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Gadolinium-based nanoparticles AGuIX and their combination with ionizing radiation trigger AMPKdependent pro-inflammatory reprogramming of tumorassociated macrophages
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Tumor-associated macrophages (TAMs) are essential components of the inflammatory microenvironment of tumors and are associated with poor clinical outcomes in the majority of cancers. TAMs mainly exhibit anti-inflammatory functions that promote and support the tissue remodeling, the immune suppression, and the tumor growth. Converting anti-inflammatory TAMs into proinflammatory phenotype recently emerged as a therapeutic opportunity to improve the efficacy of anticancer treatments such as radiotherapy. Here we show that gadolinium-based nanoparticles AGuIX alone and in combination with ionizing radiation induce DNA damage and an Ataxia telangiectasia mutated (ATM)-DNA-damage response in human macrophages and trigger their pro-inflammatory reprogramming. This process is associated with the activating phosphorylation of the Adenosine ABBREVATIONS 15-HETE 15-hydroxyeicosatetraenoic acid 15-LOX 15-lipoxygenase 3DCRT 3D conformal radiotherapy 7AAD 7-amino-actinomycin D ACs Apoptotic cells AD Activation domain AHFRT Ablative hypofractionated radiation therapy AID Autoinhibitory domain ALDA Aldolase AMPK AMP-activated protein kinase ANG-2 Angiopoietin-2 AP-1 Activator protein 1 APTES Aminopropyl triethoxysilane ASL Argininosuccinate lyase ASS1 Argininosuccinate synthase ATM Ataxia-telangiectasia mutated ATMs Adipose tissue macrophages ATP Adenosine triphosphate ATR ATM and Rad3-related ATRIP ATR-interacting protein BMDMs Bone-marrow-derived macrophages BPs Bisphosphonates C/EBPs CCAAT/enhancer-binding proteins CAD Cell-autonomous death CAF Cancer-associated fibroblasts CaMKKβ Calcium/calmodulin-dependent protein kinase β CAT 1 Cationic amino acid transporters 1 CAT 2 Cationic amino acid transporters 2 CBM Carbohydrate-binding module CBS Cystathionine β synthase CCK8 Cell counting kit-8 CCR2 C-C chemokine receptor type 2 cDCs Conventional DCs CDK Cyclin-dependent kinases CFRT Conventional fractionated radiation therapy cGAS cGMP-AMP synthase Chk1 Checkpoint kinase 1 CHO Chinese hamster ovary CLUT Glucose transporters cMoPs Common monocyte progenitors CNS Central nervous system Induced regulatory T cells JAKs Janus tyrosine kinases Jmjd3 Jumonji domain-containing 3 KCs Kupffer cells KD Kinase domain KLF-4 Kruppel-like Factor 4 LDHA Lactate dehydrogenase-A LDTFs Lineage determining transcription factors LIBS Laser-induced breakdown spectroscopy LKB1 Liver kinase B1 LPS Lipopolysaccharides LSPR Localized surface plasmon resonance LT-HSCs Long-term HSCs LYVE-1 Lymphatic vessel endothelial hyaluronan receptor 1 M-CSF Macrophage colony-stimulating factor MARCO Macrophage receptor with collagenous structure MCP-1 Monocyte chemoattractant protein-1 MDPs Macrophage/DC precursors MDSCs Myeloid-derived suppressor cells MFF Mitochondrial fission factors MFN1 Mitofusin 1 miRNAs

Monophosphate (AMP) activated protein kinase on threonine 1972 (AMPKT172*) and the modulation of mitochondrial dynamic. Interestingly, we demonstrate that the depletion of the AMPK reduces the mitochondrial fragmentation and the pro-inflammatory reprogramming of macrophages elicited by gadolinium-based nanoparticles AGuIX and their combination with ionizing radiation, thus revealing that the AMPK plays a central role for the pro-inflammatory macrophage reprogramming. Altogether, our results identify a novel signaling pathway induced by gadolinium-based nanoparticles AGuIX and their combined treatment with ionizing radiation that target macrophage polarization, skew macrophage function toward the pro-inflammatory phenotype and may enhance the effectiveness of radiotherapy. 
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L'accumulation de preuves indique que les TAMs proviennent principalement de monocytes dérivés de la moelle osseuse recrutés sur le site de la tumeur. Les fonctions pro-tumorales des TAMs comprennent la promotion de l'invasion des cellules tumorales, des métastases, de l'angiogenèse, du remodelage de la matrice extracellulaire et de l'immunosuppression tumorale.

Ces fonctions pro-tumorales des TAMs en font une cible thérapeutique intéressante pour les thérapies anticancéreuses. L'une des stratégies émergentes pour cibler les TAMs comprend la reprogrammation des TAMs d'un phénotype pro-tumoral de type M2 en un phénotype antitumoral de type M1. Plusieurs études ont démontré que les rayonnements ionisants (IR) pouvaient repolariser les TAMs vers un phénotype pro-inflammatoire en induisant une réponse aux dommages de l'ADN.

Plusieurs nanoparticules à base de métal ont été développées pour améliorer le dépôt de doses de rayonnement dans les sites tumoraux. Sous l'exposition de l'IR, ces nanoparticules métalliques produisent des photons et des électrons Auger qui améliorent les dommages à l'ADN et génèrent des espèces réactives de l'oxygène (ROS). Outre les propriétés radiosensibilisantes, les nanoparticules métalliques à base de gadolinium, comme AGuIX (activation et guidage de l'irradiation par rayons X), ont été largement utilisées en clinique comme agents de contraste positifs pour l'IRM en raison de leurs propriétés paramagnétiques.

Après des études précliniques approfondies, les nanoparticules AGuIX en association avec la radiothérapie sont actuellement testées dans de multiples essais cliniques chez des patientes présentant des métastases cérébrales et un cancer avancé du col de l'utérus. Bien que la combinaison d'AGuIX avec l'IR ait démontré l'efficacité potentielle dans les traitements contre le cancer, leur impact combiné sur les cellules immunitaires est mal compris. L'objectif de ce doctorat. La thèse est d'évaluer l'impact des nanoparticules AGuIX en combinaison avec l'IR sur le phénotype des TAMs. Medicine in 1908 1 . Metchnikoff made first microscopic observations of macrophage phagocytosis of foreign materials, pathogens and host apoptotic cells. This discovery has laid a foundation to a variety of different fields ranging from developmental biology, immunology, probiotics, and gerontology 2 . Since then, the field has evolved tremendously and expanded to form a unique system known as "the mononuclear phagocyte system" which includes cells such as monocytes, dendritic cells, and macrophages 3 . Until recently, most phagocytic cells have been thought to evolve distinctly from bone marrow-derived monocytes. This concept has been challenged as many studies demonstrated that distinct tissue-resident macrophages arise from embryonic progenitors, such as the yolk sac and fetal liver, during embryogenesis, and retain their self-renewal properties throughout lifespan 4 .

Recent studies suggested that tissue-macrophage populations are predominantly developed during early embryogenesis and can be described in three sequential waves (Figure 1). The first wave in embryonic hematopoiesis occurs around embryonic day 7 (E7) in rodents when the embryonic blood circulation has not yet developed. During this wave, erythro-myeloid progenitors (EMPs) arise from blood islands in the yolk sac and differentiate into premacrophages (pMacs) independently from c-Myb which is a master transcriptional regulator of hematopoiesis 3 .

Figure 1. Macrophage development process.

Macrophage progenitors colonize developing embryos in three waves. During the first wave, erythro-myeloid progenitors (EMPs) originated from the yolk sac differentiate into pre-macrophages (pMacs) and migrate into embryonic vasculature. A second wave EMPs derived from hemogenic endothelium seeds the fetal liver, where they differentiate into pMacs and monocytes. During the third wave, hematopoietic stem cells (HSCs) developed from the aorta-gonad-mesonephros region enter the fetal liver. At this stage, pMacs and monocytes travel through the bloodstream and seeds all the tissue, except the brain. EMP, erythro-myeloid progenitor; HSC, hematopoietic stem cell; pMac, premacrophage. Adapted from Munro and Hughes (2017) 3 .

Around E8.5 when embryonic blood circulation connects the yolk sac with the entire embryo, the second wave of macrophage development starts. During this second phase, c-Myb independent pMacs seed throughout the embryo and start to differentiate into tissue-specific macrophages. At the same time, the second type of EMPs develops at the hemogenic endothelial in a c-Myb dependent manner and seeds the fetal liver. In the fetal liver, EMPs rapidly expand and differentiate into pMacs and monocytic intermediates. At E11.5, these pMacs and monocytes enter the embryonic vasculature system and reside almost in all developing organs, except the brain due to the blood-brain barrier 3,4 .

During the third wave of macrophage development, around E10.5, hematopoietic stem cells (HSCs) arise from several anatomical sites such as the yolk sac, the aorta-gonad mesonephros region, and the placenta and reside in the fetal liver 5 . Besides contributing to the population of tissue-resident macrophages, HSCs populate the spleen and bone marrow of the embryo and continue to produce monocytes during the postnatal period. Even though prenatal tissueresident macrophage progenitors have an unlimited capacity for self-renewal during lifespan, HSCs derived monocytes remain the main source to replenish macrophages in organs, except the brain, during injury and/or inflammation 6,7 .

Thus, during the prenatal period, tissue-resident macrophages develop mainly from the embryonic yolk sac and fetal liver precursors and retain their self-maintaining capacity during lifetime. After birth, bone marrow monocytes and pro-B cell-derived macrophages may contribute to the population of tissue-resident macrophages to sustain the tissue homeostasis during injury and inflammation. and LDTFs, like interferon regulatory factor family members and CCAAT/Enhancer-Binding-Protein (Cebp)-. Among them, the most studied is PU.1 transcription factor. Many studies involving PU.1 knockout model demonstrated its crucial role in the maturation of myeloid progenitors into functional cells: loss of PU.1 expression resulted in lack of common myeloid progenitor, defective granulocytic neutrophil production, and an absence of mature macrophages 9 . Expression of PU.1 is regulated by RUNX1 (also known as AML1) and it controls the differentiation process in a dose-dependent manner 10 . A low level of PU.1 expression activates both neutrophil and macrophage lineage-specific genes. However, a certain PU.1 threshold level induces the expression of Egr-2 and the transcriptional repressor Nab-2, both those transcription factors are needed to repress the expression of Gfi-1, a transcription factor which controls neutrophil differentiation. Thus, repression of Gfi-1 silences neutrophil genes and promotes macrophage differentiation 9 . In addition to PU.1, other LDTFs such as MYB, c-MAF, MAFB, and ZEB2 have shown to play a crucial role in pre-macrophage development in distinct types of human and murine tissue-resident macrophages 10 . Together, these transcription factors form a unique fingerprint in a form of cell surface receptors shared by a majority of human and murine tissue-resident macrophages 10 (common human mouse macrophage markers include: EMR1-F4/80 11 , and CD64 12 ). Beside LDTFs, environmental signals arising from pre-macrophage tissue environment determine the fate of tissue-resident macrophages (Figure 2) 8 . During organogenesis, premacrophages populate certain organs, which provide niche-specific signals and facilitate tissue-dependent macrophage differentiation. These niche signals can include cytokines, metabolites, cell-cell contact, inflammation and can activate SDTFs 10 . Most of SDTFs are designed to convert poised or primed enhancers into active by directly activating signature genes or by inducing epigenetic chromatin remodeling 13 .

Regulation of macrophage development and tissue specialization

Among macrophage subsets, differentiation of red pulp macrophages (RPMs) localized in the splenic red pulp has been shown to be regulated the heme metabolite released after erythrocyte degradation 14 . Heme induces proteasomal degradation of BACH1 the transcriptional repressor of Spi-C, which is a crucial transcription factor for RPMs differentiation through the transactivation of Vcam1 RPM expressed gene 10 .

In contrast to RPMs, the differentiation of microglia, the tissue-resident macrophages of the central nervous system (CNS) is dependent on brain environmental cytokines such as colonystimulating factor-1 (CSF-1), interleukin 34 (IL-34), and transforming growth factor-beta (TGF-) 15 . Cytokine TGF-controls microglia development through phosphorylation of the Smad2 and Smad3 cytosolic proteins, initiating further interaction with Smad4 and consequently the formation of a Smad2/3-Smad4 active hetero-complex which then translocate into the nucleus and regulate expression of target genes 16 . CSF-1 and IL-34 are both ligands to CSF-1R receptor and formation of CSF-1/CSF-1R or IL-34/ CSF-1R complex promotes a rapid monomer to dimer transition of CSF-1R receptor causing a series of tyrosine phosphorylation which eventually activates downstream complexes responsible for regulating macrophage survival, proliferation, and differentiation genes 17 .

The microbiome niche of the intestine is also contributing to the development of intestinal macrophages. Due to a high turnover rate of tissue-resident macrophages in the intestinal lining, the majority of aged embryo-derived intestinal macrophages are replaced by bonemarrow-derived monocytes 18 . After birth, the microbiota of the gut contributes to macrophage development by releasing mainly polysaccharides and short-chain fatty acids (SCFAs). For example, n-butyrate can repress IL-6, IL-12b, and Nos2 expression in intestinal macrophages located in the colon region by inhibiting histone deacetylases 19 . Even though many bacterial metabolites have been identified to be important in macrophage differentiation, more work is required to understand the exact molecular mechanism governing this process.

In addition to the above-mentioned types of tissue-resident macrophages, other tissues such as skin (Langerhans cells), lung (alveolar macrophages), bone (osteoclasts), liver (Kupffer cells), and peritoneum (peritoneal macrophages) are populated with tissue-specific macrophages as well 10 . Cytokine TGF-has been shown to control Langerhans cells development by regulating the expression of RUNX3 and ID2 transcription factors, while in osteoclasts it controls RANKL-induced differentiation 10 . Moreover, TGF-regulates the expression of ID1 and ID3 which play an essential role during Kupffer cell development. The fate of alveolar macrophages, in contrast, is determined by alveolar type II epithelial cells producing granulocyte-macrophage colony-stimulating factor (GM-CSF) which induces the expression of PPARγ. Lastly, the development of peritoneal macrophages is partially regulated by local tissue-derived retinoic acid which controls the expression of zinc finger transcription factor GATA6 20 .

In summary, differentiation of tissue-resident macrophages is governed distinct combination of transcription factors and tissue-specific environment stimuli. Lineage-specific transcription factors play a vital role during early embryonic development and distribution of premacrophages, while signals arising from the tissue environment facilitate further organ-specific differentiation of macrophages during prenatal development and after birth.

Regulation of monocyte development

Monocytes during embryogenesis develop from erythro-myeloid precursors (EMPs) in the fetal liver and after birth, they arise from bone marrow (BM)-derived hematopoietic stem cells (HSCs) 21,22 . HSCs are a highly heterogeneous population and can be sub-divided into categories such as long-term HSCs (LT-HSCs), short-term HSCs (ST-HSCs), and multipotent HSCs (MPPs). LT-HSCs have a self-renewal capacity and give rise to ST-HSCs, which then differentiate into MPPs. MPPs have a less self-renewal ability and they are the main progenitors of monocytes (Figure 3) 23 .

Monocyte development from MPPs in murine model happens in several intermediate stages and is tightly regulated by specific transcription factors (Figure 3) 24 . The first precursor of MPPs is the common myeloid precursors (CMPs), which are characterized by the expression of surface glycoprotein CD34 and by losing the expression of stem cell antigen-1 (SCA-1)

receptor. The next intermediate cells are granulocyte/macrophage precursors (GMPs) which

express Fcγ receptors such as CD16 and CD32 24 . GMPs are followed by macrophage/DC precursors (MDPs) which are characterized by the expression of CD115 (CSF-1R/M-CSFR), CX3CR1, and Flt-3 (CD135) receptors 25 . These cells, in turn, can differentiate into the common monocyte progenitors (cMoPs) which maintain the expression of CD115 and CX3CR1 receptors and gain the expression of Ly6C receptor. Several studies demonstrated that cMoPs give rise to Ly6C hi monocytes which then give rise to other subsets of monocytes 24 . 2014) 24 .

The transcription factor PU.1 plays a crucial role at various stages of monocyte differentiation.

The up-regulation of PU.1 has been shown to induce the expression of Interferon regulatory factor-8 (IRF8), Kruppel-like Factor 4 (KLF-4), Erg-2 and Nab-2 and to inhibit the expression of neutrophil differentiation genes such as GATA-1, GATA-2, and C/EBPα 26,27 . Then IRF-8

has been shown to form a heterodimer with PU.1 and activate several monocyte-related genes such as cystatin C and cathepsins 28 . The IRF-8/PU.1 complex demonstrated to control as well the expression of the KLF-4 factor by binding to its promoter region 29 . Activated Erg-2 and Nab-2, together inhibit the expression of the Gfi-1 gene involved in promoting neutrophil differentiation 30 .

Depending on surface markers and chemokine receptors human monocytes could be subdivided into three subsets, classical, intermediate, and non-classical (Table 1). Human classical monocytes express high levels of CD14 and do not express CD16 (CD14 ++ CD16 -)

and have high levels of chemokine receptor CCR2 and low levels of CX3CR1 (CCR2 high CX3CR1 low ) 21 . Intermediate monocytes express higher levels of CD14 and low CD16 (CD14 +(+) CD16 + ). Whereas, non-classical monocytes express low levels of CD14 and high levels of CD16 (CD14 + CD16 ++ ) 31,32 . Both intermediate and non-classical human monocytes express low levels of CCR2 and high levels of CX3CR1 (CCR2 low CX3CR1 high ) 33 .

Similarly, murine monocytes could be subdivided into the same three functionally different subsets ( (Ly6C low CD11b + CD115 + ) 33,34 .

Table 1: Human and murine monocyte subsets.

Adapted from Sprangers, Vries, and Everts ( 2016) 33 .

Thus, during embryogenesis monocyte initially arises from the fetal liver erythromyeloid progenitors and these immature HSCs seed the bone marrow. Only after birth, bone-marrowderived HSCs start to differentiate into functional monocytes via several distinct progenitors.

Development of HSCs into monocyte is controlled by several transcription factors and produce functionally distinct monocyte subsets which will be further explored in the upcoming sections.

Regulation of tissue hematopoietic macrophage development

Tissue-resident macrophages have a strong self-renewal capacity, longevity and resistance to stress signals, which enable their long survival. However, under steady-state homeostasis, as well as during a "stress" situation, bone marrow (BM) derived monocyte could also contribute to the population of tissue-resident macrophages 35,36 . The distribution of BM monocytederived tissue-resident macrophages varies from tissue to tissue with a minor contribution to microglia population in the brain and with a substantial input to the macrophages resident in the peritoneum, intestine, and dermis (Figure 4) 37 . Tissue-resident macrophages developed from the yolk sac and fetal liver differ from BM-derived monocyte by expression of surface markers, self-renewal capacity, and longevity. Murine blood monocyte-derived macrophages generally express low levels of F4/80 surface marker, have a short lifespan, and have a limited self-renewal capacity while the majority of embryonically derived macrophages express a high level of F4/80, are long-lived, and have a high self-renewal capacity [36][37][38] . Murine tissue-resident macrophages initially rise from embryonic progenitors in the yolk sac and fetal liver and can maintain strong self-renewal property (thick arrows) throughout life. Later in life macrophages are derived from monocyte seed tissues with high turn-over (highlighted with blue background) and these macrophages have limited self-renewal capacity (dotted arrows), instead, tissue-resident macrophages in those tissues constantly replenish from recruited monocytes. GMP, granulocyte-macrophage progenitor; MDP, macrophage-dendritic progenitor; LC, Langerhans cells; RP, red pulp; LP, lamina propria. Adapted from Sieweke and Allen (2013) 37 .

Little is known about the process of differentiation of monocytes into fully functional tissuespecific macrophages under physiological conditions. In cardiac tissue, for example, CCR2 - population of macrophages are renewed by self-proliferation, while CCR2 + sub-population are replenished by blood monocyte 39,40 and its proliferation depends on the expression of the transcriptional co-repressor myeloid translocation gene on chromosome 16 (Mtg16) 41 .

However, most of the monocyte under physiological conditions remain circulating in the blood or stay undifferentiated in the tissue periphery 22 . Monocyte to macrophage activation occurs mainly under pathological conditions or microbial sensing and results in high macrophage infiltration in the tissue, creating specific pro-inflammatory or/and anti-inflammatory immune responses 38 .

Characteristics of macrophage phenotypes

Tissue-resident and circulating macrophages display remarkable plasticity and functional diversity. Depending on signals received from the surrounding environment or the phagocytized body, macrophages can be polarized into pro-inflammatory (M1 like) and antiinflammatory (M2 like), also referred as classical M1 and alternative M2 activated macrophages. Anti-inflammatory macrophages could be further classified into three subpopulations M2a, M2b, and M2c [42][43][44] . Some specific surface markers, stimuli, and functions of these macrophage subsets are summarized in Figure 5. Murine specific marker include F4/80 45 , and markers such as CD206 and CD163 are common for both human and mouse species 46,47 . -12 and IL-23), inflammatory cytokines and mediators (IL-1β, TNF-α, IL-6, iNOS) and chemokines (CXCL9, CXCL10, and CXCL13) 42 . They were shown to produce also reactive oxygen and nitrogen metabolism intermediates (ROI and RNI) 43,48 . Moreover, pro-inflammatory macrophages were demonstrated to secrete enzymes from the matrix metalloproteinases (MMPs) family, such as MMP14, which was shown responsible for the induction of pro-inflammatory genes 49 . Hence, classically activated macrophages were shown to possess strong microbiocidal, tumoricidal and phagocytic activities and involved in antigen presentation to Th1 cells and their stimulation and in the clearance of apoptotic cells 44,[50][51][52] .

