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While it is widely accepted that high intratumoral heterogeneity confers serious challenges in the emerging resistance and the subsequent effective therapeutic targeting of cancer, the underlying biology of intratumoral heterogeneity remains elusive. In particular, it remains to be fully elucidated how microenvironmental factors shape genetic and non-genetic heterogeneity, which in turn determine the course of tumor evolution and clinical progression. In this context, hypoxia, a hallmark of most growing cancers, characterized by decreased O2 partial pressure is a key player of the tumor microenvironment. Despite extensive data indicating that hypoxia promotes cellular metabolic adaptation, immune suppression and various steps of tumor progression via hypoxia regulated gene transcription, much less is known about the role of hypoxia in mediating therapy resistance as a driver of tumor evolution through genetic and nongenetic mechanisms. In this review, we will discuss recent evidence supporting a prominent role of hypoxia as a driver of tumor heterogeneity and highlight the multifaceted manner by which this in turn could impact cancer evolution, reprogramming and immune escape. Finally, we will discuss how detailed knowledge of the hypoxic footprint may open up new therapeutic avenues for the management of cancer.

Introduction

Tumor hypoxia is characterized by low-level O2 pressure found within the malignant tumor mass. Hypoxia is well recognized for its role in mediating rapid metabolic adaptation of cells and affecting the various steps of tumor progression [START_REF] Semenza | Hypoxia-inducible factors in physiology and medicine[END_REF][START_REF] Kaelin | Oxygen sensing by metazoans: the central role of the HIF hydroxylase pathway[END_REF]. Much less is known about the role of hypoxia in mediating genetic and non-genetic driven tumor heterogeneity influencing tumor evolution and clinical progression. Escape from immune surveillance is another hallmark of cancer. Among immune effector cells, CTLs and NK cells are known to play important roles in the immune response against cancer cells by inducing apoptosis, through different pathways, in a process commonly referred to as cell-mediated lysis. However, clinically detectable tumors have generally adapted along with the challenging immune system selecting for cancer clones able to escape immune recognition, resist to the lytic action of the cytotoxic immune effector cells NK cells and CTLs, and able to create an immunosuppressive microenvironment. By significantly boosting the host immune system to fight cancer, immunotherapy approaches targeting immune checkpoint receptors (PD-1 and CTLA-4) have significantly improved survival in a number of patients even with cancers previously considered rapidly fatal [START_REF] Sharma | Primary, Adaptive, and Acquired Resistance to Cancer Immunotherapy[END_REF]. However, the high degree of non-responders in these cancers including lung, melanoma, an renal cancers, as well as the refractoriness of malignancies like prostate, colorectal and breast cancers is a major concern and a good reminder that we possess only partial understanding of the events controlling anti-tumor immunity and tumor immune escape [START_REF] Sharma | Primary, Adaptive, and Acquired Resistance to Cancer Immunotherapy[END_REF].

In this review, we discuss recent evidence for a role of hypoxia as a driver of tumor heterogeneity and highlight the potential consequences on tumor evolution and immune response modulation. Lastly, we discuss emerging therapeutic strategies that could benefit from these discoveries to improve treatments.

Tumor hypoxia

Hypoxia is characterized by a decrease in O2 availability [START_REF] Kaelin | Oxygen sensing by metazoans: the central role of the HIF hydroxylase pathway[END_REF]. In a growing malignant tumor mass, hypoxic stress is typically generated because of abnormal formation of the vasculature resulting in heterogeneously distributed areas of low oxygen pressure [START_REF] Semenza | Hypoxia-inducible factors in physiology and medicine[END_REF][START_REF] Vaupel | Detection and characterization of tumor hypoxia using pO2 histography[END_REF]. Cells respond to hypoxia via the hypoxia inducible factors (HIFs), which are dimeric proteins composed of an O2sensitive α subunit (HIF-1α, HIF-2α, or HIF-3α) and a β subunit (HIF-2β). Proline hydroxylation of HIF-α in the presence of O2 facilitates its binding to the tumor suppressor protein von Hippel Lindau (VHL), which through a degradation complex promotes ubiquitination of HIF-α and subsequent degradation by the proteasome. Hypoxic stress minimizes proline hydroxylation and VHL binding resulting in stabilization of HIF-α thereby allowing dimerization of α and β subunits. Genetic alterations like VHL inactivation also favor HIF-α stabilization leading to pseudohypoxic states. The HIF dimers mainly act as transcriptional activators of target genes. These hypoxiaassociated transcription factors are known to operate through direct binding to Hypoxia Response Elements (HREs) in target genes to induce expression of genes regulating numerous biological processes. This includes angiogenesis, cell survival and metastasis, proliferation, pH regulation, and metabolism. HIFs are now widely accepted as important regulators of tumor progression and metastasis development via the activation of hypoxic cascades [START_REF] Semenza | Hypoxia-inducible factors in physiology and medicine[END_REF][START_REF] Rankin | Hypoxic control of metastasis[END_REF] 

Tumor plasticity

Certain cancer cell populations undergo molecular and phenotypic changes commonly referred to as cellular plasticity or phenotypic plasticity. Unlike genetic aberrations, epigenetics and transcriptional programs involved in these changes are reversible allowing cells to navigate and shift through different phenotypic states. Well-known examples of phenotypic changes include the epithelial-mesenchymal transition (EMT) program, and its reverse process MET. This implies epigenetic and transcriptional rewiring accompanying phenotypic switches between epithelial and mesenchymal states [6]. Another example is Neuroendocrine trans-differentiation in which epithelial-like carcinoma cells take on a neuroendocrine-like phenotype [6]. This has been studied extensively in the context of acquired therapy resistance of prostate cancer. Like EMT, this process may be reversible or partial, depending upon responses to hormonal interventions, and both processes have been associated with hypoxia.

The dynamic nature of these events still poses many challenges for basic and clinical research including the study of its dynamic in in vivo cancer models and in patient-derived samples. Technological advances enabled a significant gain of knowledge over the past few years. Recent evidence underlines the importance of malignant cell populations harboring intermediate transitional states, also called partial or hybrid states (e.g. partial-EMT) possessing combinations of epithelial and mesenchymal traits [6,[START_REF] Yang | EMT International Association (TEMTIA), Guidelines and definitions for research on epithelialmesenchymal transition[END_REF]. These cells can be endowed with high epithelialmesenchymal plasticity (EMP), as well as self-renewal and drug resistance capabilities. This denotes properties shared with cancer stem cells (CSC). Thus, in most cases, cellular plasticity and stemness properties are intertwined in cancer, controlling the phenotypic equilibrium in cancer cell populations [START_REF] Gupta | Stochastic state transitions give rise to phenotypic equilibrium in populations of cancer cells[END_REF]. Other studies also indicate that "non-genetic" phenotypic plasticity is promoted by "genetic" variations affecting numerous genes including, but not limited to, RB loss, TP53 alterations or mutations in EGFR gene [START_REF] Quintanal-Villalonga | Lineage plasticity in cancer: a shared pathway of therapeutic resistance[END_REF][START_REF] Niederst | RB loss in resistant EGFR mutant lung adenocarcinomas that transform to small-cell lung cancer[END_REF][START_REF] Pal | TGF-β reduces DNA ds-break repair mechanisms to heighten genetic diversity and adaptability of CD44+/CD24-cancer cells[END_REF]. It should also be noted that drug exposure not only selects for dormant or drug-tolerant persister (DTP) cells with CSC features, but may also induce extensive epigenetic and transcriptional rewiring in these cells. This highlights the impact of environmental stress both on selection pressures and in the control of cellular plasticity and subsequent cellular diversity [START_REF] Shaffer | Rare cell variability and drug-induced reprogramming as a mode of cancer drug resistance[END_REF][START_REF] Risom | Differentiationstate plasticity is a targetable resistance mechanism in basal-like breast cancer[END_REF][START_REF] Kurppa | Treatment-Induced Tumor Dormancy through YAP-Mediated Transcriptional Reprogramming of the Apoptotic Pathway[END_REF][START_REF] Hata | Tumor cells can follow distinct evolutionary paths to become resistant to epidermal growth factor receptor inhibition[END_REF].

