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Introduction

In the last two decades, immunotherapy has emerged as an evolutionary approach for reviving the immune response against tumors in cancer patients. The clinical application of immune checkpoint blockers (ICB) against T cell receptors CTLA-4 (cytotoxic T-lymphocyte antigen 4), PD-1 (programmed death receptor 1) or the ligand PD-L1 (programmed death-ligand 1), has reshaped the treatment path of multiple tumor types [START_REF] Zappasodi | Emerging Concepts for Immune Checkpoint Blockade-Based Combination Therapies[END_REF][START_REF] Wei | Fundamental Mechanisms of Immune Checkpoint Blockade Therapy[END_REF][START_REF] Ribas | Cancer immunotherapy using checkpoint blockade[END_REF][START_REF] Wilky | Immune checkpoint inhibitors: The linchpins of modern immunotherapy[END_REF]. Unfortunately, only a subset of patients successfully responds in the majority of tested cancers [START_REF] Haslam | Estimation of the Percentage of US Patients With Cancer Who Are Eligible for and Respond to Checkpoint Inhibitor Immunotherapy Drugs[END_REF]. A substantial amount of data supports the crucial role played by the tumor microenvironment (TME) in determining the efficacy of ICB [START_REF] Tumeh | PD-1 blockade induces responses by inhibiting adaptive immune resistance[END_REF][START_REF] Mariathasan | TGFβ attenuates tumour response to PD-L1 blockade by contributing to exclusion of T cells[END_REF][START_REF] Tauriello | TGFbeta drives immune evasion in genetically reconstituted colon cancer metastasis[END_REF][START_REF] Chen | Blocking CXCR4 alleviates desmoplasia, increases T-lymphocyte infiltration, and improves immunotherapy in metastatic breast cancer[END_REF][START_REF] Shigeta | Dual Programmed Death Receptor-1 and Vascular Endothelial Growth Factor Receptor-2 Blockade Promotes Vascular Normalization and Enhances Antitumor Immune Responses in Hepatocellular Carcinoma[END_REF]. A prevalent characteristic of the microenvironment of solid tumors is the presence of low oxygen levels, defining a hypoxic state [START_REF] Martin | Normalizing Function of Tumor Vessels: Progress, Opportunities, and Challenges[END_REF].

This phenomenon is a main factor for tumor progression and both chemo-and radiotherapy resistance in cancer [START_REF] Eckert | Rationale for Combining Radiotherapy and Immune Checkpoint Inhibition for Patients With Hypoxic Tumors[END_REF][START_REF] Minassian | Hypoxia-Induced Resistance to Chemotherapy in Cancer[END_REF]. In addition, tumor hypoxia has been shown to contribute to resistance to immunotherapy in preclinical models, and hence, could offer novel clinical biomarkers for guiding treatment strategies [START_REF] Martin | Normalizing Function of Tumor Vessels: Progress, Opportunities, and Challenges[END_REF][START_REF] Hatfield | Immunological mechanisms of the antitumor effects of supplemental oxygenation[END_REF][START_REF] Scharping | Efficacy of PD-1 Blockade Is Potentiated by Metformin-Induced Reduction of Tumor Hypoxia[END_REF][START_REF] Jayaprakash | Targeted hypoxia reduction restores T cell infiltration and sensitizes prostate cancer to immunotherapy[END_REF].

Three basic immune profiles can be distinguished in the TME of cancer patients, namely immune inflamed ("hot"), immune excluded and immune desert ("cold") tumors [START_REF] Chen | Elements of cancer immunity and the cancer-immune set point[END_REF]. While hot tumors include swarms of immune cells in the tumor parenchyma, in particular, CD4 and CD8 expressing T cells, immune-excluded tumors exhibit immune T cells in the stroma only, at the tumor margins, but not in the core. Meanwhile, cold immune desert tumors have a non-inflamed TME characterized by a few T cells.

Clinical responses to ICB are more likely to occur in hot tumors. However, this response is not always observed, indicating that the presence of immune-cell infiltration is not the sole factor for defining clinical benefit from anti-cancer therapy [START_REF] Chen | Elements of cancer immunity and the cancer-immune set point[END_REF].

Hypoxia is an inherent feature of the TME that arises from a skew in the balance between oxygen supply and consumption [START_REF] Petrova | The hypoxic tumour microenvironment[END_REF]. It is a key player governing various cancer hallmarks, including metabolic reprogramming, extracellular matrix (ECM) remodeling, epithelial to mesenchymal transition (EMT), angiogenesis, invasion, metastasis, cancer stem cell maintenance, immune evasion and genetic instability [START_REF] Schito | Hypoxia-Inducible Factors: Master Regulators of Cancer Progression[END_REF][START_REF] Terry | Role of Hypoxic Stress in Regulating Tumor Immunogenicity, Resistance and Plasticity[END_REF]. At the molecular level, the hypoxia-induced malignant chain of events is primarily executed by activating the master regulator of oxygen homeostasis, HIF-1. HIF-1 is a member of the HIF (hypoxiainducible factor) family of transcription factors, which also encompasses HIF-2, and HIF-3. The active HIF-1 functions as an α-β heterodimer composed of an oxygen-labile α-subunit (HIF-1α) and a stable βsubunit (HIF-1β) [START_REF] Talks | The expression and distribution of the hypoxia-inducible factors HIF-1alpha and HIF-2alpha in normal human tissues, cancers, and tumor-associated macrophages[END_REF][START_REF] Keith | HIF1α and HIF2α: sibling rivalry in hypoxic tumour growth and progression[END_REF]. Under normal oxygen levels, the α-subunit is hydroxylated by HIF-specific prolyl-hydroxylases (PHDs), driving its Von Hippel Lindau tumor suppressor protein (pVHL)-mediated proteasomal degradation [START_REF] Keith | HIF1α and HIF2α: sibling rivalry in hypoxic tumour growth and progression[END_REF]. Under hypoxic conditions, HIF-1α is stabilized and interacts with HIF-1β.

The resulting HIF-1 binds the hypoxia responsive element (HRE) of target genes, thus mediating the switch from oxygen-dependent to anaerobic metabolism [START_REF] Keith | HIF1α and HIF2α: sibling rivalry in hypoxic tumour growth and progression[END_REF]. With respect to its effect on tumor immunity, hypoxia has been reported to induce immune suppression and evasion through multiple mechanisms, including acidification of the TME, attraction of immunosuppressive cells and suppression of T-cell effector function [START_REF] Noman | Hypoxia: a key player in antitumor immune response. A Review in the Theme: Cellular Responses to Hypoxia[END_REF][START_REF] Chouaib | Hypoxic stress: obstacles and opportunities for innovative immunotherapy of cancer[END_REF]. In addition, hypoxia promotes T-cell exclusion from the TME by stimulating the formation of leaky, malformed blood vessels [START_REF] Noman | Hypoxia: a key player in antitumor immune response. A Review in the Theme: Cellular Responses to Hypoxia[END_REF][START_REF] Chouaib | Hypoxic stress: obstacles and opportunities for innovative immunotherapy of cancer[END_REF][START_REF] Fukumura | Enhancing cancer immunotherapy using antiangiogenics: opportunities and challenges[END_REF]. Targeting hypoxia in conjunction with ICB has shown encouraging results in in vivo models of lung and breast cancer, melanoma, colon adenocarcinoma, as well as prostate cancer [START_REF] Hatfield | Immunological mechanisms of the antitumor effects of supplemental oxygenation[END_REF][START_REF] Scharping | Efficacy of PD-1 Blockade Is Potentiated by Metformin-Induced Reduction of Tumor Hypoxia[END_REF][START_REF] Jayaprakash | Targeted hypoxia reduction restores T cell infiltration and sensitizes prostate cancer to immunotherapy[END_REF]. Moreover, hypoxia gene sets are enriched in melanoma tumors of non-responding patients to anti-PD-1 immunotherapy [START_REF] Hugo | Genomic and Transcriptomic Features of Response to Anti-PD-1 Therapy in Metastatic Melanoma[END_REF] The characterization of tumor hypoxia is beneficial for determining a patient's treatment path and for the introduction of novel targetable factors that can enhance therapeutic outcome. The complex transcriptional response to hypoxia has been investigated in a myriad of studies. A fraction of these studies also reported a direct link between hypoxia gene signatures and patient prognosis, as well as response to hypoxia modifying therapy, in multiple tumor types [START_REF] Chi | Gene expression programs in response to hypoxia: cell type specificity and prognostic significance in human cancers[END_REF][START_REF] Winter | Relation of a hypoxia metagene derived from head and neck cancer to prognosis of multiple cancers[END_REF][START_REF] Hu | A compact VEGF signature associated with distant metastases and poor outcomes[END_REF][START_REF] Toustrup | Development of a hypoxia gene expression classifier with predictive impact for hypoxic modification of radiotherapy in head and neck cancer[END_REF][START_REF] Buffa | Large meta-analysis of multiple cancers reveals a common, compact and highly prognostic hypoxia metagene[END_REF][START_REF] Eustace | A 26-gene hypoxia signature predicts benefit from hypoxia-modifying therapy in laryngeal cancer but not bladder cancer[END_REF][START_REF] Yang | A Gene Signature for Selecting Benefit from Hypoxia Modification of Radiotherapy for High-Risk Bladder Cancer Patients[END_REF][START_REF] Yang | Development and Validation of a 28-gene Hypoxia-related Prognostic Signature for Localized Prostate Cancer[END_REF]. Such studies have highlighted the clinical utility of hypoxia gene signatures by showing that the expression levels of genes within a signature could be combined to produce a hypoxic score, based on which the hypoxic state of a tumor is defined. By applying this direct and simplified approach, the patient's tumor itself could guide cancer treatment decision-making. Herein, we discuss the intrinsic features of a hypoxic TME as it pertains to cellular plasticity, heterogeneity, stemness and genetic instability. In addition, we will be shedding light on how managing hypoxia can ameliorate response to ICB and the advantage of integrating hypoxia gene signatures in this endeavor.