By contrast, anti-inflammatory macrophage activation could occurs in response to antiinflammatory stimuli such as IL-33 IL-21, IL4, IL13, M-CSF, transforming growth factor-𝛽 (TGF-𝛽) and is distinguished by up-regulation of surface markers such as mannose receptor CD206, scavenger receptor CD163, and arginase I receptor and down-regulating MHCII HLA-DR receptor 53,54 . They secrete high levels of anti-inflammatory cytokines, namely IL-10 and TGF-𝛽 44,50 .

As mentioned before, anti-inflammatory macrophages could be subdivided into M2a, M2b, ,44,51 . M2d type macrophages, which were distinguished by some reports to be an extension to M2c, are activated by TLR antagonists and IL-10 and were shown to release vascular endothelial growth factor (VEGF) which promotes angiogenesis and tumor progression 42,55 .

It is crucial to note that even though M1 like and M2 like classification types have been a useful tool for in vitro studies, macrophage plasticity in vivo is more diverse than thought before. In tissue environment macrophages were shown to acquire a wide range of phenotypes which could elongate between extremes of fully pro-inflammatory and anti-inflammatory phenotypes 50,56 . RelA (also named p65), RelB, and c-Rel 57,58 . NF-kB monomers dimerize into homo-or heterodimers and interact with cytoplasmic regulatory IkB consensus domain, which composed of five inhibitory proteins (IκBα, β, ε, γ, and δ) 59 . In recent years, it has become clear that along with a diverse range of dimers, the activation of the NF-kB transcription factor is governed by two separate strategies, known as "canonical" and "non-canonical" (or "alternative") signaling pathways. Both of these signaling pathways could be activated by a variety of stimuli (including cytokines, bacterial and viral products, physical and chemical stress agents) and play an essential role in regulating immune responses driven by macrophage activation 59,60 .

Molecular mechanisms of

The canonical NF-kB pathway is initiated by several stimuli which activate cell surface receptors such as pattern-recognition receptors (PRRs), TNF receptor (TNFR) superfamily, and various cytokine receptors, for instance, IL1Rs 59 . There are four members of PRRs expressed by innate immune cells, including toll-like receptors (TLRs), RIG-I-like receptors, NOD-like receptors (NLRs), and C-type lectin-like receptors. These PRRs can detect pathogen-associated molecular patterns (PAMPs) derived from microbes and damageassociated molecular patterns (DAMPs) released from damaged and dying cells [START_REF] Amarante-Mendes | Pattern Recognition Receptors and the Host Cell Death Molecular Machinery[END_REF] .

The primary mechanism of the canonical NF-kB pathway was shown to involve activation of receptors, which in turn lead to the phosphorylation of a secondary cellular messenger, an IKK complex. The IKK complex consists of a regulatory subunit IKK (also known as NEMO) and two serine-threonine kinases (IKKα and IKKβ). Activation of the canonical pathway requires the IKK and phosphorylated IKKα/β subunits which leads to the phosphorylation of the IkB proteins. Consequently, IkBs become poly-ubiquitinated and degraded by proteasome causing the release of NF-κB dimers which eventually translocate into the nuclear region and activate the transcription of target pro-inflammatory genes, including primary response genes such as TNF and IL1B genes 59,[START_REF] Shih | A single NFκB system for both canonical and non-canonical signaling[END_REF] .

On the contrary, activation of the non-canonical pathway involves binding of specific ligands to receptors of tumor necrosis factor (TNF) superfamily such as BAFFR (also known as BLyS),

LTβR, CD40, and RANK [START_REF] Wu | Tumor necrosis factor (TNF) receptor superfamily member TACI is a high affinity receptor for TNF family members APRIL and BLyS[END_REF][START_REF] Cildir | Noncanonical NF-κB Signaling in Health and Disease[END_REF] . Stimulation of these receptors demonstrated to lead to the activation of NF-κB-inducing kinase (NIK), which the,n cooperates with downstream kinase, IκB kinase-α (IKKα) to mediate p100 phosphorylation, leading to p100 ubiquitination and proteasomal degradation [START_REF] Cildir | Noncanonical NF-κB Signaling in Health and Disease[END_REF] . Processing of p100 results in the generation of functional p52

protein and triggers the formation of RelB/p52 heterodimer, which in turn translocates to nucleus and regulates genes involved in immune cell maturation, differentiation, and lymphoid organogenesis 57,[START_REF] Huxford | A structural guide to proteins of the NF-kappaB signaling module[END_REF] .

Overall, the NF-kB signaling pathway plays an essential role in controlling pro-inflammatory macrophage activation and inflammation. Particularly, NF-kB is involved in regulating inflammatory genes such as TNF-α, IL-1β, IL-6, IL-12p40, and cyclooxygenase-2. It is also essential in pro-inflammatory macrophage-mediated Th1, Th17, and Treg cells maturation [START_REF] Wang | Molecular mechanisms that influence the macrophage m1m2 polarization balance[END_REF][START_REF] Vasanthakumar | The TNF Receptor Superfamily-NF-κB Axis Is Critical to Maintain Effector Regulatory T Cells in Lymphoid and Non-lymphoid Tissues[END_REF] . receptor association [START_REF] Wang | Molecular mechanisms that influence the macrophage m1m2 polarization balance[END_REF][START_REF] Lawrence | Transcriptional regulation of macrophage polarization: enabling diversity with identity[END_REF] . JAKs, which are then trans-phosphorylated and activated further recruit and phosphorylate downstream STAT proteins, leading to their dimerization and nuclear translocation. STATs dimers alone or in complexes with other transcription factors (including IRFs) could control pro-inflammatory and anti-inflammatory macrophage activation [START_REF] Mogensen | IRF and STAT Transcription Factors -From Basic Biology to Roles in Infection, Protective Immunity, and Primary Immunodeficiencies[END_REF] .

STAT1 and STAT2 phosphorylation are involved in the activation of macrophages toward the pro-inflammatory phenotype [START_REF] Lawrence | Transcriptional regulation of macrophage polarization: enabling diversity with identity[END_REF] . Indeed, the binding of IFN-to its receptor (IFNGR) was demonstrated to activate JAK1 and JAK2 complex which then phosphorylates STAT1 transcription factor [START_REF] Abdolvahab | Interferons: Role in cancer therapy[END_REF] . Upon phosphorylation, STAT1 forms a homodimer and translocates into the nucleus, where it activates the interferon-gamma-activated sequence (GAS) and its downstream targets, the interferon-stimulated genes (ISGs), encoding for proteins such as NOS2, the MHC class II transactivator (CIITA), and IL-12, which reprogram macrophages toward pro-inflammatory phenotype [START_REF] Lawrence | Transcriptional regulation of macrophage polarization: enabling diversity with identity[END_REF][START_REF] Abdolvahab | Interferons: Role in cancer therapy[END_REF] . Although the INF-signaling pathway was shown induced by STAT1 activation and targets the same set of genes, it stimulates other transducers and transcription factors for macrophage activation [START_REF] Lawrence | Transcriptional regulation of macrophage polarization: enabling diversity with identity[END_REF] . INF-triggers IFNAR1/IFNAR2 receptors which activate JAK1 and TYK2 kinases, which in turn phosphorylate STAT1 and STAT2 leading to their heterodimer formation [START_REF] Abdolvahab | Interferons: Role in cancer therapy[END_REF] . STAT1/STAT2 heterodimer then recruits IRF9 and forms an IFN-stimulated gene factor 3 (ISGF3) complex [START_REF] Schoggins | Interferon-Stimulated Genes: What Do They All Do?[END_REF] . After translocation into the nuclear region, ISGF3 binds into interferon-stimulated response elements (ISREs), which are abundant in pro-inflammatory related genes, like Nos2, Ciita, and Il12b [START_REF] Lawrence | Transcriptional regulation of macrophage polarization: enabling diversity with identity[END_REF][START_REF] Liu | Targeting IFN/STAT1 Pathway as a Promising Strategy to Overcome Radioresistance[END_REF] .

In contrast, STAT3 and STAT6 signaling pathways are directly associated with antiinflammatory macrophage activation [START_REF] Twum | IFN regulatory factor-8 expression in macrophages governs an antimetastatic program[END_REF] . Cytokines IL-4 and IL-13 are acting through their receptors IL-4R and IL-13R , respectively, to activate STAT6 homodimer, while IL-10 and its receptor IL-10R triggers STAT3 dimerization [START_REF] Waqas | Analysis of IL-4/STAT6 signaling in macrophages[END_REF] . Interestingly, it has been shown that in murine bone marrow-derived macrophages, IL-4 establishes an M2 activation by up-regulating genes, such as Klf4, Hbegf, and Edn1, and by repressing other genes, like Abca1, Clec4d, Fos, Tlr2, and Cd14 76 . Whereas, in the macrophages treated by IL-13, high expression levels of SOCS1, DC-SIGN, CCL18, CD23, and SERPINE were shown associated with alternative macrophage activation as well [START_REF] Martinez-Nunez | The interleukin 13 (IL-13) pathway in human macrophages is modulated by microRNA-155 via direct targeting of interleukin 13 receptor α1 (IL13Rα1)[END_REF] . In similar manner, stimulation of macrophages with IL-10 demonstrated to initiate JAK2 mediated STAT3 phosphorylation and consequently its dimerization. After nuclear translocation, STAT3 complex regulates transcription of antiinflammatory genes, such as vascular endothelial growth factor A (VEGF-A), basic fibroblast growth factor-2, and placental growth factor [START_REF] Nakamura | IL10-driven STAT3 signalling in senescent macrophages promotes pathological eye angiogenesis[END_REF] . family have been identified. Most of them are ubiquitously expressed, except IRF-4 and ICSBP (also known as IRF8) which were shown expressed only in lymphoid and myeloid cells [START_REF] Hume | Transcription Factors That Regulate Macrophage Development and Function[END_REF][START_REF] Yanai | The IRF family of transcription factors inception, impact and implications in oncogenesis[END_REF] .

It has been demonstrated that IRF1, IRF3, IRF5, IRF8, and IRF9 are involved in classical proinflammatory macrophage activation (Figure 6) [START_REF] Platanitis | Regulatory Networks Involving STATs, IRFs, and NFκB in Inflammation[END_REF][START_REF] Jefferies | Regulating IRFs in IFN Driven Disease[END_REF] . Upon activation of TLR9 receptor, IRF1

was shown activated by binding MyD88 cytosolic adapter enabling its migration to the nucleus, where it induces the expression of IFNβ, iNOS, and IL12p35 [START_REF] Zhang | Reprogramming Interferon Regulatory Factor Signaling in Cardiometabolic Diseases[END_REF][START_REF] Günthner | Interferon-regulatory factors determine macrophage phenotype polarization[END_REF] . Whereas IRF3 could be induced by TLR3 and TLR4, several PRRs, including the cytosolic RNA helicase retinoic acidinducible gene-I (RIG-I)-like receptor (RLR) family members and cytosolic DNA sensors, such as cGMP-AMP synthase (cGAS) and stimulator of IFN genes (STING) [START_REF] Yanai | Revisiting the role of IRF3 in inflammation and immunity by conditional and specifically targeted gene ablation in mice[END_REF] . Activated IRF3 directly targets type I IFN genes and several cytokines, such as CXCL10, RANTES, IFNstimulated gene 56, IL-12p35, IL-15, CCL5, and arginase II [START_REF] Jefferies | Regulating IRFs in IFN Driven Disease[END_REF][START_REF] Günthner | Interferon-regulatory factors determine macrophage phenotype polarization[END_REF] . Endosomal TLR7, TLR8, and TLR9 and their signaling adapter MyD88 are involved in IRF5 activation, a major determinant of pro-inflammatory macrophage activation [START_REF] Ban | Regulation and role of the transcription factor IRF5 in innate immune responses and systemic lupus erythematosus[END_REF] . IRF5 controls the expression of several key pro-inflammatory cytokines, such as IL-6, TNF, IL-12p40, IL-12p35, and IL-23p19, and is involved in the suppression of anti-inflammatory cytokine IL-10 [START_REF] Krausgruber | IRF5 promotes inflammatory macrophage polarization and T H1-TH17 responses[END_REF][START_REF] Feng | Differential requirement of histone acetylase and deacetylase activities for IRF5-mediated proinflammatory cytokine expression[END_REF] . Another member of the IRFs family, IRF8, also known as IFN consensus sequence binding protein (ICSBP), is activated by IFNs and LPS [START_REF] Günthner | Interferon-regulatory factors determine macrophage phenotype polarization[END_REF] . Induction of IRF8 is essential for IL-12 and iNOS synthesis [START_REF] Twum | IFN regulatory factor-8 expression in macrophages governs an antimetastatic program[END_REF] . Moreover, IRF8 is involved in NLRC4, NLRP3, AIM2, and Pyrin inflammasomes activation [START_REF] Karki | IRF8 Regulates Transcription of Naips for NLRC4 Inflammasome Activation[END_REF] . The role of IRF9 in the pro-inflammatory macrophage activation downstream STAT1 and STAT2 activation was already described above (in the section 1.2.5.1.2).

In the contrary, IRF4 overexpression was shown strongly associated with anti-inflammatory macrophage polarization (Figure 6) [START_REF] El Chartouni | Interleukin-4 induced interferon regulatory factor (Irf) 4 participates in the regulation of alternative macrophage priming[END_REF][START_REF] Liu | Macrophage polarization in inflammatory diseases[END_REF] . Expression of IRF4 in macrophages is regulated by IL-4 induced STAT6 activation [START_REF] Czimmerer | The Transcription Factor STAT6 Mediates Direct Repression of Inflammatory Enhancers and Limits Activation of Alternatively Polarized Macrophages[END_REF] . STAT6 binds to the Jumonji domain-containing 3 (Jmjd3)

promoter and facilitates IRF4 expression. Active Jmjd3 removes an inhibitory trimethyl group from a histone 3 Lys 27 (H3K27) demethylase at IRF4 promoter and initiates its transcription [START_REF] Platanitis | Regulatory Networks Involving STATs, IRFs, and NFκB in Inflammation[END_REF][START_REF] Satoh | The Jmjd3-Irf4 axis regulates M2 macrophage polarization and host responses against helminth infection[END_REF] . It has been demonstrated that IRF4 controls CCL17 chemokine production in macrophages [START_REF] Achuthan | Granulocyte macrophage colony-stimulating factor induces CCL17 production via IRF4 to mediate inflammation[END_REF] . However, its most important role remains in increasing IL-4 promoter activity and subsequently promoting a positive loop of endogenous IL-4 cytokine production [START_REF] Rengarajan | Interferon regulatory factor 4 (IRF4) interacts with NFATc2 to modulate interleukin 4 gene expression[END_REF] . Although, no differences were observed in the endogenous expression level of the proinflammatory markers, such as TNFα, IL-6, and CD11 between C/EBP knockout mice and control mice, upon LPS stimulation TNFα and IL-6 mRNA levels were significantly decreased.

Besides, endogenous expression of anti-inflammatory markers, such as Arg1, Mgl1, Chi3l3, Mrc1, and IL-10, were significantly lower in C/EBPα-deficient macrophages and were further diminished upon IL-4 treatment [START_REF] Lee | C/EBPα regulates macrophage activation and systemic metabolism[END_REF] . Accordingly, it has been shown that activation of C/EBP controlled expression of anti-inflammatory related genes such as Msr1, Il10, II13ra, and Arg-1 and did not affect pro-inflammatory associated genes, like Il1b, Il6, Il12b, and Tnfa 97 .

Altogether, these studies indicate that C/EBPα plays roles in macrophage activation in response to pro-inflammatory and immunosuppressive stimuli. Likewise, several studies showed a crucial role of miRNAs in controlling expression of IRFs.

For instance, miR-146b transcription was impaired in IL-10 and Rag1 double knockout mice.

Further studies showed that IL-10 induces miR-146b production which then decreases IRF5 regulates C/EBP-β at mRNA and protein level by directly binding to their functional units [START_REF] Essandoh | MiRNA-mediated macrophage polarization and its potential role in the regulation of inflammatory response[END_REF] .

An increasing list of miRNAs involved in the regulation of pro-inflammatory or antiinflammatory macrophage activation is continuously described. Among them, miR-9, miR-127, and miR-21 were shown to enhance classical pro-inflammatory activation. Whereas miR-34a, let-7c, miR-132, miR-146a, and miR-125a-5p have been shown to induce antiinflammatory phenotype in macrophages [START_REF] Essandoh | MiRNA-mediated macrophage polarization and its potential role in the regulation of inflammatory response[END_REF] . Altogether, these studies underlined the roles of miRNAs, beside transcription factors, in the determination of the immune plasticity of macrophages in response to microenvironment stimuli.

Metabolic mechanisms

Metabolic pathways are complex interconnected biochemical reactions responsible for providing the cell with energy, fatty acids, and essential amino acids 112 . Macrophages can adapt their metabolism depending on the resources available in their microenvironment 113 .

These metabolic adaptations control transcriptional and post-transcriptional modifications and lead to specific cell phenotypes that can be used to distinguish pro-inflammatory and antiinflammatory macrophages 114 . Key metabolic signatures of pro-inflammatory and antiinflammatory macrophages are summarized in Figure 7 and the most relevant metabolic pathways are further explained in the section below. 122,123 . HIF-1 and HIF-2 under hypoxia condition translocate into the nucleus and form a complex with HIF-1 subunit, the formed complex then activates transcription of hypoxiainduced genes 124 . Whereas increased oxygen availability induces their rapid degradation. HIF-3α subunit (also called inhibitory PAS domain protein -IPAS) is a negative regulator of HIF-1 and HIF-2 125 . In pro-inflammatory macrophages hypoxia environment was demonstrated to promote HIF-1 accumulation, which leads to increased glycolysis and suppression of the OXPHOS pathway. Particularly, HIF-1 was reported to upregulate genes encoding for glucose transporters (GLUT)1 and GLUT3, glycolytic enzymes PFK-liver type (PFKL), aldolase (ALDA), phosphoglycerate kinase-1 (PGK1), enolase (ENOL), and lactate dehydrogenase-A (LDHA) 124 . Moreover, it has been shown that HIF-1 directly binds to the iNOS promoter and increases its accumulation 126,127 . Some studies reported that HIF-1 could negatively control OXPHOS by promoting mitophagy, which is a selective process of defective mitochondria degradation by autophagy, and thereby reducing the level of mitochondrial ATP and reactive oxygen species (ROS) production (CHEK THE REFs). On the contrary, HIF-2 was described to promote the anti-inflammatory macrophage phenotype by inducing arginase 1 expression, which reduces NO accumulation and down-regulates pro-inflammatory cytokines IL-1 and TNF-production 128,129 . Furthermore, HIF-2 diminishes the phagocytic activity of macrophages and promotes arteriogenesis. HIF-2 activation was associated with increased OXPHOS and reduced mitochondrial ROS production 129 . Taken together, these reports showed that in response to hypoxia HIF-1 accumulation favors pro-inflammatory phenotype, while HIF-2 expression increases anti-inflammatory macrophage activation.

1.2.4.2.4. Mitochondrial dynamics and the role of AMPK kinase. Mitochondria are highly dynamic organelles responsible for ATP production through the OXPHOS process, metabolite synthesis, and mitochondrial ROS (mROS) generation 130,131 . The shape of mitochondria is controlled by fusion and fission processes and dysfunctional mitochondria are removed selectively by autophagy in a process named mitophagy. Key proteins involved in mitochondrial fusion, fission, and mitophagy processes are summarized in Figure 8 and their roles in macrophage activation are further discussed in this section. Mitochondrial fusion mediated by optic atrophy 1, mitofusin 1, and 2 leads to increased oxidative phosphorylation and reactive oxygen species production. On the other hand, mitochondrial fission mediated by dynamin-related protein-1 and fission factors FIS1, Mief1, and Mief2 decreases oxidative phosphorylation and promotes a switch to glycolysis. DRP1, dynamin-related protein-1; OPA1, optic atrophy-1; OXPHOS, oxidative phosphorylation; MFN1, mitofusin 1; MFN2, mitofusin 2; MFF, mitochondrial fission factors; ROS, reactive oxygen species. Adapted from Bordi, Nazio, and Campello (2017) 132 .

Mitochondria respond to changes in metabolism by adjusting their morphology through the fusion and fission processes 133,134 . The fusion phase is orchestrated by several dynamin-related GTPases, such as mitofusin 1 (MFN1), MFN2, optic atrophy 1 (OPA1), FAM73a, and FAM73b 135,136 . Studies have demonstrated that mitochondrial fusion is essential for expanding mitochondrial mass and volume, which results in increased OXPHOS and mROS production 132,137,138 . Furthermore, mitochondria have their circular DNA encoding for key proteins required for ATP synthesis and any occasional mutations may cause devastating effects 137 . By promoting fusion, the cell may combine mutated mitochondria with wild type and compensate for defects 139 . The role of fusion in macrophage activation has been highlighted in several studies. Particularly, two independent reports demonstrated that in LPS induced macrophages MFN2, but not MFN1, is essential for the expression of pro-inflammatory cytokines (TNF-α and IL-6) and NO synthesis 140,141 . Another study showed that bone marrow derived macrophages (BMDMs) from FAM73b knockout mice have increased the secretion of the proinflammatory cytokine IL-12 and inhibited the expression of the ant-inflammatory cytokine IL-10. Accordingly, genetic ablation of FAM73b and FAM73a also resulted in the stabilization of IRF1, a key transcription factor of pro-inflammatory macrophages 136 . Thus, the protein regulators of mitochondria fusion are associated with anti-inflammatory macrophage activation.