Non-genetic and genetic intratumor heterogeneity

Most tumors arise from a single mutated cell and accumulate heritable mutations as they become genetically instable and progress to advanced disease. High-throughput-sequencing technologies and the development of single-cell resolution methods have demonstrated that tumors are composed of a heterogeneous cell mixture of genetically distinct sub-clones on which strong selection pressures upon microenvironmental stress and treatments may act to drive Darwinian tumor evolution [START_REF] Mcgranahan | Clonal Heterogeneity and Tumor Evolution: Past, Present, and the Future[END_REF][START_REF] Lawson | Tumour heterogeneity and metastasis at single-cell resolution[END_REF][START_REF] Kim | Chemoresistance Evolution in Triple-Negative Breast Cancer Delineated by Single-Cell Sequencing[END_REF]. This evolutionary process alters intratumoral heterogeneity by changing the proportion of subclones within the tumor, and select for mutated clones that are more adept at growing and progressing towards aggressive and therapy resistant stages.

Ample evidence also indicates that a tumor can be composed of phenotypically heterogenous populations in line with epigenetic modulation, cell signaling changes and the cellular plasticity [6,[START_REF] Hinohara | Intratumoral Heterogeneity: More Than Just Mutations[END_REF][START_REF] Yuan | Cellular Plasticity in Cancer[END_REF]. Studies analyzing phenotypic states of cancer cells within tumors now point to these non-genetic determinants as key contributors of intratumoral heterogeneity [START_REF] Hinohara | Intratumoral Heterogeneity: More Than Just Mutations[END_REF][START_REF] Yuan | Cellular Plasticity in Cancer[END_REF]. While we are far from understanding the mechanisms leading to such heterogeneity, high intratumoral heterogeneity is recognized as one of the main obstacles to the effective therapeutic targeting of cancer and overcoming therapy resistance [START_REF] Marusyk | Intratumor Heterogeneity: The Rosetta Stone of Therapy Resistance[END_REF]. Most importantly, the heterogeneity of a tumor is not only dictated by the heterogeneity of the cancer cells. In fact, growing cancers are also infiltrated by a variety of stromal cells, blood vessels, infiltrating inflammatory cells, and associated tissue cells composing the tumor immune microenvironment (TIME). The complex interplay between the cancer cells and the surrounding stromal cells, the extracellular matrix, as well as cytokines, chemokines and inflammatory factors released by these cells, in turn may influence the cancer progression and resistance to therapy by impacting the evolving heterogeneity [START_REF] Wang | Role of tumor microenvironment in tumorigenesis[END_REF][START_REF] Galon | Approaches to treat immune hot, altered and cold tumours with combination immunotherapies[END_REF][START_REF] Pelon | Cancer-associated fibroblast heterogeneity in axillary lymph nodes drives metastases in breast cancer through complementary mechanisms[END_REF][START_REF] Kieffer | Single-cell analysis reveals fibroblast clusters linked to immunotherapy resistance in cancer[END_REF]. Thus, the design of innovative immunotherapy approaches should consider the tumor immune contexture [START_REF] Galon | Approaches to treat immune hot, altered and cold tumours with combination immunotherapies[END_REF][START_REF] Binnewies | Understanding the tumor immune microenvironment (TIME) for effective therapy[END_REF]. It is now increasingly clear that spatial and temporal decrease in oxygen availability throughout the tumor is also a critical determinant in shaping this continuous selection process in the TIME.

Hypoxia-mediated tumor plasticity and heterogeneity

The ability of hypoxia to activate EMT programs have been observed in numerous studies and in various cancer models [START_REF] Yang | Direct regulation of TWIST by HIF-1alpha promotes metastasis[END_REF][START_REF] Zhang | HIF-1α Promotes Epithelial-Mesenchymal Transition and Metastasis through Direct Regulation of ZEB1 in Colorectal Cancer[END_REF][START_REF] Peinado | A molecular role for lysyl oxidase-like 2 enzyme in snail regulation and tumor progression[END_REF][START_REF] Lundgren | Hypoxia, Snail and incomplete epithelial-mesenchymal transition in breast cancer[END_REF][START_REF] Hapke | Hypoxia-induced epithelial to mesenchymal transition in cancer[END_REF]. Whereas we focus here on cancer cells, it is to note that hypoxia can mediate plasticity and differentiation of many, if not all, the tumor microenvironment (TME) components. This topic has been extensively covered by recent reviews to which the reader is referred [START_REF] Petrova | The hypoxic tumour microenvironment[END_REF][START_REF] Vito | Hypoxia-Driven Immune Escape in the Tumor Microenvironment[END_REF][START_REF] Terry | Hypoxic Stress-Induced Tumor and Immune Plasticity, Suppression, and Impact on Tumor Heterogeneity[END_REF][START_REF] Xiong | Hypoxia and cancer related pathology[END_REF] Although our knowledge of the exact molecular mechanisms at play is still incomplete, the stabilization of HIFs under hypoxia has been shown to directly or indirectly stimulate the expression of EMT-associated transcription factors (EMT-TF) including TWIST1, ZEB1 or SNAI1 . EMT-regulatory pathways, such as TGFβ/TGFβR signaling or the NOTCH pathway also substantially contribute to promote EMT [START_REF] Semenza | Hypoxia-inducible factors in physiology and medicine[END_REF][START_REF] Kaelin | Oxygen sensing by metazoans: the central role of the HIF hydroxylase pathway[END_REF]. The discrepancies observed among the experimental models suggest context-dependent events. Environmental factors induced by hypoxic conditions such as TGF-β exert important functions given that it can act in an autocrine and/or paracrine fashion [START_REF] Matsuoka | Hypoxia stimulates the EMT of gastric cancer cells through autocrine TGFβ signaling[END_REF]. TGF-β also regulates stemness and cellular plasticity. Numerous reports have pointed out that hypoxia can sustain CSC growth [START_REF] Zhang | Hypoxia induces the breast cancer stem cell phenotype by HIF-dependent and ALKBH5-mediated m 6 Ademethylation of NANOG mRNA[END_REF] or promote phenotypic switches [START_REF] Feige | Hypoxia-induced transcriptional repression of the melanoma-associated oncogene MITF[END_REF][START_REF] O'connell | Hypoxia induces phenotypic plasticity and therapy resistance in melanoma via the tyrosine kinase receptors ROR1 and ROR2[END_REF]. HIF1 and HIF2 can in some circumstances increase or stabilize expression of pluripotency genes, namely OCT4, SOX2, MYC, NANOG or NODAL [START_REF] Keith | Hypoxia-Inducible Factors[END_REF][START_REF] Covello | HIF-2alpha regulates Oct-4: effects of hypoxia on stem cell function, embryonic development, and tumor growth[END_REF]. They can activate the expression of AXL, a Receptor Tyrosine Kinase (RTK) with tumor promoting functions associated with EMT, plasticity and drug resistance [START_REF] Gay | Giving AXL the axe: targeting AXL in human malignancy[END_REF][START_REF] Rankin | Direct regulation of GAS6/AXL signaling by HIF promotes renal metastasis through SRC and MET[END_REF][START_REF] Terry | AXL Targeting Overcomes Human Lung Cancer Cell Resistance to NK-and CTL-Mediated Cytotoxicity[END_REF]. AXL is a target of HIF through binding to the HRE in the AXL promoter, and its expression is also regulated by EMT-TFs and microenvironmental constituents [START_REF] Lehmann | ZEB1 turns into a transcriptional activator by interacting with YAP1 in aggressive cancer types[END_REF][START_REF] Jokela | Microenvironment-Induced Nonsporadic Expression of the AXL and cKIT Receptors Are Related to Epithelial Plasticity and Drug Resistance[END_REF]. Experimental studies using mouse and human cancer models point to the importance of hypoxia in mediating cancer cell plasticity and heterogeneity. Lehmann and colleagues showed that hypoxia induces HIF-1-dependent plasticity of cancer cells as well as their migration from a collective to a single-cell migration mode, EMT program and increased metastatic seeding [START_REF] Lehmann | Hypoxia Induces a HIF-1-Dependent Transition from Collective-to-Amoeboid Dissemination in Epithelial Cancer Cells[END_REF]. In pancreatic ductal carcinoma cells, hypoxia-induced EMT occurs in varying degrees in cancer cell populations with more pronounced effects on stem-like cells [START_REF] Salnikov | Hypoxia induces EMT in low and highly aggressive pancreatic tumor cells but only cells with cancer stem cell characteristics acquire pronounced migratory potential[END_REF].In a model of primary NSCLC cells, it was observed after sustained exposure to hypoxic stress that only a fraction of stressed epithelial cancer cells acquires a more mesenchymal phenotype, whereas the other fraction does not shift towards mesenchymal states, thus suggesting another mechanism by which hypoxia could drive phenotypic diversity [START_REF] Terry | Acquisition of tumor cell phenotypic diversity along the EMT spectrum under hypoxic pressure: Consequences on susceptibility to cell-mediated cytotoxicity[END_REF].

