reported to colocalized with early endosome protein such as Rab5 but in contrast to CMTM6 that enhances PD-L1 recycling and surface expression, CMTM7 is currently known to inhibit EGFR recycling and decreased its surface expression 429 . Additionally, CMTM7 was identified to play a pivotal role in BCR signaling acting as a transmembrane linker between BLNK and the IgM BCR 443 .

Next, we have investigated whether targeting CMTM6 or/and CMTM7 in EMT-acti- Hypoxia modulates CMTM4 and CMTM6 expression.

In addition to our initial hypothesis of EMT regulating CMTM6 expression, we also investigated whether hypoxia modulates CMTM6 expression as both EMT and hypoxia were previously shown to induce PD-L1 expression. Hypoxia is characterized by inadequate supply of oxygen and is a common feature of the TME in solid tumors 444,445 . Interestingly, hypoxia was showed to transcriptionally regulate PD-L1 in MDSC cells and numerous cancer cell lines 406 , which led us to questioned, as observed with EMT, whether hypoxia regulates CMTM6 expression.

Based on previous reports showing CMTM6 as a mainstay of PD-L1 surface expression we decided to focus our investigation on CMTM6. However, the study should be extended to the other members of the CMTM family, specifically CMTM7 for which we have showed involvement in EMT-dependent PD-L1 expression. In the supplementary results, we observed that CMTM6 mRNA level were significantly increased under hypoxia stress at 24h, 48h and 72h as compared with normoxia condition in several cancer cell lines including melanoma, BC, colon carcinoma and NSCLC. Our data highlight hypoxia as a new regulator of CMTM6 expression. In this regard, in silico data analysis identified several HRE in the proximal promoter of CMTM6 (data not shown). Interestingly, CMTM6 mRNA upregulation should be confirmed at protein level before further investigations on its potential role in regulating the hypoxia-induced PD-L1 expression.

Throughout our results, we showed that hypoxia and TGF /TNF treatment, both common features observed in the TME, promotes CMTM6 expression. Furthermore, as described in the introduction, PD-L1 protein expression is also regulated by proteins involved in PD-L1 glycosylation and ubiquitylation making interesting to evaluate to what extend EMT and hypoxia modulate post-translational regulation of PD-L1.

Clinical value of CMTM family expression in cancer

According to a pan-cancer expression of the CMTM family using TCGA database, CMTM3, CMTM5, CMTM7 and CMTM8 were mostly found downregulated in tumor as compared to normal tissues. In addition, the expression of some members of the CMTM family is correlated with poor prognosis and resistance to cancer therapies, which is the case for CMTM1, CMTM4 and CMTM6 422 .

In NSCLC, Si et al. determined that high level of CMTM1_v17 expression after neoadjuvant chemotherapy (NAC) positively correlated with chemoresistance and poor clinical outcome. However, no association between CMTM1_v17 expression before NAC and patient survival was observed. Interestingly following NAC, gradual proliferation of chemotherapeutic resistant cells, in which high level of CMTM1_v17 is expressed, may be observed and led to variation in tumor cell population before and after NAC 446 .

In esophageal squamous cell carcinoma, patients with high CMTM3 expression displayed a significant better OS as compared with low CMTM3 expression group 447 . Similar results were observed in oral squamous cell carcinoma and gastric cancer for which high CMTM3 expression group exhibits a 5-year survival rate of 48,8% relative to 34,6% in the low CMTM3 expression group 448,449 . Furthermore, in male laryngeal squamous cell carcinoma patients, hypermethylation of CMTM3 promoter is more likely to predict poor OS (p<0,066) relative to CMTM3 promoter hypomethylation group 450 .

Interestingly, low CMTM4 expression is correlated with tumor size, clinical stage, metastasis, and tumor, node and metastasis (TNM) staging in HCC. Of note, TNM staging comprises various parameters such as tumor size, near spread to lymph nodes and distant metastases. In addition, in HCC patients the postoperative survival time was significantly higher in positive CMTM4 expression group in comparison to low CMTM4 expression group 451 .

Furthermore, high expression of CMTM4 exhibits a significant increase of OS as compared with low expression of CMTM4 in 394 colorectal cancer patient samples 452 . In concordance with these data, high level of CMTM5 expression positively correlated with better OS in HCC 453 .

An initial study on CMTM6 clinical value was performed in glioma in 2018 and revealed that CMTM6 positively correlated with IDH mutation with higher expression of CMTM6 in grade IV gliomas as compared with lower glioma grades. Moreover, CMTM6 expression was also found to be associated with genomic alterations and lower survival benefit in gliomas. Interestingly in gliomas, CMTM6 expression synergized not only with PD-L1, but also with TIM-3 and B7-H3 expression 454 . Similar results were observed in HNCC 437 and HCC 438 . In addition, PD-L1 expression was strictly found in CMTM6 positive lung cancer samples and higher CMTM6 expression was associated with NSCLC rather than SCLC 455 .

Based on 406 TNBC samples, Mamessier and colleagues have demonstrated that patients with high CMTM6 mRNA expression exhibits better prognosis with 67% metastasis-free survival against 52% for low CMTM6 expression group 456 . Surprisingly, from TCGA public database, we have demonstrated that in TNBC CMTM3, CMTM6 and CMTM7 positively correlated with Vimentin mRNA expression. However, these data should be implemented with additional studies including immunohistochemistry staining or single cell sequencing on TNBC patient samples preferentially in contrast to the bulk RNA sequencing.

In addition, various publications assessed the prognostic value of CMTM6 as clinical predictor response to therapies. Indeed, in oral squamous cell carcinoma, the cisplatin nonresponder group showed higher CMTM6 expression at both mRNA and protein expression in comparison to the cisplatin responder group. Interestingly, targeting CMTM6 in vitro was sufficient to restore the cisplatin-induced cell death 440 . Likewise, in NSCLC, CMTM6 expression, but not PD-L1, was associated with response to anti-PD-1 therapy 457 .

Emerging data have evaluated the clinical relevance of CMTM family in several cancer types and specifically on CMTM6. To date, investigation on CMTM6 as prognostic biomarker revealed that positive CMTM6 expression mostly correlated with tumor grade and poor clinical outcome. Recent data have also suggested CMTM6 as a promising predictor for therapeutic decision-making. However, extensive research on CMTM6 regulation in the TME and on its potential impact on other immune checkpoints should be explored before considering clinical applications for CMTM6.

Targeting CMTM6 reduces metastasis formation in vivo

Despite the success of ICB therapies in cancer, such as anti-PD-1, it is still limited to a small number of patients thus reinforcing the need of developing alternative strategies to The objective of my thesis was to explore the role of EMT in the regulation of CMTM6 and its impact on EMT-dependent PD-L1 surface expression. In the course of my thesis, we have extended the study to the CMTM family members. Indeed, we and others have demonstrated that CMTM6 is regulated by EMT and more specifically, we provided additional data on CMTM7 as a potential regulator of PD-L1 surface expression. Moreover, in SNAI1-induced EMT BC cells, CMTM6 appears to be regulated only at protein level in comparison to CMTM7.

Based on preliminary ChIP results SNAI1, and not ZEB1, was shown to bind to the proximal promoter of CMTM7 gene. Likewise, hypoxia also seems to play a role in regulating CMTM6 mRNA expression. In addition, positive expression of CMTM6 was associated with resistance to cancer therapies and its depletion restore the drug resistance-induced cell death.