Hypoxia in the Tumor Microenvironment a. Hypoxia, tumor plasticity and heterogeneity

Tumor heterogeneity exists in most tumors with inherent effects on both their temporal evolution, and response to treatments [START_REF] Mcgranahan | Clonal Heterogeneity and Tumor Evolution: Past, Present, and the Future[END_REF][START_REF] Junttila | Influence of tumour micro-environment heterogeneity on therapeutic response[END_REF][START_REF] Hölzel | Plasticity of tumour and immune cells: a source of heterogeneity and a cause for therapy resistance?[END_REF][START_REF] Fridman | The immune contexture in cancer prognosis and treatment[END_REF]. It should be noted that both heterogeneity in the tumor, as well as, in the TME can greatly influence treatment responses. For instance, the immune content in the TME may dictate response/resistance to immunotherapies [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]. On the other hand, cancer cells can undergo molecular and phenotypic changes referred to as cellular plasticity, which contribute to tumor heterogeneity, thus impacting both tumor progression and response/resistance to anticancer treatments, including immunotherapies [START_REF] Yuan | Cellular Plasticity in Cancer[END_REF][START_REF] Dongre | New insights into the mechanisms of epithelial-mesenchymal transition and implications for cancer[END_REF][START_REF] Behren | Editorial: Cancer Plasticity and the Microenvironment: Implications for Immunity and Therapy Response[END_REF][START_REF] Santamaría | Contribution of Epithelial Plasticity to Therapy Resistance[END_REF]. A well-known example of such changes is reflected by the EMT program, which is a transdifferentiation program that governs changes of cellular states along the epithelial -mesenchymal spectrum [45][START_REF] Paolicchi | Targeting hypoxic response for cancer therapy[END_REF][START_REF] Tsai | Hypoxia-regulated target genes implicated in tumor metastasis[END_REF]. The latter program is accompanied by epigenetic and transcriptional rewiring while conferring cells the capacity to switch between epithelial and mesenchymal states during tumor evolution, at least to a certain extent [START_REF] Yuan | Cellular Plasticity in Cancer[END_REF]45,[START_REF] Ye | Epithelial-Mesenchymal Plasticity: A Central Regulator of Cancer Progression[END_REF]. This EMT results in the acquisition of resistance to therapy [START_REF] Kudo-Saito | Cancer metastasis is accelerated through immunosuppression during Snail-induced EMT of cancer cells[END_REF][START_REF] Akalay | Epithelial-to-mesenchymal transition and autophagy induction in breast carcinoma promote escape from T-cell-mediated lysis[END_REF][START_REF] Fischer | Epithelial-to-mesenchymal transition is not required for lung metastasis but contributes to chemoresistance[END_REF].

A critical factor to consider is hypoxic stress, which is generated by insufficient concentration of oxygen, leading to phenotypic, metabolic, and epigenetics reprogramming of a cell, or a group of cells, thus acquiring a novel cellular state affecting their functions, as well as, interactions with neighboring cells [START_REF] Noman | Hypoxia: a key player in antitumor immune response. A Review in the Theme: Cellular Responses to Hypoxia[END_REF][START_REF] Terry | Hypoxic Stress-Induced Tumor and Immune Plasticity, Suppression, and Impact on Tumor Heterogeneity[END_REF]. Hypoxia is to be considered a potent inducer of cellular plasticity in that it can promote the ability of a cell to shift from its original cellular state to a novel one. Evidence exists of a link between hypoxic stress and EMT in human carcinomas [START_REF] Puram | Single-Cell Transcriptomic Analysis of Primary and Metastatic Tumor Ecosystems in Head and Neck Cancer[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]. Figure 1 represents a snapshot of the transformative impact of hypoxia in the TME on tumor plasticity, heterogeneity and immune resistance, in which the drop in oxygen levels (hypoxia) gives rise to a cascade of phenotypic changes resulting in increased tumor plasticity and heterogeneity. A subset of transformed cancer cells takes on mesenchymal features, reflected by a high EMT score resulting in their increased resistance to immune cell attacks and an increase in the recruitment of immune suppressive cells.

As it is now demonstrated by numerous experimental paradigms, both tumor plasticity and heterogeneity are major determinants in the emergence of therapy resistance [START_REF] Hölzel | Plasticity of tumour and immune cells: a source of heterogeneity and a cause for therapy resistance?[END_REF][START_REF] Keener | Shapeshifters in cancer: How some tumor cells change phenotype to evade therapy[END_REF][START_REF] Landsberg | Melanomas resist T-cell therapy through inflammation-induced reversible dedifferentiation[END_REF][START_REF] Spranger | Impact of oncogenic pathways on evasion of antitumour immune responses[END_REF]. In this regard, numerous mechanisms associated with EMT of carcinoma cells are proposed to explain tumor immune escape [START_REF] Spranger | Impact of oncogenic pathways on evasion of antitumour immune responses[END_REF][START_REF] Terry | New insights into the role of EMT in tumor immune escape[END_REF][START_REF] Romeo | The Vicious Cross-Talk between Tumor Cells with an EMT Phenotype and Cells of the Immune System[END_REF]. First, EMT can render cancer clones poorly immunogenic. In human and mouse cancer systems, the acquisition of a more mesenchymal phenotype by cancer cells has been associated with deficiencies in MHC class I antigen presentation [START_REF] Chen | TGF-β and EGF induced HLA-I downregulation is associated with epithelial-mesenchymal transition (EMT) through upregulation of snail in prostate cancer cells[END_REF][START_REF] Akalay | Targeting WNT1-inducible signaling pathway protein 2 alters human breast cancer cell susceptibility to specific lysis through regulation of KLF-4 and miR-7 expression[END_REF][START_REF] Dongre | Epithelial-to-Mesenchymal Transition Contributes to Immunosuppression in Breast Carcinomas[END_REF]. In human lung cancer tissues, reduced amounts of immunoproteasome components were reported [START_REF] Tripathi | Immunoproteasome deficiency is a feature of non-small cell lung cancer with a mesenchymal phenotype and is associated with a poor outcome[END_REF]. Second, in various models, a more mesenchymal phenotype has been linked to reduced recognition by immune cells following loss of adhesion molecules such as intercellular adhesion molecule 1 (ICAM-1) [START_REF] Macfawn | Grainyhead-like-2 confers NK-sensitivity through interactions with epigenetic modifiers[END_REF][START_REF] Terry | AXL targeting overcomes human lung cancer cell resistance to NK and CTL-mediated cytotoxicity[END_REF]; or associated with defects in the establishment of immunological synapses. This could be explained in part by altered actin network [START_REF] Absi | Actin Cytoskeleton Remodeling Drives Breast Cancer Cell Escape from Natural Killer-Mediated Cytotoxicity[END_REF],

or tyrosine phosphorylation signaling in the vicinity of the cell-cell contacts [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].

On the other hand, one should consider the possibility that in certain cellular contexts EMT induction could increase cancer cell susceptibility to natural killer (NK) cells, especially when EMT is associated with up-regulation of natural killer group 2D (NKG2D) ligands or cell adhesion molecule 1 (CADM1), as well as modulation of MHC class I and E-cadherin amounts [START_REF] López-Soto | Epithelial-mesenchymal transition induces an antitumor immune response mediated by NKG2D receptor[END_REF][START_REF] Chockley | Epithelialmesenchymal transition leads to NK cell-mediated metastasis-specific immunosurveillance in lung cancer[END_REF]. Additionally, mechanistic studies showed that the resistance of tumor cells with overexpression of brachyury (a transcription factor associated with tumor EMT) is due to inefficient caspase-dependent apoptosis [START_REF] Hamilton | WEE1 inhibition alleviates resistance to immune attack of tumor cells undergoing epithelial-mesenchymal transition[END_REF]. EMT-associated autophagy was also described as a tumor resistance mechanism [START_REF] Akalay | Epithelial-to-mesenchymal transition and autophagy induction in breast carcinoma promote escape from T-cell-mediated lysis[END_REF] in conjunction with various molecular perturbations identified in resistance to T-cell-mediated killing of tumor cells [START_REF] Hamilton | WEE1 inhibition alleviates resistance to immune attack of tumor cells undergoing epithelial-mesenchymal transition[END_REF][START_REF] Palena | The human T-box mesodermal transcription factor Brachyury is a candidate target for T-cell-mediated cancer immunotherapy[END_REF][START_REF] Hamilton | Targeting Estrogen Receptor Signaling with Fulvestrant Enhances Immune and Chemotherapy-Mediated Cytotoxicity of Human Lung Cancer[END_REF][START_REF] David | MUC1 upregulation promotes immune resistance in tumor cells undergoing brachyury-mediated epithelial-mesenchymal transition[END_REF].