Furthermore, recent studies applying single-cell RNA-Seq to human tumors have been informative with respect to elucidating the role of hypoxia on cancer cell heterogeneity. In glioblastoma, hypoxia signature in malignant cells was strongly associated with one particular type of mesenchymal-like cells (named MES2) [START_REF] Neftel | An Integrative Model of Cellular States, Plasticity, and Genetics for Glioblastoma[END_REF]. In liver cancers consisting of mainly hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (iCCA), hypoxia and hypoxia-related genes including VEGFA were among the main factors contributing to cancer cell and stromal heterogeneity in tumors. Patients with higher cancer cell diversity in their tumors had reduced overall survival and disease-free survival [START_REF] Ma | Tumor Cell Biodiversity Drives Microenvironmental Reprogramming in Liver Cancer[END_REF]. In head and neck (HNSCC) tumors, both partial-EMT and hypoxic stress were identified in subsets of malignant cells but these clusters did not correlate as strongly [START_REF] Puram | Single-Cell Transcriptomic Analysis of Primary and Metastatic Tumor Ecosystems in Head and Neck Cancer[END_REF]. A recent single cell analysis of the metabolic landscape in Melanoma and HNSCC tumors revealed that aerobic respiration via oxidative phosphorylation (OXPHOS) is highly variable in malignant cells. Moreover, OXPHOS correlated with both glycolysis and hypoxia in virtually all cell types, except in macrophages. These observations point to the hypoxia-reoxygenation as major contributor to cellular heterogeneity [START_REF] Xiao | Metabolic landscape of the tumor microenvironment at single cell resolution[END_REF]. If we want to decrypt hypoxia-induced tumor heterogeneity, it will be critical to develop tools to assess the extent of hypoxic stress and its dynamic in tumors.

Impact of tumor plasticity and heterogeneity on tumor immune escape

Previous reports covered mechanisms by which EMT and plasticity could drive therapy resistance and immune escape [START_REF] Dongre | New insights into the mechanisms of epithelial-mesenchymal transition and implications for cancer[END_REF][START_REF] Terry | New insights into the role of EMT in tumor immune escape[END_REF][START_REF] Williams | Controversies around epithelial-mesenchymal plasticity in cancer metastasis[END_REF](cite). It was shown that EMT can reduce immunogenicity of cancer clones through altering the MHC class I antigen presentation machinery [START_REF] Dongre | New insights into the mechanisms of epithelial-mesenchymal transition and implications for cancer[END_REF][START_REF] Terry | New insights into the role of EMT in tumor immune escape[END_REF]. Cancer cells expressing the EMT factor Brachyury are protected from lymphocyte-mediated cytotoxicity likely due to pronounced resistance to apoptosis pathways(cite). Experimental evidence also exists that EMT-associated autophagic states endow cancer cells with lower susceptibility to CTL-mediated lysis [START_REF] Akalay | Epithelial-to-mesenchymal transition and autophagy induction in breast carcinoma promote escape from T-cell-mediated lysis[END_REF]. In various models, EMT was found to associate with reduced recognition by immune killer cells, concurrent with defects in the establishment of immunological synapses or following loss of adhesion molecules such as ICAM1 [START_REF] Terry | AXL Targeting Overcomes Human Lung Cancer Cell Resistance to NK-and CTL-Mediated Cytotoxicity[END_REF][START_REF] Terry | Acquisition of tumor cell phenotypic diversity along the EMT spectrum under hypoxic pressure: Consequences on susceptibility to cell-mediated cytotoxicity[END_REF][START_REF] Macfawn | Grainyhead-like-2 confers NK-sensitivity through interactions with epigenetic modifiers[END_REF]]. ICAM1 on target cells binds to its cognate receptor LFA-1 (ITGAL/ITGB2) on effector lymphocytes, strengthening the interaction between the cytotoxic killer cells (CTLs and NK cells) and carcinoma target cells. Immune co-stimulatory and co-inhibitory molecules can exhibit different expression patterns in mesenchymal-like cancer cells compared to their more epithelial counterparts. It has been demonstrated that increased mesenchymal features in cancer cells associate with increased PD-L1 expression [START_REF] Dongre | Epithelial-to-Mesenchymal Transition Contributes to Immunosuppression in Breast Carcinomas[END_REF][START_REF] Chen | Metastasis is regulated via microRNA-200/ZEB1 axis control of tumour cell PD-L1 expression and intratumoral immunosuppression[END_REF] or reduced expression of the NKG2D ligand ULBP1 [START_REF] Terry | AXL Targeting Overcomes Human Lung Cancer Cell Resistance to NK-and CTL-Mediated Cytotoxicity[END_REF]. Dormant stem like cells have been demonstrated to evade immune surveillance through comparable mechanisms [START_REF] Malladi | Metastatic Latency and Immune Evasion through Autocrine Inhibition of WNT[END_REF]. Furthermore, multiple lines of evidence suggest overall lower immunogenicity for CSCs (reviewed in [START_REF] Eun | Cancer stem cell heterogeneity: origin and new perspectives on CSC targeting[END_REF]). The findings mentioned above are important with respect to resistance to various immune effector cells, including NK and CTLs. In theory, reduced expression of MHC class I molecules on cancer cells should render them more susceptible to NK-mediated killing via the activation of MHC class I inhibitory receptors, namely Killer cell immunoglobulin like receptors (KIRs). However, a substantial fraction of the cancer cell populations in the mesenchymal or the EMP/CSC states is defective for cell adhesion molecules and NK-cell activating ligands, which may therefore protect them from NK immunosurveillance. It is worth noting that most of these mechanisms are not only relevant to understand escape to innate immune response, they could largely contribute to immune suppression and resistance to adaptive immunity implying anti-tumor immune responses and diverse immune effector cells, such as CTLs and other tumor infiltrating lymphocytes (TILs). Supporting this notion, cells transitioning to more mesenchymal phenotypes generally upregulate TGF-β which is wellknown for its immune suppressive properties [START_REF] Thomas | TGF-beta directly targets cytotoxic T cell functions during tumor evasion of immune surveillance[END_REF][START_REF] Tauriello | TGFβ drives immune evasion in genetically reconstituted colon cancer metastasis[END_REF].