Based on our data, many questions remain which will be the subject of further investigations such as (i) Evaluating the impact of targeting CMTM6 and CMTM7 on metastasis 
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  ments sont limités est la présence de métastases, le plus souvent détecté dans le poumon ou le cerveau. D -mésenchymateuse (TEM) dans le processus de métastases. De plus, de précédentes publications ont mises en avant la résistance de cellules cancéreuses effectuant la TEM à la mort cellulaire dépendante des lymphocytes T CD8. Cette résistance des cellules tumorales acquise lors de la TEM serait en partie due eurs surfaces de protéines inhibitrices nommées « programmed cell death ligand 1 » (PD-L1). En effet de PD-L1 avec son récepteur PD-1 présent sur les cellules immunitaires, active des voies de signalisations inhibant cellules du système immunitaire. Depuis quelques années, de nouvelles découvertes scientifiques ont bouleversé le traitement contre le cancer. Ces nouveaux traitements thérapeutiques appelés immunothérapies sont basés sur la capacité des cellules immunitaires à reconnaître et éliminer les cellules étrangères et défectueuses, telles que les cellules cancéreuses. En effet, il a été démontré que dans la majorité des cancers, les mécanismes de reconnaissance ou de destruction du système immunitaire face aux cellules cancéreuses sont défectueux. En condition physiologique et dans le but de limiter une stimulation importante et prolongée du système immunitaire, les cellules immunitaires vont exprimer des protéines permettant de limiter leur activation, appelées les points de contrôles immunitaires. L croissante de PD-1 sur les cellules T au cours de la réaction immunitaire et sa liaison avec son ligand PD-L1 présent sur les cellules cibles vont déclencher un signal inhibiteur aux lymphocytes T et ainsi limiter leurs activations et leurs croissances cellulaires. Dans de nombreux cancers comme le cancer du sein, les cellules tumorales ont détourné ce mécanisme physiologique à leur avantage en exprimant PD-L1 à leurs surfaces cellules T. Suite à la découverte scientifique des points de contrôles immunitaires ainsi que leurs applications cliniques, visant à inhiber leurs activations par le biais d anticorps bloquants, Tasuku Honjo et James P. Allison ont conjointement reçu en 2018 le prix Nobel de médecine et de physiologie. Depuis, les anticorps anti-PD-1 et anti-PD-L1 ont connu un succès notamment dans le traitement du mélanome, et plus récemment dans le cancer du sein triple négatif. Cependant s traitements ne concerne nstant un nombre limité de patients. Afin application de ces traitements, il est devenu important de comprendre les mécanismes sous-jacents de la régulation de ces points de contrôles immunitaires. De nombreuses études se sont ainsi intéressées à comprendre les différents niveaux de régulation de PD-L1 dans les cellules cancéreuses notamment au niveau transcriptionnel et post-traductionnel. En 2017, deux publications dans le journal Nature ont mises en avant une nouvelle régulation de PD-L1 au niveau post-traductionnel par les protéines de la famille de fonctions identifiées mais apparaissent dans ces études comme étant cruciales pour la stabilisation de PD-L1 à la surface des cellules tumorales. Notamment, CMTM6 qui favorise le recyclage et limite la dégradation de PD-L1 par le lysosome. Il est à souligner que CMTM4 apparaît également comme un second régulateur de PD-L1 uniquement dans des cellules ma thèse se concentre sur gulation de PD-L1 via les protéines de la famille CMTM et du ciblage de ces protéines sur l activité anti-tumorale dans le cancer du sein. un large panel de lignées cellulaires du cancer du sein en fonction de « EMT score », paramètre qui permet de classifier les cellules selon leur statut épithélial (EMT score<0) ou mésenchymateux (EMT score>0). Ces résultats in silico au messager (ARNm) et protéiques observée dans les cellules mésenchymateuses comparé aux cellules épithéliales. De plus, les cellules mésenchymateuses MDA-MB-231 expriment fortement PD-L1 à leurs surfaces réduit significativement ion de PD-L1. Dans un second temps, et afin de sur de CMTM6, nous avons choisi de surexprimer génétiquement un facteur de transcription SNAI1, majoritairement impliqué dans l TEM dans le cancer du sein. Après avoir confirmée la surexpression de SNAI1, via un système inductible par la doxycycline dans les cellules épithéliales MCF-7, n -L1 et de CMTM6. Ainsi, s via -L1 à la surface des cellules tumorales. Cette augmentation semble être partiellement régulée par CMTM6 puisque le ciblage de CMTM6 dans les cellules effectuant la TEM a de PD-L1. Par la suite mille CMTM dans la régulation de PD-L1 lors du processus EMT. Ainsi, il apparaît pression de CMTM3 et CMTM7 est augmentée lors du processus TEM dans les cellules du cancer du sein. Cependant, seul induit une diminution de de PD-L1, à des pourcentages similaires observés CMTM6. Enfin, la -L1 à la surface des cellules cancéreuses effectuant la TEM. Par conséquent cette étude a permis de mettre en évidence deux nouveaux régulateurs potentiels de PD-L1 induit lors de la TEM dans le cancer du sein, CMTM6 et CMTM7. ment lors de la TEM. En effet, des travaux préliminaires suggèrent SNAI1 dans la régulation transcriptionnelle de CMTM7. Par ailleurs bition de CMTM6 et/ou CMTM7 dans les cellules tumorales améliore la survie des cellules T in vitro, de manière équivalente à celle observée via anticorps anti-PD-1 ou anti-PD-L1. s le microenvironnement tumoral également induire la surexpression de CMTM6. Pour conclure, mes travaux de thèse ont permis de mettre en évidence le rôle des protéines de la famille CMTM dans la régulation de PD-L1 induit lors du processus TEM. En effet, peu de données sont disponibles sur le processus de régulation de PD-L1, et des protéines des points de contrôles immunitaires de manière générale, dans les cellules tumorales effectuant la TEM. Ainsi lors de la TEM, l -L1 serait en partie due aux protéines CMTM6 et CMTM7. Ces protéines semblent être régulées lors de la TEM non seulement via SNAI1 mais également par le biais de cytokines comme TGF et TNF . De surcroît, dans le microenvironnement tumoral semblent également augmenter l expression de ces protéines. Ainsi, ces travaux ouvrent de nouvelles perspectives sur la compréhension de la régulation des protéines de la famille CMTM et de leurs implications dans la réponse immunitaire anti-tumorale. En effet, dans le but d basée sur anti-PD-1 et anti-PDfication de nouveaux biomarqueurs et de nouvelles cibles thérapeutiques se révèlent être primordiale amélioration la réponse immunitaire anti-tumorale. Epidemiology and genetic predisposition According to the world health organization, breast cancer (BC) is the most frequent malignancy and the first cause of death in women in 2020. Together with lung, colorectal, liver and stomach cancers, BC is the most common cause of death worldwide. Recent release from the international agency for research on cancer reported female BC as the most commonly diagnosed cancer worldwide overpassing lung and colorectal cancers. Moreover, BC mortality is the first causes of death in women (15.5%) in contrast to men for whom lung cancer represents the major death cause with a percentage of 21.5 (Figure 1).

Figure 1 :

 1 Figure 1: Estimated number of deaths, incidence and prevalence among the most represented cancer worldwide in both sexes according to the world health organization. Distribution of cancer-related deaths in (A) Female and (B) Male and estimated number of (C) incidence (new cases) and (D) prevalence (total of cases) worldwide. Adapted from Global Cancer Observatory website.