Mitochondrial fission instead is mainly controlled by a cytosolic dynamin-related protein 1 (Drp1), mitochondrial fission 1 (Fis1), and mitochondrial fission factors (MFF) 138,142 . A shift toward fission favors mitochondria fragmentation into small pieces, increases its mass, and enhances glycolysis 143,144 . Recently, several studies have demonstrated the crucial role of Drp1 S616 phosphorylation in the LPS induced pro-inflammatory cytokine release 145,146 . LPS stimulation induces TLR-4 activation leading to STAT1 phosphorylation, which then activates the Drp1 protein. Drp1 phosphorylation initiates the fission process, causing a decrease in mitochondrial membrane potential, loose of structural cristae, and fragmentation 146 . As a result of these metabolic changes, the cell shifts from ATP production to ROS generation, resulting in NF-kB mediated transcription of pro-inflammatory cytokines, such as IL-6, IL-1 , and TNF- 146,147 . Hence, mitochondrial fission seems to be associated with pro-inflammatory macrophage activation.

Extensive ROS production during the fission process could activate mitophagy, a crucial mechanism that selectively removes damaged mitochondria by autophagy 143 . Mitophagy of damaged mitochondria starts with binding of phosphatase and tensin homolog-induced kinase1 (PINK1) to the outer mitochondrial membrane of the organelle, following by recruitment of E3 ubiquitin ligase Parkin 148 . Once there, Parkin promotes ubiquitination of outer membrane proteins, which then may undergo proteasomal degradation or bind to ubiquitin-binding adaptor p62 (also known as SQSTM1) 149,150 . A recent study suggests that p62 controls NF-kB mediated NLRP3-inflammasome suppression through induction of mitophagy 151 .

Macrophages deficient in p62 showed a high accumulation of damaged mitochondria and excessive IL-1β-dependent inflammation associated with cell death. Suggesting that p62 induced mitophagy is essential for controlling an excessive inflammasome activation in macrophages 151 . Interestingly, activation of another mitophagy mediator protein kinase B, or Akt1, has been associated with prolonged survival of macrophages as well. Moreover, Akt1 activation increased anti-inflammatory cytokine TGF-1 expression, which induces antiinflammatory phenotype in macrophages through activating the Smad2/3-mediated and Smad1/5-mediated signaling pathway 152 .

Mitochondria dynamics are closely controlled by the Adenosine Monophosphate (AMP)activated protein kinase (AMPK) complex, an ultimate energy sensor of the cell 153 . Low ATP level triggers AMPK activation which results in a metabolic shift towards increased catabolism and decreased anabolism. As shown in Figure 9, AMPK controls numerous other metabolic processes via activating or suppressing key target proteins to rewire the cellular metabolism 154 . AMPK is serine and threonine kinase composed of three subunits, a catalytic α-subunit, and two regulatory subunits, β and . In mammals, there are two isoforms of α-subunit (α1 and α2), two of β-subunit (β1 and β2), and three of -subunit ( 1, 2, and 3). Thus, potentially AMPK could form up to 12 different αβ complexes in a 1:1:1 ratio 153,154 . The catalytic αsubunit is the main functional part of the AMPK complex and it consists of three domains: Nterminal serine/threonine kinase domain (KD), a putative autoinhibitory domain (AID), and subunit-interacting C-terminal domain (α-CTD) 153,154 . Interestingly, subunit determines AMPK complex subcellular localization as well. It has been demonstrated that 1 isoform mainly instructs for non-nucleus localization and α2 could be found in both the nucleus and cytoplasm 154 . Activation of AMPK requires phosphorylation of threonine (Thr) residue, which lies within an "activation loop" of KD domain. AMPK subunit 1 is composed of 559 amino acid residues and its activation site is Thr183 (or Thr174), while subunit 2 contains 552 amino acid residues with primary activation site at Thr172 154,155 . AMPK activation through Thr172 phosphorylation could be catalyzed by two main upstream kinases, calcium/calmodulindependent protein kinase β (CaMKKβ) and liver kinase B1 (LKB1) 156,157 . Moreover, it has been shown that physical binding of ADP and AMP to -subunit protects from dephosphorylation at Thr172, allowing prolonged activation 155,158 . The -subunit has two main domains: a glycogen-binding carbohydrate-binding module (CBM) which allows binding to glycogen and a scaffolding C-terminal domain ( -CTD), which connects the subunit and the -CTD 159,160 . The subunit senses AMP level and contains two domains: the N-terminal domain, to whose amino acid length varies 1, 2 and 3 isoforms, and a tandem domain containing four evolutionarily conserved cystathionine β synthase (CBS) repeats which functions as nucleotide binding sites 154,159,160 . Thus, AMPK has a complex structure, and its activity is tightly regulated. Even though the crucial role of AMPK in metabolic processes is well established, very little is known about its contribution to macrophage activation. Some reports described a regulatory role of AMPK activation in inflammatory signaling pathways in macrophages. For example, the inhibition of AMPK 1 phosphorylation in macrophages was demonstrated to increase the LPS-induced TNF-and IL-6 secretion and decrease IL-10 release 157 . These findings suggested that AMPK 1 activation promotes anti-inflammatory functional phenotype in macrophages. Furthermore, studies on macrophages derived from AMPK 1-deficient mice showed that AMPK phosphorylation at Thr172 is required for IL-10 induced STAT3 direct phosphorylation and indirect phosphorylation through induction of mTORC1 signaling pathway. Phosphorylation of STAT3 transcription factor leads to its stabilization and SOCS3 gene expression, which then blocks the transcription of pro-inflammatory cytokines TNFand IL-6 161,162 . Altogether, these studies further support that AMPK 1 phosphorylation leads to anti-inflammatory macrophage activation.

Functions of macrophages

Macrophages are main effectors of innate immunity and important initiators and stimulators of adaptive immune response. They are specialized phagocytes, of pathogens and apoptotic cells, and could achieve a variety of functions in homeostasis and immune response enabling them to play crucial roles in the development of diseases, tumorigenesis and pathogenesis 163,164 . In this section, we discuss some of the crucial functions of macrophages involved in tissue homeostasis and disease.

Physiological functions of macrophages

Tissue macrophages, as it is shown in Figure 10, are strategically populated throughout the body, where they engulf foreign bodies, pathogens, dead and deregulated cells and establish hemostasis 165,166 . Besides their organ-specific functions, macrophages also modulate the immune system by recruiting monocytes and presenting antigens to lymphocytes 167 . Here, we summarize how tissue-specific macrophages sustain homeostasis within the organ they reside. (SIGNR1) and macrophage receptor with collagenous structure (MARCO) 35,179 . Both macrophage subpopulations are responsible for removing blood-borne pathogens and clearance of apoptotic T and B lymphocytes 35,180 . MMMs can cross transfer pathogens, such as adenovirus, to splenic dendritic cells, which then educate cytotoxic T cells 181 . RpMs recycle iron from phagocytized senescent and damaged erythrocytes. Moreover, RpMs were shown able to induce Type I interferon response through activation of TLR9/MyD88/IRF7 signaling pathway 14,182 . RpMs were demonstrated to produce TGF-β as well, which induces Foxp3 expression in naïve CD4 + T cells, resulting in the generation of functional regulatory Foxp3 + T cells 183 . and in the response to cancer therapies. Thus, several aspects on the biology and the roles of TAMs are discussed in detail in the next section (1.4).

Tumor-associated macrophages

The TME is highly heterogeneous milie consisting of various cells, including tumor cells, T cells, B cells, natural killer (NK) cells, TAMs, myeloid-derived suppressor cells (MDSCs), mast cells, granulocytes, dendritic cells (DCs), tumor-associated neutrophils, cancer-associated fibroblasts (CAFs), adipocytes, vascular endothelial cells, stem cells, granulocytes, and pericytes 228,229 . In fact, the TME promotes the antitumor immune responses and play a critical role in tumor growth, invasion, and metastasis, as well as in acquired resistance of cancers to various therapies 228,230,231 .Tumor-associated macrophages (TAMs) are particularly abundant immune infiltrates in the TME. High TAMs infiltration has been associated with poor prognosis and clinical outcomes in distinct cancer types, including lymphoma, cervical, bladder and breast cancers 232,233 . Interestingly, a clinical exception was observed in colorectal cancer where high TAMs accumulation in tumor stroma was associated with favorable 5-year overall survival 234 . These conflicting functions of TAMs are due to their complex phenotypes and functional characteristics, rising from distinct tumor microenvironments. In this section, we discuss the development and functions of TAMs and their roles in cancer therapies.

Origin of tumor-associated macrophages

It has been recently demonstrated that depending on the type of tumor TAMs could be originated from both embryonic-derived resident macrophages and monocytes-originated macrophages. Interestingly, TAM populations could be derived from monocytes recruited from both bone marrow and liver 235 . It was established that tissue-resident macrophages could be originated from either an embryonic precursor (yolk sac, fetal liver) or a monocyte precursor from hematopoiesis and could retain self-renewal and proliferation capacities throughout their lifespan 236,237 . The recruitment of monocyte into tissue site was shown to be induced mainly by monocyte chemoattractant protein-1 (MCP-1/CCL2) and its receptor C-C chemokine receptor type 2 (CCR2) 238 . Indeed, the early studies on solid tumors have demonstrated that blocking CCL2/CCR2 axis has significantly reduced TAMs population in the tumor microenvironment suggesting that the main origin of TAMs is the CCR2+ monocyte precursors recruited from both bone marrow and liver 235,239 . However, blocking CCL2/CCR2 axis does not result in the complete deletion of TAMs, suggesting that another origin might exist 235 .

Indeed, recent studies have shown that TAMs could be originated from resident macrophages of embryonic origin as well 235,240,241 . For instance, it has been shown that murine TAMs which infiltrate pancreatic ductal adenocarcinoma (PDAC) are originated from both embryonic and Ly6C hi monocytes-derived macrophages 240 . Similar observations were shown in murine lung tumor, where TAMs are derived from Ly6C hi monocytes differentiated into Ly6C low CD64 + FLT1 + TAMs and from yolk sac-derived interstitial Ly6C low CD64 + resident macrophages acquiring Ly6C low CD64 + FLT1 + VCAM1 + pro-tumorigenic macrophage phenotype 241 . However, in the majority of human cancers high accumulation of CD16 + monocytes was observed and associated with a worse prognosis 233 . For instance, the elevated level of CD14 + CD16 + monocytes in cholangiocarcinoma was associated with high infiltration of monocyte-derived TAMs 242 . Accordingly, CD14 + CD16 + monocyte frequency was suggested as a marker of breast cancer diagnosis because it was significantly increased in these cancer patients as compared to healthy individuals 243 . Altogether, these results suggest that TAM populations in TME are predominantly monocyte-derived macrophages and with less frequency are derived from the embryonic tissue-resident macrophages, though they play protumorigenic role as well.

Recruitment and development of TAMs

The formation of functional monocyte-derived TAMs involves several stages, such as recruitment, differentiation, and self-renewal and each step is regulated by distinct mechanisms. The recruitment of monocytes in the tumors was shown to be mediated mainly by the help of specific chemokines, cytokines, and certain vasoactive and mitogenic peptides pTyr721/PI3K pathway 17 . VEGF cytokine and its main isoform VEGF-A its most common isoform were involved in the infiltration of TAMs 253,254 . VEGF-A binds to two receptor tyrosine kinases, VEGFR1 and VEGFR2 254 . A recent study showed that VEGFR1 controls macrophage migration and proliferation through PLCγ and PI3K pathways 255 . It has been also

reported that VEGF controls PD-L1 expression in macrophages likely through VEGFR2 256,257 .

(REFS). Accordingly, simultaneous inhibition of PD-L1 and VEFR2 induced strong antitumor response.

Accumulation of several vasoactive and mitogenic peptides in tumors has been associated with high TAMs infiltration as well 244 . For instance, endothelins , 1-3 (ET-1, -2, and-3 Overall, recruitment and development of TAMs in the TME is a complex mechanism involving numerous cytokines, growth factors, active mitogenic proteins, and chemicals, which trigger vital cellular processes, including migration, proliferation, differentiation, and survival.

Metabolic modulations of TAMs

Based on metabolic and phenotypic differences macrophages are generally subdivided into two subtypes anti-tumorigenic pro-inflammatory M1-like type and pro-tumorigenic antiinflammatory M2-like type macrophages. However, recent studies demonstrate that TAMs could exhibit mixed features of pro-inflammatory and anti-inflammatory phenotypes during cancer development. Moreover, depending on the tumor microenvironment TAMs form a distinct phenotypic and functional subset, which have predominantly an anti-inflammatory phenotype expressing some pro-inflammatory gene and metabolic signatures.

Glucose metabolism.

Similarly to pro-inflammatory macrophages, TAMs were demonstrated to use glycolysis as a key metabolic pathway 261,262 . Indeed, TAMs have an upregulated level of glycolytic enzymes, including hexokinase 2 (HK2), phosphofructokinase, and enolase1 (ENO1) 263 . Enhanced glycolysis is associated with a high production of lactic acid, which plays an important role in regulating anti-inflammatory macrophage activation. 261,272 . Blocking glutamine catabolism is associated with less monocyte recruitment and antitumor TAMs infiltration 273 . Even though the exact mechanism remains largely unknown, it was shown that glutamine fuels one-third of all carbons in the TCA cycle and it is necessary for T cell activation 263,266 . TAMs metabolize arginine through upregulating arginase I expression, which competes for arginine with iNOS, as a result, arginase I establish anti-inflammatory activation through inhibiting iNOS-induced pro-inflammatory reprogramming 119,266 . Furthermore, TAMs have a high expression of indoleamine2,3-dioxygenase (IDO), an enzyme that converts tryptophan to kynurenine. High IDO levels limit tryptophan availability for T cells and NK cells, which is necessary for biomass regeneration 261,263 .

Overall, TAMs exhibit diverse metabolic profile, which highly depends on extracellular characteristics of the TME. The heterogeneous factors and mediators present at the TME can reprogram TAMs into pro-inflammatory or anti-inflammatory phenotype.

Roles of TAMs in tumor growth and metastasis

Considering that in many solid and hematological tumors, the TME is often highly populated with TAMs, the identification of the molecular mechanisms defining their functions provides new insights and novel targets for efficient cancer therapies. These innovative strategies could be able to overcome issues of refractoriness to cancer treatments caused by immunosuppressive TAMs and to enhance the effectiveness of conventional therapies. In this section, we attempt to describe key functions exhibited by TAMs and elaborate their role in tumor progression. Conclusively, TAMs sustain pro-tumoral functions associated with worse prognosis and poor clinical outcome leading them in the last decades to be a highly attractive target for anti-tumor strategies.

TAMs as a therapeutic target in cancer treatment

Considering the crucial roles of TAMs in tumor progression, inhibition of anti-tumor immune responses and contribution to the resistance to anti-cancer treatments, targeting TAMs raises hope for successful cancer therapies and long-term disease control 310,311 . As depicted in Figure 11, current therapeutic strategies to target TAMs mainly include reprogramming of macrophages toward an anti-tumoral phenotype, depleting, and limiting monocyte recruitment 312 . In this section, we summarize current knowledge available on TAMs-targeting therapeutic strategies. Among CSF-1R-specific inhibitors, only pexidartinib (also known as PLX3397) has been approved by FDA for the treatment of c-KIT-mutated melanoma, prostate cancer, glioblastoma, classical Hodgkin lymphoma, neurofibroma, sarcoma, and leukemia 322 .

Another way to deplete TAMs is to use bisphosphonates (BPs), which are anti-resorptive agents that are subdivided into non nitrogen-containing and nitrogen-containing BPs 310,323 .

Once internalized in cells BPs induce cellular apoptosis through inhibiting farnesyl diphosphonate synthase, a key enzyme involved in cholesterol biosynthesis and posttransitional protein prenylation 312 . BPs can also inhibit MMP-9, VEGF, and PDGF production 320,324 . Currently, there are two nitrogen-containing BPs, Pamidronate and Zoledronate, that have been initially used for the treatment of osteoporosis and then approved for management of multiple myeloma and bone metastasis from solid tumors, such as breast cancer 321,325 . While clodronate, a non-nitrogen BP, has been widely used for macrophage depletion in pre-clinical studies, however, its high toxicity toward tissue-resident macrophages limits clodronate translational to clinics 310,313 .

Macrophage depletion may also have toxic effects. For instance, frequently reported adverse effects after treatment with CSF1R inhibitors to include elevated liver enzymes, pneumonia, periorbital oedema, lupus erythematosus, erythema, dermohypodermitis, asthenia, pruritus, rash, nausea/vomiting, headache, dry skin, increased lacrimation, and decreased appetite 326- 328 . Long-lasting CSFR1 depletion can lead to an acquired resistance and tumor recurrence as studies and clinical trials 312,333 . SIRPα controls phagocytosis of cancer cells by binding to CD47 receptor that regulates cell migration and survival. CD47 is overexpressed on the surface of many tumors and it blocks cancer cell removal by transducing "don't eat me signal" 320 .

Currently, in several clinical trials, CD47/SIRPα axis is targeted by a variety of methods including humanized anti-CD47 antibodies, such as Hu5F9-G4, CC-90002, and SRF231, and recombinant SIRPα proteins, like ALX148, TTI-621, and TTI-622 313,320 . Monotherapy with anti-CD47 showed little efficacy in various cancer types. However, substantially higher efficacy on tumor regression was observed in combination with other existing therapies targeting PD-1/PD-L1 immune checkpoint blockers or CD20 surface marker of non-Hodgkin lymphoma B-cells using the therapeutic anti-CD20 antibodies (Rituximab) 313,333,334 .

Chapter 2: Nanomedicine, Ionizing Radiation, and Immune Response

A brief introduction to nanomedicine

The term "nano" takes its origin from the Greek word "nanos" which can be translated as "dwarf" 335 . While nanoparticles (NPs) are defined as extremely small substances with a size in one or more dimensions in the range of 1 to 100 nm 336 . NPs can be manufactured in different sizes and morphologies, including spheres, cages, wires, rods, cubes, etc. 337 . Modifying nanoparticle size, shape, and the surface can give them unique physical and chemical properties that can be used to achieve desired behaviors in vivo, such as biopersistence, better pharmacokinetics, and targeting specific cell mechanisms 336,337 . Nanomedicine is a field of advanced medicine that uses nano-sized particles for the diagnosis, prevention, and treatment of various diseases 338 .

Types of nanoparticles

NPs are complex molecules and can be composed of two or three layers: the surface area, the shell, and the core 339 . The surface area of NPs can be functionalized with metal ions (such as sodium) small molecules (such as citrate and thiopropanoic acid) surfactants (such as sodium dodecylsulfate (SDS)), and polymers (such as polyethylene glycol (PEG)) 340 . NPs with charged surfaces are easily dispersed in aqueous media 341 . The shell area is made of chemically different material from the core material and can be virtually composed of any compound 340 .

For example, magnetic particles can be synthesized by iron oxide core and covered by silica shell, which protects the core from oxidation 342 . The core layer is a major part of NPs and usually, NPs are called by core material because their key properties are often related to the exceptional characteristics of the core composition 339 . NPs can be divided into various categories based on their shape, size, composition, and properties 339 . Here, we discuss the most well-known classes of NPs that are used in biomedical researches, such as the polymeric, lipidbased, and inorganic NPs. Another type of synthetic polymers is dendrimers that have 3D architecture resembling a branched tree connected to one point 346,347 . Dendrimers can be synthesized from a variety of elements, including amino acids, sugars, and nucleotides and by using two main synthesis methods, divergent and convergent growth 341,346 . Due to their outstanding biomedical characteristics, dendrimers can be used as sensors, drug, and gene delivery vehicles 341 .

Currently, the pharmaceutical company Starpharma is conducting several clinical trials with Dendrimer Enhanced Product® (DEP®), which is a poly-l-lysine dendrimer formulated with a drug attached to its surface through by PEG linker. The toxicity DEP® docetaxel formulation is currently being tested under phase II clinical studies. For the other two formulations, DEP® cabazitaxel and DEP® irinotecan, phase II clinical trials are now at the stage of recruitment 348 .

Lipid-based nanoparticles.

Lipid-based NPs include liposomes, ethosomes, solid lipid NPs (SLN), and nanostructured lipid carriers (NLC) 349,350 . Unique advantages of lipidbased NPs are their high temporal and thermal stability, low toxicity, and high loading capacity 351 . Moreover, their large-scale industrial production is relatively low cost as they can be manufactured from natural sources, such as bola-amphiphiles, phospholipids, sphingolipids, cholesterol, and cholesteryl hemisuccinate 351,352 . Among lipid-based NPs, liposomes are the most studied and used nanocarriers in drug delivery. Liposomes are made of amphipathic phospholipids which spontaneously form a bilayer spherical vehicle with an internal aqueous cavity 353 . This structure can encapsulate hydrophobic drugs in the phospholipid bilayer and hydrophilic drugs in the aqueous region 350 . Moreover, the liposome's surface can be functionalized with specific antibodies that only target the cells of interest. They also can be synthesized with stimulus-sensitive design and release drugs at a certain temperature, pH, and magnetic field 351 . Currently, several liposomes are used in the clinic to deliver anti-cancer, anti-fungal, anti-inflammatory drugs, viral vaccines, and therapeutic genes. For example, a liposomal product DaunoXome® is used to deliver chemotherapy medication daunorubicin in patients with advanced HIV-associated Kaposi's sarcoma. Also, liposomal vaccines Epaxal® and Inflexal® V are currently used to deliver inactivated hepatitis A virus (strain RGSB) and influenza virus (strains A and B), respectively 353 .

2.1.1.3. Inorganic nanoparticles. Inorganic NPs are very stable and resistant to enzymatic degradation. They also can be synthesized in ultrasmall sizes (<20 nm) that allow them renal or fecal elimination from the body. There are several classes of inorganic NPs, including semiconductors, plasmonic, magnetic, and upconversion nanocarriers 336 . They all share a similar core/shell structure. The core usually contains metals, such as iron oxide and gold, or fluorescence dyes, while the shell region can be made from metals or organic polymers 354 .