Moreover, the impact of EMT on the expansion of immune suppressor cells like CD4+ FoxP3 immunosuppressive T-regs has been studied extensively in experimental models (reviewed in [START_REF] Romeo | The Vicious Cross-Talk between Tumor Cells with an EMT Phenotype and Cells of the Immune System[END_REF][START_REF] Terry | New insights into the role of EMT in tumor immune escape[END_REF][START_REF] Dongre | New insights into the mechanisms of epithelial-mesenchymal transition and implications for cancer[END_REF]. An enrichment of T-regs was reported in lung tumors harboring a mesenchymal phenotype (high EMT score) compared tumors with a more epithelial phenotype [START_REF] Lou | Epithelial-Mesenchymal Transition Is Associated with a Distinct Tumor Microenvironment Including Elevation of Inflammatory Signals and Multiple Immune Checkpoints in Lung Adenocarcinoma[END_REF]. Cancerassociated fibroblast heterogeneity through TGF-β and CXCL12 pathways could greatly influence EMT while also contributing to attraction, survival, and differentiation of T-regs which in turn can affect immune responses [START_REF] Pelon | Cancer-associated fibroblast heterogeneity in axillary lymph nodes drives metastases in breast cancer through complementary mechanisms[END_REF][START_REF] Kieffer | Single-cell analysis reveals fibroblast clusters linked to immunotherapy resistance in cancer[END_REF].

Using clinical samples of NSCLC, Thompson and colleagues recently observed that patients whose tumors have a more epithelial phenotype are more likely to respond to immune checkpoint blockade (ICB). An EMT/Inflammation-based signature developed in this study may soon have clinical value to predict clinical response in this setting [START_REF] Thompson | Gene signatures of tumor inflammation and epithelial-to-mesenchymal transition (EMT) predict responses to immune checkpoint blockade in lung cancer with high accuracy[END_REF]. In another study, Hugo and colleagues discovered a gene signature associated with melanomas innately resistant to anti-PD-1 therapy. This innate PD-1 resistance (IPRES) gene signature is characterized by an upregulation of gene sets related to mesenchymal transition, cell adhesion, extracellular matrix remodeling, wound healing, monocyte/macrophage chemotaxis, and also angiogenesis. In many of these studies, the direct link to hypoxia has not been investigated. It is tempting however to speculate that hypoxia may be one of the underlying TIME components governing tumor immune escape by promoting EMT and plasticity induced heterogeneity of the cancer cell population. More specific studies are needed to address this critical issue.

In previous work investigating cancer subclones emerging from sustained hypoxic stress, carcinoma subclones with pronounced mesenchymal phenotype were less susceptible to NKand CTL-mediated lysis as compared to carcinoma subclones of a more epithelial phenotype [START_REF] Terry | Acquisition of tumor cell phenotypic diversity along the EMT spectrum under hypoxic pressure: Consequences on susceptibility to cell-mediated cytotoxicity[END_REF]. This difference is at least partly explained by reduced expression of ICAM1, ULBP1, and MHC class I as well as increased TGF-β expression in mesenchymal subclones [START_REF] Terry | AXL Targeting Overcomes Human Lung Cancer Cell Resistance to NK-and CTL-Mediated Cytotoxicity[END_REF][START_REF] Terry | Acquisition of tumor cell phenotypic diversity along the EMT spectrum under hypoxic pressure: Consequences on susceptibility to cell-mediated cytotoxicity[END_REF]. Moreover, in the mesenchymal subset, AXL was found differentially expressed and associated with cancer cell -resistance to NK-and CTL-mediated killing. As mentioned above, AXL can be upregulated by hypoxia, and AXL was also found to be a component of the IPRES gene signature along with other known HIF targeted genes like ROR2, WNT5A, LOXL2 VEGFA, and VEGFC [START_REF] Hugo | Genomic and Transcriptomic Features of Response to Anti-PD-1 Therapy in Metastatic Melanoma[END_REF].

We have previously demonstrated that NSCLC cells exposed to short-term hypoxic stress, accumulated of NANOG, a stem cell self-renewal factor, which protected the carcinoma from specific lysis by CTLs in a mechanism involving STAT3 phosphorylation [START_REF] Hasmim | Hypoxia-dependent inhibition of tumor cell susceptibility to CTLmediated lysis involves NANOG induction in target cells[END_REF]. Interestingly, NANOG expression by the carcinoma cells promoted immune suppression by directly upregulating TGF-β1 expression which resulted in Treg expansion and increased recruitment of immunosuppressive ARG1-expressing macrophages [START_REF] Hasmim | Cutting edge: Hypoxia-induced Nanog favors the intratumoral infiltration of regulatory T cells and macrophages via direct regulation of TGF-β1[END_REF]. Zhang and colleagues found that HIF-1α regulated CD47 expression in breast cancer cells not only promotes maintenance of cancer stem cells, it also promotes cancer cell evasion of phagocytosis by macrophages [START_REF] Zhang | HIF-1 regulates CD47 expression in breast cancer cells to promote evasion of phagocytosis and maintenance of cancer stem cells[END_REF]. EMT-TFs SNAI1 and ZEB-1 could also regulate CD47 expression [START_REF] Noman | CD47 is a direct target of SNAI1 and ZEB1 and its blockade activates the phagocytosis of breast cancer cells undergoing EMT[END_REF]. In liver cancer, tumors showing the highest heterogeneity displayed increased marks of hypoxia, and the malignant cells, rather stromal cells, were responsible for the high of VEGFA expression. Hypoxia signaling was linked to tumor cell diversity through VEGF expression which coincides with microenvironmental reprogramming, lower cytolytic activities, immune suppression, reduced immune responses and poorer patient overall survival [START_REF] Ma | Tumor Cell Biodiversity Drives Microenvironmental Reprogramming in Liver Cancer[END_REF].

Taken together, these data provide insight into how hypoxia-mediated plasticity and heterogeneity may drive tumor immune escape though multi-resistant phenotypes.