Figure 2 :

 2 Figure 2: The four major breast cancer subtypes: Luminal A, Luminal B, HER2-enriched and triple negative in women.

Figure 3 :

 3 Figure 3: The three types of EMT depending on the context. (A)Type 1 EMT is occurring during embryogenesis and notably during gastrulation giving rise to the three germ layers: endoderm, mesoderm and ectoderm. (B) Type 2 EMT is taking place during wound healing and fibrosis. (C) Type 3 EMT is associated with cancer metastasis. Adapted from Kalluri et al., 2009.

  expression of epithelial markers is repressed for the benefit of mesenchymal markers expression. These regulations are orchestrated by EMT-transcriptional factors (EMT-TFs) such as SNAI1, SNAI2, zinc finger E box binding (ZEB) family and TWIST1 (Figure4).The cadherin switch refers to the loss of E-cadherin and gain of N-cadherin expression during EMT. The cadherin switch has been associated with enhanced migratory, invasive traits and poor outcome in different cancer types comprising melanoma, prostate and breast cancers 88-90 . E-cadherin is a calcium-dependent cell-surface protein encoded by CDH1 gene 91 . Ecadherin is localized on the surface of epithelial cells and participates to a strong cell-cell contact and stable adherens junctions with a homophilic binding 92 . Indeed, the C-terminal domain of E-cadherin together with -catenin and -catenin bind to actin filaments leading to the formation of adherens junctions 93 . Additionally, in cancer it is well established that downregulation of E-cadherin is a hallmark of EMT and is correlated with poor prognosis as well as invasiveness and metastatic capabilities 94-96 . N-cadherin is encoded by CDH2 gene and, in contrast to E-cadherin, its expression is mostly present in non-epithelial cells such as neural, endothelial and stromal cells 90 . Notably N-cadherin has a similar structure as compared to E-cadherin, both belonging to type I classical cadherins. In BC, upregulation of N-cadherin has been reported to promote metastasis in liver, pancreas and lymph nodes 97 . Strikingly, several reports highlight that in cancer cells, N-cadherin fostered (i) collective cell migration by the increase of Cdc42 and Rac1, both involved in cytoskeletal remodeling 98,99 , (ii) FGF signaling by functionally interacting with the extracellular domain of N-cadherin and FGF receptors, thus acting as a surrogate ligand of FGF receptors and leading to the activation of ERK1/2 pathway and transcription of MMP-9 gene 100 . Vimentin is a type III intermediate filament expressed at the site of elongation and particularly in mesenchymal cells 101 . Impairment of vimentin have shown to decrease cell proliferation, migration and focal adhesion in MDA-MB-231 TNBC cells 102,103 . High vimentin expression has been correlated with increased tumor growth, invasiveness, and associated with poor prognosis in multiple cancer types including colorectal cancer, lung cancer and BC

  Molecular changes during EMT program involve a family of transcriptional factors such as SNAIL, ZEB and TWIST. These EMT-TFs have a central role in promoting the expression of mesenchymal-associated genes and repressing epithelial-associated genes in embryogenesis, fibrosis and cancer. Moreover, EMT-TFs can synergically cooperate to induce

Figure 5 :

 5 Figure 5: EMT scores in different cancer types. Scatter plot of EMT scores (mean -/+ SEM; y-axis) of various cancers in clinical samples (upper panel) and in cell lines (lower panel) sorted by cancer types and mean EMT score. EMT score nearer to +1.0 is more mesenchymal-like (Mes), whereas EMT score nearer to -1.0 is more epithelial-like (Epi). EMT scores of overlapping cell lines in Cancer Cell Line Encyclopedia and SANGER/COSMIC collections were averaged. al., 2014.

  SNAI1 activity can be modulated by post-translational modifications which regulates its subcellular localization and degradation. Zhou and colleagues reported that suppression of glycogen synthase kinase 3 (GSK3 ) stabilizes SNAI1. Further experiments revealed that GSK3 phosphorylates SNAI1 at two serine-rich motifs facilitating its nuclear export and ubiquitinmediated degradation 124 . Interestingly, various pathways such as Notch and nuclear factor B (NF B) promote SNAI1 activation by disrupting GSK3 SNAI1 interaction or by inhibiting SNAI1-dependent GSK3 phosphorylation as described during the activation of WNT and PI3K AKT signaling125,126 . Conversely, dephosphorylation of SNAI1 by the small C-terminal domain phosphatase 1 induces SNAI1 nuclear retention and stabilization 127 .The ZEB family contains two members: ZEB1 and ZEB2. They mainly interact with DNA through the binding of their two zinc-finger clusters to specific DNA sequences, Z-box -CAGGTA--TACCTG-), thus leading to the activation or repression of gene transcription as reported in table 2128,129 . ZEB-dependent repression of CDH1 encompasses the recruitment of the co-repressor C-terminal-binding protein (CTBP) or Switch/sucrose nonfermentable chromatin remodeling protein BRG1[129][130][131] . Additionally, the activity of CTBP can be modulated by pinin/DRS which alleviate the CTBP1-mediated CDH1 repression 132 . Conversely, the interaction of ZEB1 and co activators p300-P/CAF allows the switch to transcriptional activator133 . In addition to its well-known targets, ZEB1 represses the expression of various key genes involved in cell-cell interaction and apical-basal polarity including crumbs, PALS1-associated tight junction protein and lethal giant larvae134,135 .ZEB expression is induced through diverse common pathways shared with SNAIL and basic helix-loop-helix (bHLH) families such as TGF and WNT. Interestingly, several reports highlight the repressive role of miR-205 and miR-200 on ZEB expression and stem cell properties 129,136-138 . Consistently with their role in the EMT-MET axis, the expression of miR-200 and miR-205 were higher in BC cell lines displaying high E-cadherin and retaining epithelial features as compared with invasive mesenchymal BC cells that expressed low or undetectable levels of miR-200 family 136 . The bHLH transcription factors include E12 and E47, TWIST1, TWIST2 and inhibitor of differentiation (ID). ID proteins, also known as inhibitors of DNA-binding proteins, antagonized the global activity of the bHLH family members by repressing their DNA-binding functions 107,139 . During BC lung metastasis, ID1 and ID3 are required for tumor re-initiation throughout extravasation into the lung parenchyma in vivo 140 . In glioma, TGF stimulation helps to maintain the glioma-initiating cells (GICs) so-called glioma stem cells that have the ability to initiate tumors seeding. Isolation of a GIC population in patients-derived specimens showed high levels expression of CD44 and ID1 that are associated with poor prognosis in GBM patients 141 . SET8, a methyltransferase which specifically mediates H4K20 monomethylation, interacts with TWIST1 on the promoter of CDH1 and CDH2 and modulate their expression to induce EMT in BC cells 142 . Besides, in head and neck squamous cell carcinoma (HNSCC) cells, cooperation between TWIST1 and B lymphoma Mo MLV insertion region 1 homologue (BMI1) is essential for the repression of CDH1. Additionally, positive BMI1 and TWIST1 expression correlated with poor OS in HNSCC patients 143 .