Among semiconductors, quantum dots (QDs), also known as inorganic nanocrystals, have gained a lot of interest in the field of nano-theranostics 355 . QDs have unique photo-electric properties which allow them to have broad excitation spectra, narrow emission spectra, tunable emission peaks, greater quantum yields, and longer photostability 356 . Popular examples of plasmonic NPs are nanostructures with a core made of noble metals, such as gold and silver 336 . Free electrons on the surface of metallic NPs can collectively oscillate when exposed to the photonic energy of the same resonant frequency 357 . This phenomenon of collective oscillation is known as localized surface plasmon resonance (LSPR) and it is widely exploited in the development of high sensitivity bioassays and biosensors 358,359 . Magnetic nanocarriers have other unique properties that are used in developing bioseparation and biosensing devices, as well as magnetic field-controlled drug and gene delivery 360 . Finally, upconversion NPs are designed as a guest-host system, where guests are trivalent lanthanide ions (such as Ho 3+ , Yb 3+ , Tm 3+ , and Gd 3+ ) and hosts are dielectric lattice (such as NaYF4) 336 . Upconversion is an optical process that converts low-energy input photons into high-energy output photons and this intense emission can be used in in vitro and in vivo imaging, as well as in cancer therapies 361 .

Overall, NPs can be constructed from various materials, in different sizes and shapes and can be exploited for diverse biomedical purposes, including diagnosis and therapy of a variety of diseases.

Medical application of inorganic nanoparticles

As stated earlier, inorganic NPs possess unique optical, magnetic, electronic, and catalytic properties that give them several key advantages as compared with their organic and polymeric counterparts 362 . Over the last few decades, a wide range of inorganic NPs with different composition and functionality have been synthesized and tested in preclinical studies, however, as it is shown in Figure 12, only a few have made its way to clinic 363,364 . In this section, we discuss the application of inorganic NPs as detecting tools, contrast agents as well as therapeutic vehicles in clinical practices. Up to this day twenty-five, inorganic nanocarriers have been approved for medical uses by several health organizations. Adapted from 364 . MRI is a powerful non-invasive imaging technique based on the nuclear magnetic resonance (NMR) theory 369,370 . Under the applied magnetic field, hydrogen atoms align their magnetic moments along the longitudinal axis. After removal of the external magnetic field, the time it takes for hydrogen atoms to reach their original equilibrium state is called a relaxation time and it is affected by the presence of nearby magnetic materials 369,371 . Contrast agents that enhance longitudinal proton relaxation are called T1 contrast agents and agents that affect transverse proton relaxation are known as T2 contrast agents 371 . The most selected T1 contrast agents are Gd-based nanoformulations 372,373 . Currently, several Gd-based NPs have been approved for use in humans by the EMA and/or FDA, including gadoxetate disodium, gadodiamide, gadofosveset trisodium, etc. 371,372 .

Due to their supermagnetic properties, iron oxide NPs have been extensively used as T2 contrast agents for more than two decades 364,371 . Unfortunately, most iron-based contrast agents were withdrawn from the market because of their relatively low sensitivity as compared to Gd-based products 374 . Today, the only commercialized superparamagnetic iron oxide NPsbased MRI contrast agent is Lumirem/GastroMARK, which is administered orally for imaging the gastrointestinal tract 364,372 .

Attributing to the favorable optical characteristics carbon-and semiconductor-based inorganic NPs have been continuously employed for optical imaging in clinical trials 364 . Carbon nanotubes have been widely used as a lymphatic tracer in harvesting lymph nodes and currently, they are tested in eight different clinical trials 364,375 . Carbon nanotubes are unable to penetrate blood vessels. However, due to the large gaps in the endothelial lining at the lymph nodes region, carbon nanotubes can enter lymphatic vessels and lymphatic capillaries and be internalized by macrophages 364,376 . As a result, lymph nodes, but not parathyroid part, become stained in black and remain colored for at least six months, which helps surgeons to identify the regions for dissection 364,377,378 . Among semiconductor quantum dots, CdS/ZnS core-shell quantum dots coated with a drug veldoreotide and formulated as a topical cream is currently tested in phase I clinical trial in patients with breast and skin cancers 364,379 . 

Gadolinium based nanoparticles (AGuIX)

The gadolinium (Gd) complexes have unique magnetic properties that have been extensively utilized in the clinic for MRI contrast imaging and radiosensitization 385,386 . The paramagnetic properties of the trivalent Gd +3 ion come from its seven unpaired electrons that can organize their spin magnetic moments in parallel 387 . Gadolinium-based paramagnetic contrast agents (also referred to as T1 or positive contrast agents) enhance the contrast between different soft tissues and provide anatomic and structural information 386,388 . Moreover, gadolinium-based

NPs have a high Z-atomic number and are proven to be effective radiosensitizing agents, as after interaction with radiation energy these NPs can undergo photoelectric effect and generate low energy Auger electrons 389,390 

Synthesis and characterization of AGuIX

NPs must meet three main requirements for clinical applications as theranostic agents: 1) long circulation in the blood to ensure accumulation in the tumor region, 2) small size distribution to facilitates rapid renal elimination, and 3) simultaneously display therapeutic and imaging properties 392 . However, achieving the development of NPs meeting all previously mentioned requirements remains a great challenge and requires constant optimization of synthesis methods. That is why an original top-down method was developed to synthesize ultrasmall AGuIX NPs 391 . As shown in Figure 13, the top-down synthesis method involves six main steps 391 . First, a colloidal gadolinium oxide Gd2O3 core is precipitated from rare-earth gadolinium chloride in a presence of high boiling alcohol, diethylene glycol (DEG) 393 . In the second step, the gadolinium oxide core is encapsulated by polysiloxane shell in a controlled manner via hydrolysis-condensation of a mixture of aminopropyl triethoxysilane (APTES) and tetraethyl orthosilicate 391,394 . Because of the presence of amine functions of APTES in the polysiloxane network, during the next synthesis step DOTAGA (1,4,7,10-tetra-azacyclododecane-1glutaric anhydride-4,7,10-triacetic acid) molecule can be grafted to the core-shell particles via an amide linkage 391,395 . Finally, the nano formulation is transferred to the water where the gadolinium oxide core dissociates and releases Gd 3+ ions that are captured and efficiently chelated to the DOTAGA molecules on the surface. At the same time, the polysiloxane shell collapse on itself and split into several fragments, forming a polysiloxane core with both DOTAGA and DOTAGA-Gd 3+ chelates. comparing to the STD beam (SER at 4 Gy was 1.12 ± 0.04 and DEF at 20 % survival was 1.23 ± 0.03) 390 . In another study involving SQ20B head and neck carcinoma cells incubated with 0.4 mM or 0.6 mM AGuIX for 1 h followed by 250 kV photon irradiation, showed that increasing the dose of NPs improves the dose deposition (SER for 0.4mM was 1.22 and for 0.6mM was 2.14) 385,406 .

To evaluate the impact of different irradiation sources on the radiosensitization capacity of AGuIX NPs, irradiation with various ion beams was used. 

In vivo studies with AGuIX

The successful translation of nanomedicines into clinics depends widely on in vivo studies. The designed experiments should define the optimal doses and safe routes of administrations, as well as the mechanism of action and elimination. In this section, we summarize preclinical studies where the biodistribution and safety of AGuIX NPs were assessed.

Biodistribution in tumor free animals.

In preliminary in vivo studies, the biodistribution of AGuIX NPs was extensively studied in healthy animals of different species (rodents and nonhuman primates) by using different routes of administrations, such as intravenous, intratumoral, and via airways 385,392 . Long-term clearance of AGuIX NPs was studied in mice model by using intravenous injection of a therapeutic dose of 8 μmol of gadolinium per animal. The renal kinetics and mechanism of elimination were evaluated by using laser-induced breakdown spectroscopy (LIBS) and revealed a rapid AGuIX accumulation in kidneys after 5 min of injection. After 24 h of injection, approximately 10% of a fraction of the injected dose (ID) was still concentrated in kidneys, while 0.2% of the total ID was distributed in other organs. One week post-injection, most of the particles were eliminated, suggesting an effective clearance from the body via urine 409 . The administration via airways was also studied in healthy mice by using an ultrashort echo time (UTE) MRI imaging. The analysis of the axial slices of the lungs revealed that AGuIX NPs pass through lungs with an accumulation lifetime of 149 51 min. Further analysis demonstrated the elimination via kidneys and bladder and no accumulation was detected in the liver or spleen 385 .

To verify further the renal elimination, the AGuIX NPs were conjugated with a radioactive isotope of indium, 111 In 385,410 . The labeled NPs were injected intravenously into healthy C57Bl6/J mice and the biodistribution at 3 h and 24 h was monitored in all organs. This study confirmed that after 3 h and 24 h of post-injection AGuIX NPs accumulate in all organs with less than 0.2% and most of the particles are concentrated in the kidney and bladder regions 385 .

The detailed distribution studies of 111 In -labeled AGuIX NPs from 15 min to 3 h post-injection showed a gradual increase in the bladder and the kidney regions, followed by a simultaneous decrease in the blood 410 .

In parallel, the pharmacokinetics of AGuIX NPs was evaluated in nonhuman cynomolgus monkey primates 396 . After intravenous administration of a total of 200 mg/kg of AGuIX NPs to healthy male monkeys, the MRI images acquired during the first minutes demonstrated a rapid distribution of NPs throughout the blood vessels and vital organs, such as the heart, liver, and kidneys. Then, the images at 35 min showed the enhanced signals at kidneys and ureters, validating the rapid renal clearance 396 . The blood half-life of NPs was approximately 2 h.

These results confirmed that AGuIX NPs primarily accumulate in the kidneys, liver, and ureters and that there is no significant uptake in other organs 392,396 .

Biodistribution in tumor-bearing animals.

In the contest of tumor-bearing animals, small NPs after the systematic administration primarily concentrate in the tumor region 385,392 .

This phenomenon is known as enhanced permeability and retention (EPR) effect and has been 

Ionizing radiation and cellular response

Radiation is a form of energy that travels as waves or particles 420 . Based on the nature of radiation, it can be classified as ionizing and non-ionizing 421 . Non-ionizing radiation represents electromagnetic radiation with photon energy less than 10 eV, which corresponds to wavelengths longer than 100 nm 422 . Whereas, ionizing radiation is highly energetic and has the capacity of inducing atomic ionization. There are four main sources of ionizing radiation alpha particles, beta particles, X-rays, and gamma rays, and all of them are successfully utilized for therapeutic purposes, especially in cancer treatments 421,423 .

Despite the remarkable progress in cancer treatments, cancer incidences increase every year, and cancer remains the leading cause of death worldwide 424,425 . According to the GLOBOCAN study, which collected data for 36 types of cancer in 185 countries, in 2020, there were 19.3 million new cases of cancer and about 10.0 million reported deaths, with lung cancer remaining the number one cause of cancer-related deaths 424 . Currently, there are various cancer treatment modalities available in clinics, including radiation therapy, surgery, chemotherapy, targeted therapy, immunotherapy, and hormonal therapy 425,426 .

Among them, radiation therapy alone or in combination with other treatments is used in approximately 50% of all cancer patients and contributes to 40% of all radiation-treated survivors 425 . Since the discovery of radiation therapy, many technological advances have been made in the field of how radiation treatments are delivered. The most innovative approaches currently used in the clinics include 3D conformal radiotherapy (3DCRT), intensity-modulated radiation therapy (IMRT), image-guided radiotherapy (IGRT), and stereotactic body radiation therapy (SBRT) [425][426][427] .

The success of radiation therapy in cancer treatment can be attributed to the fact that radiation can directly or indirectly damage the DNA inside the tumor cells 425,428 . The direct damage is predominantly caused by high-energy radiation and it causes changes in the molecular structure of the DNA 429,430 . The indirect DNA damage is caused by free radicals, which are generated from ionization or excitation of the water molecules and other organic components of the cell 425,431 . Free radicals, including hydroxyl (HO•) and alkoxy (RO2•) radicals, have a highly reactive unpaired electron in their structure, which can react with DNA molecule and induce structural damage 429,431 . The ultimate result of severe direct and indirect DNA structural changes can lead to cell damage or even cell death 425,429 .

DNA damage and DNA damage responses (DDR)

All living cells develop various strategies to modulate and repair DNA damages. These mechanisms rapidly sense the DNA damage and activate the DNA damage response (DDR), which is crucial for activation of the DNA-repair machinery and the cell-cycle checkpoints 432,433 . A wide diversity of DNA lesions can be induced by different external triggers, including ionizing radiation, ROS, oncogenes, and mutagens 433,434 . Ionizing radiation with ATR and the RAD17/RFC2-5 complex 436,437 . After, the RAD17/RFC2-5 protein loads the RAD9-HUS1-RAD1 (9-1-1) clamp complex, which then recruits and positions TopBP1 protein in the proximity to the ATR-ATRIP complex 436 . The TopBP1 protein has an activation domain (AD) that binds and activates ATR, which then phosphorylates other downstream effectors, including Chk1 (Checkpoint kinase 1) and Claspin 436,439 . Activated Chk1 further phosphorylates cyclin-dependent kinases (CDK), such as Cdc25, which induce the cell cycles arrest from G1 into S-phase, and from G2 into mitosis 440,441 .

Moreover, several kinds of research have demonstrated that Chk1 phosphorylates p73 at serine-47, which induces p73 overexpression and promotes p53-independent cellular apoptosis 440,442 . Like Chk1, activated Claspin protein monitors replication during S-phase and ensures whether the cell undergoes DNA repair or apoptosis 443 . Collectively, these processes determine the cellular responses to SSBs and play an essential role in maintaining genomic integrity.

ATM activation.

Comparing to SSBs, DSBs are particularly toxic types of DNA damage that activate numerous DDR pathways 433,444 . One of the initial responses to DSBs is a recruitment of the MRN complex, containing Mre11, Rad50, and Nbs1components to the site of the DNA lesion 445,446 . Several studies demonstrated that the C terminus of Nbs1protein and Mre11-Rad50 complex can directly interact with ATM kinase and activate it 446,447 . The ATM kinase is predominantly a nuclear protein, where it exists as a catalytically inactive homodimer 447 . Interestingly, treatment with neocarzinostatin (NCS)

and IR can activate ATM kinase in MRN independent manner via autophosphorylation at serine (S)1981, which at the same time induces monomerization of ATM [447][448][449] . IR can also induce autophosphorylation at several other sites in ATM, including serines 367, 1893, and 2996 449,450 . Activated ATM is a major kinase responsible for phosphorylation of histone In response to DNA double-strand breaks, ATM is activated through autophosphorylation and/or MRN complex. Activated ATM further phosphorylates and activates numerous substrates that mediate the cell cycle control, stress response, cell survival, mitochondrial biogenesis, DNA repair, and telomere maintenance. BRCA1, breast cancer type 1 susceptibility protein; γ-H2AX, phosphorylation of the Ser-139 residue of the histone variant H2AX; MDC1, mediator of DNA damage checkpoint 1; 53BP1, p53-binding protein 1; HDM2, human homolog of double minute 2; IkK, IκB kinase; CREB, cAMP response element-binding protein; TRF2, telomeric repeat binding factor 2; SMC1, structural maintenance of chromosomes protein 1; HDAC1, histone deacetylase 1; FANC D2, Fanconi anemia group D2. Adapted from Mizutani and Takagi ( 2013) 455 .

ATM also plays a key role in the activation of several downstream effector kinases involved in cell-cycle arrest 433,456 . Figure 16 illustrates some of the most-studied ATM substrates and their function 455 . One of the ways that ATM uses to regulate the cell cycle is through the stabilization of a tumor-suppressor protein p53 457 . p53 is involved in numerous cellular processes, including cell-cycle arrest, apoptosis, autophagy, senescence, glycolysis, and ribosomal biogenesis 458 . ATM can stabilize p53 by directly phosphorylating its serine-15 residue or by indirectly phosphorylating Chk2 kinase, which then phosphorylates p53 on serine-20 459,460 . Interestingly, ATM can make a complex and phosphorylate HDM2 (the human homolog of murine MDM2), the negative regulator of p53 457,461 . HDM2 is an E3 ubiquitin ligase, that can associate with p53 and block its transcriptional activity, as well as promote its proteasomal degradation 461,462 . In addition, activated Chk2 kinase phosphorylates substrates, such as CDC25A and CDC25C, which are involved in G1 into S-phase and in G2 into M-phase transitions, respectively 463 .Several studies have demonstrated that ATM is essential for activation of NF-B signaling pathway as well 464 .

For instance, it was shown that IR-induced DSBs trigger ATM-dependent IKK complex activation, which is required for stimulating of NF-B pathway 465 . Moreover, the DNAdependent protein kinase, another serine/threonine protein kinase, was shown to phosphorylate IkB-and IkB-, causing NF-B nuclear translocation 466 .

Several studies have highlighted the important role of ATM activation in mitochondrial biogenesis and in the regulation of ribonucleotide reductase 448,467 . For instance, ATMdeficient lymphoblastoid cells had a low mitochondrial respiratory activity compared to wild-type cells, and the expression level of DNA-encoded genes involved in oxidative damage responses, such as polymerase gamma, mitochondrial topoisomerase I, peroxiredoxin 3, and manganese superoxide dismutase, were elevated 468 . Another study showed that the ATM deficiency in thymocytes had led to an elevated level of aberrant mitochondria, increased ROS accumulation, and decreased mitophagy 469 . Under stress conditions, such as irradiation, the mitochondria homeostasis can be maintained between cell-to-cell direct communication, where healthy organelles are transferred to damaged cells through nanotubular highways 470,471 . Interestingly, it was demonstrated that in co-culture between irradiated and non-irradiated cells, ATM controls the bilateral transfer of mitochondria through membrane nanotubes 472 . ATM was also implicated in controlling and maintaining the expression of R1, R2, and p53R2 subunits of ribonucleotide reductase, an enzyme required for the synthesis of deoxyribonucleoside triphosphates, which are essential for the synthesis and repair of DNA 473 . Collectively, these results suggest that ATM plays a significant role in modulating mitochondrial homeostasis, disfunction of which can be a contributing factor to the cancer-prone phenotype observed in ATM-deficient patients.

Ionizing radiation and tumor microenvironment

The tumor microenvironment (TME) is a complex system composed of stromal cells 2015) 483 .

internal cell can escape, or both host and internal cell may die 494 . Entosis is similar to emperipolesis, however, here both engulfing and internalized cells are the same type 484,492 .

Entosis is induced by the expression of epithelial cadherin proteins (E-or P-cadherin) and involves the overactivation of RhoA or ROCK I/II 495 and AMPK 496 within the entotic cells.

Following the entosis, the internalized cell can be either released or undergo lysosomal degradation 497 . In the process of cellular cannibalism, the host cell internalizes another living cell of its type or another in a vacuolated space and degrades the engulfed cell 494,498 .

This process is mediated by caveolins, ezrin, and specific lytic enzymes, such as cathepsin 499 .

Radiation therapy can also induce a peculiar type of cell death that activates an adaptive immune system, known as immunogenic cell death (ICD), that consequently triggers a stable anticancer immunity 500,501 . As opposed to non-immunogenic cell death, during ICD cancer cells undergo cell swelling and bursting, which leads to the emission of specific DAMPs, including the exposure of endoplasmic reticulum (ER) proteins, such as calreticulin (CRT) on the cell surface, extracellular secretion of adenosine triphosphate (ATP), the passive release of heat shock proteins (HSPs), like HSP70 and HSP90, and a non-histone chromatin-binding protein, known as a high mobility group B1 (HMGB1) 500,502 . In the pro-apoptotic stage CRT, which is a Ca 2+ ion binding protein, co-translocates to the cellular membrane together with another ER stress protein, the disulfide isomerase ERp57 503,504 . At the cell surface, CRT/ERp57 complex acts as an "eat me" signal and initiates the engulfment of cancer cells by dendritic cells (DCs), promoting further DCs activation and antigen presentation to tumor-specific CTL 502,503,505 . Similarly, extracellular ATP acts as a "find me" signal and binds to P2X7 receptors on DCs, causing the activation of the NALP3-ASC-inflammasome, which leads to the release of pro-inflammatory cytokine IL-1β 506-508 .

In the late stages stressed and dying cells release endogenous danger molecules, such as 

Impact of ionizing radiation on immune cells

Radiation therapy can have both direct and indirect impacts on the immune cells. Direct exposure of immune cells to ionizing radiation results in DNA damage 541 , cytokine production 542 , various surface markers expression 543 , apoptosis, and necrosis 544 . Whereas indirect effect arises from the death of tumor cells that release DAMPs, which can both stimulate or suppress the anti-tumor function of immune cells (Figure 19) 545 . DAMPs elicit immunostimulatory effects by recruiting and activating APCs, which subsequently crosspresent tumor-derived antigens to T cells, resulting in the establishment of immunological memory 546,547 . In contrast, some DAMPs, such as adenosine 548 and S100 proteins 549

promote tumor growth and resistance to radiotherapy. In this section, we highlight the impact of radiation therapy on the cells of the innate immune system, which are the first line of defense against pathogens and play an essential role in activating the adaptive immune system. Adapted from Q. Wu, Allouch, Paoletti, et al. (2017) 541 .

Combination of nanomedicine and radiotherapy

In clinic, radiation therapy is often combined with chemotherapy and surgery, however, outcomes on overall 5-year survival rates of these combinations are still limited 599,600 . Even though the combination of radiation therapy and chemotherapy has been shown remarkable results in the reduction of mortality, these treatments cause significant toxicities 601,602 . The ultimate challenge in delivering the radiation therapy is to reduce the toxicity to normal tissue while preserving the therapeutic outcome, this can be accomplished by improving the dose-deposition curve 599,603 .