Potential relationships between hypoxia and genetic heterogeneity

Hypoxia, as a constantly fluctuating feature of the developing tumor core, contributes to the genetic heterogeneity through several mechanisms [START_REF] Luoto | Tumor hypoxia as a driving force in genetic instability[END_REF]. First, hypoxic downregulation of several DNA repair mechanisms has been documented at transcriptional and translational level, rendering the cells susceptible to genomic instability. Chronic hypoxia can lead to downregulation of homologous recombination (HR), non-homologous end joining (NHEJ), DNA mismatch-repair (MMR) capacity in hypoxic tumor cells [START_REF] Bristow | Hypoxia and metabolism. Hypoxia, DNA repair and genetic instability[END_REF]. The duration of hypoxia is an important parameter which likely contributes further towards intratumoral heterogeneity. Both chronic (prolonged) and acute (transient) hypoxia can be found within a given tumor resulting in gradients of oxygen pressure. Thus, re-oxygenation of cells following acute hypoxia can increase the levels of reactive oxygen species (ROS) and decreased mitochondrial ATP production, which in turn may induce alterations in DNA damage checkpoints and contribute to genomic instability [START_REF] Luoto | Tumor hypoxia as a driving force in genetic instability[END_REF][START_REF] Bristow | Hypoxia and metabolism. Hypoxia, DNA repair and genetic instability[END_REF].

Furthermore, hypoxic stress induces enormous levels of replication stress, which can possibly lead to replication errors and accompanying increase in mutation load [START_REF] Ng | Challenges to DNA replication in hypoxic conditions[END_REF]. Hypoxia boosts the accumulation of oncometabolites (2-hydroxyglutarate, fumarate and succinate) [START_REF] Intlekofer | Hypoxia Induces Production of L-2-Hydroxyglutarate[END_REF]. An increase in oncometabolite levels can hinder DNA repair processes [START_REF] Sulkowski | Oncometabolites suppress DNA repair by disrupting local chromatin signalling[END_REF]. Specifically, 2hydroxyglutarate inhibits the lysine demethylase KDM4B which acts on histone H3 proteins. The inhibition of KDM4B results in hypermethylation of H3K9 perturbing the proper execution of HDR. In a survey of prostate tumors, by using copy number alterations as a surrogate for genomic instability, Lalonde and colleagues have found that hypoxia is not consistently linked with overall genomic instability. However, in a subgroup of specimens with poor prognosis, it appeared that tumor hypoxia relates to genomic instability to promote tumor aggressiveness [START_REF] Lalonde | Tumour genomic and microenvironmental heterogeneity for integrated prediction of 5-year biochemical recurrence of prostate cancer: a retrospective cohort study[END_REF]. Others have found an increase in genomic alterations in metabolic genes in tumors displaying a high hypoxic signature that can vary between tumor types [START_REF] Haider | Genomic alterations underlie a pan-cancer metabolic shift associated with tumour hypoxia[END_REF].

Hypoxic tumors may be characterized by an elevated mutational burden with distinct mutational signatures [START_REF] Bhandari | PCAWG Consortium, Divergent mutational processes distinguish hypoxic and normoxic tumours[END_REF][START_REF] Venkatesh | Hypoxia increases mutational load of breast cancer cells through frameshift mutations[END_REF]. Recent work associates tumor hypoxia with increased incidence of mutations in genes like TP53 [START_REF] Bhandari | PCAWG Consortium, Divergent mutational processes distinguish hypoxic and normoxic tumours[END_REF] and other specific molecular including alterations of PTEN, APC, or MYC, which have all been established as drivers of phenotypic plasticity in certain tumors [START_REF] Quintanal-Villalonga | Lineage plasticity in cancer: a shared pathway of therapeutic resistance[END_REF]. Interestingly, these studies also identified mutational signatures correlating with hypoxic tumors [START_REF] Bhandari | PCAWG Consortium, Divergent mutational processes distinguish hypoxic and normoxic tumours[END_REF], some of which may reflect hypoxia-dependent mutational processes including deficiencies in DNA repair pathways like DNA double-strand break repair, HR and MMR pathways [START_REF] Bhandari | PCAWG Consortium, Divergent mutational processes distinguish hypoxic and normoxic tumours[END_REF]. Data from this group also suggest that hypoxia acts early on during tumor evolution with an essential role on clonal, rather than subclonal, alterations [START_REF] Bhandari | PCAWG Consortium, Divergent mutational processes distinguish hypoxic and normoxic tumours[END_REF]. Clonal (also referred to as "trunk") mutations are common to all cancer clones within a tumor while subclonal (also referred to as "branch") mutations are only present in a subpopulation of clones emerging later in the clonal evolution of a tumor. Of further interest, there might be interactions between tumor hypoxia and certain alterations (including loss of PTEN) which influence the subclonal composition of the tumor [START_REF] Bhandari | PCAWG Consortium, Divergent mutational processes distinguish hypoxic and normoxic tumours[END_REF]. The sum of acquired alterations as a result of epigenetic, phenotypic and microenvironmental factors may eventually generate sub-clonal populations.

It is not clear to what extent these alterations occur in distinct areas of the same tumor subject to various stress conditions. One potential limitation is that DNA and/or RNAs are often obtained from large tumor specimens containing a varying degree of hypoxic and normoxic regions. How to assess heterogeneity in clinical samples is still an open question. The use of signatures to predict outcomes may be useful in some cases, but it could also lead to underestimation of heterogeneity and related genomic anomalies [START_REF] Lukovic | Intratumoral heterogeneity and hypoxia gene expression signatures: Is a single biopsy adequate?[END_REF]. Multiple sampling may be required to address this issue and determine how the use of hypoxia signatures can affect the assessment of intratumor heterogeneity. Interestingly, previous reports also suggest transient hypoxia-induced site-specific copy gains (TSSGs) that could result in heterogeneity within tumors [START_REF] Black | Hypoxia drives transient site-specific copy gain and drug-resistant gene expression[END_REF]. Such transient events may represent another level of complexity and additional studies are required to provide more insight into hypoxia-mediated genetic heterogeneity [START_REF] Lukovic | Intratumoral heterogeneity and hypoxia gene expression signatures: Is a single biopsy adequate?[END_REF].