Figure 6 :

 6 Figure 6: Signaling pathways that activate EMT.Numerous signaling pathways cooperate in order to induce EMT-TFs. The canonical WNT pathway is initiated through WNT ligands binding to the seven-transmembraned receptor Frizzled. Thus, formation of the GSK3 (glycogen synthase kinase-3 ) axis inhibition protein APC (adenomatous polyposis coli protein) complex is occurring which finally leads to the release of -catenin. -catenin translocates to the nucleus and bind to the transcription factors TCF (T cell factor) and LEF (lymphoid enhancer-binding factor) thus acting as transcriptional factors by inducing EMT-TFs expression. The NOTCH pathway is activated following the delta-like or jagged family binding to the NOTCH receptors. This interaction induces a cascade of proteolytic cleavage generating the release of the active intracellular domain of NOTCH receptor (NOTCH-ICD) and interacts with SMADs in the nucleus to induce mesenchymal features. The TGF signaling culminates to the activation of SMAD complexes and EMT program. In addition, SMAD proteins create a crosstalk between WNT, NOTCH and TGF pathways by cooperating with -catenin and NOTCH-ICD. Moreover, the TGF pathway interacts with the PI3K-AKT pathway., therefore leading to the activation of the mTOR complex, nuclear factor-B (NF-B), p38 MAPK and the RAS-RAF-MEK-ERK signaling pathways. Furthermore, cytokines binding to their cognate receptors is followed by the phosphorylation and activation of janus kinases (JAKs) and signal transducer and activator of transcription proteins (STATs) which form dimers and promote the transcription of genes encoding EMT-TFs. Adapted fromDongre et al., 2019. 

  series of proteolytic cleavages within NOTCH domains leading to the release of intracellular fragment of NOTCH (NOTCH-ICD). The released NOTCH-ICD translocated to the nucleus and form the NOTCH complex with binding partners such as DNA-binding protein CBF1suppressor of hairless-LAG and the co-activator mastermind to finally induce transcription of target genes155,156 . Emerging lines of evidence have shown that NOTCH1-ICD-mediated EMT facilitate the upregulation of CD44 high cells and promotes malignant potential in squamous cell carcinoma 157 . Similarly, NUMB knockdown enhances EMT and stem cell-like phenotype in human mammary epithelial MCF10A cells. Additional experiments demonstrate that NUMB suppresses EMT in a NOTCH-dependent and p53-independent manners. Moreover, NUMB-expressing MDA-MB-231-luciferase cells or control MDA-MB-231-luciferase cells were injected into the tail veins of nude mice and showed significant number of metastases were lower in NUMB-expressing cells relative to control cells according to lung bioluminescence assay 158 . Importantly, the NOTCH and TGF pathways crosstalk to promote the acquisition of mesenchymal features via the interaction of NOTCH-ICD and SMADs159,160 .

Figure 7 :

 7 Figure 7: The metastasis cascade. Adapted from Yang et al., 2020.

  administrated for diabetes type II patients. Subsequently, metformin has been reported to downregulate BC stem cells population by inhibiting EMT-TFs, ZEB1 and TWIST1218 . In pancreatic cancer cells, metformin reduces invasiveness and motility capacities, and reverses the TGF -induced EMT by upregulating the expression of E-cadherin and -catenin 219 . Interestingly, salinomycin, a potassium ionophore, was identified as a new selective drug targeting CSCs and 100 times more efficient than paclitaxel, a commonly chemotherapy used in BC therapy. Moreover, in SUM159 tumor-bearing mice, salinomycin or paclitaxel treatment reduces tumor volume relative to vehicle-treated control mice. Surprisingly, paclitaxel treatment showed higher 4T1 lung metastases in contrast to salinomycin treatment for which 4T1 lung metastases rate was significantly reduced. Thus, salinomycin appears to be as efficient as paclitaxel in term of tumor growth inhibition and most importantly with a selective toxicity towards breast CSCs 220 . Furthermore, several reports in solid tumors have described local favorable TME that promote EMT-activated cell area. Likewise, pathologic hypoxia, often observed in fast growing area of tumor, is defined as a low oxygen condition. It has been demonstrated that hypoxia directly induces EMT-TFs expression through the transcriptional activities of HIFs221,222 .

  infected by such agents. In the latter context, immune cells have to be able to differentiate between healthy and defected cells. Defective cells can be detected and phagocytosed by immune cells such as macrophages and primed T lymphocytes in order to develop an adaptive immune response. Theoretically and by definition, cancer cells whether they have genetic or environmental origins, are native cells from the body and therefore indistinguishable from normal cells. Moreover, in the most cases cancer cells are able to escape from immune surveillance, which ultimately lead to cancer progression232,233 . Over the last decades, ranges of evidences highlight numerous mechanisms by which cancer cells escape from being recognized by the immune system. Deciphering these pathways had led to the success of antibody-based immunotherapy with a recent spotlight on Tasuku Honjo and James P. Allison who have been awarded of the 2018 Nobel Prize in Physiology or Medicine for their breakthrough on immune checkpoint blockades in cancer therapy234,235 .
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  APCs include immune cells that can express MHC class II molecules which comprise macrophages, DCs and B lymphocytes. Of note MHC class I molecules are widely express on all cells of the body except for some cell population (e.g. red blood cells) and report from intracellular events, in opposition to MHC class II that report from antigens coming from the extracellular compartment. Moreover, antigen presentation through MHC class I and class II on APCs have a central role to initiate CD8 + and CD4 + T-cell proliferation and differentiation. APCs express a plethora of receptors including pattern recognition receptors (PRRs) such as toll-like receptors, nuclear hormone, cytokine receptors and adhesion molecules, and allow the recognition of a large range of pathogens. Indeed, the PRRs recognize structures known as pathogen-associated molecular patterns (PAMPs) expressed or released by pathogens comprising mannose-rich oligosaccharides, lipopolysaccharides and unmethylated CpG DNA. Remarkably, expression of PRRs is not restricted to macrophages but also include DCs, NK cells and endothelial cells, and their expression levels is tissue-dependent and rely on local adaptation 238,241,242 . 3.1.1.2. Dendritic cells The discovery of the importance of DCs as immune sentinel in 1970s have led Ralph Steinman to be awarded of the Nobel Prize in physiology or Medicine in 2011. DCs have diverse origins as they can be differentiated from the CMP and CLP cells 243,244 . As compared with macrophages, DCs have a higher migration capacity for example from tissue to lymph nodes. In addition to phagocytic abilities, DCs do cross presentation through micropinocytosis (via soluble antigens) and endocytosis (via various receptors such as complement or lectin C receptors) 245 . Importantly, the switch from immature to mature DCs state is crucial for T-cell activation and proliferation in secondary lymphoid organs as mature DCs highly express MHC class I and II as well as costimulatory molecules. Three signals are necessary to activate naive Tcell: (i) T-cell receptor (TCR) T cells binding to MHC/peptide on DCs; (ii) Costimulatory signals between CD28 on CD8 + T cells and CD80/CD86 on DCs or CD40L on CD4 + T cells and CD40 on DCs, and finally; (iii) Cytokines produced by DCs that drives T-cell differentiation into either T effector, regulatory T cells (Tregs), or T helper population 246,247 : Interestingly, DCbased vaccines are currently in development with application in autoimmune and cancer diseases 248 .

  scription factor. Tregs are essential to modulate inflammation and prevent autoimmune diseases by directly acting on effector T cells. Moreover, Tregs count a wide range of mechanisms with the aim to modulate or suppress effector T-cell activity including secretion of inhibitory cytokines such as TGF , direct cytolysis with the release of granzyme molecules or perforin, metabolic disruption and suppression of DCs maturation or function 265 . As previously mentioned, activation of naive T-cell implies three different concomitant signals with APCs. Interestingly, T-cell fate can vary depending of the nature of the third signal. For instance, a predominance of IFN-and IL-12 stimulation from DCs will tend to differentiate into T cells to Th1 cells while TGF and IL-2 cytokines will induce Treg features 246,247 .
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 9 Figure 9: The three phases of cancer immunoediting.