NPs containing high atomic number (high-Z) elements have a high enhanced photoabsorption capacity and when exposed to ionizing radiation are capable of deposing higher energy at their vicinity 604 . The tumor has an abnormal vasculature, namely poorly aligned endothelial cells and lack of smooth muscles, which creates a wide lumen and allows NPs to travel selectively into the tumor region and avoid healthy tissue 605 . Lack of functional lymphatic drain in TME contributes to NPs retainment over a prolonged time. This phenomenon of NPs accumulation predominantly in the tumor region is commonly known as the EPR effect, and it is widely exploited to enhance the impact of radiation therapy 606,607 .

Apart 

Introduction

The tumor microenvironment (TME) is an immunosuppressive niche supporting the cancer progression and the immune escape that recently emerged as promising therapeutic target for cancer treatment (1). Tumor-associated macrophages (TAMs) account for the most abundant myeloid cells in the TME ( 2) and support both cancer progression and immune evasion (3, 4).

One main feature of TAMs is their high plasticity and ability to adapt and reprogram their biological functions to environmental signals (5). TAMs demonstrate anti-inflammatory properties that stimulate angiogenesis, cancer cell invasion, and metastatic dissemination.

TAMs also contribute to immunosuppression in the TME by recruiting regulatory T cells and myeloid-derived suppressor cells (MDSCs), inhibiting dendritic cell maturation and/or expressing inhibitory innate and immune adaptive checkpoint proteins (such as SIRP , PD1

or PDL1) (6, 7). Histological detection of TAMs predicts treatment response and is associated with poor clinical outcomes in the majority of solid cancers and hematological malignancies (8, 9). Targeting the functional reprogramming of TAMs has been proposed to improve the efficacy of anticancer treatments including radiotherapy (6, 10). Highly plastic, antiinflammatory TAMs can thus be functionally reprogrammed into pro-inflammatory phenotype to establish a tumoricidal microenvironment and to support the development of long-lasting specific anti-tumor immune response. Recently, we demonstrated that ionizing radiation (IR) reprograms pro-tumorigenic macrophages toward a pro-inflammatory phenotype. The IRmediated macrophage reprograming that we identified requires the activation of the NADPH oxidase 2 (NOX2), the production of reactive oxygen species (ROS), the activating phosphorylation of the Ataxia telangiectasia mutated (ATM) kinase on serine 1981 (ATMS1981*) and the transcriptional activity of the Interferon regulatory factor 5 (IRF5) (11).

Briefly, IR triggered DNA damage into the nuclei of targeted macrophages, leading to a DNA damage response that is directed by the ATM kinase. In response to IR, the ATM kinase, which is activated and phosphorylated on serine 1981 (ATMS1981*), controls the macrophage phenotypic conversion from anti-inflammatory to pro-inflammatory phenotype by regulating mRNA expression of IRF5. To further characterize this process, we deciphered upstream signaling pathways and detected that ROS are produced in response to IR. Interestingly, we revealed that NOX2, whose expression is also increased after IR, is involved in ROS production and directed the IR-mediated pro-inflammatory macrophage reprogramming.

Moreover, the detection of this signaling pathway on patient's biopsies predicts a good tumor response to preoperative radiotherapy in locally advanced rectal cancer (11). Altogether, these results convinced us that the identification of novel therapeutic strategy that may enhance the ability of IR to stimulate this signaling pathway and to reprogram TAMs would improve radiotherapy efficacy.

Several applications of nanomedecine (such as radioisotope-labeled or metallic nanoparticles)

have been developed to improve the therapeutic index of radiation therapy. Nanomaterials were initially used as contrast agents, to enhance the magnetic resonance imaging (MRI) contrast of tumors and to develop MRI-guided radiotherapy, but also as radiosensitizers, to improve the delivery and the deposition of radiation doses into tumor sites (12-16). Considering the ability of metallic nanoparticles containing high-Z atoms to increase proportionally to their atomic number, the radiation dose absorbed by tissue, gadolinium-based nanoparticles AGuIX have been extensively investigated for their potential to improve radiotherapy. Under exposure to IR, AGuIX produce photons and Auger electrons that improve the total dose rate deposition into the tumors, enhance the DNA double-strand break damage and the production of ROS, and lead to the destruction of numerous tumors (e.g. melanoma, glioblastoma, breast and lung carcinomas) (17-19). Nanomedicine has been recently proposed to amplify antitumor immune response and to sensitize tumors to RT and/or immunotherapies (20, 21). Although the combination of AGuIX with IR (AGuIX+IR) stimulated a growing interest for cancer treatment (NCT02820454, NCT03818386, NCT04899908, NCT04789486, NCT03308604), the immune response induced by AGuIX+IR combination is poorly understood. Here, we revealed that AGuIX alone and their combination with IR induced DNA double-strand break damage into the nuclei of treated macrophages and triggered the pro-inflammatory reprogramming of TAMs in an adenosine monophosphate (AMP) activated protein kinase (AMPK)-dependent manner. Altogether, these results demonstrated that AGuIX alone and AGuIX+IR combination could be used to convert anti-inflammatory macrophages into pro-inflammatory macrophages and to improve the efficacy of radiotherapy.

Results

Gadolinium-based nanoparticles AGuIX and their combination with ionizing radiation

trigger DNA double-strand breaks and an ATM-dependent DNA damage response in human and murine macrophages.

We initially demonstrated that DNA damage plays a central role during pro-inflammatory macrophage activation (11). Considering the ability of the combination of AGuIX with IR to increase dose deposition and consequently enhance the accumulation of DNA damage in treated cancer cells (22), we hypothesized that AGuIX+IR combination may also induce DNA showing the nuclear accumulation of -H2AX + foci, as compared to control or irradiated macrophages (Figures 1B and1C). We noticed that these nuclear -H2AX + foci persisted until 48 hours after the combined treatment of IR with 200 nM AGuIX (Figure 1C). Interestingly, we observed that higher concentrations of AGuIX (0.6 mM and 1.2 mM) allowed after 1 hour of treatment, the nuclear accumulation of -H2AX + foci in treated macrophages (Figure 1F).

The frequency of PMA-differentiated human THP1 macrophages showing nuclear -H2AX + foci and the size of these nuclear foci increased when macrophages were irradiated with a single dose of 0.2 Gy in presence of 0.6 mM AGuIX or 1.2 mM AGuIX (Figures 1A-1F). These results were confirmed on murine RAW264.7 macrophages exposed to a single dose of 0.2 Gy in presence of 0.6 mM AGuIX or 1.2 mM AGuIX (Figure 1G), thus revealing the ability of AGuIX+IR combination to increase the dose deposition and the accumulation of DNA doublestrand breaks in treated macrophages. We then analyzed the DNA damage response (DDR)

elicited by these genomic alterations and determined whether the DDR is dependent of the Ataxia telangiectasia mutated (ATM) kinase, as we previously described (11). We thus studied the activating phosphorylation of the kinase ATM on serine 1981 (ATMS1981*) in PMAdifferentiated human THP1 macrophages (Figure 1H) that were exposed to a single dose of 0.2

Gy in presence of different concentrations of AGuIX. Thirty minutes after treatments, we detected that 100 nM and 200 nM AGuIX induced ATMS1981* (Figure 1H) and that the level of ATMS1981* phosphorylation is significantly increased after the treatment of PMAdifferentiated human THP1 macrophages with AGuIX+IR combination, as compared to control cells (Figure 1H). Murine RAW264.7 macrophages irradiated with a single dose of 0.2

Gy in presence of 0.6 mM AGuIX or 1.2 mM AGuIX also accumulated ATMS1981* in their nuclei and showed a significant increase in the frequency of macrophages showing nuclear ATMS1981* after 1 hour-treatment with AGuIX alone (0.6 mM AGuIX or 1.2 mM AGuIX)

or with AGuIX+IR combination (Figure 1I). Altogether, these results revealed the ability of AGuIX to direct DNA damage in macrophages and to enhance the amount of DNA damage and the induction of DDR in anti-inflammatory macrophages that were irradiated in their presence.

Gadolinium-based nanoparticles AGuIX and their combination with ionizing radiation

favor the pro-inflammatory reprogramming of macrophages.

Considering that we previously revealed that DDR and ATM dictate pro-inflammatory macrophage phenotype ( 11 2C). Interestingly, we observed that PMAdifferentiated human THP1 macrophages that were treated with 0.6 mM or 1.2 mM AGuIX also revealed a significant increase of iNOS expression levels, as compared to control macrophages (Figures 2D-2F), thus revealing that the potential of AGuIX to trigger the proinflammatory phenotype of macrophages in absence of IR. To confirm these results, we determined by immunoblot analysis the cellular expression of IRF5 and the release into the supernatant of two pro-inflammatory cytokines, interleukins 1 (IL-1 ) and 6 (IL-6) that we previously detected during IR-mediated pro-inflammatory macrophage reprogramming (11).

We observed that after 48 hours of IR and combined treatments with 100 nM, 200 nM, 0.6 mM or 1.2 mM of AGuIX enhanced the expression of IRF5 in treated macrophages (Figures 2G and 2H). Interestingly, we detected that the combination of IR with 200 nM AGuIX was associated with the release of IL-1 and IL-6 in the supernatant of treated macrophages (Figure 2I). We detected that AGuIX alone (100 nM AGuIX or 200 nM AGuIX) increased the expression of IRF5 in PMA-treated human THP1 monocytes (Figures 2G and2H) and the secretion of pro-inflammatory cytokine IL-6 in absence of IR (Figure 2I). Altogether, these results indicate that AGuIX prime anti-inflammatory macrophages for pro-inflammatory reprogramming and as a consequence, their combination with IR enhance the ability of irradiated macrophages to acquire a pro-inflammatory phenotype.

Ionizing radiation, gadolinium-based nanoparticles AGuIX and combined treatments induce AMPK activation and macrophage mitochondrial fragmentation.

Considering that mitochondrial dynamics may influence the functional reprogramming of TAMs ( 23), we analyzed the shape of mitochondria in PMA-differentiated THP1 macrophages that were treated with single dose of 0. 3G). Beside, treatments of PMA-differentiated THP1 macrophages with 0.6 mM or 1.2 mM AGuIX respectively triggered the accumulation of fragmented mitochondria in more than 75% to 80% of treated macrophages (Figure 3H) as compared to control PMA-differentiated THP1 macrophages. These results thus revealed that IR and treatments with AGuIX altered mitochondrial dynamics and let to the accumulation of fragmented mitochondria in treated macrophages. Interestingly, we showed that the accumulation of fragmented mitochondria on treated PMA-differentiated THP1 macrophages was increased when macrophages were irradiated in presence of 100 nM or 200 nM AGuIX (Figures 3A, 3B and 3F). Considering the strong effects of 0.6 mM or 1.2 mM AGuIX on the frequency of macrophages showing mitochondrial fragmentation (Figure 3G), we also found that the combination of single dose 0.2 Gy with 0.6 mM or 1.2 mM AGuIX failed to show a significant enhancement of mitochondrial fragmentation in treated PMA-differentiated THP1 macrophages (Figure 3G), as compared to irradiated PMA-differentiated THP1 macrophages.

Altogether, these results demonstrate that single dose 0.2 Gy, treatment with different concentrations of AGuIX and combined treatments affect the mitochondrial dynamics of treated PMA-differentiated THP1 macrophages. To identify signaling pathways associated with deregulated mitochondrial dynamics, we determined whether the adenosine monophosphate (AMP) activated protein kinase (AMPK), which was recently involved in the regulation of mitochondrial dynamics (24), is phosphorylated and activated in response to these treatments. The activating phosphorylation of AMPK on threonine 172 (AMPKT172*) was then determined on control and treated PMA-differentiated THP1 macrophages (Figures 3H and3I). Interestingly, we observed that AMPKT172* phosphorylation is strongly increased when PMA-differentiated THP1 macrophages were irradiated with all tested concentrations of AGuIX (Figures 3H and 3I). All these processes are detected after 1 hour of treatment (Figure 3) and before the induction of the pro-inflammatory activation of macrophages (Figure 2), thus highlighting an unsuspected link between treatments with IR and/or AGuIX, the activation of AMPK, the mitochondrial fragmentation and the pro-inflammatory reprogramming of macrophages.

AMPK activation controls the mitochondrial dynamics and the pro-inflammatory reprogramming of macrophages treated with IR, AGuIX and IR+AGuIX combination.

We then investigated the effects of the AMPK activation on the pro-inflammatory 4E), inhibited ATMS1981* phosphorylation (Figure 4F) and impaired IRF5 upregulation (Figure 4F). Altogether, these results confirmed the essential role of AMPK during the functional reprogramming of anti-inflammatory macrophages into pro-inflammatory macrophages and identified signaling events (Mitochondrial fragmentation ATMS1981* IRF5) that are induced by AMPK activation and are required for the pro-inflammatory reprogramming of macrophages in response to IR, AGuIX and IR+AGuIX combination.

Discussion

Resistance to cancer treatments is a major obstacle to overcome for cancer cure. The therapeutic targeting of tumor microenvironment has recently emerged as a promising approach to reduce refractoriness to cancer treatments and to enhance cancer treatment efficacy (1). TAMs, which are major cellular components of TME, have gained attention as novel cellular targets for anticancer therapy. In the vast majority of cancers, TAMs are associated with poor prognosis and therapeutic resistances (3, 26, 27). Several therapeutic approaches targeting TAMs for depletion, repression of migration and/or functional reprogramming have been approved or are still under consideration for clinical use (27). These strategies include neutralizing antibodies or small molecules inhibitors of colony-stimulating factor 1 receptor (CSF1R) (28, 29), CC-motif chemokine ligand 2 (CCL2) (30), CC-chemokine receptor 2 (CCR2) (31), surface receptor TREM2 (32), and PI3K (33). We previously demonstrated that radiotherapy also triggers the pro-inflammatory reprogramming of TAMs through the induction of a molecular cascade that requires the increased expression of NOX2, the production of ROS, the promotion of double strand breaks, the activation and the phosphorylation ATMS1981*, the induction of IRF5, the expression of iNOS and the secretion of pro-inflammatory cytokines IL-1 , IL-6, IL-8, IFN-and TNF- (11). In addition, we revealed that other cancer treatments such as cisplatinium and the poly(ADPribose)polymerase (PARP) inhibitor olaparib also induced the pro-inflammatory activation of macrophages by stimulating this signaling pathway (11), thus revealing that combining radiotherapy with other modalities of cancer treatments might enhance the efficacy of radiotherapy through the reprogramming of TAMs.

In this study, we demonstrated that the combination of radiotherapy with gadolinium-based nanoparticles AGuIX enhances the ability of macrophages to undergo a pro-inflammatory activation in response to IR (Figure 5). Consistent with several in vitro and in vivo studies

showing that IR+AGuIX combination increases the dose deposition in several cancer cells (34, 35), our results revealed that the in vitro treatment of macrophages with IR+AGuIX combination is associated with an increased dose deposition in treated macrophages, as compared to irradiated macrophages, thus providing the first evidence that IR+AGuIX combination is able to target and potentially control the fate of TAMs cells in the TME.

Moreover, our results showed that the kinase ATM is phosphorylated on serine 1981 and activated in response to IR+AGuIX combination (Figure 1), thus suggesting that the kinase ATM may potentially play a central role during IR+AGuIX-mediated pro-inflammatory macrophage reprogramming, as we previously shown for IR alone (11). Our results also revealed that the transcription factor IRF5, which is the major transcriptional regulator of IRmediated pro-inflammatory macrophage activation (11), exhibited an increased expression in response to IR+AGuIX combination. The increased secretion of IL-1 and IL-6, and an augmented production of iNOS were also detected in response to IR+AGuIX combination, as compared to treatments with IR or AGuIX alone, demonstrating that IR+AGuIX combination enhanced the ability of macrophages to be reprogrammed into pro-inflammatory macrophages.

These results are consistent with previous publications revealing the functional switch of macrophages from anti-inflammatory to pro-inflammatory phenotype in response to other metallic nanoparticles alone (such as gold-based nanoparticles (36), iron oxide nanoparticles (37) and titanium dioxide nanoparticles ( 38)) or combined treatments with IR (39). From theoretical point of view, these results suggested that AGuIX should be used alone (without radiotherapy) to re-educate TAMs and to enhance antitumor immune response. Further in vivo investigations are needed to demonstrate the ability of AGuIX to overcome anti-inflammatory programming of TAMs and to remodel immunosuppressive TME in absence of IR.

In this study, we also demonstrated that all treatments used (IR, AGuIX and IR+AGuIX combination) induced the phosphorylation and the activation of the AMPK, which is a central metabolic sensor that regulates cellular energy homeostasis through the modulation of numerous cellular processes such as autophagy (40), oxidative phosphorylation (41), mitochondrial dynamics and integrity (42). We showed that AMPKT172* is rapidly detected in response to treatments and positively correlated with the accumulation of fragmented "stressed" mitochondria in the cytosol of treated macrophages. Interestingly, we demonstrated that pharmacological inhibition (with Dorsomorphin) or genetic depletion of AMPK 2 abolished mitochondrial fragmentation and impaired the pro-inflammatory reprogramming of treated macrophages, thus revealing a counterintuitive link between the AMPK activation, the mitochondrial fragmentation and the pro-inflammatory reprogramming of macrophages. In one hand, the activation of AMPK was previously involved in the promotion of the antiinflammatory reprogramming of macrophages (43) and the repression of LPS-induced proinflammatory reprogramming of astrocytes, microglia and peritoneal macrophages (44). The activation of AMPK was also shown to increase fatty acid oxidation (45). In other hand, the activation of AMPK is required for the fragmentation of mitochondria through the modulation of the dynamin-related protein 1 (DRP1) activity ( 42) and the mitochondrial fragmentation was associated metabolic regulation of several immune cells such as lymphocytes, regulatory T cells (46) and NK cells (47). Our results provide the first evidence that the activation of AMPK by IR modulates mitochondrial dynamics and activate ATM for the pro-inflammatory reprogramming of macrophages. Further molecular characterizations are needed to precise the contribution of AMPKT172* and mitochondrial fragmentation to the pro-inflammatory signaling pathway elicited by IR that we previously described (11). Altogether, these results demonstrated that the combination of IR with AGuIX enhanced the ability of antiinflammatory macrophages to undergo a pro-inflammatory activation in response to IR and might be useful to improve patient's response to radiotherapy through an AMPK-dependent pro-inflammatory reprogramming of TAMs.

Materials and Methods

Cells and Reagents.

The human monocyte cell line THP1 cells and murine RAW264.7 macrophages were maintained in RMPI-1640-Glutamax medium and DMEM-Glutamax medium, respectively, (Life Technologies, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Hycultec GmbH, Beutelsbach, Germany) and 100 IU/ml penicillin-streptomycin (Life Technologies). To obtain THP1 macrophages, THP1 monocytes were differentiated with 320 nM of PMA (#tlrl-PMA, Invivogen, San Diego, CA, USA) during 24 hours. Then, cells were washed three times to remove PMA and were rested for additional 24 hours. All cells were maintained under 5% CO2 humidified atmosphere at 37 °C. Dorsomorphin (#3093/10) was from Tocris Bioscience (Bristol, UK). PMA (#tlrl-PMA) was from Invivogen. Gadolinium (Gd)-based AGuIX NPs were synthesized and provided by NH TherAguix company (Lyon, France).

Antibodies.

Antibodies used for immunofluorescence were anti-phospho-H2AX (Ser139) (#05-636) 

Irradiation and treatment with gadolinium-nanoparticle AGuIX.

THP1 macrophages were differentiated in 12-well plates (10 6 cells per well), 24-well plates (5x10 5 cells per well) or 48-well plates (2.5x10 5 cells per well) as described above. RAW264.7 macrophages were seeded in 24-well plates (5x10 4 per well) 24 hours before treatments. The cells were then treated with different concentrations of AGuIX diluted in HBSS (#14025092, Thermo Fisher Scientific) at 37 °C for 1 hour. Afterwards, nanoparticles suspension was replaced with fresh macrophage medium supplemented with 10% FBS, incubated for 1hour at 37 °C and then cells were irradiated at the indicated dose with X-ray irradiator (1 Gy/min, X-RAD 320, Precision X-Ray). Cells were then harvested at 30 min, 1 hour, 24 hours, and 48

hours after irradiation for cell lysates and for immunofluorescence for subsequent experiments.

Supernatants (SN) were harvested 48 hours after treatments.

RNA-mediated interference.

The SMARTpool siGENOME Human PRKAA2 ( 5563 Briefly, THP1 monocytes were differentiated as described above (10 6 cells per ml per well in 12-well plate). The Lipofectamine and siRNA were mixed in Opti-MEM reduced serum medium (Thermo Fisher Scientific) was let to incubate at room temperature for 5 minutes. The transfection mix was then added to the cells to the final concentration of 12 nM siRNAs and cells were incubated at 37 °C for 24 hours. After 24 hours, the medium was replaced by fresh macrophage medium supplemented with 10% FBS and new transfection mix was added. Cells were then incubated for additional 24 hours and used further in subsequent experiments.

Immunofluorescence microscopy.

THP1 macrophages were treated and incubated as described above on 10 mm coverslips (Deckglaser#41001110, Germany) at a concentration of 2.5x10 5 cells per well in 48-well plates. RAW264.7 macrophages were seeded 24 hours before treatments on 13 mm coverslips (VWR#ECN 631-1578, Germany) in 24-well plates (5x10 4 per well). Afterwards, cells were rinsed once with PBS, fixed with 4% (w/v) paraformaldehyde (Sigma-Aldrich, Germany) for 10 minutes and then permeabilized with 0.3% Triton X-100 (Sigma-Aldrich, Germany) in PBS for 20 minutes. After two times rinsing with DPBS 1X (Gibco), the cells were blocked with 10% FBS in PBS for 1 hour, followed by incubation with primary antibodies in 10% FBS in PBS (at a dilution 1:100, except for anti-iNOS antibody (1:500) and anti-ATMS1981 (1:50))

for 1 hour and 30 minutes at room temperature. Subsequently, cells were washed with PBS three times and were incubated with the secondary antibodies Alexa Fluor-488 green or Alexa with optimal optical sectioning (OOS) of 0.8 μm from the top to the botom of each cell and then cells were constructed on max-intensity of z projection images using Image J software.