Multi-region sequencing or single cell technologies may help to increase resolution of the clonal diversity during cancer evolution. CNV profiling inferred by single-cell transcriptomes has been used to differentiate malignant cells from non-malignant cells and can help estimate genomic alteration [START_REF] Ma | Tumor Cell Biodiversity Drives Microenvironmental Reprogramming in Liver Cancer[END_REF][START_REF] Puram | Single-Cell Transcriptomic Analysis of Primary and Metastatic Tumor Ecosystems in Head and Neck Cancer[END_REF][START_REF] Suvà | Single-Cell RNA Sequencing in Cancer: Lessons Learned and Emerging Challenges[END_REF]. Recent single-cell transcriptomic data in liver cancer indicate that transcriptomic diversity of tumor cells correlates with genomic diversity, and patient prognosis [START_REF] Ma | Tumor Cell Biodiversity Drives Microenvironmental Reprogramming in Liver Cancer[END_REF]. Since hypoxia/VEGFA drives transcriptomic and tumor cell diversity, hypoxia may be closely related as well to intratumor genomic diversity [START_REF] Ma | Tumor Cell Biodiversity Drives Microenvironmental Reprogramming in Liver Cancer[END_REF]. Additional studies are required to dissect this relationship. Functional studies validating the mutagenesis events and clonal segregation patterns exclusively under hypoxic conditions are also required to understand this ever-changing component in the tumor ecosystem. Hypoxia promotes a selective advantage for cells with loss of tumor-suppressor genes and overall defects in apoptotic pathways, thereby contributing to clonal segregation [START_REF] Graeber | Hypoxiamediated selection of cells with diminished apoptotic potential in solid tumours[END_REF]. Cells in the growth-restraining environment may adapt to flawed DNA repair by enhancing the mutational rate. Such adaptive mutations affect the immunogenicity of the tumor and foster the growth of well adapted sub-clonal populations in an otherwise hostile environment. The increased expression of cancer-specific antigens, neoantigens, can elicit an immune response through increased tumor recruitment and activity of effector T-cells [START_REF] Schumacher | Cancer Neoantigens[END_REF]. In their study, Jia et al. reported that although the local mutational diversity associated with immune heterogeneity in NSCLC tumors, concurrent with T-cell clonal expansion, anti-tumor cytotoxicity did not directly correlate with neoantigen abundance [START_REF] Jia | Local mutational diversity drives intratumoral immune heterogeneity in non-small cell lung cancer[END_REF]. Quality and the clonal status of the neoantigens may be important [START_REF] Mcgranahan | Neoantigen quality, not quantity[END_REF]. During tumor evolution, immunoediting of tumor cell populations by neo-epitope depletion may select for certain antigen-negative variants or subclonal neoantigens [START_REF] Jia | Local mutational diversity drives intratumoral immune heterogeneity in non-small cell lung cancer[END_REF]. Whereas clonal neoantigens may result in better ICB response rate in many patients, accumulation of subclonal neoantigens is likely to distract efficient immune responses toward prominent clonal alterations [START_REF] Mcgranahan | Clonal Heterogeneity and Tumor Evolution: Past, Present, and the Future[END_REF]. Genomic instability as a driving force for neoantigen distribution deserves further attention [START_REF] Rosenthal | Neoantigen-directed immune escape in lung cancer evolution[END_REF]. The extent to which hypoxia could influence this kind of subclonal heterogeneity remains unknown. Admittedly, conflicting results exist regarding the impact of hypoxia on T cells [START_REF] Vuillefroy De Silly | Hypoxia and antitumor CD8+ T cells: An incompatible alliance?[END_REF]. On the other hand, it has been established that the hypoxic tumor microenvironment, through the amplification or the recruitment of immunosuppressive components, as well as the secretion of immunosuppressive growth factors and cytokines, like PD-L1 and TGF-β plays a pivotal role in establishing an immunosuppressed TIME [START_REF] Galon | Approaches to treat immune hot, altered and cold tumours with combination immunotherapies[END_REF][START_REF] Terry | Hypoxic Stress-Induced Tumor and Immune Plasticity, Suppression, and Impact on Tumor Heterogeneity[END_REF][START_REF] Ye | Hypoxia-Induced Epithelial-to-Mesenchymal Transition in Hepatocellular Carcinoma Induces an Immunosuppressive Tumor Microenvironment to Promote Metastasis[END_REF][START_REF] Noman | PD-L1 is a novel direct target of HIF-1α, and its blockade under hypoxia enhanced MDSC-mediated T cell activation[END_REF]. Moreover, as discussed above, regional differences in subclonal characteristics due to non-genetic heterogeneity can influence the overall spatial and temporal heterogeneity of a tumor. A multi-level assessment of heterogeneity will be necessary to identify the determinants of phenotypic heterogeneity, to appreciate the intercellular communication and the contribution of the tumor immune microenvironment in tumor evolution, as well as the role of hypoxia in all of these coordinated processes [START_REF] Sharma | Non-Genetic Intra-Tumor Heterogeneity Is a Major Predictor of Phenotypic Heterogeneity and Ongoing Evolutionary Dynamics in Lung Tumors[END_REF]. Finally, we note that evidence suggests that the DNA damage response can also activate the immune response of tumors through the cGAS-STING axis [START_REF] Li | The cGAS-cGAMP-STING pathway connects DNA damage to inflammation, senescence, and cancer[END_REF]. The cyclic GMP-AMP synthase (cGAS) molecules recognize the damaged self-DNA particles in the cytoplasm and activate Stimulator of Interferon (STING) leading to the induction of Type I Interferons (IFNs). This point is important considering that hypoxic cells are particularly susceptible to DNA damage. Type I IFNs enhance the immune effector cell functions at the tumor site. Tumors expressing high levels of Type I IFNs signaling demonstrate better response to treatment through increased infiltration of CTLs [START_REF] Li | The cGAS-cGAMP-STING pathway connects DNA damage to inflammation, senescence, and cancer[END_REF]. Nevertheless, as recently argued, hypoxic cancer cells may bypass this response by repression of the cGAS-STING pathway [START_REF] Wu | Izpisua Belmonte, miR-25/93 mediates hypoxia-induced immunosuppression by repressing cGAS[END_REF]. These instances illustrate the role of hypoxia in regulating genetic events likely influencing the genetic heterogeneity. They also provide a foundation for further studies investigating the associated mechanisms underlying tumor resistance as well as evasion from the immune recognition.

Hypoxic influence on epigenetic heterogeneity and potential consequences on tumor immune escape

Phenotypic and behavioral heterogeneity in genetically homogeneous clones within a tumor also suggest that epigenetic mechanisms may underlie such a diversity. There is evidence for a role of hypoxia and HIFs on epigenetic changes at multiples levels resulting in histone methylation and chromatin reprogramming [START_REF] Batie | Hypoxia and Chromatin: A Focus on Transcriptional Repression Mechanisms[END_REF][START_REF] Assenov | Intratumor heterogeneity in epigenetic patterns[END_REF]. First, hypoxia regulates the expression and activity of histone modifying enzymes. The histone methyltransferase G9a (EHMT2) is stabilized under hypoxia, and the histone demethylase JMJD2C (KDM4C) as an HIF-1 target gene is induced by hypoxia. Both enzymes act on histone H3 lysine 9 (H3K9) [START_REF] Casciello | G9a drives hypoxia-mediated gene repression for breast cancer cell survival and tumorigenesis[END_REF][START_REF] Luo | Histone demethylase JMJD2C is a coactivator for hypoxia-inducible factor 1 that is required for breast cancer progression[END_REF]. Moreover, HIFs in some cells may induce global chromatin changes [START_REF] Platt | Capture-C reveals preformed chromatin interactions between HIF-binding sites and distant promoters[END_REF]. REST namely RE1-silencing transcription factor [also known as neuron-restrictive silencer factor (NRSF)] is regulated by HIFs [START_REF] Cavadas | REST is a hypoxia-responsive transcriptional repressor[END_REF]. REST has a pivotal role in transcriptional repression and regulation of manifold chromatin remodelers that dictate cellular phenotypic changes during development and in cancer [START_REF] Ooi | Chromatin crosstalk in development and disease: lessons from REST[END_REF][START_REF] Terry | The many faces of neuroendocrine differentiation in prostate cancer progression[END_REF]. Second, hypoxia has been implicated in the regulation of non-coding RNAs including miRNAs. While certain miRNAs such as miR-210 are upregulated via HIF-dependent mechanisms [START_REF] Kulshreshtha | A microRNA signature of hypoxia[END_REF], others may be downregulated. This is explained by the fact that miRNA processing is compromised by hypoxia through epigenetic repression of DICER concomitant with inhibition of H3K27me3 demethylases KDM6A/B under hypoxia [START_REF] Van Den Beucken | Hypoxia promotes stem cell phenotypes and poor prognosis through epigenetic regulation of DICER[END_REF]. Importantly, defective expression of DICER and subsequent downregulation of the miR-200 target ZEB1 promoted the engagement of the EMT program and the acquisition of CSC-like states in various cancer systems [START_REF] Van Den Beucken | Hypoxia promotes stem cell phenotypes and poor prognosis through epigenetic regulation of DICER[END_REF].