Moreover, tumor resistance mechanisms directly involving HIF-1α have been reported. Zhang and colleagues [START_REF] Clevers | The cancer stem cell: premises, promises and challenges[END_REF] found that HIF-1α stimulates CD47 expression. CD47 is a significant player in cellular plasticity, that additionally aids in the avoidance of phagocytosis in breast cancer cells [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]. This is achieved by hampering the "eat me signal" on cancer cells through the interaction of CD47 with the signal regulatory protein (SIRP) on macrophages, thereby impairing phagocytosis. Noman and colleagues [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] have demonstrated that EMT-dependent up-regulation of CD47 inhibited phagocytosis of EMTactivated mesenchymal cancer cells. Taken together, these data provide insight into how cancer cell plasticity and HIF-1α may drive multi-resistant phenotypes including resistance to radiotherapy, chemotherapy and immune resistance. Furthermore, in hepatocellular carcinoma, hypoxia-induced EMT triggered an immunosuppressive TME in association with impairment of T-cell proliferation and promotion of regulatory T-cell (Treg) expansion, through the induction of indoleamine 2, 3-dioxygenase (IDO) expression in monocyte-derived macrophages [START_REF] Ye | Hypoxia-Induced Epithelial-to-Mesenchymal Transition in Hepatocellular Carcinoma Induces an Immunosuppressive Tumor Microenvironment to Promote Metastasis[END_REF]. Indeed, many studies highlighted the central role of IDO as an inhibitor of the antitumor immune responses [START_REF] Mellor | Cells expressing indoleamine 2,3dioxygenase inhibit T cell responses[END_REF][START_REF] Popov | Indoleamine 2,3-dioxygenase-expressing dendritic cells form suppurative granulomas following Listeria monocytogenes infection[END_REF]. Nevertheless, despite initial promising results in early-phase clinical trials in a range of tumor types, a phase III study of the IDO1-selective inhibitor combined with pembrolizumab showed no difference between the IDO inhibitor-treated group versus placebo in metastatic melanoma patients [START_REF] Labadie | Reimagining IDO Pathway Inhibition in Cancer Immunotherapy via Downstream Focus on the Tryptophan-Kynurenine-Aryl Hydrocarbon Axis[END_REF]. In another study, secreted protein, acidic and rich in cysteine (SPARC) expression, a well-known mediator and marker of EMT, contributed to the establishment of an immunosuppressive microenvironment, composed of infiltrating Tregs, mast cells, and myeloid derived suppressor cells (MDSCs) [START_REF] Sangaletti | Mesenchymal Transition of High-Grade Breast Carcinomas Depends on Extracellular Matrix Control of Myeloid Suppressor Cell Activity[END_REF].

Finally, it was shown that a high EMT signature score correlated with increased tumor infiltration of immunosuppressive CD4+ Foxp3+ Tregs, and an upregulated PD1/PDL1 axis components [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]. More importantly, a survey inspecting tumors of different origins revealed positive correlations between an EMT signature score, and the amount of inhibitory immune checkpoints PD-1, PD-L1, PD-L2, OX40L and CTLA4 [START_REF] Mak | A Patient-Derived, Pan-Cancer EMT Signature Identifies Global Molecular Alterations and Immune Target Enrichment Following Epithelial-to-Mesenchymal Transition[END_REF].

Taken together, these data provide insight into how plasticity of cancer cells may drive immune resistance phenotype. More studies are now needed to decipher how EMT mediators control immunomodulatory genes and immune environment during tumor progression, as well as response to immunotherapies.

b. Hypoxia interferes with cancer cell stemness

Both hypoxia and HIF signaling pathway are essential in the regulation and sustenance of cancer stem cells (CSCs), and EMT phenotype [START_REF] Keith | Hypoxia-inducible factors, stem cells, and cancer[END_REF][START_REF] Tong | Cancer stem cells and hypoxia-inducible factors (Review)[END_REF]. Thus, hypoxia in the TME promotes the neoplastic process by, at least, generating a CSC-like phenotype. CSCs, referred to as "tumor initiating cells" or "tumor propagating cells", are cancer cells with properties of normal stem cells. They share characteristics with mesenchymal cells and may be responsible for tumor initiation, invasive growth, and metastasis development [START_REF] Luo | Cells susceptible to epithelialmesenchymal transition are enriched in stem-like side population cells from prostate cancer[END_REF]. As they possess self-renewing properties that drive long-term tumor survival, CSCs have been hypothesized to be the root cause of malignant cancers, and to contribute to cancer aggressiveness. Hypoxia results in an increase in transcription factors that support the stem-like state of cells, namely, OCT4, SOX2, c-myc, and Nanog [START_REF] Tong | Cancer stem cells and hypoxia-inducible factors (Review)[END_REF][START_REF] Forristal | Hypoxia inducible factors regulate pluripotency and proliferation in human embryonic stem cells cultured at reduced oxygen tensions[END_REF][START_REF] Covello | HIF-2alpha regulates Oct-4: effects of hypoxia on stem cell function, embryonic development, and tumor growth[END_REF]. Nanog is a prominent and pluripotent factor in the activation of autophagy under hypoxia, participating in the increase of tumorigenic potential in the setting of hypoxia-induced tumor cell resistance. While Nanog is involved in the maintenance of selfrenewal and pluripotency of embryonic stem cells, it also plays a role in immunosuppression by directly regulating TGF-β1 that modulates the expansion of Tregs and that increases macrophage recruitment, enabling tumor evasion of the immune system [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]. Nanog also contributes to the induction of autophagy in hypoxic tumor cells, and to their resistance to killer cells in the TME [START_REF] Hasmim | Cutting Edge: NANOG Activates Autophagy under Hypoxic Stress by Binding to BNIP3L Promoter[END_REF].

Additionally, unique surface markers are overexpressed on CSCs that are significantly correlated with tumor growth and proliferation. Currently, several promising therapeutic strategies targeting CSCs exist, including blocking both oncogenic signal transduction pathways and telomerase activity in the CSCs; inducing the CSCs differentiation and microenvironmental modification; as well as using specific gene therapy [START_REF] Eun | Cancer stem cell heterogeneity: origin and new perspectives on CSC targeting[END_REF][START_REF] Frank | The therapeutic promise of the cancer stem cell concept[END_REF]. Furthermore, several studies revealed that the sensitivity of cancer cells to chemotherapy can be enhanced by inhibiting key CSC markers such as Nanog, ATP-binding cassette transporters (ABC transporters), Wnt, CD44, CD133, CD55, ALDH1, OCT4, SOX2 or KLF4 [START_REF] Saygin | CD55 regulates self-renewal and cisplatin resistance in endometrioid tumors[END_REF][START_REF] Kozovska | ALDH1A inhibition sensitizes colon cancer cells to chemotherapy[END_REF][START_REF] Rodrigues | Prognostic implications of CD44, NANOG, OCT4, and BMI1 expression in tongue squamous cell carcinoma[END_REF]. Hence, the CSCs markers are crucial for identifying and developing novel targeted therapies. These therapies could potentially reduce tumor recurrence, metastasis, and drug resistance. However, the development of such therapies may be entangled by off-target effects, which result in normal tissue damage and treatmentinduced toxicity [START_REF] Kim | Cancer stem cell surface markers on normal stem cells[END_REF]. CSCs have heterogeneous phenotypes as a result of their adaptation and cross-talks with the hypoxic TME following therapeutic pressures [START_REF] Eun | Cancer stem cell heterogeneity: origin and new perspectives on CSC targeting[END_REF]. They express surface stemness-related markers potentially exploitable in cancer treatment, including immunotherapy [START_REF] Parmiani | Universal and stemness-related tumor antigens: potential use in cancer immunotherapy[END_REF]. However, CSCs express immunosuppressive molecules (i.e. CTLA4, B7-H2, B7-H3, PD-1/-1L) [START_REF] Aguirre-Ghiso | Models, mechanisms and clinical evidence for cancer dormancy[END_REF][START_REF] Badrinath | Recent Advances in Cancer Stem Cell-Targeted Immunotherapy[END_REF], low levels of MHC-1 [START_REF] Di Tomaso | Immunobiological characterization of cancer stem cells isolated from glioblastoma patients[END_REF] and can produce higher level of macrophage migration inhibitory factor (MIF) [START_REF] Otvos | Cancer Stem Cell-Secreted Macrophage Migration Inhibitory Factor Stimulates Myeloid Derived Suppressor Cell Function and Facilitates Glioblastoma Immune Evasion[END_REF]. Thus, they are characterized by low immunogenicity and immunosuppressive activity [START_REF] Sultan | Hide-and-seek: the interplay between cancer stem cells and the immune system[END_REF].