Western blot analysis.

Cells were washed once with cold PBS and total cellular proteins were extracted in Chaps buffer (10 mM TRIS (pH = 7.4) Ionizing radiation may induce indirect DNA damage by the generation of reactive ions and ROS, which creates a variety of lesions, or direct DNA damage, such as DNA double-strand breaks (DSBs) 615,616 . In response to DSBs, eukaryotic cells activate ATM (ataxia telangiectasia mutated) protein kinase, which phosphorylates the histone H2A variant, H2AX, at Serine 139, known as -H2AX foci 444 . ATM plays a vital role in activating DDR pathways that control DNA repair, cell-cycle arrest, apoptosis, and senescence 617 . In cancer, ATM promotes tumor-suppressive effects mainly via inducing SIRT1 and p53-dependent cellular apoptosis 463 and Chk1-dependent cell cycle arrest 618,619 . Thus, mutations in the ATM gene are associated with immunodeficiency, cancer predisposition, radiation sensitivity, and cell cycle abnormalities 620 .

Several studies have demonstrated that Gd-based NPs, AGuIX, can be activated by ionizing radiation and induce severe DNA damage 410 . For instance, a significant amount of -H2AX foci accumulation was detected in B16F10 mouse melanoma cells exposed to 0.6 mM of AGuIX in combination with 2 Gy 400 , in A549-GFP human lung tumor cells exposed to 10 mM of AGuIX and irradiated with 4 Gy 409 , and in H1299 human non-small cell lung carcinoma cells incubated with 1 mM of AGuIX and irradiated with 4 Gy 621 . In all the above-mentioned studies, -H2AX foci formation was higher in the condition where AGuIX were combined with ionizing radiation, however, AGuIX alone were not able to induce a significant number of -H2AX foci accumulation. Moreover, in H1299 cells, the combination of 1 mM of AGuIX with 8 Gy of irradiation increased phosphorylation of ATM at serine 1981 (ATMS1981*) and Chk1 at serine 345 (Chk1S345*) 621 .

Previously, we have demonstrated that irradiation (2 Gy), induces -H2AX foci formation and ATMS1981* in murine RAW264.7 and in PMA-differentiated human THP1 macrophages. Moreover, in biopsies of mice inoculated with colorectal HCT116 cells and exposed to single-dose irradiation (20 Gy), we were able to detect a significant amount of γ-H2AX positive CD11b + macrophages, that was positively correlated with tumor regression 541 . In this study, for the first time it was shown that AGuIX NPs alone and in combination with low dose X-ray radiation (0.2 Gy) can induce γ-H2AX accumulation and ATMS1981* in PMA-differentiated human THP1 macrophages. These results have demonstrated that the presence of AGuIX NPs in nanomolar and micromolar ranges was able to induce DDR in macrophages, and after AGuIX combination with irradiation, the impact was significantly boosted. The dose enhancement effect after the combinational treatments is attributed to a strong photoelectric effect and increased production of Auger electrons 390,622 .

Impacts of gadolinium-based nanoparticles AGuIX and their combination with ionizing radiation in the functional reprogramming of anti-inflammatory macrophages

Depending on the irradiation doses and experimental settings, radiation therapy can activate macrophages toward either anti-inflammatory or pro-inflammatory phenotypes 584 . THP1 macrophages exposed to doses below 1 Gy (0.5 Gy and 0.7 Gy) decreased the secretion of the pro-inflammatory cytokine, IL-1β 585 , while J774.1 and RAW264.7 murine macrophages exposed to 0.5 Gy increased NO accumulation 587 , the metabolic product of inducible nitric oxide synthase (iNOS) activity 53 . Similarly, high irradiation doses (10 Gy) in human macrophages induced no significant accumulation of IL-1β and TNF-589 , but when delivered in fractionated scheme (2Gy/fraction/day) macrophages expressed proinflammatory markers, including CD80, CD86, and HLA-DR 586 . We have also demonstrated that single irradiation with 2 and 4 Gy X-ray upregulates IRF5 expression, and increases iNOS accumulation in RAW264.7, THP1, and human monocyte-derived macrophages (hMDM) 541 . IRF5 expression determines pro-inflammatory macrophage polarization both in vivo and in vitro by inducing the transcription of the proinflammatory genes, such as IL-12 subunit p40 (IL-12p40), IL-12p35, and IL-23p19, and by inhibiting the anti-inflammatory genes, like IL-10 [START_REF] Krausgruber | IRF5 promotes inflammatory macrophage polarization and T H1-TH17 responses[END_REF]623 .

Several studies demonstrated that NPs could target and reprogram TAMs as well 608,624 . Among metal NPs, gold (AuNPs), but not silver (AgNPs) was able to induce proinflammatory macrophage polarization in J774 A1 murine macrophages 625 . AuNPs of different sizes small (3 nM), medium (6 nM), and large (38 nM) induced the expression of pro-inflammatory cytokines in a size-dependent manner; smaller NPs had a higher capacity to upregulate the expressions of IL-1, IL-6, and TNF-and induce pro-inflammatory responses. It was hypothesized that the internalization pathway may play a decisive role, as AuNPs were mainly internalized via receptor-mediated endocytosis, and AgNPs via pinocytosis 625 . Similarly, in another study AgNPs dispersed in water showed higher cytotoxicity in RAW24.7 macrophages than AuNPs diluted in the same media 626 . However, AgNPs at ultralow concentrations were able to increase the expression of pro-inflammatory genes Nf-B, IL-1 , and IL-6 in RAW24.7 macrophages 627 . In addition, several studies showed that iron-based NPs can activate macrophages toward the pro-inflammatory phenotype. For instance, systematic delivery of (FDA)-approved iron supplement ferumoxytol were able to significantly reduce the growth of subcutaneous adenocarcinomas and liver metastasis in FVB/N mice by re-programming TAMs toward pro-inflammatory phenotype in the tumor tissues. Further studies on co-culture of RAW264.7 murine macrophages with MMTV-PyMT cancer cells in the presence of ferumoxytol revealed that ferumoxytol stimulates ROS release, TNF-a secretion, and inhibits IL-10 production in macrophages 612 .

Our study demonstrated that AGuIX NPs alone and in combination with 0.2 Gy are also able to activate macrophages toward the pro-inflammatory antitumor phenotype.

Particularly, we showed that exposure of anti-inflammatory macrophages to low concentrations (100 nM and 200 nM) and high concentrations (0.6 mM and 1.2 mM) of AGuIX NPs induce IRF5 expression and iNOS accumulation in PMA-treated human THP1 macrophages. Interestingly, high doses of AGuIX re-programmed anti-inflammatory macrophages faster (1-2 h post-exposure), compared to low doses (48 h post-exposure). The combination of AGuIX NPs with low doses of irradiation (0.2 Gy) produced synergetic effects. Thus, our results confirmed that a low dose of irradiation and ultrasmall metal-based NPs can reprogram macrophages toward a pro-inflammatory phenotype.

Impacts of ionizing radiation, gadolinium-based nanoparticles AGuIX and combined treatments on mitochondrial dynamics in anti-inflammatory macrophages

Mitochondria is a highly dynamic organelle, and its shape changes by fusion and fission processes 132,628 . The mechanism of mitochondrial fusion is controlled by dynamin-related GTPases, including mitofusin 1 (MFN1), MFN2, optic atrophy 1 (OPA1), and two mitochondrial outer membrane proteins, FAM73a and FAM73b, also known as mitoguardin 1 and 2, respectively 135,136 . While the fission process is mediated by dynamin-related protein 1 (Drp1), mitochondrial fission 1 (Fis1), and mitochondrial fission factors (MFF) 137,629 .

Mitochondrial fission is tightly regulated by adenosine monophosphate (AMP)-activated protein kinase (AMPK) 630 . AMPK is a highly conservative energy sensor inside the cell, which becomes activated when the ATP level decreases 631 . It is a heterotrimeric complex comprised of a catalytic α subunit and regulatory β and γ subunits 153 . The activity of AMPK is dependent on the phosphorylation of threonine (T172) within the activation loop of a catalytic α subunit, which is highly conserved between the two α1 and α2 isoforms 153,632 .

Activated AMPK targets numerous downstream targets, including mitochondrial fission factors, which is a mitochondrial outer membrane receptor for DRP1 that mediates mitochondrial fission 630 .

Previous studies in epithelial cells have demonstrated that ionizing radiation can modulate mitochondrial fusion and fission dynamics 633,634 . For instance, studies on Hela cells demonstrated that low X-ray irradiation (< 1 Gy) promoted mitochondrial fusion, while high dose (> 1 Gy) triggered mitochondrial fission via ERK1/2-mediated phosphorylation of Drp1 633 . Similarly, cytoplasmic irradiation with 4 He ions induced mitochondrial fragmentation in human small airway epithelial cells by activating the fission gene DRP1 expression and by suppressing the fusion genes MFN1, MFN2, and OPA1 634 . UVB irradiation also triggered the mitochondrial fission in normal human epidermal keratinocytes (NHEK) isolated from healthy donors, but the observed fragmentation was partially associated with Drp1 activation, suggesting the existence of other fission mechanisms in this cell type 635 .

In the present study, we have shown that a low dose of X-ray irradiation, AGuIX, and their combination induced a high level of mitochondrial fragmentation and activate AMPK at T172 in anti-inflammatory macrophages. Particularly, we have quantified mitochondrial fragmentation in PMA-differentiated THP1 cells after treatments with 0.2 Gy alone and in combination with low and high doses of AGuIX and revealed extensive accumulation of fragmented mitochondria in the anti-inflammatory macrophages. The mitochondrial fragmentation was especially severe after treatment with high doses of AGuIX NPs alone and in the presence of irradiation. The synergetic effect on fragmentation was detected only after treatment with low doses of AGuIX and 0.2Gy of irradiation. However, the synergy phenomenon has been observed in phosphorylation of AMPK at T172 after exposure to both high doses and low doses of AGuIX in combination with 0.2Gy. The difference between these two observations can be explained with the time-dependent effect, where mitochondrial fragmentation after treatment with high doses of AGuIX occurs rapidly and the synergy effect could be detected only at early time points after the treatments, while once phosphorylated AMPK remains activated for a longer period.

Indeed, in accordance with our results, in vitro studies in lung, prostate, and breast cancer cells have previously shown that a high dose of ionizing radiation (2-8Gy) activates AMPK in an LKB1-independent manner 636 . Likewise, several types of NPs were reported to induce mitochondrial fragmentation 637 . For instance, titanium dioxide NPs caused mitochondrial fragmentation and fission/fusion imbalance through upregulating Drp1 and downregulated Opa1 expressions in HT22 cells 637 . Treatment with iron NPs 638 and silver NPs 639 was able to alter AMPK signaling pathway in SH-SY5Y cells. AMPK prevented nanoparticle-induced neurotoxicity 638 and cellular apoptosis 639 . In our current study, we

have not yet explored the impact of AMPK activation on Drp1 expression and cell fate of anti-inflammatory macrophages exposed to the low dose of irradiation and AGuIX NPs, but this will be addressed in the following studies.

Roles of mitochondrial dynamics and AMPK activation in macrophage proinflammatory activation

Previous studies have demonstrated that mitochondrial fusion and fission processes are essential for macrophage activation. For instance, it is shown that fusion protein MFN2 controls ROS accumulation in macrophages and its deficiency impairs pro-inflammatory cytokine production, autophagy, apoptosis, phagocytosis, and antigen processing in LPSstimulated macrophages 140,141 . Similarly, genetic ablation of the fusion protein FAM73b in BMDMs activated IL-12 expression but severely inhibited IL-10, IL-23, and arginase expression after LPS treatment. FAM73b deficient cells exhibited reduced ROS production and OXPHOS activity. Moreover, in myeloid cell specific FAM73b KO mice inoculated with B16 melanoma cells the tumor growth was suppressed due to the high infiltration of CD8 + T cells, reduced the accumulation of TAMs, and MDSCs in the TME 136 .

Activation of mitochondrial fission protein Drp1 has been also associated with proinflammatory macrophage polarization 145,146 . LPS treatment in mouse BMDMs phosphorylated Drp1 protein at S635 through activation of TLR4 and promoted mitochondrial fission. Activation of Drp1 was essential for the expression of proinflammatory genes, such as IL-6, IL-1 , and IL-12b 145 . Similarly, LPS induced STAT2dependent phosphorylation of Drp1 at S616, which resulted in mitochondrial mass increase and release of proinflammatory cytokines, like IL-6 and TNF-146 . Interestingly, it was shown that in LPS-treated macrophages Drp1 upregulates TNF-production by controlling post-transcriptional modifications 640 .

In this study, we illustrated that mitochondrial fragmentation induced by IR, AGuIX, and their combination played a central role in proinflammatory macrophage polarization triggered by the treatments. Our results showed that genetic inhibition of AMPK 2 isoform impaired both mitochondrial fragmentation and IRF5 expression in human macrophages, suggesting the link between AMPK activation, mitochondrial dynamics, and macrophage proinflammatory polarization. Previous studies on AMPK 2 knockout mice bearing liver metastasis showed that inhibition of AMPK 2 results in increased tumor size and high infiltration of anti-inflammatory macrophages in TME 641 . Meanwhile, there are studies demonstrating that AMPK 1 isoform control anti-inflammatory macrophage activation 157,161 . The activation of AMPK 1 isoform at T172 was shown to induce IL-10-dependent anti-inflammatory pathways 161 and to diminish TNF-and IL-6 production 157 . Likewise, AMPK 1 knockout macrophages were unable to acquire anti-inflammatory phenotype 642 .

It is known that mouse and human macrophages express predominantly the AMPKα1 isoform 157 , however, the single dose of 8Gy IR enhanced AMPK subunits expression in lung cancer cells 643 , suggesting that IR can induce 2 isoform expression in macrophages as well. The role of AMPK 1 isoform in mitochondrial fission and fusion processes has not yet been explored. Thus, our results suggest that AMPK controls macrophage polarization in isoform-specific manner and further in-depth studies are required to identify the upstream activators of AMPK isoforms that regulate macrophage functional polarization.

Another important finding of this study was that the inhibition of AMPK 2 isoform activated after IR, AGuIX and their combination impairs ATM phosphorylation at S198, which was previously shown to regulate IRF5 transcriptional expression and irradiationinduced proinflammatory macrophage polarization 541 . These results are in agreement with previous studies, where AMPK 1/ 2 knockout mouse embryo fibroblast exposed to 8Gy of ionizing radiation downregulated ATM activity by decreasing induction of its downstream substrates -H2AX and Chk2 636 . Although, our results demonstrate the link between AMPK activation, ATM phosphorylation, and IRF5 expression in macrophages, the exact molecular mechanism of their interaction must be explored further.

Perspectives

Deciphering the molecular mechanism of AMPK activation by AGuIX nanoparticles in vitro

One of the important questions that remains unanswered in the current study is the mechanism by which AGuIX NPs activate AMPK. In our study, we observed that the treatment with AGuIX NPs alone can phosphorylate AMPK and the ionizing radiation boosts the effect further. However, the exact mechanism of this observed phenomenon remains unclear.

AMPK phosphorylation at T172 within the catalytic subunit is generally regulated by direct and indirect activators. Among the indirect activators, the most described are two upstream kinases, LKB1 644 and CaMKK 645 . LKB1 activates AMPK residing on the surface of the late endosome with the help of the initial energy stress sensor lysosomal v-ATPase (vacuolar ATPase)-Ragulator complex and the scaffold protein AXIN 646 . Previous studies showed that after internalization AGuIX NPs localized in the endosomal vacuoles of the cell 399,403 . It could be possible that AGuIX NPs activate AMPK on the surface of endosomes through v-ATPase-Ragulator-AXIN/LKB1 pathway. Whereas CaMKKbetta activates AMPK in the presence of excessive intracellular Ca 2+ 645 , which can be released from the stressed endoplasmic reticulum (ER) 647 . Exposure to several metal-based NPs, including gold 648 , silver 649 , and zinc 650 , have been reported to induce ER stress 651,652 . However, it is not yet known whether AGuIX NPs can induce ER stress and consequently activate CaMKKbetta.

In addition to kinases, AMPK can be indirectly activated by small molecules, which interfere with the mitochondrial electron transport chain leading to an increased AMP to ATP ratio 653 . Among the most known are metformin 654 and thiazolidinediones (TZDs) 655 , which are known to activate AMPK through inhibition of complex I of the mitochondrial respiratory chain. Both these drugs are widely used to treat non-insulin-dependent diabetes 655,656 . Several studies showed that metal NPs, such as AgN 657 and cationic Au-NPs 658 can decrease the activity of mitochondrial respiratory chain complexes. In the current study we observed a significantly high amount of mitochondrial fragmentation triggered by AGuIX treatment, perhaps AGuIX NPs as well can activate AMPK through induction of mitochondrial dysfunction.

Overall, identifying the molecular mechanism of AMPK activation by AGuIX is essential for predicting the physiological outcome of the treatment and for increasing the likelihood of AGuIX success in treating various metabolic diseases, including cancer, diabetes, and obesity.

Evidence of the role of AMPK in macrophage activation in vivo tumor models

In vivo cancer models will be a valuable tool to use to verify the significance of AMPK activation in macrophage polarization and its biological impact on tumor development.

AGuIX NPs have been widely tested in different tumor models, including brain 392 , lung 659 , and colorectal cancer 417 , and have shown strong anti-tumor effects in combination with ionizing radiation. The question remains whether or not the activation of AMPK specifically in TAMs is a key contributing factor. To access this question several in vivo models can be used, including analysis of tumor biopsies and conditional knockout mice.

Tumor biopsies isolated from mice treated with AGuIX, IR, and its combination can be used to access immune infiltrates within the TME before and after the treatment. The expression of phosphorylated AMPK in TAMs and their total infiltration can be revealed by immunohistochemistry (IHC). Similarly, if TAMs are repolarized into pro-inflammatory phenotype, they release pro-inflammatory cytokines and chemokines 660 which recruit effector immune cells such as activated CD8 + T cells and NK cells 661 that turn "cold" immunosuppressive cancers into "hot" immonoresponsive phenotype 662 . Proinflammatory hot TAMs within TME also express CXCL9 chemokine which recruits CD8 + tissue-resident memory T cells (TRM) 663 that can cross-talk with DCs and thereby augment the adaptive antitumor responses 664 . Thus, revealing the immune infiltrates phenotype within TME can give clues about the mechanisms by which AGuIX NPs in combination with IR strengthen antitumor immunity.

To further validate the target, a time-dependent monocyte/macrophage-specific conditional AMPK 2 knockout mouse can be generated. This can be achieved by using the Cre-ERt2 system which has been widely used for deletion of the genes of interest in monocyte/macrophage lineages in mouse models 665 . Inducible Cre system allows to silence gene expression at the precise time and in a specific cell 666 , thus the impact of AMPK 2 isoform deletion in macrophages before the treatment with AGuIX NPs and IR can be accurately accessed under these settings. Previous studies on the liver metastasis model of colon cancer involving total AMPK 2 knockout mice demonstrated that its deficiency increased tumor size and enhanced anti-inflammatory macrophage accumulation within the TME 641 . Therefore, the role of AMPK 2 isoform deletion in TAMs should be explored further in future studies.

Clinical implications of AMPK-induced macrophage proinflammatory activation

Currently, AGuIX NPs in combination with IR are tested in two clinical trials in France.

First is NanoCOL and it involves patients with locally advanced cervical cancer (NCT03308604). Another study is NanoRAD and it was designed for patients with multiple brain metastases (NCT02820454). The analysis of resected specimens from these patients may reveal whether AMPK is activated in TAMs and can be correlated to a predictive factor for treatment effectiveness. In case of positive correlation, AMPK 2 can be a useful molecular marker in stratifying patients into responders and non-responders for AGuIX treatments. This may allow to increase the effectiveness of the delivered treatments and minimize morbidity.

Conclusion

In conclusion, in this study, we demonstrated that AGuIX NPs alone and in combination with X-ray radiation-induced proinflammatory macrophage activation and identified key molecular players involved in this process (Scheme 1). We showed that AMPK activation at T172 mediates mitochondrial dynamics, ATM activation, and IRF5 expression. We envision that future studies will demonstrate the biological impact of this signaling pathway on the antitumor efficacy of radiotherapy in combination with AGuIX NPs. 

APPENDIX

NOX2-dependent ATM kinase activation dictates pro-inflammatory macrophage phenotype and improves effectiveness to radiation therapy Qiuji Wu 1,2,3,4,5,6 , Awatef Allouch 1,2,3,4 , Audrey Paoletti 1,2,3,4 , Celine Leteur 2,3,4 , Celine Mirjolet 7 , Isabelle Martins 1,2,3,4 , Laurent Voisin 1,2,3,4 , Frédéric Law 1,2,3,4 , Haithem Dakhli 1,2,3,4 , Elodie Mintet 1,2,3,4 , Maxime Thoreau 1,2,3,4 , Zeinaf Muradova 1,2,3,4 , Mélanie Gauthier 7 , Olivier Caron 3 , Fabien Milliat 8 , David M Ojcius 9 , Filippo Rosselli 10 , Eric Solary 11 , Nazanine Modjtahedi 2,3,4 , Eric Deutsch 2,3,4,12 and Jean-Luc Perfettini* , 1,2,3,4,12 Although tumor-associated macrophages have been extensively studied in the control of response to radiotherapy, the molecular mechanisms involved in the ionizing radiation-mediated activation of macrophages remain elusive. Here we show that ionizing radiation induces the expression of interferon regulatory factor 5 (IRF5) promoting thus macrophage activation toward a proinflammatory phenotype. We reveal that the activation of the ataxia telangiectasia mutated (ATM) kinase is required for ionizing radiation-elicited macrophage activation, but also for macrophage reprogramming after treatments with γ-interferon, lipopolysaccharide or chemotherapeutic agent (such as cisplatin), underscoring the fact that the kinase ATM plays a central role during macrophage phenotypic switching toward a pro-inflammatory phenotype through the regulation of mRNA level and post-translational modifications of IRF5. We further demonstrate that NADPH oxidase 2 (NOX2)-dependent ROS production is upstream to ATM activation and is essential during this process. We also report that the inhibition of any component of this signaling pathway (NOX2, ROS and ATM) impairs pro-inflammatory activation of macrophages and predicts a poor tumor response to preoperative radiotherapy in locally advanced rectal cancer. Altogether, our results identify a novel signaling pathway involved in macrophage activation that may enhance the effectiveness of radiotherapy through the reprogramming of tumor-infiltrating macrophages.
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Approximately, half of all cancer patients are treated with radiotherapy alone or in combination with chemotherapy.