Hypoxia has been also reported to be involved in modulation of DNA methylation. Theinpoint and colleagues demonstrated that hypoxia can cause DNA hypermethylation in cancers through suppression of Ten-Eleven Translocation (TET) enzymes that are essential for DNA demethylation [START_REF] Thienpont | Tumour hypoxia causes DNA hypermethylation by reducing TET activity[END_REF]. In clinical tumor samples, tumor suppressor genes (TSG) promoters were markedly hypermethylated suggesting a hypoxia-dependent cellular selection of hypermethylation events. Although much remains to be learned about the landscape of TSG regulated by HIF-dependent DNA Methylation, methylation-mediated alterations of the crucial TSG genes is assumed to influence tumor heterogeneity and plasticity [START_REF] Baylin | Epigenetic Determinants of Cancer[END_REF]. As discussed above, alterations of PTEN expression can lead to tumor diversity. PTEN alterations may act as clonal or subclonal event, and in certain cancers, including prostate cancer, such alterations increase lineage plasticity and phenotypic adaptability, enabling therapy resistance [START_REF] Baylin | Epigenetic Determinants of Cancer[END_REF][START_REF] Jung | DNA methylation loss promotes immune evasion of tumours with high mutation and copy number load[END_REF][START_REF] Quintanal-Villalonga | Lineage plasticity in cancer: a shared pathway of therapeutic resistance[END_REF].

Epigenetic silencing of the TSGs APC or E-cadherin could potentially modulate the cellular fate of cancer cells by stimulating the Wnt/β-Catenin pathway which in turn controls the delicate balance between stemness and differentiation [START_REF] Baylin | Epigenetic Determinants of Cancer[END_REF]. Epigenetic silencing of MMR factors MLH1 and MGMT, could lead to increased mutability phenotypes [START_REF] Baylin | Epigenetic Determinants of Cancer[END_REF]. Of note, for a number of the mentioned deregulated epigenetic mechanisms, association with immune escape have yet to be firmly established. However, given their established relationship with EMT or tumor plasticity, we would not be surprised to see emerging among them novel immune escape mechanisms stimulated by hypoxia.

Pan-cancer analysis from the TCGA initiative data have demonstrated that global DNA demethylation was associated with increased mutational load and immune evasive signature [START_REF] Jung | DNA methylation loss promotes immune evasion of tumours with high mutation and copy number load[END_REF]. The authors also demonstrated that global DNA demethylation was associated with poor clinical benefit from ICB therapy [START_REF] Jung | DNA methylation loss promotes immune evasion of tumours with high mutation and copy number load[END_REF]. Rosenthal and the TRACERx consortium hypermethylation in genes that contain neoantigen mutations suggesting an epigenetic mechanism of immune evasion [START_REF] Rosenthal | Neoantigen-directed immune escape in lung cancer evolution[END_REF]. The dynamic interplay between tumor hypoxia, epigenetic reprogramming of the tumor and immune cells and subsequent resistance to ICB must be explored for devising new and effective combinatorial treatment strategies.

Therapeutic implications of tumor heterogeneity and plasticity

As described above, research is beginning to unravel diverse mechanisms by which EMT/cellular plasticity is linked with immune escape. One intriguing perspective raised by these studies is the possibility that such non-genetic and genetic changes give rise to new therapeutically exploitable weaknesses within the tumor. Future investigations are needed to determine the extent to which these mechanisms are associated with primary and/or acquired resistance. Some cancer clones within the EMT spectrum may be intrinsically resistant, and in other more sensitive ones, stress-induced phenotypic changes may emerge following therapy induced selection pressure.

Hypoxia is associated with non-genetic, conceivably reversible on the one hand, and more stable genetic changes in the other hand, both driving tumor heterogeneity and linked in many instances. In light of the fact that these processes are presumably linked in many instances, it is reasonable to speculate that specific targeting of hypoxia could be a beneficial approach to reduce tumor heterogeneity, prevent emergence of immune escape mechanisms, potentiate the host anti-tumor immunosurveillance, and trigger immune response. One challenge impeding specific targeting of hypoxia has been the lack of specific and potent HIF inhibitors. The recent development of improved HIF2 inhibitors has fueled the hope to target hypoxia and HIF-1α specifically [START_REF] Yu | Allosteric inhibition of HIF-2α as a novel therapy for clear cell renal cell carcinoma[END_REF]. A few HIF-1α inhibitors have already demonstrated interesting properties in preclinical studies. HIF-1α inhibitor PX-478 enhanced the anti-tumor effect of gemcitabine by inducing immunogenic cell death in murine pancreatic ductal adenocarcinoma [START_REF] Zhao | Inhibition of HIF-1α by PX-478 enhances the anti-tumor effect of gemcitabine by inducing immunogenic cell death in pancreatic ductal adenocarcinoma[END_REF]. Interestingly, hyperbaric oxygen therapy (HBOT) of a triple negative MDA-MB-231 breast cancer model attenuated EMT marks (N-cadherin, AXL), and hyperoxia was shown to reduce the metastatic potential the cancer cells [START_REF] Sletta | Oxygen-dependent regulation of tumor growth and metastasis in human breast cancer xenografts[END_REF]. One complicating factor in these studies is the difficulty to recapitulate in mouse models the complex heterogeneity often seen in human tumors. Moreover, an open question is when to target hypoxia. We assume that early targeting, such as in the neoadjuvant or adjuvant setting, may be particularly beneficial to restrain tumor heterogeneity and its evolution.

Less specific agents have been used alone or in combination to block hypoxia or particular targets of HIFs such as VEGF, with interesting benefits in cancer treatment. The rationale is first to normalize tumor vessels to improve drug delivery, and reduce immune suppression and resistance mediated by the TIME. Various compounds are currently being evaluated in combination with immunotherapy in solid tumors [START_REF] Khouzam | Integrating tumor hypoxic stress in novel and more adaptable strategies for cancer immunotherapy[END_REF]. It will be interesting to assess the potential benefits in cases where tumor VEGFA expression associates with a high tumor diversity and aggressiveness [START_REF] Ma | Tumor Cell Biodiversity Drives Microenvironmental Reprogramming in Liver Cancer[END_REF]. To improve patient stratification, it would be appropriate in these studies to assess the value of hypoxic gene signatures in patients' tumor biopsies or high resolution Imaging approaches, as surrogate markers of hypoxia extent [START_REF] Khouzam | Integrating tumor hypoxic stress in novel and more adaptable strategies for cancer immunotherapy[END_REF].