Another cellular pathway contributing to the CSCs immune resistance is the JAK/STAT pathway that is deregulated in these cells. In fact, STAT3 signaling is an important regulator of CSCs in tumor formation [START_REF] Bowman | STATs in oncogenesis[END_REF], invasion and progression [START_REF] Dauer | Stat3 regulates genes common to both wound healing and cancer[END_REF]. While, STAT3 activation is tightly controlled, activated STAT3 (p-STAT3) has been identified in many kinds of human tumor samples and cancer cell lines, underlining its pivotal role in tumor development and malignancy [START_REF] Dauer | Stat3 regulates genes common to both wound healing and cancer[END_REF][START_REF] Yakata | Expression of p-STAT3 in human gastric carcinoma: significant correlation in tumour invasion and prognosis[END_REF][START_REF] Xu | A meta-analysis of STAT3 and phospho-STAT3 expression and survival of patients with non-small-cell lung cancer[END_REF][START_REF] Wormann | Loss of P53 Function Activates JAK2-STAT3 Signaling to Promote Pancreatic Tumor Growth, Stroma Modification, and Gemcitabine Resistance in Mice and Is Associated With Patient Survival[END_REF]. As such, inhibiting STAT3 triggers an intrinsic immune-surveillance response that curbs the growth of cancer cells and augments antitumor immunity [START_REF] Kortylewski | Inhibiting Stat3 signaling in the hematopoietic system elicits multicomponent antitumor immunity[END_REF][START_REF] Gotthardt | Loss of STAT3 in murine NK cells enhances NK cell-dependent tumor surveillance[END_REF]. Consequently, several ongoing trials are targeting the STAT3 signaling pathway including Napabucasin (BBI608), which affects cancer cell stemness by inhibiting oncogenic cellular pathways, which is currently in phase III clinical trial and is under investigation in metastatic colorectal cancer, metastatic pancreatic cancer, and other solid tumors [START_REF] Chang | Evaluation of Tumor Cell-Tumor Microenvironment Component Interactions as Potential Predictors of Patient Response to Napabucasin[END_REF][START_REF] Du | Targeting cancer stem cells in drug discovery: Current state and future perspectives[END_REF]. In mouse models, napabucasin was effective both as a monotherapy and in combination with other agents; in particular, synergy was observed with paclitaxel in vivo [START_REF] Hubbard | Napabucasin: An Update on the First-in-Class Cancer Stemness Inhibitor[END_REF].

We should note, however, that targeting STAT3, presents challenging roadblocks in preclinical models and early-phase clinical trials for solid malignancies mainly due to the lack of full inhibition of STAT3, off-target effects, the lack of specificity and/or potency, and the lack of comprehensive understanding of the intricate signaling crosstalk [START_REF] Huynh | Therapeutically exploiting STAT3 activity in cancerusing tissue repair as a road map[END_REF][START_REF] Beebe | Two decades of research in discovery of anticancer drugs targeting STAT3, how close are we?[END_REF]. As such, to improve its pharmacokinetics properties, synthesis of napabucasin derivatives that display stringer inhibitory activities are being designed [START_REF] Zhou | Design, synthesis and activity of BBI608 derivatives targeting on stem cells[END_REF].

In addition to the STAT3 targeting drug listed above, drugs that target cell surface markers (including CD44, CD47), cell signaling pathways (including Wnt, Notch, Hedghog, PI3K/Akt) and that modulate the immune system (CXCR4 antagonists in combination with PD-L1 drugs) have entered clinical trials [START_REF] Du | Targeting cancer stem cells in drug discovery: Current state and future perspectives[END_REF]. Of these, Enoticumab, an antibody to DLL4, a Notch ligand expressed specifically in endothelial cells and that plays a vital role in regulating angiogenesis, is having promising clinical activity in phase I clinical trials for the treatment of advanced solid malignancies [START_REF] Chiorean | A Phase I First-in-Human Study of Enoticumab (REGN421), a Fully Human Delta-like Ligand 4 (Dll4) Monoclonal Antibody in Patients with Advanced Solid Tumors[END_REF]. Another small molecule inhibitor that targets the hedgehog signaling pathway, vismodegib, has gained FDA approval for the treatment of advanced basal cell carcinoma while its use for other types of cancers is at various stages and has shown promising activity in triple negative breast cancer CSCs [START_REF] Li | Signaling pathway inhibitors target breast cancer stem cells in triple-negative breast cancer[END_REF]. Effective targeting of CSCs may require a combination type of therapy, and personalized medicine approach will ultimately determine the most appropriate anti-CSC agent used. Indeed, anticancer therapy resistance is only partially reversed following targeted therapy toward these above-mentioned CSCs mechanisms. The partial efficacy to these CSC-targeted strategies points towards the existence of additional underlying determinants for CSCs resilience [START_REF] Garcia-Mayea | Insights into new mechanisms and models of cancer stem cell multidrug resistance[END_REF]. Finally, to be most effective, anticancer drugs must efficiently penetrate the tissue to reach all the cancer cells at adequate concentrations to exert their effect. The distance between solid tumors hypoxic regions and blood vessels results in a limited distribution of the drugs, which limits their effectiveness.

c. Hypoxia-induced DNA damage response

Most solid tumors experience hypoxia that are of acute, chronic and/or fluctuating type, characterized by low pH and nutritional imbalance. To manage such extreme stress and maintain cellular homeostasis, hypoxic cells conserve ATP by decreasing the proliferation rate and DNA repair capabilities. Hypoxic cells exhibit reduced DNA capacity through transcriptional and translational downregulation of DNA replication and repair proteins. Although common DNA damage and repair assays like comet assay, pulsed-field gel electrophoresis, absence of phosphorylated H2AX and 53BP1 foci demonstrate the lack of DNA damage under hypoxic conditions, the DNA damage response is activated remarkably. This is evidenced by the phosphorylation Ataxia Telangiectasia Mutated (ATM) and ATM-Rad3-related (ATR) and pan nuclear distribution of γH2AX inside the nucleus [START_REF] Scanlon | Multifaceted control of DNA repair pathways by the hypoxic tumor microenvironment[END_REF]. Depending upon the duration and severity of hypoxia, DNA repair pathways can be affected at different rates. Acute hypoxia leads to activation of DNA damage response through post-translation modifications. More chronic hypoxia leads to downregulation of mismatch repair capacity, double strand break repair (homologous recombination and Non-homologous end-joining) and nucleotide excision repair [START_REF] Scanlon | Multifaceted control of DNA repair pathways by the hypoxic tumor microenvironment[END_REF]. Further, longer duration of hypoxia poses serious threat to DNA repair mechanisms through epigenetic modifications in critical DNA repair genes like MLH1 and BRCA1. In addition, severe hypoxia can lead to replication stress, characterized by stalled replication forks and accumulation of long single-stranded DNA threads.

Replication stress further triggers the ATM and ATR signaling to activate the DNA damage response [START_REF] Ng | Challenges to DNA replication in hypoxic conditions[END_REF].

Strategies for targeting DNA repair mechanisms in hypoxic cells are multifold. It is possible to target the post translational modifications in acute hypoxic phase through kinase inhibitors. Radiotherapy and/or PARP inhibitors can intensify DNA damage in chronic hypoxic cells that are already compromised for DNA repair capabilities [START_REF] Olcina | Targeting hypoxic cells through the DNA damage response[END_REF]. Further, integrating DNA damaging agents with immune checkpoint blockade provides a rationale for targeting hypoxic cells with underlying DNA repair deficiency [START_REF] Mouw | DNA Damage and Repair Biomarkers of Immunotherapy Response[END_REF].

d. Hypoxia induced genetic instability and immunogenicity

Hypoxia-induced genetic instability can be attributed mainly to aberrant DNA damage signaling and compromised DNA repair capacity. Hypoxic tumor cells are affected at the DNA level by excessive hypoxia and reoxygenation -induced reactive oxygen species (ROS) and decreased mitochondrial ATP production, inducing DNA damage checkpoints alteration during the cell cycle [START_REF] Koritzinsky | The roles of reactive oxygen species and autophagy in mediating the tolerance of tumor cells to cycling hypoxia[END_REF]. In addition, hypoxia-mediated genetic instability is evidenced by increased rate in point mutations, deletions, insertions, translocations and duplications as well as modifications in fragile sites [START_REF] Luoto | Tumor hypoxia as a driving force in genetic instability[END_REF]. An increase in microsatellite instability has been shown in cells with hypoxia-induced downregulation of the MMR pathway [START_REF] Kondo | Hypoxia-induced enrichment and mutagenesis of cells that have lost DNA mismatch repair[END_REF]. The double strand break (DSB) repair pathways by hypoxia can have severe consequences on genome integrity. For example, the induction of double minutes and expression of fragile sites has been seen in hypoxic cells leading to gene amplifications [START_REF] Fischer | Tumor hypoxia: Impact on gene amplification in glioblastoma[END_REF]. Hypoxia can exert selection pressure on tumor cells with a mutator phenotype through reduced apoptotic capacity [START_REF] Graeber | Hypoxia-mediated selection of cells with diminished apoptotic potential in solid tumours[END_REF]. Even at low hypoxic levels (24h at 0.2% O 2 ), tumor cells with alterations in DNA sequence can bypass the G1/S and G2/M DNA checkpoint kinases, ATM and ATR [START_REF] Pires | Effects of acute versus chronic hypoxia on DNA damage responses and genomic instability[END_REF], thus contributing to genomic instability.