Although ionizing radiation (IR) directly causes senescence and death of tumor cells through the generation of reactive oxygen species (ROS) and DNA damage, 1 recent studies underscore the fact that IR can also modulate immune cell functions and favor consequently the development of anticancer immunity. 2,3 IR can induce the exposure of 'eat-me' signals (such as calreticulin) and the release of danger signals (such as ATP and HMGB1) by the irradiated dying tumor cells (also referred as immunogenic cell death), 4 thus contributing to specific T-cell response by increasing the tumor antigen cross-presentation to dendritic cells 5 and/or modifying the immunosuppressive microenvironment of tumors. 6,7 IR can also control tumor immune response through the direct modulation of innate immune cell functions. Treatment with IR can modulate Langerhans cell functions and induce the accumulation of regulatory T cells into tumors. 8 In addition, IR controls macrophage plasticity and programs tumorassociated macrophages (TAMs) toward a pro-inflammatory phenotype that orchestrates specific tumor immune response. 9 However, microenvironment factors such as hypoxia may affect this IR-responsive macrophage activation program by favoring a pro-tumorigenic activation phenotype that is associated with tumor resistance. 10 Nevertheless, the molecular mechanisms underlying IR-induced macrophage activation remain elusive. TAMs represent a major cellular component of the tumor microenvironment. 11 These macrophages derive from blood monocytes that, after their recruitment into tumors, differentiate and are activated in response to different environmental signals.

Macrophages can be broadly classified as classically activated pro-inflammatory macrophages and alternatively activated protumorigenic macrophages. 12 The interferon regulatory factor 5 (IRF5) was demonstrated to determine the pro-inflammatory macrophage phenotype [13][14][15] along with other transcription factors (such as STAT1 and NF-κB), whereas IRF4, 16 STAT6 17 and KLF4 18 are key transcription factors required for the protumorigenic macrophage phenotype. Interferon gamma plus lipopolysaccharide (LPS) or tumor necrosis factor α alone are known to induce classical macrophage activation that is characterized by an increased secretion of pro-inflammatory cytokines and chemokines (such as interleukin (IL)-1β), an augmented production of inducible nitric oxide synthase (iNOS) 19 and of ROS. 12 Conversely, glucocorticoids, IL-4/IL-13 and IL-10 drive macrophages toward the alternative activation program with a reduced production of pro-inflammatory cytokines but a higher level of anti-inflammatory IL-10, TGF-β, arginase, membrane scavenger and mannose receptors. Pro-inflammatory macrophages possess bactericidal and anti-tumoral activities, while pro-tumorigenic macrophages are associated with immune regulatory and tissue repair activities, highlighting the diversity of macrophage functions. In response to tumor microenvironment signals (such as hypoxia and tumor-derived lactate 20,21 ), TAMs mainly adopt a pro-tumorigenic phenotype that contributes to tumor progression by promoting tumor growth, metastasis, angiogenesis and by suppressing immune responses. [22][23][24] In addition, several studies have demonstrated that TAMs are also associated with treatment resistance and poor clinical outcomes in various cancer settings (such as lymphoma, melanoma, sarcomas and lung cancer [25][26][27][28] ), making them attractive targets for the development of new anticancer strategies. 29,30 In this context, a better understanding of the molecular basis of the IRmediated macrophage activation is needed for the improvement of the efficacy of radiotherapy. In this study, we explored the molecular mechanisms involved in IR-induced macrophage reprogramming.

Results

Cell-autonomous activation of macrophages after ionizing radiation. Considering that immune cells may influence the functional reprogramming of macrophages, 29 we first analyzed IR-mediated macrophage activation using human colon tumor xenografts in immunodeficient mice. HCT116 cells were subcutaneously inoculated into the right flanks of athymic nude mice. Seven days after inoculation, the irradiation of the palpable tumor mass with a single dose of 20 Gy resulted in significant tumor growth inhibition, as compared to the controls (Figure 1a). After 29 days, the residual irradiated tumors did not show any increase of the density of CD11b + macrophages (Supplementary Figure 1a), but revealed an increased frequency of CD11b + macrophages that expressed iNOS (iNOS + CD11b + ) (Figure 1b). We detected a significant accumulation of iNOS + CD11b + macrophages in irradiated tumors as compared with non-irradiated ones (Figure 1c). The accumulation of iNOS + CD11b + TAMs positively correlated with tumor response to IR, confirming as previously published that the presence of iNOS + /pro-inflammatory phenotype macrophages in irradiated tumors is required for the modification of tumor microenvironment and tumor regression. Of note, previous reports characterized this process in conditions of relatively low-dose IR (2 Gy) exposure. 6,9 Our observation that TAMs exhibited an increased phosphorylation of the histone variant H2AX (also known as γ-H2AX) on serine 139 (Figures 1d ande) underlined an unsuspected link between DNA damage response and macrophage activation. To check the possibility whether IR can directly target and activate macrophages, we irradiated human THP1 macrophages with a single dose of 2 Gy and analyzed, by fluorescence microscopy and flow cytometry, the expression levels of iNOS and γ-H2AX. The increase in iNOS and γ-H2AX expression levels in irradiated THP1 macrophages (Figures 1f-h, Supplementary Figures 1b and1c) revealed that IR could directly target macrophages to promote their activation toward a pro-inflammatory phenotype. We then analyzed by immunoblot the expression of a central transcription factor involved in macrophage activation, the IRF5 15 and observed that after single radiation doses of 2 and 4 Gy, phorbol-12-myristate-13-acetate (PMA)-differentiated human THP1 macrophages (Figure 1i), human primary monocyte-derived macrophages (hMDM) (Figure 1j) and murine RAW264.7 macrophages (Figure 1k) exhibited an enhanced expression of IRF5 (Figures 1i-k). In addition, through immunoprecipitation experiments, we observed that after 2 Gy irradiation of RAW264.7 macrophages the proinflammatory transcription factor IRF5 was phosphorylated on serine (Figure 1l). We also demonstrated that after, respectively, 96 and 12 h of irradiation, hMDM (Figure 1m) and murine RAW264.7 macrophages (Figure 1n) released two pro-inflammatory cytokines IL-1β and IL-8. To further complete the cytokine profile analysis, we determined the transcription levels of pro-and anti-inflammatory cytokines and observed increased mRNA expression of proinflammatory cytokines (such as TNF-α, IFN-γ, IL-6 or IL-23) in 2 Gy-irradiated PMA-differentiated human THP1 macrophages (Figures 1o-r) and detected an increased secretion of pro-inflammatory cytokines by 4 Gy-irradiated hMDM (including TNF-α, IFN-γ, IL-6 and IL-8) as compared with controls (Figures 1s,t and Supplementary Figures 1d-1g). Altogether, these results indicate that IR can promote a cell-autonomous activation of macrophages toward a pro-inflammatory phenotype.

ATM-mediated DNA damage response regulates the transcription of IRF5 in response to ionizing radiation.

To further characterize the molecular mechanisms involved in IR-elicited macrophage activation, we first studied the induction of DNA damage-associated signaling pathways. Fifteen minutes after single radiation dose of 2 Gy, PMAdifferentiated human THP1 macrophages (Figures 2a-c) exhibited a strong nuclear accumulation of γ-H2AX + foci (Figures 2a andb) and of 53BP1 + foci (Figures 2a andc) that could still be detected 6 h after exposure (Figures 2b andc), revealing the fact that DNA double-strand breaks are produced in response to IR. One hour after single radiation dose of 2 Gy, murine RAW264.7 macrophages also displayed increased γ-H2AX + foci (Figures 2d ande). Considering that the kinase ATM (mutated in the inherited recessive autosomal disease ataxia telangiectasia) is the major kinase involved in the phosphorylation of H2AX (on serine 139), 31 we evaluated the role of ATM in the activation of macrophages in response to IR. We observed that the vast majority of 2 Gy-irradiated murine RAW264.7 macrophages exhibited the activating auto-phosphorylation of ATM on serine 1981 (ATMS1918*) 1-h post irradiation (Figures 2d andf). These results that were confirmed by immunoblots (Figures 2g andh) and flow cytometry (Supplementary Figure 2a) revealed also the positive correlation between ATMS1981* and IRF5 expression when hMDM (Figure 2g) or murine RAW264.7 macro-phages (Figure 2h) were irradiated with single doses of 2, 4 and 8 Gy. In addition, we detected an increase of ATMS1981* in CD68 + macrophages that were found in tumor samples after radiotherapy of rectal cancer patients (Figures 2i andj), as compared to unirradiated patients. The ATMS1918* phosphorylation was positively correlated with the increased frequencies of tumor-associated iNOS + CD68 + macrophages that have been detected 6 weeks after radiotherapy (Figures 2k andl), demonstrating that the kinase ATM was sustainably activated in macrophages after radiotherapy. We next investigated the impact of ATM inactivation on IRinduced macrophage activation. The depletion of ATM by means of specific small interfering RNA (Figure 2m) or pharmacological inhibition with KU55933 (Figure 2n, Supplementary Figures 2b-2d and2i) impaired γ-H2AX and ATMS1981* phosphorylation and the upregulation of IRF5 expression that was detected, respectively, 6 and 96 h after 2 and 4 Gy single-dose irradiation of murine RAW264.7 macrophages (Figure 2m, Supplementary Figures 2b-2d and2i) or hMDM (Figure 2n) without altering macrophage viability (Supplementary Figures 2e-2h). We also observed that an enhancement of ATM activation through the pharmacological inhibition of poly(ADP-ribose)polymerase (PARP) with Olaparib further enhanced the inflammatory macrophage activation elicited by IR (as revealed by the increased expression of IRF5 (Figure 2o)). Finally, we demonstrated that ATM regulated the expression of IRF5 at transcriptional level (as shown by quantitative real-time (RT) PCR (Figure 2p and Supplementary Figure 2j)), confirming thus the central role of the kinase ATM during IR-mediated activation of macrophages toward a pro-inflammatory phenotype.

The kinase ATM dictates classical macrophage activation. In order to check whether the activation of ATM was a common feature of various pro-inflammatory macrophage activation programs, we analyzed the presence of DNA damage-associated nuclear foci in response to classical macrophage activators. 32 Using confocal microscopy, we detected an accumulation of ATMS1981* + and γ-H2AX + foci in the nuclei of murine RAW264.7 macrophages that were treated for 24 h with recombinant murine IFN-γ (mIFN-γ) or LPS (Figures 3a-c). Using immunoblots, we also observed that the activation of ATM was concomitant with an increased expression of IRF5 in the PMA-differentiated THP1 macrophages (Figures 3d andf) or murine RAW264.7 macrophages (Figure 3e) stimulated with human or murine IFN-γ (Figures 3d ande) or LPS (Figure 3f). As expected, treatments of these macrophages with some other DNA strand break inducers (such as Cisplatin (Figures 3a-c, g andh) or neocarzinostatin (NCZ) (Figure 3i)) or modulators of DNA repair (such as Olaparib (Figure 3j)), not only activated ATM but also increased IRF5 expression (Figures 3g-j). The results that are observed in absence of macrophage cytotoxicity (Supplementary Figure 3a) suggest that the DNA damage response signaling pathway might be a common pathway involved in classical macrophage activation. Moreover, we demonstrated that the pharmacological inhibition (Figures 3k andl) and the specific depletion (Figures 3m andn) of ATM inhibited the increase of IRF5 expression that we previously detected after the treatment of PMA-differentiated THP1 macrophages (Figure 3k), murine RAW264.7 macrophages (Figures 3l andm) or hMDM (Figure 3n) with human or murine IFN-γ (Figures 3k-n) without impacting macrophage viability (Supplementary Figure 3b), confirming the essential role of the kinase ATM in classical macrophage activation.

ROS production induces ATMS1981* phosphorylation and IRF5 expression during macrophage activation.

Considering that ROS have been involved in both ATM activation and macrophage differentiation, 33,34 we investigated the role of ROS production during macrophage activation. Using flow cytometry to detect the conversion of the 2,7-dichlorohydro fluorescein diacetate (H 2 DCFDA) into 2,7-dichlorohydro fluorescein (DCF) when ROS are produced, we evaluated the ability of murine RAW264.7 macrophages to generate ROS following IR or mIFN-γ treatment and revealed that both these treatments induced ROS production (Figures 4a-d). Importantly, we demonstrated that the N-acetyl cysteine (NAC) and the superoxide dismutase (SOD) mimetic Mn(III)tetrakis (4-benzoic acid) (MnTBAP) that blunted the ROS production (Figures 4a-d), inhibited also ATMS1981* (Figures 4e-g) and reduced the increased expression of IRF5 (Figures 4e-g) that we observed after treatment with IR (Figures 4e andg) or mIFN-γ (Figure 4f) of RAW264.7 macrophages (Figures 4e andf) or treatment with IR of PMA-differentiated THP1 macrophages (Figure 4g) without impacting macrophage Representative iNOS + CD11b + or γ-H2AX + CD11b + macrophages are shown in inserts (scale bar, 5 μm). Results are expressed as mean value ± S.E.M. P-value (*Po0.05) was calculated using Mann-Whitney U-test. (f-h) Representative confocal micrographs and frequencies of phorbol-12myristate-13-acetate (PMA)-differentiated human THP1 macrophages showing γ-H2AX + nuclear foci (f, g) or expressing iNOS (iNOS + ) (f, h) in control cells or 24 h after 2 Gy irradiation are shown (scale bar, 20 μm). Representative γ-H2AX + nuclear foci or iNOS expressing macrophages are shown in inserts (scale bar, 5 μm). Results are expressed as mean value ± S.E.M. P-values (***Po0.001, ****Po0.0001) were calculated using unpaired Student's t-test. (i-k) IRF5 expression after, respectively, 96, 96 and 6 h culture of PMA-differentiated human THP1 macrophages (i), hMDM (j) or murine RAW264.7 macrophages (k) that have been irradiated (or not) with indicated doses. Representative immunoblots are shown. GAPDH is used as loading control. (l) Murine RAW264.7 macrophages that have been irradiated (or not) with 2 Gy were immunoprecipitated 6 h post irradiation for IRF5 and phopsho-serine (pSer), and analyzed for IRF5 and pSer expressions. Inputs were analyzed for IRF5, pSer, ATMS1981*, ATM and GAPDH. (m, n) Detection of IL-1β and IL-8 release in the supernatants of hMDM (m) or murine RAW264.7 macrophages (n) that have been irradiated (or not) with indicated doses. Representative immunoblots are shown. (o-r) TNFα, IFNγ, IL-6 and IL-23 mRNA expressions on PMA-differentiated THP1 macrophages that have been irradiated (or not) with 2 Gy were determined by quantitative real-time PCR. Results are expressed as mean value ± S.E.M. and represented as fold change as compared to controls. P-values (*Po0.05, **Po0.01) were calculated using unpaired Student's t-test. (s, t) Detection of cytokine secretion in the supernatants of hMDMs that have been treated (or not) with 4 Gy irradiation. Array images were captured following 1-10 min exposures to peroxidase substrate (s). Relative levels of cytokines detected in the supernatants of irradiated macrophages as compared to those detected in non-irradiated macrophages are revealed as fold change of arbitrary units. Pro-inflammatory and pro-tumorigenic cytokines and chemokines are indicated (t). Data are representative of three independent experiments performed with primary human macrophages obtained from three healthy representative donors 4 viability (Supplementary Figures 3c and3d). Altogether, these results indicate that by controlling the phosphorylation of ATM and the induction of the IRF5, ROS produced in the stimulated macrophages play a key role in the activation process.

The NADPH oxidase 2 is responsible for ROS production and ATM phosphorylation during macrophage activation. The NADPH oxidases are major regulated sources of ROS generation. 35,36 To characterize mechanisms that are involved in ROS generation during macrophage activation, 4 we examined the role of NADPH oxidase 2 (NOX2), which is mainly expressed in macrophages and neutrophils. 35,36 First, using immunoblots, we observed that NOX2 was upregulated after irradiation of PMA-differentiated THP1 macrophages (Figure 5a) with single doses of 2 and 4 Gy. These results were confirmed with the treatments of hMDM (Figure 5b), PMA-differentiated THP1 macrophages (Figure 5c) and RAW264.7 macrophages (Figures 5d ande) with human or murine IFN-γ (Figures 5b, c ande) or IR (Figure 5d). NOX2 expression was also found increased in CD68 + macrophages that were detected in tumor samples obtained 6 weeks after radiotherapy of rectal cancer patients (Figures 5f andg), as compared to biopsies obtained from the same patients before radiotherapy. Then, we evaluated the effect of the pharmacological NADPH oxidase inhibitor, diphenylene iodonium (DPI) on ROS production, ATMS1981* and IRF5 upregulation detected after the treatment of RAW264.7 macrophages with IR (Figures 5h, i andl) or mIFN-γ (Figures 5j, k andm). We demonstrated that DPI impaired all events of the abovedescribed signaling cascade (Figures 5h-m) without modifying macrophage viability (Supplementary Figures 3e and3f). In addition, as revealed by immunoblots, the depletion of NOX2 with specific small interfering RNA in irradiated (Figure 5n and Supplementary Figure 3g) or mIFN-γ-treated (Figure 5o and Supplementary Figure 3h) RAW264.7 macrophages reduced also ATMS1981* and IRF5 upregulation, in comparison to control cells. These results demonstrate that the induction of NOX2-dependent ATM activation is required for tuning macrophages toward a pro-inflammatory phenotype.

The alteration of NOX2-dependent tumor macrophage activation is associated with poor prognosis after radiotherapy. Despite the fact that neoadjuvant chemoradiotherapy for locally advanced rectal cancer patients improve the local control of the tumors, only 15% of patients exhibit a complete response to treatment. 37 In this context, we determined whether the perturbation of the signaling pathway that we involved in the macrophage activation toward a pro-inflammatory phenotype might be associated with the absence of local response to radiotherapy. We analyzed resected specimens of rectal cancer patients obtained after neoadjuvant radiotherapy performed before radical tumor resection. According to the tumor regression grade (TRG) criteria, these patients were classified into 'good responders' (TRG ⩽ 2, n = 29) and 'bad responders' (TRG ⩾ 3, n = 27) (Supplementary Table 1). We analyzed the total number of CD68 + TAM in both groups of irradiated tumors, and did not detect a significant difference in the CD68 + TAMs infiltration (Figure 6a). In addition, we also detected the autophosphorylation ATMS1981* in ~20% of TAMs (Figure 6b), but we did not observe a significant difference for the frequencies of TAMs exhibiting ATMS1981* (ATMS1981* + CD68 + ) between the two groups of tumors (Figure 6c). Interestingly, we detected a significant increase in the frequency of TAMs revealing an enhanced expression of iNOS (iNOS + CD68 + ) in tumor samples obtained from 'good responders' as compared to those obtained from 'bad responders' (Figures 6d ande), confirming that macrophage activation toward a pro-inflammatory phenotype is associated with the local tumor control. Finally, we found a higher frequency of TAMs showing an upregulation of 5 NOX2 expression (NOX2 + CD68 + ) in resected specimens obtained from 'good responders', as compared to those obtained from 'bad responders' (Figures 6f andg), revealing that the detection of NOX2 expression on TAMs may serve as a predictive factor for radiotherapy effectiveness. Multivariate statistical analysis confirmed these results (Table 1). Altogether, these results confirm that the NOX2 → ROS → ATMS1981* cascade may contribute to an efficient macrophage activation in response to radiotherapy.

Discussion

Phenotypic and functional plasticity are key features of immune cells. 38 TAMs display a mixed functional phenotype with a majority of alternative features 39 that have been associated with tumor growth and resistance to anticancer therapies. Although reprogramming TAMs represents a promising approach to enhance cancer therapies, [40][41][42][43][44] molecular mechanisms underlying IRelicited macrophage activation have been poorly characterized. In this paper, we showed that the in vitro treatment of macrophages with various doses of IR led to their activation toward a pro-inflammatory phenotype. Our observations were confirmed using xenograft tumor models and human rectal cancer specimens obtained from patients that have been treated with chemoradiotherapy. Consistent with other in vitro and in vivo studies, 13,15,45,46 our results revealed that the transcription factor IRF5, which is the major regulator of proinflammatory macrophage phenotype, 15 is activated in response to IR (as revealed by the upregulated expressions of IRF5-and IRF5-dependent target genes (such as IL-6, TNFα or IFN-γ)). IRF5, which is involved in the regulation of the expression of pro-inflammatory cytokine genes and in the repression of anti-inflammatory cytokine genes (such as IL-10), 15,47 plays also a central role in hematopoietic cell development 48 and in the susceptibility to inflammatory autoimmune diseases (such as systematic lupus erythematosus, rheumatoid arthritis and multiple sclerosis), [49][50][51] demonstrating that the expression of IRF5 is tightly regulated during macrophage homeostasis.