Based on the established tight association between hypoxia and EMT, approaches to target TGF-β have been a source of excitement recently [START_REF] Horn | Tumor Plasticity and Resistance to Immunotherapy[END_REF]. TGF-β regulates both tumor plasticity, and the immunosuppressive microenvironment. Moreover, it could regulate genomic instability in some tumors [START_REF] Pal | TGF-β reduces DNA ds-break repair mechanisms to heighten genetic diversity and adaptability of CD44+/CD24-cancer cells[END_REF]. Experimental evidence exists that inhibition of TGF-β receptors or TGF-βblocking can potentiate anti-tumor immunity and response to ICB therapy [START_REF] Mariathasan | TGFβ attenuates tumour response to PD-L1 blockade by contributing to exclusion of T cells[END_REF][START_REF] Horn | Simultaneous inhibition of CXCR1/2, TGF-β, and PD-L1 remodels the tumor and its microenvironment to drive antitumor immunity[END_REF]. The apparent multi-resistant phenotype conferred by AXL signaling is intriguing. Our recent work suggests that pharmacological inhibition of AXL using bemcentinib can enhance lymphocyte-mediated killing of highly resistant mesenchymal NSCLC cells [START_REF] Terry | AXL Targeting Overcomes Human Lung Cancer Cell Resistance to NK-and CTL-Mediated Cytotoxicity[END_REF]. In another NSCLC model in which AXL mediates EGFR inhibitor resistance, AXL targeting blocked clonogenicity, disrupted the autophagic flux and induced immunogenic cell death (ICD) in cells [START_REF] Lotsberg | AXL Targeting Abrogates Autophagic Flux and Induces Immunogenic Cell Death in Drug-Resistant Cancer Cells[END_REF]. We would like to emphasize the potential of agents inducing ICD as it could give an opportunity to re-sensitize even the most aggressive cancer cell populations often characterized by lower immunogenicity [START_REF] Galluzzi | Activating autophagy to potentiate immunogenic chemotherapy and radiation therapy[END_REF]. The study of Aguilera et al. showed in mammary tumor models that Axl targeting in mice restored radiosensitivity in resistant tumors coinciding with CD8+ T-cell response that is largely enhanced in combination with ICB [START_REF] Aguilera | Reprogramming the immunological microenvironment through radiation and targeting Axl[END_REF]. Likewise, Guo and colleagues, using lung tumor models outlined the potential of combining Axl targeting with anti-PD1 to prevent the emergence of resistance mechanism [START_REF] Guo | Axl inhibition induces the antitumor immune response which can be further potentiated by PD-1 blockade in the mouse cancer models[END_REF]. AXL inhibitors and anti-AXL antibodies are currently being explored in combination with ICB for various indications in patients with solid tumors including ovarian, urothelial and NSCLC (reviewed by Horn LA et al. [START_REF] Horn | Tumor Plasticity and Resistance to Immunotherapy[END_REF]).

Thus, it is tempting to speculate that if one could warm up the hypoxia-induced immunesuppressive TIME, and target some of the hallmarks of the mesenchymal cancer cells as described above, one could increase the efficacy of ICB also in these tumors. Increased PD-L1 expression on mesenchymal or CSC-like cells provide a rationale to test anti-PD-1/PD-L1 agents in highly heterogenous disease [START_REF] Chen | Metastasis is regulated via microRNA-200/ZEB1 axis control of tumour cell PD-L1 expression and intratumoral immunosuppression[END_REF]. However, it is worth noting that the effects of these ICB on altering tumor heterogeneity is yet to be addressed. Evidence is missing whether cancer cell populations with substantial phenotypic adaptability are effectively affected by immunotherapeutic regimens. The study of Hugo et al. in melanoma may indicate they are not [START_REF] Hugo | Genomic and Transcriptomic Features of Response to Anti-PD-1 Therapy in Metastatic Melanoma[END_REF]. Single cell analysis of various cancer types is required to address this question.

Multiple approaches have been proposed to target CSCs or carcinoma cells with stem-like properties [START_REF] Pattabiraman | Tackling the cancer stem cells -what challenges do they pose?[END_REF]. Moreover, these slow cycling immune privileged cells should express CSC antigens potentially targetable by immunotherapy [START_REF] Zhang | Cancer stem cells: Regulation programs, immunological properties and immunotherapy[END_REF]. Clinical trials are ongoing or planned to investigate CD47 blockade either alone or in combination with ICB to boost immune response in relapsed and refractory diseases. IL8 and the developmental/EMT-associated factor Brachyury also seem good candidates for immunological intervention [START_REF] Horn | Simultaneous inhibition of CXCR1/2, TGF-β, and PD-L1 remodels the tumor and its microenvironment to drive antitumor immunity[END_REF][START_REF] Schalper | Elevated serum interleukin-8 is associated with enhanced intratumor neutrophils and reduced clinical benefit of immune-checkpoint inhibitors[END_REF].

A better understanding of the epigenetic mechanisms also raised the possibility to target epigenetic modifiers with "epidrugs" in combination with current immunotherapeutic approaches (reviewed in [START_REF] Topper | The emerging role of epigenetic therapeutics in immuno-oncology[END_REF]). HBOT, hypoxia targeting drugs that are capable of inducing DNA damage (like Evofosfamide), hypoxia alleviating drugs in combination with demethylating agents (azacytidine) and ICB may therefore enhance patient benefit when compared to a single-agent inhibition.

Further research is needed to determine which patients are more likely to respond these treatments and if intratumoral heterogeneity influences response. Finally, increasing evidence suggest the involvement of WNT/β-catenin pathway activation in tumor immune escape, and thus it would be interesting to explore this new therapeutic avenue [START_REF] Luke | WNT/β-catenin Pathway Activation Correlates with Immune Exclusion across Human Cancers[END_REF][START_REF] Ruiz De Galarreta | Lujambio, β-Catenin Activation Promotes Immune Escape and Resistance to Anti-PD-1 Therapy in Hepatocellular Carcinoma[END_REF][START_REF] Grasso | Genetic Mechanisms of Immune Evasion in Colorectal Cancer[END_REF].

Conclusions and perspectives

Molecular paradigms and transcriptional programs engaged in the control of tumor heterogeneity and tumor plasticity seem to converge to drug resistance, and new evidence highlights their importance in the immune escape of tumors. As suggested by experimental and transcriptomic data, hypoxia may play a central role in the regulation of these coordinated programs, while modulating anti-tumor immunity. However, efficient tools are urgently needed to determine the involvement of hypoxic stress at the global and at the single cell levels within tumors. Certainly, one aspect that might confuse the issue is that hypoxia can manifest in different forms and contexts, in particular hypoxia may vary in spatial (levels, gradients) and temporal (acute vs chronic) appearance in tumors, which in turn may alter the cellular manifestation of the hypoxic footprint. Additionally, both genetic and non-genetic changes could be driven by hypoxia to generate tumor resistant variants, that depending on the selection pressure, may represent a very small fraction of the total tumor burden. Technological advances combined with cellular analyses may aid in resolving these issues. Moreover, developing therapies targeting tumor hypoxia, hypoxia-induced clonal heterogeneity or cellular plasticity have the potential to provide new therapeutic solutions to improve the response rates in combination with ICB regimens. It is encouraging to see a number of targets and compounds in early development, and a few being tested in clinical trials in combination with ICB. The rationale for these combination therapies is to reduce hypoxia-driven heterogeneity and tumor plasticity on one hand, while targeting the immune escape properties of these cancer clones on the other hand. How these combinations affect the polarization and the intricate communication between cancer cells and immune cells remain to be elucidated. Rigorous evaluation of the efficacity, optimal sequences, as well as potential toxicities of these combinatorial approaches will determine their eventual implementation in clinical practice.
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