Hypoxia-induced genetic instability may have some important consequences on tumor immunogenicity as well as response to immunotherapy. Both oxidative DNA damage and DSB regulate the expression of PD-L1 in cancer cells [START_REF] Permata | Base excision repair regulates PD-L1 expression in cancer cells[END_REF][START_REF] Sato | DNA double-strand break repair pathway regulates PD-L1 expression in cancer cells[END_REF]. Moreover, intrinsic DNA damage response can induce interferon response, activating the immune system [START_REF] Gasser | The DNA damage response arouses the immune system[END_REF][START_REF] Chatzinikolaou | DNA damage and innate immunity: links and trade-offs[END_REF]. Nevertheless, the contribution of hypoxia or reoxygenation-induced DNA damage on the immune response is yet to be understood. Another important (but not fully described) aspect of the DNA damage response is to enable antigen-presenting functions [START_REF] Tang | The DNA damage response induces antigen presenting cell-like functions in fibroblasts[END_REF]. In murine and other tumor models, contradictory reports about the up-and downregulation of hypoxia-induced MHC class I molecules on tumor cell surface were outlined [START_REF] Kajiwara | Hypoxia augments MHC class I antigen presentation via facilitation of ERO1-α-mediated oxidative folding in murine tumor cells[END_REF][START_REF] Sethumadhavan | Hypoxia and hypoxia-inducible factor (HIF) downregulate antigen-presenting MHC class I molecules limiting tumor cell recognition by T cells[END_REF]. A diverse repertoire of tumor-specific neoantigens arises as a consequence of tumor-specific mutations (via nonsynonymous somatic mutations that modify amino acid coding sequences) [START_REF] Schumacher | Neoantigens in cancer immunotherapy[END_REF]. These neoantigens represent a major factor in the recognition and rejection of cancer cells by the immune system. As such, neoantigens emerge as a solid parameter in the clinical activity of cancer immunotherapy. Tumors expressing neoantigens seemingly exemplify suitable targets for T cell-based cancer immunotherapy [START_REF] Havel | The evolving landscape of biomarkers for checkpoint inhibitor immunotherapy[END_REF]. In fact, tumors expressing neoantigens have increased immunogenicity as there is increased homing of neoantigen-specific T-cell pool at the tumor site and neoantigen-specific T cells are not subject to central and peripheral tolerance [START_REF] Lu | Cancer immunotherapy targeting neoantigens[END_REF]. Positive correlation of tumor mutational burden/neoantigen load and immunotherapy response has been well-established [START_REF] Riaz | The role of neoantigens in response to immune checkpoint blockade[END_REF]. In addition, it was shown that hypoxia was associated with increased genomic instability exhibiting inter-and intratumor heterogeneity [START_REF] Bhandari | Molecular landmarks of tumor hypoxia across cancer types[END_REF].

Finally, tumors with mutations in DNA repair genes and/or inactivated DNA repair pathways can boost neoantigen load [START_REF] Germano | Inactivation of DNA repair triggers neoantigen generation and impairs tumour growth[END_REF][START_REF] Chae | Mutations in DNA repair genes are associated with increased neoantigen burden and a distinct immunophenotype in lung squamous cell carcinoma[END_REF].

As hypoxia can influence DNA repair pathways and contribute to genomic instability in the tumor microenvironment, it will be important to understand the effect of hypoxia alone on the mutational spectrum and neoantigen load, and the latter's influence on immunotherapy.

Clinical impact of hypoxia on immunotherapy

The abnormal TME, which is characterized by hypoxic, mal-vascularized, acidic and nutrient-deprived conditions has proven to be a prominent barrier to ICB, as it attracts immunosuppressor cells and excludes cytotoxic T cells or inactivate their effector function [START_REF] Chouaib | Hypoxic stress: obstacles and opportunities for innovative immunotherapy of cancer[END_REF][START_REF] Jain | Antiangiogenesis strategies revisited: from starving tumors to alleviating hypoxia[END_REF]. Indeed, strategies for normalizing the TME have been shown to enhance the efficacy of ICB in mice with primary and metastatic breast cancer [START_REF] Chen | Blocking CXCR4 alleviates desmoplasia, increases T-lymphocyte infiltration, and improves immunotherapy in metastatic breast cancer[END_REF][START_REF] Chauhan | Reprogramming the microenvironment with tumor-selective angiotensin blockers enhances cancer immunotherapy[END_REF][START_REF] Panagi | TGF-β inhibition combined with cytotoxic nanomedicine normalizes triple negative breast cancer microenvironment towards anti-tumor immunity[END_REF] and have been thoroughly reviewed [START_REF] Martin | Normalizing Function of Tumor Vessels: Progress, Opportunities, and Challenges[END_REF][START_REF] Fukumura | Enhancing cancer immunotherapy using antiangiogenics: opportunities and challenges[END_REF]. Hypoxia itself plays a pivotal role in sculpting the tumor reactive stroma by regulating tumor resistance, heterogeneity and plasticity, and immune suppression. As such, the characterization of tumor hypoxia is beneficial for determining novel targetable factors that can enhance patients' therapeutic outcome.

The relevance of hypoxia in resistance to immunotherapy has further been corroborated by a study of gene signatures that correlated resistance to PD-1 antibody therapy in melanoma patients with the enrichment of hypoxia gene sets in non-responding patients [START_REF] Hugo | Genomic and Transcriptomic Features of Response to Anti-PD-1 Therapy in Metastatic Melanoma[END_REF]. Similarly, a study by Buart S. and colleagues [START_REF] Buart | Transcriptional response to hypoxic stress in melanoma and prognostic potential of GBE1 and BNIP3[END_REF] revealed that the expression levels of hypoxia-regulated BNIP3 (Bcl-2 adenovirus E1B 19 kDa-interacting protein 3)/GBE1(glycogen branching enzyme1) differential pair to be significantly associated with response status of a small cohort of melanoma patients to anti-PD1 (pembrolizumab) immunotherapy. BNIP3 and GBE1 are two genes identified from a 35-gene hypoxic signature validated in primary melanoma cell lines and patient-derived tumor tissue [START_REF] Buart | Transcriptional response to hypoxic stress in melanoma and prognostic potential of GBE1 and BNIP3[END_REF].

Recently, targeting hypoxia-mediated factors has been reported to sensitize tumors to immunotherapy in vivo [START_REF] Hatfield | Immunological mechanisms of the antitumor effects of supplemental oxygenation[END_REF][START_REF] Scharping | Efficacy of PD-1 Blockade Is Potentiated by Metformin-Induced Reduction of Tumor Hypoxia[END_REF][START_REF] Jayaprakash | Targeted hypoxia reduction restores T cell infiltration and sensitizes prostate cancer to immunotherapy[END_REF][START_REF] Chafe | Targeting Hypoxia-Induced Carbonic Anhydrase IX Enhances Immune-Checkpoint Blockade Locally and Systemically[END_REF]. The expression of Carbonic Anhydrase IX (CAIX or CA9) hypoxia-induced enzyme, which is a cell-surface pH regulatory enzyme, has been correlated with a reduced Th1 response in a broad spectrum of tumors and with a worse overall survival in some cancer patients [START_REF] Chafe | Targeting Hypoxia-Induced Carbonic Anhydrase IX Enhances Immune-Checkpoint Blockade Locally and Systemically[END_REF]. In particular, targeting CAIX with a specific small molecule in cancer patients, reduced both the tumor cells' glycolytic metabolism and TME acidification, resulting in increased immune cell killing and enhanced locally and systemically ICB activity [START_REF] Chafe | Targeting Hypoxia-Induced Carbonic Anhydrase IX Enhances Immune-Checkpoint Blockade Locally and Systemically[END_REF]. Indeed, under hypoxic conditions, tumor cells increase the level of HIF-1α and HIF-2α, thus upregulating the expression of CAIX and activating glycolysis [START_REF] Mcdonald | Regulation of pH by Carbonic Anhydrase 9 Mediates Survival of Pancreatic Cancer Cells With Activated KRAS in Response to Hypoxia[END_REF]. These various data suggest that pharmacologically inhibiting CAIX, in combination with ICB, is a potential therapeutic strategy for enhancing immune activity, via a better Th1 response. Hence, in patients with hypoxic solid tumors, blocking CAIX, in addition to ICB, may decrease tumor growth, and reduce metastasis, therefore improving the overall survival of cancer patients.