(

  MAGE)-A and New York esophageal squamous cell carcinoma-1 (NY-ESO-1)283,284 . Moreover,Curigliano et al. showed that CTA NY-ESO-1 and antigen were significantly overexpressed in TNBC relative to ER-positive BC 285 .Strikingly, these two categories of antigens gave rise to the development of new therapeutic approaches such as cancer vaccine or chimeric antigen receptor (CAR) T-cell personalized therapy286,287 . However, the only recognition of the peptide-MHC complex with TCR molecules is not sufficient to induce an adaptive immune response. Other parameters such as low immunogenicity, absence of co-stimulatory signals or the expression of negative immune checkpoint are well-described mechanisms that tumor cells hijacked in order to limit effector immune cell activation. For example, induction of an immunosuppressive TME by tumor cells, through secretion of TGF allows the conversion of T cells into T reg cells and limit the anti-tumor immune response265,288 .As previously mentioned, downregulation of MHC class I molecules expressionon cancer cells is a common intrinsic resistance mechanism to counteracts T-cell lysis. Moreover, loss of MHC class I molecules would eventually leads to promote NK cells activation as no KIRs transducing signals would be involved. However, it has been shown that high expression of non-classical MHC class I molecules such as HLA-G are observed in low HLA-A, -B and -C cancers leading to the activation of HLA-G-dependent KIRs pathways (e.g. ILT-2 and KIR2DL4

  cells was associated with resistance to CTL-mediated lysis and a decrease of immunological synapse formation between CTL and targeted cells. In addition, the EMT-activated BC cells showed an increase in autophagic flux. Silencing of beclin-1 in these cells increased their susceptibility to CTL-induced lysis 296 . Interestingly, defect of the HLA class I-bound peptide repertoire expression was more likely to be observed in mesenchymal-like cancer cells in NSCLC patients. Moreover, lower expression of immunoproteasome, known to play an essential role during HLA peptides generation, was correlated with mesenchymal phenotypes in forty-two NSCLC cell lines as well as associated with poor prognosis in NSCLC patients. In addition, IFN treatment was able to restore the immunoproteasome activity in mesenchymal cancer cells with enhanced HLA class I-bound peptides expression and increased T cell-mediated killing 297 . Moreover, both TGF -and EGF-activated pathways, through SNAI1 expression, have been demonstrated to reduce HLA class I expression in prostate cancer 298 . Along with this line, Dongre et al. have observed a switch from low to high MHC class I expression with increasing NK cells infiltration in tumors arising from mesenchymal-like BC cells as compared with tumors arising from epithelial-like BC cells. In addition, genetic overexpression of Snail or Zeb1 in epithelial BC cells downregulated MHC class I molecules together with increased surface PD-L1 expression 299 .
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 10 Figure 10: The main mechanisms initiated by mesenchymal cancer cells to promote an immunosuppressive tumor microenvironment.Adapted fromTerry et al., 2017. 

  cells which metastasize to lungs, require two parameters: the expression of CCR4 on tumor cell surface and on Tregs. To facilitate the CCR4 + Tregs attraction to lungs,Olkhanud et al. have demonstrated that upon 4T1 primary tumors implantation, they observed the secretion of TARC and MDC chemokines, known as CCR4 ligands, in the lungs. In vitro experiments showed that CCR4 + Tregs were able to induce NK cells apoptosis thus preventing NK-mediated killing316 . Following this study, Olkhanud et al. described the important role of regulatory B (Breg) cells, also known as tumor-evoked Breg cells and in which TBF pathway is activated and convert non-regulatory CD4 + T cells to Tregs. In 4T1 tumor-bearing NOD/SCID mice that received an ex-vivo Breg-induced T-regs, the authors observed an increase number of lung metastases which was not observed in mice that received T cells stimulated by normal B cells 317 . Altogether, these results demonstrate the major role of the pre-metastatic niche to attract tumor cells and generate an immunosuppressive TME in favor of metastasis formation 318

Figure 11 :

 11 Figure 11: The role of CTLA-4, PD-1 and PD-L1 in T-cell immune regulation.

  BC cells undergoing EMT, PD-L1 is overexpressed by a mechanism depending on miR-200/ZEB-1 axis. Experimental results reveal that ZEB1 positively regulates PD-L1 in contrast to miR-200 that negatively impact PD-L1 expression. Moreover, the 393P cells overexpressing ZEB1 exhibit a significant decrease of CD8 + T cells infiltration with an increase of exhausted CD8 + PD1 + TIM3 + T cells relatively to control 393P cells. Whereas the ectopic expression of mir-200 in 34SQ cells showing a complete opposite profile with an increase of CD8 + T and decrease of exhausted CD8 + PD1 + TIM3 + T cells. In addition, in 344 tumor-bearing mice overexpressing miR-200 showed a significant decreased of metastatic lung nodules. Additional data demonstrated that PD-L1 regulation rely on a cascade of inhibitory signals involving miR-200 as repressor of PD-L1 with an upstream inhibitory signal of ZEB1 on miR-200305,306 .4.2.2. At post-translational levelPosttranslational modifications (PTM) are the last step for PD-L1 regulation. To date, only a few key regulators of PD-L1 have been identified including glycosylation phosphorylation and polyubiquitination 394 408,409 (Figure12).Li and colleagues demonstrated that in a large panel of cancer cell lines comprising BC, PD-L1 is N-glycosylated which subsequently increases its stabilization by improving by 4-fold its half-life as compared with non-glycosylated PD-L1. Moreover, this glycosylation was shown to prevent the interaction between PD-L1 and GSK3 thus limiting PD-L1 phosphorylation and degradation through -TrCP ubiquitylation. Likewise, the inhibition of EGFR via gefitinib treatment prevents GSK3 -dependent phosphorylation and interestingly improves the therapeutic effect of PD-1 blockade in 4T1 mouse model. Additionally, gefitinib and anti-PD-1 combination treatments showed upregulated CD8 + IFN + T cells percentage relative to gefitinib or anti-PD-1 alone 410 . Hence, recent publications highlight the role of PD-L1-associated chaperone Sigma1 and co-chaperone FKBP1 that both facilitate PD-L1

Figure 12 :

 12 Figure 12: Overview of posttranslational regulation of PD-L1. GSK3 : glycogen synthase kinase 3 ; B3GNT3: -1, 3-N-acetylglucosaminyltransferase 3; speckle-type POZ protein. Adapted from Hsu et al., 2018.
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 13 Figure 13: Phylogenetic analysis of the CMTM family by CLUSTALW.Adapted fromMezzadra et al., 2017. 

  CMTM5 gene expression was shown to be repressed under CpG promoter methylation430,431 .4.3.3. Role of CMTM6 in PD-L1 regulationWith the aim to identify new regulators of PD-L1, Burr and colleagues performed a whole-genome CRISPR-Cas9 deletion library screen where they enriched PD-L1 low cells with and without IFN stimulation. Surprisingly, CMTM6 gene was identified as PD-L1 modulators in both non-stimulated and IFN -stimulated BxPC-3 pancreatic cancer cells. Depletion of CMTM6 in different cancer types such as melanoma, NSCLC and BC, significantly reduced surface expression of PD-L1. Of note, CMTM6 mRNA expression was not regulated by IFN .