Apart from pH neutralization, hypoxia reduction by directly altering tumor oxygenation has been investigated in conjunction with ICB [START_REF] Hatfield | Immunological mechanisms of the antitumor effects of supplemental oxygenation[END_REF][START_REF] Scharping | Efficacy of PD-1 Blockade Is Potentiated by Metformin-Induced Reduction of Tumor Hypoxia[END_REF]. Hatfield SM and colleagues [START_REF] Hatfield | Immunological mechanisms of the antitumor effects of supplemental oxygenation[END_REF] reported that respiratory hyperoxia improved pulmonary tumor regression induced by dual blockade of CTLA-4 and PD-1.

Hyperoxia in tumor-bearing mice subjected to 60% oxygen led to enhanced intratumoral infiltration and reduced inhibition of cytotoxic T lymphocytes (CTLs). On the other hand, the inhibition of both oxygen consumption and subsequent tumor-induced hypoxia, using metformin, has been associated with a better efficacy of anti-PD1 immunotherapy [START_REF] Scharping | Efficacy of PD-1 Blockade Is Potentiated by Metformin-Induced Reduction of Tumor Hypoxia[END_REF]. These findings suggest that the normalization of tumorinduced hypoxia with metformin generates a more permissive TME to anti-PD1 immunotherapy, thus allowing an improved antitumor immune response, promoting tumor regression [START_REF] Scharping | Efficacy of PD-1 Blockade Is Potentiated by Metformin-Induced Reduction of Tumor Hypoxia[END_REF]. Hypoxia-activated prodrugs (HAPs) have been developed to specifically target hypoxic tumor cells. The integration of HAPs to sensitize "cold" tumors to ICB has proven to be a promising approach in mouse models of metastatic prostate cancer [START_REF] Jayaprakash | Targeted hypoxia reduction restores T cell infiltration and sensitizes prostate cancer to immunotherapy[END_REF]. Despite the encouraging results of several HAPs-based preclinical and clinical phase I and II trials, their implementation in the clinic has, thus far, been unsuccessful [START_REF] Spiegelberg | Hypoxia-activated prodrugs and (lack of) clinical progress: The need for hypoxia-based biomarker patient selection in phase III clinical trials[END_REF]. This could be due to the challenge in delivering these compounds to their target cells, which lie in hypoxic zones that are distant from functional blood vessels [START_REF] Mistry | Clinical Advances of Hypoxia-Activated Prodrugs in Combination With Radiation Therapy[END_REF]. In addition, another central limitation is patient stratification [START_REF] Mistry | Clinical Advances of Hypoxia-Activated Prodrugs in Combination With Radiation Therapy[END_REF]. Indeed, a better way to tackle the HAPs-based therapies could be a Phase III study design that is biomarker-stratified; such that only patients who are biomarkerpositive, that is hypoxia-positive, are randomized between ICB treatment and an ICB-HAPs combination treatment [START_REF] Spiegelberg | Hypoxia-activated prodrugs and (lack of) clinical progress: The need for hypoxia-based biomarker patient selection in phase III clinical trials[END_REF].

Therefore, there is currently a critical need for integrating the assessment of tumor hypoxia biomarkers in the clinic to improve patients' response to ICB treatment [START_REF] Wilson | Targeting hypoxia in cancer therapy[END_REF][START_REF] Chang | A novel signature derived from immunoregulatory and hypoxia genes predicts prognosis in liver and five other cancers[END_REF]. Nonetheless, and despite all the evidence linking tumor hypoxia with immunotherapy resistance, there are a few ICB-based trials assessing the effect of hypoxia on the efficacy of immunotherapy in cancer [START_REF] Dewhirst | Rationale for hypoxia assessment and amelioration for precision therapy and immunotherapy studies[END_REF]. The apparent reluctance to build hypoxia-biomarker based anticancer trials is probably due to the difficulties in measuring tumorinduced hypoxia [START_REF] Dewhirst | Rationale for hypoxia assessment and amelioration for precision therapy and immunotherapy studies[END_REF]. In this case, hypoxia gene signatures could potentially serve as a straightforward hypoxia-biomarker based therapeutic approach for patients undergoing immunotherapy.

Assessment of tumor hypoxia: the road to hypoxia gene signatures

One of the earliest methods to assess hypoxia was the direct measure of oxygen partial pressure (pO 2 ) in a patient's tumor tissue in comparison with normal tissue, using fine needle electrodes [START_REF] Höckel | Oxygenation of carcinomas of the uterine cervix: evaluation by computerized O2 tension measurements[END_REF][START_REF] Vaupel | Hypoxia in cancer: significance and impact on clinical outcome[END_REF]. While this validated technique is considered the gold standard, it is challenged by several disadvantages. The latter include: the highly invasive nature of this technique, its inability to distinguish between hypoxic and necrotic cells, which do not contribute to tumor growth, and its limited application (this technique being restricted to accessible tumors) [START_REF] Le | Clinical biomarkers for hypoxia targeting[END_REF]. A non-invasive promising imaging approach to monitor tissue oxygen levels has recently been developed, namely blood oxygenation level-dependent magnetic resonance imaging detection (BOLD-MRI) [START_REF] Mason | Non-invasive assessment of kidney oxygenation: a role for BOLD MRI[END_REF]. BOLD-MRI assesses tissue oxygenation by utilizing hemoglobin as an endogenous contrast agent and measuring deoxygenated hemoglobin content by sampling the tissue oxygen content. However, the signal is sensitive to other factors than hypoxia, thus limiting its specificity. To circumvent this issue, an indirect method involving the use of hypoxia exogenous markers, such as pimonidazole, was developed [START_REF] Le | Clinical biomarkers for hypoxia targeting[END_REF][START_REF] Varghese | Hypoxia-dependent reduction of 1-(2-nitro-1-imidazolyl)-3-methoxy-2-propanol by Chinese hamster ovary cells and KHT tumor cells in vitro and in vivo[END_REF]. An alternative hypoxia-imaging approach, which does not need an additional biopsy as in the pimonidazole-based method, is the use of hypoxia-specific positron emission tomography (PET) radiotracers [START_REF] Le | Clinical biomarkers for hypoxia targeting[END_REF]. Currently, the most extensively used PET tracer is 18 F-FMISO [START_REF] Kakkad | Molecular and functional imaging insights into the role of hypoxia in cancer aggression[END_REF]. Another feasible method has been the immunohistochemical detection of hypoxia-induced endogenous protein markers, such as HIF-1, CAIX and VEGFA, which can be characterized on tumor biopsies [START_REF] Le | Clinical biomarkers for hypoxia targeting[END_REF][START_REF] Yang | Hypoxia gene expression signatures as predictive biomarkers for personalising radiotherapy[END_REF]. Nowadays, hypoxia gene signatures have emerged as novel means to capture the effect of hypoxia in cancer and translate it to prognostic and predictive biomarkers. These signatures offer a direct and simplified approach for determining a tumor's hypoxic state; in what follows, the most pertinent signatures will be discussed, as will their relevance to immunotherapy.

a. Prognostic hypoxia gene signatures

Over thirty-two hypoxia gene signatures, ranging from metagenes to compact gene lists, have been published to date [START_REF] Yang | Hypoxia gene expression signatures as predictive biomarkers for personalising radiotherapy[END_REF][START_REF] Harris | Gene Expression Signatures as Biomarkers of Tumour Hypoxia[END_REF]. A fraction of these signatures additionally harbored clinically relevant prognostic potential (Table 1). Indeed, the eighteen presented signatures revealed a common consensus, where patients classified as having more hypoxic tumors experienced worse prognosis than those with less hypoxic tumors. Moreover, fourteen signatures were found to be independent prognostic factors (based on multivariate analysis), and at least five signatures demonstrated prognostic significance in multiple tumor types. Such signatures seemed to capture a transcriptional response to hypoxia that was reflective of prognosis in multiple cancers.

The methods utilized for deriving hypoxia gene signatures varied and could be summarized as distinct combinations of in vitro-, in vivo-and computational-based approaches [START_REF] Yang | Hypoxia gene expression signatures as predictive biomarkers for personalising radiotherapy[END_REF][START_REF] Harris | Gene Expression Signatures as Biomarkers of Tumour Hypoxia[END_REF]. The hypoxic score of a tumor could be determined either from a continuous score, which is binarized into high-and lowhypoxia using a predetermined cut-off for the cohort median/mean score; or the hypoxic score could be used to directly binarize tumors into high-and low-hypoxia, as in the case of formula-based signatures.

The resulting gene signature classification of the hypoxic state of a tumor is thus similar in its indirect nature to measurements done using immunohistochemical analysis of endogenous and exogenous markers of hypoxia; on the other hand, oxygen electrodes allow the direct measure of oxygen concentration.

Overgaard's group, who derived a 15-gene hypoxia signature with prognostic power in head and neck cancer, was the only one to pair the derivation of the gene signature with direct pO 2 measurements in patients using needle electrodes, thus directly associating the genes in the signature with the hypoxic phenotype in vivo [START_REF] Toustrup | Development of a hypoxia gene expression classifier with predictive impact for hypoxic modification of radiotherapy in head and neck cancer[END_REF]. This signature, which, was also found to be prognostic in soft tissue sarcoma (Table 1), poorly correlated with oxygen electrode measurements in 16 patients. As per the authors, this could be due to the small number of patients for which tumor oxygen tension status was available as well as the effect of necrosis and tumor size on pO 2 measurements [START_REF] Aggerholm-Pedersen | A prognostic profile of hypoxia-induced genes for localised high-grade soft tissue sarcoma[END_REF]. The technically demanding and highly invasive nature of needle electrode pO 2 measurement makes it impractical to benchmark hypoxia gene signatures against this gold standard criterion in a large-scale validation study [START_REF] Yang | Hypoxia gene expression signatures as predictive biomarkers for personalising radiotherapy[END_REF]. In a fraction of studies, other classical methods for the assessment of hypoxic status, such as imaging and immunohistochemical staining of endogenous or exogenous markers of hypoxia, were integrated in the production of gene signatures [START_REF] Halle | Hypoxia-induced gene expression in chemoradioresistant cervical cancer revealed by dynamic contrast-enhanced MRI[END_REF][START_REF] Ragnum | The tumour hypoxia marker pimonidazole reflects a transcriptional programme associated with aggressive prostate cancer[END_REF][START_REF] Fjeldbo | Integrative Analysis of DCE-MRI and Gene Expression Profiles in Construction of a Gene Classifier for Assessment of Hypoxia-Related Risk of Chemoradiotherapy Failure in Cervical Cancer[END_REF][START_REF] Suh | Association between hypoxic volume and underlying hypoxia-induced gene expression in oropharyngeal squamous cell carcinoma[END_REF]. These studies highlighted the utility of hypoxia gene signatures in substituting traditional hypoxia biomarkers as a more practical approach for widespread clinical use [START_REF] Yang | Hypoxia gene expression signatures as predictive biomarkers for personalising radiotherapy[END_REF].

b. Predictive hypoxia gene signatures

Among the published hypoxia gene signatures, four were found to be predictive of response to hypoxia modifying therapy [START_REF] Toustrup | Development of a hypoxia gene expression classifier with predictive impact for hypoxic modification of radiotherapy in head and neck cancer[END_REF][START_REF] Eustace | A 26-gene hypoxia signature predicts benefit from hypoxia-modifying therapy in laryngeal cancer but not bladder cancer[END_REF][START_REF] Yang | A Gene Signature for Selecting Benefit from Hypoxia Modification of Radiotherapy for High-Risk Bladder Cancer Patients[END_REF][START_REF] Yang | Development and Validation of a 28-gene Hypoxia-related Prognostic Signature for Localized Prostate Cancer[END_REF]. These signatures were retrospectively tested in phase III randomized trials of radiotherapy alone or in combination with: carbogen and nicotinamide (CON) as in the ARCON (accelerated radiotherapy with carbogen and nicotinamide) and BCON (bladder carbogen nicotinamide) trails, or with nimorazole, as in the DAHANCA 5 (The Danish Head and Neck Cancer) trial. Carbogen and nicotinamide are employed to increase oxygen supply and enhance response to radiotherapy.

Meanwhile, nimorazole is a hypoxia-targeted agent that acts as a radiosensitizer. The predictive power of the signatures tested in these trials followed the same direction, wherein only tumors classified as hypoxic based on the adapted signature benefited from the inclusion of hypoxia modifying therapy with radiotherapy regimens.

In particular, the 26 top ranked genes from the Buffa signature [START_REF] Buffa | Large meta-analysis of multiple cancers reveals a common, compact and highly prognostic hypoxia metagene[END_REF] were able to predict benefit from CON in 157 patients with T2-T4 laryngeal cancer enrolled on the ARCON trial [START_REF] Eustace | A 26-gene hypoxia signature predicts benefit from hypoxia-modifying therapy in laryngeal cancer but not bladder cancer[END_REF]. Hypoxia scores (HS) for each tumor were derived and patients were stratified into low HS and high HS groups based on the cohort median scores for the expression of all 26 genes. Laryngeal high HS patients showed greater benefit from ARCON, where the five-year regional control was found to increase from 81% with radiotherapy alone to 100% with CON (log rank test P=0.009). This trend was also achieved when a 24gene bladder specific hypoxia signature was used to stratify 185 patients with locally advanced bladder carcinoma, enrolled on the BCON trial, into low HS and high HS groups [START_REF] Yang | A Gene Signature for Selecting Benefit from Hypoxia Modification of Radiotherapy for High-Risk Bladder Cancer Patients[END_REF]. Patients with high HS receiving CON with radiotherapy had an improved local progression free survival compared to those undergoing radiotherapy alone (univariate Cox PH analysis P=0.015, HR 0.47, 95% CI 0.26-0.86) [START_REF] Yang | A Gene Signature for Selecting Benefit from Hypoxia Modification of Radiotherapy for High-Risk Bladder Cancer Patients[END_REF].

Interestingly, the 28-gene signature derived from prostate cancer cell lines was also predictive of hypoxia modifying therapy in the BCON trial, in which patients with tumors stratified as having high hypoxia had improved survival with the addition of CON (Cox PH analysis P=0.021, HR 0.54, 95% CI 0.32-0.91) [START_REF] Yang | Development and Validation of a 28-gene Hypoxia-related Prognostic Signature for Localized Prostate Cancer[END_REF]. On the other hand, the integration of CON in patients with low 28-gene signature scores was associated with worse survival (Cox PH analysis P=0.037, HR 2.49, 95% CI 1.06-5.89), and 25% of these patients suffered from CON's negative side effects [START_REF] Yang | Development and Validation of a 28-gene Hypoxia-related Prognostic Signature for Localized Prostate Cancer[END_REF]. This outcome further underlines the utility of signatures in guiding treatment strategies to avoid such unnecessary adverse effects.

The fourth predictive signature came from Overgaard's group, whose 15-gene hypoxia signature accurately predicted benefit from integrating nimorazole in the more hypoxic tumor fraction of 323 patients with HNSCC in the DAHANCA 5 trial. Indeed, higher cumulative incidence of locoregional failure at 5 years was observed in patients with more hypoxic tumors compared to those with less hypoxic ones (79% vs. 54%, P=0.001) [START_REF] Toustrup | Development of a hypoxia gene expression classifier with predictive impact for hypoxic modification of radiotherapy in head and neck cancer[END_REF]. This group has also validated the signature for prospective use in clinical trials [START_REF] Toustrup | Validation of a 15-gene hypoxia classifier in head and neck cancer for prospective use in clinical trials[END_REF]. Indeed, while all these signatures sound promising at the translational level, they have been derived and tested in a retrospective manner and their validation in prospective studies is pending. Nonetheless, the path seems promising, with two prospective trials already in progress for the 26-gene [START_REF] Eustace | A 26-gene hypoxia signature predicts benefit from hypoxia-modifying therapy in laryngeal cancer but not bladder cancer[END_REF][START_REF] Yang | Hypoxia gene expression signatures as predictive biomarkers for personalising radiotherapy[END_REF] and 15-gene [START_REF] Toustrup | Development of a hypoxia gene expression classifier with predictive impact for hypoxic modification of radiotherapy in head and neck cancer[END_REF][START_REF] Toustrup | Validation of a 15-gene hypoxia classifier in head and neck cancer for prospective use in clinical trials[END_REF] head and neck cancer signatures, respectively.

c. Merging signatures: Hypoxia gene signatures in the context of anti-tumor immunity

Cellular processes implicated in tumor progression and molecular classification, as well as clinicopathological factors, can be combined with hypoxia gene signatures to increase their prognostic and potentially predictive power in the clinic [START_REF] Bhandari | Molecular landmarks of tumor hypoxia across cancer types[END_REF][START_REF] Chang | A novel signature derived from immunoregulatory and hypoxia genes predicts prognosis in liver and five other cancers[END_REF][START_REF] Irshad | A combined gene signature of hypoxia and notch pathway in human glioblastoma and its prognostic relevance[END_REF][START_REF] Linge | HPV status, cancer stem cell marker expression, hypoxia gene signatures and tumour volume identify good prognosis subgroups in patients with HNSCC after primary radiochemotherapy: A multicentre retrospective study of the German Cancer Consortium Radiation Oncology Group (DKTK-ROG)[END_REF][START_REF] Chang | Transcriptional landscape of DNA repair genes underpins a pan-cancer prognostic signature associated with cell cycle dysregulation and tumor hypoxia[END_REF][START_REF] Chen | A 17 gene panel for non-small-cell lung cancer prognosis identified through integrative epigenomictranscriptomic analyses of hypoxia-induced epithelial-mesenchymal transition[END_REF][START_REF] Lee | Prognostic nomogram of hypoxia-related genes predicting overall survival of colorectal cancer-Analysis of TCGA database[END_REF]. The same concept can be applied in the integration of factors representative of a tumor's immune microenvironment, thus adding another layer of scrutiny for tumor classification and patient stratification.