Figure 14 :

 14 Figure 14: CMTM6 is a positive regulator PD-L1 surface expression.

  impact on EMT-dependent PD-L1 expression BC cells -Explore the role of other CMTM family members involvement on PD-L1 surface expression during EMT in BC cells Second objective: -Identify transcriptional factors regulating CMTM gene expression in EMT-activated BC cells -Study the role of CMTM-dependent PD-L1 surface expression on T-cell activity in EMT context -Investigate other potential stimuli present in TME that might modulate CMTM family members expression The results of the first objective were published in Cancers as a full research article in March 2021 (Article 1) and submitted in Journal of cellular biochemistry as a viewpoint (Article 2).

  ��� ���������� ��� �������������������������������������������������������������������� ��� ����������� �������� ����� �������� ���������� �������� ������� �������� ����� ����������� ��� �������� ���� ���� ���������������������������������������������������������������������������������������������������������������� ������������������������������������������������������������������������������������������������������������ ������������������������ � Targeting CMTM6, CMTM7 or PD-L1 in MCF-7 Mes partially rescues the EMT-induced T-cell caspase 3/7 activityIn article 1, we demonstrated that upon EMT induction, MCF-7 Mes cells overexpressed PD-L1 that is in part dependent on CMTM6 and CMTM7 expression. We next evaluate whether targeting CMTM6 and CMTM7 in MCF-7 Mes would impact T-cell activity.Based on the T-cell caspase3/7 assay described by Janse and colleagues, that rely on (i) coculture of stimulated Jurkat T-cell and cancer cells, and (ii) measurement of the T-cell caspase 3/7 activity 436 . The Jurkat T cells were stimulated 48h with phorbol 12-myristate 13-acetate (PMA) and PHA-L prior the co-culture, to induce PD-1 surface expression. Interestingly, we observed a significant 2,5-fold increase in T-cell caspase 3/7 activity following co-culture with MCF-7 Mes in comparison to MCF-7 Epi cells (Figure16A). Moreover, incubation with PD-1 or PD-L1 antibody partially reverses the MCF-7 Mes -induced T-cell caspase 3/7 activity (Fig-ure 16B). Similar results were observed for Jurkat T-cell co-culture with MCF-7 Mes cells silenced for CMTM6, CMTM7 or CMTM6 and CMTM7 (Figure16B).
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  ������� ������������������� ��������������� ���� ���������� ������ ������� ��� ������� ������ ����� ������ ����� ������������������������������������������������������������������������ ���������������������������������� ����������������������������������������������������������������������������������������������������������� ������������������������������������������������������������������������������������������������������� ���� ���� ����������� ��� ������ ����� ���� ����� ��� ��������� �������� ��� ����� �������������� ���������� �������� ���� ��������� ��� ��� ��������� ��� ��������� ����������� �������������� ������������ ������������ ���� ���� ����������� ��� ��������������������������������������������� ������������������������������������������� � CMTM6 and CMTM7 expression is upregulated in EMT-activated BC cells Despite the unprecedented success of ICB, only a limited number of patients benefit from this innovative therapy. With the aim to extend their application, pre-clinical studies have been centralized towards the identification of new biomarkers and targets. In this regard, in 2017 Burr et al. discovered the uncharacterized protein CMTM6 as a major regulator of PD-L1 surface expression 434 . Consequently, gripping interests have focus on deciphering CMTM6 regulation as well as evaluating its potential clinical applications in cancer therapy.To extend our knowledge on CMTM6 and more largely on the CMTM family members, we questioned whether the CMTM family members are modulated during EMT. First, we showed a significant positive correlation between CMTM3, CMTM6 and CMTM7 mRNA expression and the EMT score in a broad range of BC cell lines (Article 1).Interestingly, although CMTM6 upregulation was observed at mRNA and protein levels in MDA-MB-231 mesenchymal cells relative to MCF-7 epithelial cells, we only observed protein overexpression in MCF-7 Mes cells as compared with MCF-7 Epi cells. Therefore, in our experimental conditions, CMTM6 expression appears to be activated independently of SNAI1 transcriptional activity and more likely regulated through PTM. Eventually, CMTM6PTM regulation might include decreased of CMTM6 ubiquitylation or increased of CMTM6 stabilization leading to improved CMTM6 half-life.

  vated BC cells impacts T-cell function. As the interaction of PD-L1 on tumor cells and PD-1 on T cells induces an inhibitory signal promoting T-cell caspase 3/7 activity, we therefore measured the impact of the EMT-induced PD-L1 on caspase 3/7 activity in T cells. To address this issue, Jurkat T cells were stimulated 48h with PMA+PHA-L to induce PD-1 surface expression prior the co-culture with either MCF-7 Epi or MCF-7 Mes . The results were normalized to MCF-7 Epi co-culture with Jurkat T cells. Strikingly, we observed 2,5-fold increase of caspase 3/7 Jurkat T-cell activity in co-culture with MCF-7 Mes relative to MCF-7 Epi . Interestingly, coculture with anti-PD-1 antibodies reduced 50% of the caspase 3/7 T-cell activity observed following co-cultured with MCF-7 Mes cells. In addition, 24h prior to Jurkat T-cell co-culture, MCF-7 Mes were transfected with siRNA targeting CMTM6 or/and CMTM7 resulting in 50% reduction of caspase 3/7 T-cell activity to a similar degree as observed with PD-1 blockade (supplementary results). Overall, our data indicate that (i) The EMT-dependent PD-L1 overexpression in BC cells increase T-cell caspase3/7 activity, (ii) Targeting either PD-1/PD-L1 axis or CMTM6/CMTM7 in BC cells can partially revert the MCF-7 Mes -induced T-cell caspase 3/7 activity. Nevertheless, additional experiments are needed to confirm that CMTM6 and CMTM7 play a role in T-cell activity modulation. Such experiments may include T-cell IL-2 secretion and antigen-specific T-cell specific cytotoxic assay. Interestingly, Burr and colleagues have demonstrated that co-culture of CD8 + T cells and tumor cells depleted for PD-L1 or CMTM6 resulted in the same level of IL-2 secretion as well as for perforin and IFN production 434 .

  improve and extend the application of ICBs. Recent publications have contributed to map and define potential PD-L1 regulators. CMTM6 have been considered as one of the major regulators of PD-L1 in a broad range of cancer types. In order to evaluate the effect of CMTM6 on tumorigenicity, Burr et al. generated a CMTM6-depleted B16-F10 mouse melanoma cell line and transplanted the cells into immunocompetent mice. Interestingly, mice bearing Cmtm6-depleted B16-F10 cells showed no difference in term of tumor volume but rather observed an improved survival as compared with mice bearing control B16-F10 cells434 .Based on these initial in vivo experiments, additional studies have explored the outcome of CMTM6 depletion in other cancer types. In HCC, genetic targeting of CMTM6 in SCC7 cells significantly reduced the tumor volume as compared with control cells. Moreover, in mice bearing CMTM6-depleted SCC7 cells, Chen and colleagues observed an increase of CD4 + and CD8 + T cells in TILs population. In addition, percentage of PD-1 + , TIM-3 + , VISTA + , LAG3 + and B7-H3 + exhausted T cells were downregulated following CMTM6 depletion 437 .Aside from the role of CMTM6 on T-cell dysfunction, resistance to cisplatin cell death have been overcome by targeting CMTM6 with a significant reduction of tumor growth in CMTM6 KD cisplatin-treated group relative to control cisplatin-treated group in patient-derived OSCC cell mice model 440 . Interestingly, mice bearing shCMTM6 HCC cell displayed significant reduction of tumor volume and metastatic nodules as compared with control mice group 439 .

Finally, we have

  showed that targeting either CMTM6 or CMTM7 in EMT-activated BC cells reduced Jurkat T-cell caspase 3/7 activity induced by MCF-7 Mes cells, similarly to PD-1/PD-L1 blockade. Additional experiments are needed to confirm the role of CMTM6 and CMTM7 on tumor cell susceptibility towards CTL-mediating killing in vitro and in vivo. To date, there are currently few in vivo experiments showing an improved clinical outcome when targeting CMTM6 in HCC and HNSCC mice models. Strikingly, mice bearing CMTM6depleted tumor cells demonstrated a reduced tumor volume with improved mice survival.

  formation in vivo and (ii) Whether the CMTM family members regulate other immune-related proteins. In addition, it would also be interesting the evaluate the efficacy of EMT inhibitors, as CMTM6 and CMTM7 modulators, combined with immuno-, chemo-or radiotherapies to improve clinical outcome. Altogether, our data provided new leads on the regulation of the CMTM family members and on the regulation of PD-L1 via CMTM6 and CMTM7. These results are encouraging and sustain momentum on CMTM6 as new promising therapeutic target in cancer treatment. have participated to the writing and reviewing of the following parts: I, III, IV and V. tumor microenvironment and tumor cell plasticity on the expression of immune checkpoints May 2019 in Cancer letters, I have participated to the writing of the part 5 and collect the data for the table 1 as well as the reviewing of the full manuscript. 137 4C%&-%0! ; \#* !='%2*!%+-*!(3*.'<!I&(-*!/(1#%-*!.3$=1+*31*!R%1+.4C%&-%0! !!!!!!!!!! f!%H*/3*!7*.!C&+*/&*.<!! pTTpZ!e+)!.31!qH*''*<!Q1%/&*! 243 ! !
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Table 2 :

 2 The main direct target of the principal EMT transcription factors. .................................. 28 Résumé en français e cancer du sein est la première cause de décès chez les femmes en 2020, et représente le cancer le plus diagnostiqué devant le cancer du poumon. Dans le contexte du cancer du sein, il existe des traitements pouvant agir au niveau local et systémique. Dans le premier cas de figure souvent, de chirurgie avec ablation du sein suivie de traitement adjuvant ayant pour but de limiter une possible rechute.

		existe différentes stratégies thérapeutiques comme la
	chimiothérapie, la radiothérapie, hormonothérapie et plus récemment immunothérapie
	dans les cas les plus graves où les traitements cités précédemment ont une efficacité
	moindre. Ainsi, le choix	
	mètres comme par exemple	-type de cancer du sein ainsi que

Un des paramètres aggravants du cancer du sein et pour lequel les choix de traite-

  1,2 .As BC is usually detected at early stage in high-income countries, the majority of BC cases results in good prognosis for patients. While in low and middle-income countries, BC is often diagnosed at later stage, therefore associated with poor prognosis that ultimately increase BC mortality rate 3 . In addition, it has been shown that individual risk factors such as alcohol consumption, overweight and physical inactivity influence for up to 21% of BC worldwide cases. Indeed, this percentage is increased to 27% in high-income countries as com-

pared with 18% in low-and middle-income countries. Importantly, in over 7 million deaths due to cancer in 2001 worldwide, estimation of around 2.43 million deaths were potentially due to modifiable risk factors referring to behavioral and environmental risk factors such as alcohol consumption and overweight 4 . Overall, promoting a healthy lifestyle, reducing exposure to environmental risk factors and early detection of BC may represent the next cornerstone of BC control.
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The main direct target of the principal EMT transcription factors.
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  . Interestingly, co-expression of epithelial and mesenchymal markers has been reported in series of cancer cell lines such as ovarian 188 , breast 189 , pancreatic carcinomas 190 as well as in primary tumors in breast 191 , prostate 192 and lung cancers 193 . Thus, increasing evidences underscore that EMT how it may interact with EMT-TFs. As a result, inhibiting MET, thereby maintaining a certain dormancy state by preventing metastases formation and/or targeting stem cell phenotype might represent a promising lead for anti-cancer therapy 199 .Despite accumulating evidences of the role of EMT and MET in cancer progression and metastasis formation in preclinical studies, it is still not universally accepted for several reasons.

	2.3.2. Myth or reality: clinical evidences
	By contrast, controversies regarding the role of epithelial to mesenchymal plasticity
	(EMP), term that include all states between epithelial and mesenchymal plasticity 200 , in me-
	tastases process have been questioned mostly based on reports where the inhibition of sin-
	gle EMT-TFs did not impact metastatic potential. Nonetheless, due to the pleiotropic role of
	all the EMT-TFs, compensatory mechanisms from other EMT-TFs might eventually occur and
	explain why individual EMT-TF silencing did not influence metastatic future. Using a pancre-
	atic ductal adenocarcinoma genetically engineered mouse models (GEMM), Twist-or Snai1-
	knockout affect neither primary tumor progression, invasion capacity nor metastatic tumor
	nodules formation 201 . Nevertheless, another study in pancreatic cancer with genetic knock-
	out of ZEB1 have demonstrated opposite results showing repression of stemness, invasive-
	ness and metastatic markers 202 .
	Numerous publications have showed that EMT-TFs such as TWIST, SNAI1 or ZEB induce EMT
	concomitantly with stemness properties however recent data of new EMT inducers have re-
	kindled discussions. Indeed, ectopic expression of the homeobox PRRX1 was able to induce marker expression notably for relevant cells exhibiting hybrid phenotype that have low to
	a full EMT in embryos and cancer cells with EMT-related mRNA and protein expression to-median expression of both epithelial and mesenchymal markers 200 . Therefore, improvement
	gether with migratory and invasive properties specific of an EMT profile. Knockdown of should be assessed on developing a highly sensitive EMT lineage-tracing model based on
	PRRX1 was associated with MET and surprisingly a significant increase of CD44 high /CD24 low multiple EMT markers to being able explore the dynamic process of EMP in vivo.

occurs sequentially through multiple intermediate states that is necessary for metastasis cascade progression. Yet, identification of markers in order to translate these preclinical observations is still a limitation for clinical applications.