In this respect, it has been shown that in soft tissue sarcoma (STS), tumors with high HS have significantly lower immune infiltration scores than the low HS counterparts, suggesting that, hypoxia is associated with a weakened immune response [START_REF] Yang | Validation of a hypoxia related gene signature in multiple soft tissue sarcoma cohorts[END_REF]. Moreover, the most recently published studies have capitalized on the two interdependent characteristics of solid tumors, hypoxia and immune cells infiltration, to put forth signatures predictive of patient prognosis [START_REF] Chang | A novel signature derived from immunoregulatory and hypoxia genes predicts prognosis in liver and five other cancers[END_REF][START_REF] Brooks | Development and Validation of a Combined Hypoxia and Immune Prognostic Classifier for Head and Neck Cancer[END_REF].

Based on these studies it would be of great value to further derive and test the significance of combined hypoxia and immune signatures in predicting response to immunotherapy in a prospective fashion. In addition, it would be insightful to determine the pan-cancer vs cancer specific nature of such combined signatures and how they could be influenced by innate tumor heterogeneity.

Hypoxia targeting and hypoxia-alleviating drugs in immune intervention

Formulating effective immunotherapy to overcome a tumor's immune escape from immunosurveillance is a major challenge. Understanding hypoxia and its components that generate an immunosuppressive environment is crucial in developing more efficient immunotherapies.

Hypoxia associated abnormal vasculature facilitates immune evasion and reduces the efficacy of immunotherapy by decreasing delivery of oxygen, CTLs and drugs. Different, hypoxia-targeted and hypoxia alleviating therapies have been identified [START_REF] Sharma | Hypoxia-targeted drug delivery[END_REF][START_REF] Munn | Vascular regulation of antitumor immunity[END_REF]. These drugs can be used in combination with immune checkpoint blockers (CTLA-4, PD-1 and PD-L1) that have been approved by the FDA (Food and Drug Administration) for the treatment of diverse cancer types [START_REF] Ribas | Cancer immunotherapy using checkpoint blockade[END_REF][START_REF] Wilky | Immune checkpoint inhibitors: The linchpins of modern immunotherapy[END_REF][START_REF] Rotte | Combination of CTLA-4 and PD-1 blockers for treatment of cancer[END_REF].

Drugs designed in an attempt to target HIF-1α transcription factor are many, encompassing those inhibiting its DNA binding, protein synthesis, protein degradation and mRNA expression [START_REF] Onnis | Development of HIF-1 inhibitors for cancer therapy[END_REF][START_REF] Digiacomo | Therapeutic Strategies to Block the Hypoxic Response[END_REF].

Combinations of these drugs with immunotherapy may overcome hypoxic resistance, especially given that many classical chemotherapeutic agents, such as epirubicin, cisplatin, doxorubicin, and cyclophosphamide, are known immunogenic cell death inducers [START_REF] Sukkurwala | Screening of novel immunogenic cell death inducers within the NCI Mechanistic Diversity Set[END_REF][START_REF] Neha | Strategies for targeting cancer immunotherapy through modulation of the tumor microenvironment[END_REF]. Indeed, there are several such clinical trials being undertaken at the moment, and these are presented in Table 2. This table also highlights the mode of action of the hypoxia targeting drugs and the mechanisms being targeted.

On the other hand, normalizing vessel function may enhance tumor perfusion, thus supporting more homogeneous delivery of drugs, oxygen, and immune cells [START_REF] Datta | Reprogramming the Tumor Microenvironment to Improve Immunotherapy: Emerging Strategies and Combination Therapies[END_REF]. Several clinical and preclinical hypoxia-alleviating strategies have been shown to be beneficial through the combination of anti-VEGF/ VEGFR2 agents with various immunotherapies [START_REF] Munn | Vascular regulation of antitumor immunity[END_REF]. For example, there are about 83 immunotherapeutic combinational clinical trials on Bevacizumab, a recombinant, humanized mAb to VEGF, including, for instance, a phase III trial in treating colorectal cancer (NCT02997228) and a phase II Non-small Cell Lung Cancer with Brain Metastases (NCT02971501). Three other phase III trials with PD1/PD-L1 antibodies and anti-VEGF or anti-VEGFR agents, have led to FDA approvals for the combination in lung and kidney cancers (NCT02684006, NCT02853331, and NCT02366143) [START_REF] Munn | Vascular regulation of antitumor immunity[END_REF].

Several other combination strategies that improve the function of tumor vessels have been reported and they are thoroughly reviewed elsewhere [START_REF] Martin | Normalizing Function of Tumor Vessels: Progress, Opportunities, and Challenges[END_REF][START_REF] Fukumura | Enhancing cancer immunotherapy using antiangiogenics: opportunities and challenges[END_REF][START_REF] Jain | Antiangiogenesis strategies revisited: from starving tumors to alleviating hypoxia[END_REF][START_REF] Munn | Vascular regulation of antitumor immunity[END_REF][START_REF] Pinter | Targeting the renin-angiotensin system to improve cancer treatment: Implications for immunotherapy[END_REF]. The hypoxia alleviating drugs that are currently being tested in combination with immunotherapeutic interventions in clinical trials are also listed in Table 2.

Overall, it should not be disregarded that vast challenges lie ahead, due to the complexity and heterogeneity of tumor hypoxia. Indeed, not all patients fully respond to hypoxia-targeted therapy, and several trials have been terminated due to the lack of efficiency and low response rate [START_REF] Francis | Tumor Hypoxia: A Key Determinant of Microenvironment Hostility and a Major Checkpoint during the Antitumor Response[END_REF]. Combination of hypoxia targeting drugs with immunotherapy using delivery nanoparticles could possibly overcome such drawbacks of targeting tumor hypoxia [START_REF] Gao | Engineering Nanoparticles for Targeted Remodeling of the Tumor Microenvironment to Improve Cancer Immunotherapy[END_REF]. In addition, other challenges linked to resistance mechanisms and presence of suitable biomarkers for patient selection and monitoring in the clinic remain to be resolved [START_REF] Martin | Normalizing Function of Tumor Vessels: Progress, Opportunities, and Challenges[END_REF].

Concluding remarks

Hypoxia in the tumor microenvironment plays a central role in the evolution of immune escape mechanisms by tumor cells through its impact on tumor heterogeneity and stroma reactivity. Strong evidence has been provided indicating that tissue hypoxia contributes to therapeutic resistance, heterogeneity and progression. It also interferes with immune plasticity, promotes the differentiation and expansion of immune-suppressive stromal cells, and modifies the metabolic landscape to support immune privilege. Manipulating host-tumor interactions in the context of the hypoxic TME may therefore be critical in reverting malignant conversion and in, presumably, guiding cancer treatment.

Gene signatures have emerged as a novel approach for defining the hypoxic state of a tumor and among existing hypoxia detection methods, they are in the lead for advancing to clinical application [START_REF] Yang | Hypoxia gene expression signatures as predictive biomarkers for personalising radiotherapy[END_REF]. Such signatures could prove essential for patient stratification and guiding immunotherapy treatment approaches, in which hypoxia is a known culprit. Given that intratumoral hypoxia is a driving force of tumor progression, playing a critical role in remodeling the tumor stroma and favoring the emergence of immune tolerance, efforts to incorporate components of the hypoxic microenvironment are attracting particular attention at present in guiding the successful design of future cancer immunotherapeutic approaches.

Figure 1

Schematic model for hypoxic remodeling of the tumor microenvironment in cancer. Under normal oxygen supply (normoxia), the intact tumor vasculature allows for the recruitment of immune cells which results in an increased susceptibility of cancer cells to CTL (cytotoxic T cell)-and NK (natural killer) -mediated attacks. The drop in oxygen levels (hypoxia) gives rise to a cascade of phenotypic changes resulting in increased tumor plasticity and heterogeneity. A subset of transformed cancer cells takes on mesenchymal features, reflected by a high epithelial to mesenchymal transition (EMT) score. The result is an increase in their resistance to immune cell attacks and an increase in the recruitment of immune suppressive cells.
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