Alternatively, EMT has been associated with stemness properties. Interestingly significant increased number of mammospheres sphere-forming capacity was observed with CD44 high /CD24 low cells as compared with CD44 low /CD24 high cells 65 . Notably, Morel and colleagues have demonstrated that activation of Ras-MAPK pathway and TGF treatment induce a switch from CD44 low /CD24 high to CD44 high /CD24 low cells 194 . Additionally, SNAI2 and SOX9 appear to have a role in maintaining mammary stem cells (MaSC) state as their inhibitions impair the activity of MaSC by reducing the number of organoid-forming cells 195 . Similarly, stemness features have been correlated with the hybrid E/M state in ovarian cancer

196 

. cancer cell population 197 . In addition, low PRRX1 expression was associated with poor prognosis and related to increasing cancer stemness properties in HCC

198 

. Consequently, it highlights that EMT is not necessarily associated with stemness traits emphasizing a more complex interconnection. These data arose multiple questions on how PRRX1 mechanistically regulates stemness and New strategies have been developed to follow and distinguish epithelial and mesenchymal states, so-called EMT lineage-tracing in GEMM. These models use mesenchymalspecific promoters such as fibroblast specific protein 1, alpha-smooth muscle actin or vimentin, allowing irreversible switch from RFP + to GFP + expression only in tumors that express the mesenchymal marker. Surprisingly, lung metastases analysis revealed that the majority of cells are derived from pre-EMT RFP

+ 203,204 

. Consequently, these recent studies rekindle discussions on whether EMT is relevant for metastasis formation. Disadvantage of this method relies on the expression of one mesenchymal marker. Additionally, this EMT-lineage-tracing models might not be sensitive enough for cells that have a low mesenchymal

  Raising hope is holding on EMT-based therapies in order to control or eradicate metastasis formation and prevent cancer progression. These therapies stand on either targeting cancer cells dissemination in patients with high risk of developing metastasis or eliminating existing metastatic cancer cells in more advanced cancer patients. Along this line, the iden-Therefore, it is crucial to identify key pathways that modulate EMT and MET.AXL is a tyrosine kinase receptor and is activated through the binding of growth arrest specific 6 ligand. Under physiological conditions, AXL is ubiquitously expressed but upregulation of AXL was reported and associated with metastasis potential in a wide array of human cancers comprising BC and NSCLC 229 . Developed by Pfizer and originally known as SRC and ABL inhibitors, bosutinib have been reported to prevent AXL auto-phosphorylation activity.Interestingly, bosutinib is currently in phase IV clinical trials in different cancer types such as BC, CML and NSCLC. Moreover, other promising AXL inhibitors molecules are currently investigated in clinical trials for safety dose-ranging testing, efficacy and side effects such as bemcentinib, crizotinib, gilteritinib and S49076230,231 .

	cells are lock	into a mesenchymal-like and migratory cell state. In this context, a better
	clinical trial demonstrated that patients treated with an antagonist of TGF receptor 1, understanding on how cancer cells process towards an EMP phenotype and lead to metas-
	galunisertib, showed better overall survival (OS) in responder relative to non-responder tasis formation might improve the identification of (i) specific biomarkers to improve diag-
	groups, 22.8 versus 12 months respectively 226 . In addition, galunisertib efficiency is investi-nosis and prediction to evaluate metastatic potential, (ii) crucial signaling pathway in order
	gated in other cancer types comprising glioblastoma, pancreatic cancer, NSCLC, breast can-to develop specific pharmacological agents to target EMT or MET. Inevitably, these strategies
	cer, prostate cancer, metastatic gastric cancer and melanoma 227 . HGF-HGFR pathway also would lead to more personalized cancer therapies by evaluating cancer stage when
	considering those anti-EMT or -MET treatments.

tification and development of potential drugs targeting the EMT program is challenging as the underlying mechanisms still contain some pieces of mystery. Nevertheless, encouraging approaches are currently under investigations in clinical trials. In this section we will focus on compounds that are already in clinical trials and for which most of the signaling pathways are broadly described.

TGF signaling is one of the most characterized pathway in inducing EMT, preclinical research is currently running to develop more potent TGF inhibitors including antisense oligonucleotides, monoclonal antibody and small molecules. In advanced HCC, a phase II represents a potential therapeutic target to prevent EMT. Crizotinib, a multi-target tyrokine kinas inihibitors, received the FDA approval for the treatment of NSCLC 228 . However, as EMT can be induced by a plethora of cytokines from the TME, redundancy in EMT-inducing stimuli may limit drug efficacy.

Overall, multiple agents are under investigations to target either EMT, mesenchymal state or MET. Despite potential drawbacks in every one of these approaches, recent clinical On the one hand at early stage, EMT inhibitors can prevent early metastases and drug resistance thus acting as adjuvant when combine with chemotherapy, radiotherapy or immunotherapy. On the other hand, repressing MET might reduce metastasis deposits in secondary organs. Nonetheless, this strategy would also require a long-life treatment as cancer

  dependent EMT in HNSCC cells, CMTM6 protein level is increased 437 . Conversely, CMTM6 was reported to regulate EMT. In HCC, CMTM6-overexpressed cells exhibit a significant increase of cell invasiveness and migration abilities in vitro 438 . Likewise,Huang and al. demon- 

	strated that CMTM6 interacts with Vimentin to induce EMT in HCC cells 439 . Moreover, inter-
	action of CMTM6 and enolase-1 promotes the downstream activation of WNT signaling
	pathway, known to be involved in EMT and stemness 440 . In contrast, CMTM3 was reported
	to downregulate EGFR expression through direct interaction with Rab5 early endosomal pro-
	tein resulting in the increase of Rab5 activity, which accelerate EGFR internalization and deg-
	radation 441 . In addition, downregulation of CMTM3 in gastric cancer cells enhances cell mi-
	gration and invasive properties in vitro with significant reduction of disseminated tumor
	nodules in vivo 442 .

Nevertheless, the main challenges for a universal application of CAR T-cell technology would be the expansion of this cancer therapy towards solid tumor but also with the generation of efficient allogenic CAR T-cell for which T cells from healthy donors would be reprogram ex-vivo and reinfuse to several different cancer patients.

4. PD-1/PD-L1 immune checkpoint therapy In physiological conditions, immune checkpoint molecules participate to self-tolerance by preventing autoimmune reaction. Regardless of this key mechanism, tumor cells have hijacked this regulatory pathway, for instance by expressing PD-L1 leading to T-cell inhibitory response 335 . Ipilimumab (anti-CTLA-4) was the first antibody-based ICB approved by the FDA in 2011 followed by antibodies targeting PD-1 (pembrolizumab and nivolumab) and PD-L1 (atezolizumab and durvalumab). S and promote T cell-mediated cell death against tumor cells (Figure 11).

The success story of ICBs was first demonstrated in NSCLC and metastatic melanoma uncovering the tremendous appetite of the research field to extend their applications to other cancer types as first or second line of treatments 336,337 338 . Strikingly, 16% of melanoma patients, who were ipilimumab-naive or -treated (105 out of 655 patients), receiving pembrolizumab therapy fulfilled a durable and complete remission with a median follow-up of 43 months 339 . In addition, adjuvant treatment with nivolumab versus ipilimumab showed recurrence-free survival benefit in high risk-melanoma phase III clinical trial 340,341 . Of note, despite the introduction of new potential targets, CTLA-4, PD-1 and PD-L1 are among the top 10 targeted molecules in the current pipeline between 2017 and 2019 321 .
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DISCUSSION & PERSPECTIVES

Due to the very recent interest on CMTM6 as new key player of PD-L1 regulation, only few studies have explored the potential of targeting CMTM6 on tumorigenicity. Based on the present literature, targeting CMTM6 appears to reduce the metastatic potential and tumor growth in HCC and HNSCC. Strikingly, CMTM6 has also been proposed in combination with chemotherapy to overcome the cisplatin-resistant cell death in OSCC. Further investigations are necessary to assess the overall impact of CMTM6 on tumorigenicity, immune evasion and resistance to other anti-cancer therapies. 
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