Considering that IR mainly acts through the induction of DNA damages and the production of ROS, 52,53 we then investigated the role of DNA damage response and ROS production during this process. In this paper, we initially reported that the DNA damage/repair kinase ATM is activated by IR and by classical macrophage activators (such as LPS and IFN-γ), and that DNA damage/repair ATM kinase is required for macrophage activation. Despite the fact that the ATM kinase may contribute to the development of T cells 54 and of professional antigen-presenting cells (such as macrophage and dendritic cells) 55,56 and modulate functions of immune cells (such as STING-dependent macrophage production of type I IFNs 57 ), the contribution of ATM to macrophage activation was never investigated. Here, we found that IR induced the phosphorylation of ATM (on serine 1981) and of the histone H2AX (on serine 139) in a time-and dosedependent manner in macrophages, indicating that DNA double-strand breaks and DNA damage response are elicited during macrophage activation. Moreover, our results also demonstrated that ATM inhibition reduces IRF5 mRNA level, highlighting that the biological activity of the kinase ATM controls macrophage activation through the regulation of IRF5 transcription. Despite the fact that several molecular components of DNA damage response pathways (such as Nijmegen breakage syndrome 1 (NBS1) protein 58 ) have already been involved in monocyte/macrophage development and functions, the cellular events and signaling pathways that lead to ATM activation and control IRF5 expression during macrophage activation were until now never characterized.

In this study, we also identified the NOX2-dependent ROS production as an upstream second messenger required for ATM phosphorylation and macrophage activation. We found that the expression of NOX2 was increased after IR or IFN-γ treatment. The increased NOX2 expression that we detected both in vitro and in 'good responders' to radiotherapy might be regulated at transcriptional level (through the activation of PU.1 or NF-κB transcription factors 35 ) or at post-transcriptional level. 35 Increased expression of NOX2 then led to the generation of ROS that contributes to double-strand breaks formation, induces the activation of ATM and IRF5, and favors the functional switch of macrophages from anti-inflammatory to pro-inflammatory phenotype (Figure 7). Although we demonstrated that NOX2 expression controlled macrophage activation after IR or IFN-γ stimulation, the precise mechanisms involved in NOX2 expression or linking DNA doublestand breaks formation, phosphorylation of ATM (ATMS1981*) and IRF5 expression are under active investigations. In this study, we also demonstrated that the histological detection of any components of the molecular cascade that we described in macrophages (NOX2 → ROS → ATMS1981* → IRF5) predicted the effectiveness of radiotherapy and might also help for the prediction of other anticancer treatments.

We also showed that the modulation of these components impacts the reprogramming of macrophages elicited by IR or IFN-γ. We found that ROS scavenging or inhibition of NOX2 or ATM activity interrupts this molecular cascade in vitro. Moreover, we did not detect the induction of this signaling pathway on tumor samples obtained from 'bad responders' as compared to those obtained from 'good responders'. More importantly, we demonstrated that modulators of DNA repair (such as Olaparib) that are currently evaluated in combination with radiotherapy triggered this signaling pathway and resulted in macrophage activation toward a pro-inflammatory phenotype. In this context, the stimulation of NOX2 activity, the enhanced generation of ROS, the inhibition of DNA repair, the activation of ATM or the transactivation of IRF5 could constitute effective strategies to enhance radiotherapy efficacy in clinic. Therefore, our results suggested that macrophage activation toward NOX2-/ATM-dependent proinflammatory phenotype was involved in the tumor response to chemoradiotherapy (with no impact on the overall survival and disease-free survival of patients). We propose that by combining radiotherapy with other modalities of cancer treatments (such as PARP inhibitors) might enhance the tumor response to radiotherapy and lead to a long-term benefit to rectal patients.

Materials and Methods

Cells and reagents. The human monocyte cell line THP1 cells and the murine macrophage-like RAW264.7 cells were maintained in RMPI-1640-Glutamax medium (Life Technologies, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Hycultec GmbH, Beutelsbach, Germany) and 100 IU/ml penicillin-streptomycin (Life Technologies). To obtain THP1 macrophages, THP1 monocytes were differentiated with 320 nM of PMA (#tlrl-PMA, Invivogen, San Diego, CA, USA) during 24 h. Then, cells were washed three times to remove PMA and non-adherent cells. For the generation of hMDM, buffy coats from healthy donor blood were obtained from the French blood bank (Etablissement Français du Sang) under the control of convention with the INSERM. In accordance with French law, written informed consent for the use of cells for clinical research was obtained from each donor. Monocytes were obtained from buffy coats and were differentiated into macrophages by using human AB serum in macrophage medium, as previously described. 59 After 7-day differentiation, hMDM were harvested and suspended in macrophage medium containing 10% (vol/vol) heat-inactivated FBS, yielding from 91 to 96% of CD14-positive cells that expressed macrophage differentiation markers (C11b and CD71), and macrophage alternative activation markers (CD163). All cells were maintained under 5% CO 2 humidified atmosphere at 37 °C. Dimethyl sulfoxide Figure 7 Proposed model for the roles of NOX2 and ATM activations in proinflammatory macrophage activation Transfection of hMDM was performed as previously described. 59 Briefly, hMDM were seeded (2.5 × 10 5 hMDM/0.25 ml per well in 24-well plate in macrophages medium+10% FBS) and were allowed to adhere to the substrate by culturing at 37 °C for 2 h prior to siRNAs transfection. siRNAs were pre-diluted in 125 μl of Opti-MEM (Thermo Fisher Scientific) in which 10 μl of INTERFERin were then added. The transfection mix was left to incubate at room temperature for 15 min and was added to hMDM to achieve the final concentration of 100 nM siRNAs. The MDMs were then incubated at 37 °C for 24 h. The medium was replaced by fresh macrophage medium supplemented with 10% FBS before subsequent experiments. Lipofectamine RNAi max (#13778150, Life Technologies, Illkrich, France) was used to transfect RAW264.7 macrophages according to the manufacturer's instructions. Briefly, RAW264.7 cells were seeded (10 5 cells per ml per well in 12-well plate) and were allowed to adhere to the substrate by culturing at 37 °C for 24 h prior to siRNAs transfection. The transfection mix was added to the final concentration of 10 nM siRNAs. The RAW264.7 cells were then incubated at 37 °C for 24 h before subsequent experiments.

Immunofluorescence microscopy and flow cytometry. Cells were grown on coverslips and were treated as indicated. After treatment, cells were rinsed twice, fixed with 10% neutral buffered formalin (Sigma-Aldrich) for 10 min and then permeabilized with 0.3% Triton X-100 in PBS for 15 min. Cells were then washed twice with PBS and were blocked with 10% FBS in PBS for 1 h at room temperature, followed by incubation with primary antibodies in 10% FBS in PBS for 1 h at 30 °C at room temperature. Then, samples were incubated with secondary antibodies using Alexa Fluor 488 green or Alexa Fluor-546 red (Life Technologies, Illkrich, France) and Hoechst 33342 for nuclei (Thermo Fisher Scientific) in 10% FBS in PBS for 30 min at room temperature. Coverslips were mounted with Fluoromount-G (SouthernBiotech, Birmingham, AL, USA) and then visualized with Leica TCS SPE confocal microscope (Leica Microsystems, Nanterre, France) using a × 63 objective. In experiments of 53BP1 and γ-H2AX foci visualization in irradiated THP1 cells, Z series of optical sections at 1 μm increments was acquired. In experiments of ATMS1981* and γ-H2AX foci visualization in RAW264.7 cells treated with mIFN-γ, LPS or CDDP, Z series of optical sections at 1.7 μm increments were acquired. In experiments of ATMS1981* and γ-H2AX foci visualization in RAW264.7 cells treated with KU55933 and irradiated, Z series of optical sections at 2.0 μm increments were acquired. For flow cytometry analysis, PMA-differentiated THP1 macrophages were fixed in 4% paraformaldehyde-PBS for 15 min and permeabilized with 0.03% Triton X-100 (Sigma-Aldrich) for 15 min at room temperature. Cells were then blocked with FBS during 1 h at 4 °C and incubated as indicated for 30 min at 4 °C, with anti-phospho-ATM (Ser1981) (EP1890Y) (#GTX61739, GeneTex, Irvine, CA, USA), anti-phospho-H2AX (Ser139) (#05-636, EMD Millipore) or anti-iNOS (#ab3523, Abcam) antibodies. Then, cells were incubated with the secondary antibodies conjugated to Alexa Fluor 488 fluorochrome (Life Technologies) for 30 min at 4 °C and analyzed with Guava flow cytometer (EMD Millipore).

Immunoprecipitation and western blots. Cells were washed twice with cold PBS and lysed with NEHN buffer (0.5% NP40, 20% Glycerol, 300 mM NaCl, 20 mM Hepes, pH 7.5 and 1 mM EDTA) complemented with 2.5 mM DTT, and the protease and phosphatase inhibitor (Roche, Basel, Switzerland) at 4 °C. About 5-20 μg of proteins were separated by NuPAGE 4-12% or 10% SDS-PAGE gel (Invitrogen, Illkrich, France), and then were transferred onto a nitrocellulose membrane (0.2 μ, Bio-Rad, Marnes-la-coquette, France). Membranes were blocked with 5% non-fat milk or 5% bovine serum albumin (BSA) in Tris-buffered saline and 0.1% Tween 20 (TBS-T) at room temperature for 1 h and then subsequently probed with primary antibodies overnight at 4 °C. Then, membranes were incubated with appropriate horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG (SouthernBiotech, Birmingham, AL, USA) for 1 h at room temperature. After three washes with TBS-T, immunoblots were revealed using G:BOX Chemi XL1. 4 Fluorescent & Chemiluminescent Imaging System (Syngene, Cambridge, UK). For immunoprecipitations, 2 Gy-irradiated RAW264.7 cells were harvested and lysed in NEHN buffer. About 2 mg of total lysates were incubated with 2 μg of anti-IRF5 antibodies (#ab21689, Abcam) or with anti-phospho-serine antibodies (#ab9332, Abcam) at 4 °C on the wheel for overnight. Then, the immunocomplexes were precipitated with protein G immobilized on sepharose beads for further 4 h at 4 °C. After three washings in NEHN buffer containing 300 mM NaCl and one in NEHN buffer with 600 mM NaCl, immunoprecipitates and protein inputs were boiled in the Laemmli buffer (Bio-Rad, Marnes-la-coquette, France) for 10 min at 95 °C and analyzed by western blot for the indicated antibodies.

Detection of ROS production. Hydrogen peroxide and anion superoxide production were determined by staining cells with 5 μM of 2,7-dichlorodihydrofluorescein diacetate (H 2 DCFDA, #D6883, Sigma-Aldrich) for 40 min at 37 °C. Cells were then washed twice with Hanks' balanced salt solution (HBSS, Thermo Fisher Scientific, Illkrich, France) and suspended in cold HBSS solution containing 1% FBS for FACS analysis.

Determination of LDH release. The release of LDH in the supernatants of cultured cells was detected using Cytotoxicity Detection KitPLUS (LDH, #04744926001) from Roche according to the manufacturer's instructions.

Quantitative RT-PCR. Total RNA of 2 Gy-irradiated PMA-differentiated THP1 macrophages and control cells were purified using RNeasy kit (Qiagen, Hilden, Germany) after 96 h post irradiation according to the manufacturer's instructions. For the detection of cytokine mRNA, the synthesis of cDNA and the quantitative PCR procedure using Syber Green were performed as previously described. 60 The sequences of the primers used are the following: (5′-3′) IL-23 (F:GTTCTGCTT GCAAAGGATCCA, R:TATCCGATCCTAGCAGCTTCTCA), IL-6 (F:GCTGCAGGCAC AGAACCA, R:ACTCCTTAAAGCTGCGCAGAA), TNFα (F:GGAGAAGGGTGACCG ACTCA, R:TGCCCAGACTCGGCAAAG), IFNγ (F:AACTCATCCAAGTGATGGCTG AA, R:CTGACTCCTTTTTCGCTTCCCTG) and HPRT1 (F:GGACAGGACTGAACG TCTTGC, R:CTTGAGCACACAGAGGGCTACA). All samples were normalized with the endogenous hypoxanthine phosphoibosyltransferase 1 (HRPT1) mRNA. For the detection of IRF5 and ATM mRNA, the cDNA synthesis and TaqMan qPCR procedures were performed as previously described. 59 The used probes of IRF5 (Hs 00158114 m1), ATM (Hs01112355 gl) and GAPDH (Hs02758991 gl) were included in the premade TaqMan Gene expression mixes obtained from Applied Biosystems (Foster City, CA, USA). Results were analyzed with the cycle threshold methods (C T ) and each sample was normalized to the quantity of endogenous GAPDH mRNA.

Human cytokine profiling. Human MDMs were irradiated at 4 Gy and were further incubated for 96 h. The supernatants were harvested, centrifuged and stored at -80 °C until use. Human cytokines in these supernatants were measured using the proteome profiler Human cytokine array panel A (proteome profiler, #ARY005, R&D Systems) according to the manufacturer's instructions. Briefly, membranes were blocked with the blocking buffer at room temperature for 1 h. Supernatants of hMDMs were mixed with a biotinylated detection antibody cocktail and then incubated with the membranes overnight at 4 °C. Membranes were washed three times for 10 min and subsequently incubated with streptavidin-horseradish peroxidase for 30 min at room temperature. Membranes were then washed three times for 10 min and exposed to peroxidase substrate, and revealed with the G:BOX Chemi XL1.4 Fluorescent and Chemiluminescent Imaging System (Syngene). Time of exposure was between 1 and 10 min. The images were then analyzed using GeneTools software gel image analysis (Syngene).

In vivo mouse tumor model. To generate xenograft tumor model, 4 × 10 6 human colorectal HCT116 cells were inoculated subcutaneously in the flanks of 5week female nude mice. Two weeks later, the tumors were irradiated at 20 Gy using Variant-NDI-226-n°87262-YO X-Ray Tube. Tumor volume was monitored every 4-5 days. Mice were killed when tumors in the control group exceeded 1000 mm 3 .

Immunohistochemistry. Tumors obtained from in vivo experiments were resected, fixed and embedded in paraffin. Paraffin-embedded tumor samples from rectal patients undergoing neoadjuvant radiotherapy were kindly offered by Dr. Celine Mirjolet in Centre Georges-François Leclerc, Dijon. Frozen tumor samples from rectal patients before and after radiotherapy were obtained from Gustave Roussy Cancer Center. Tumor sections were then dried, deparaffinized and hydrated, followed by antigen retrieval with 0.01 M sodium citrate buffer, pH 6.0 at 97.6 °C for 20 min. After washing with TBS-T, slides were blocked with 10% FBS in PBS at room temperature for 1 h. Then primary antibodies diluted in 10% FBS in PBS were applied to each section and incubated overnight in humidified chamber at 4 °C. After three washes with TBS-T, Alexa Fluor-conjugated secondary antibodies and Hoechst 33342 diluted in 10% FBS in PBS were applied to each section and incubated for 30 min at room temperature. Then, the slides were washed three times with TBS-T and once with water. Coverslips were mounted on slides using Fluoromount-G medium (SouthernBiotech) before visualization with Leica TCS SPE confocal microscope (Leica Microsystems) using a × 63 objective.

Human samples. Human tissue samples of locally advanced rectal tumors that were resected 42 days after receiving 45 Gy (1.8 Gy/sessions) concomitantly to chemotherapy (5-FU) (n = 4) or left unirradiated (n = 4) were obtained from Gustave Roussy Cancer Campus (Villejuif, France). All tumor samples from responders and non-responders to chemoradiotherapy were obtained from Centre Georges François Leclerc (Dijon, France). This study was approved by the IRB and the French CCTIRS committee (Comité consultatif sur le traitement de l'information en matière de recherche et de santé) and CNIL (Commission nationale de l'informatique et des libertés). Characteristics of these patients are shown in Supplementary Table 1. All these patients (n = 56) were diagnosed for locally advanced rectal tumors and characterized the Tumor Node Metastasis (TNM) classification. All human samples were obtained after approval by the institutional review board and ethics committee, with fully informed consents.

Statistical analysis. Two-way ANOVA test was used to establish statistical differences between the growth of non-irradiated and irradiated tumors in xenografted mice, Mann-Whitney U-test to establish statistical differences in biological activity (iNOS or NOX2 expression) and in phosphorylation (γ-H2AX or ATMS1981*) of macrophages, and in the number of infiltrated CD11b + cells between irradiated and non-irradiated tumors of xenografted mice or between tumors obtained from locally advanced rectal cancer patients who received or not 45 Gy total dose. Multivariate analysis with Wald test was used to determine statistical differences between tumors biopsies obtained from patients with locally advanced rectal tumors that respond or not to chemoradiotherapy. Statistical analysis of in vitro data was performed using Student's t-test or one-way ANOVA test (for Figures 2p,4b,d,5i, k and Supplementary Figure 2j). Statistically significant values are reported in figure legends. All experiments were independently performed at least three times. Data are expressed as mean ± S.E.M. GraphPad Prism version 6.0b (GraphPad Software, La Jolla, CA, USA) was employed to perform statistical analysis. (legend continued on next page) 3382 Cell Reports 28, 3381-3394, September 24, 2019 HIV-1 replication through the production of type-1 interferon (IFN) and the expression of restriction factors such as APOBEC3 cytidine desaminases, tetherin, and SAM domain and HD domain-containing protein 1 (SAMHD1) (Towers and Noursadeghi, 2014). Despite the beneficial impact of the cell-autonomous innate immune system on HIV-1 replication, innate signals, converging on the DNA sensing interferon gamma inducible 16 protein (IFI16) inflammasome, can contribute to chronic immune activation and eventually to pyroptosis of uninfected CD4 + T cells, thereby enhancing disease progression (Doitsh et al., 2010, 2014; Monroe et al., 2014). Given the ambiguous effects of innate immune signals on HIV-1 replication and disease progression, further exploration of the innate signaling molecular pathways that govern HIV-1 infection is needed.

In Brief

Most studies on HIV-1 infection have explored innate mechanisms acting before or after viral entry. Little is known about innate signaling pathways elicited during viral entry. We previously reported that purinergic receptors, which are membraneanchored PPRs, promote the entry of HIV-1 into immune cells (Se ´ror et al., 2011). The binding of HIV-1 envelope (Env) to its cellular receptors (CD4, CXCR4, and/or CCR5) causes the release of adenosine triphosphate (ATP) from host cells through the opening of pannexin-1 hemichannels (PNX1). Once released, extracellular ATP stimulates purinergic receptors (including the purinergic receptor P2Y2) and facilitates the membrane fusion process through the activation of the proline-rich tyrosine kinase 2 (PYK2) that is required for viral entry (Se ´ror et al., 2011). The activation of the purinergic signaling pathway is indispensable for cell-free HIV-1 infection (Hazleton et al., 2012; Se ´ror et al., 2011; Swartz et al., 2014), as well as for cell-to-cell transmission of the virus between infected lymphocytes and target cells, which is the most efficient route of HIV-1 spreading (Se ´ror et al., 2011; Swartz et al., 2014). In this context, antagonists of purinergic receptors or pannexin-1 have emerged as a new class of HIV-1 microbicides (Se ´ror et al., 2011).

Other PPRs, the NOD-like receptors (NLRs), have also been involved in the establishment of viral infection. Initially described as crucial for sensing and initiating host defense in viral infection through the formation of inflammasome (Chen and Ichinohe, 2015), NLRs (such as NLRX1) have recently been shown to be involved in the early innate response to simian immunodeficiency virus (SIV) infection and to contribute to viral replication by repressing the transcription of restriction factors (such as the interferon stimulated gene [ISG] 5, the myxovirus resistance 2 protein [MX2], and the tripartite motif-containing protein [TRIM] 5; Barouch et al., 2016). These results highlight the counterintuitive role of the inflammasome signaling, which indeed may facilitate (rather than repress) the early steps of HIV and SIV infections.

In this context and to further characterize cellular factors that may modulate P2Y2-dependent signaling during the early steps of HIV-1 infection, we studied the role of NLRs during viral infection. We identified the NACHT, LRR and PYD domains-containing protein 3 (NLRP3) as a P2Y2-interacting protein. Considering that NLRP3 and P2Y2 are endogenously expressed in CD4 + T cells and cells from mononuclear phagocyte lineage (including monocytes and macrophages), we first studied the interaction between NLRP3 and P2Y2 during the cellular infection by HIV-1 and SIV. Then we characterized the biological consequences of the modulation of this interaction during the early steps of infection of macrophages, which are, together with T lymphocytes, the major target cells of HIV-1.

RESULTS

Enhancement of the Interaction between NLRP3 and P2Y2 during SIV and HIV Infection

Based on our previous work showing that the purinergic receptor P2Y2 contributes to the early steps of HIV-1 infection (Se ´ror et al., 2011), we searched for potential P2Y2-interacting NLR proteins, identifying NLRP3 as an interactor of P2Y2 (Figure 1A). The endogenous NLRP3 and P2Y2 proteins co-immunoprecipitated in human THP1 monocytes (Figure 1A), indicating that both proteins constitutively interact. Of note, this interaction increased after 3 h of infection of human THP1 monocytes with CXCR4-tropic (X4-tropic) HIV-1 NL4-3 (Figures 1A andS1A). We then studied the subcellular localization of NLRP3 during the early steps of HIV-1 infection obtained by coculturing of uninfected peripheral blood lymphocytes (PBLs) with X4-tropic HIV-1 NDK -infected PBLs. NLRP3 polarized toward the contact sites formed between HIV-1 NDK -infected and uninfected host cells (Figures 1B and1C). At these contact sites, NLRP3 colocalized with the glycoprotein gp120 (Figure 1B) and the purinergic receptor P2Y2 (Figure 1C). Thus, NLRP3 accumulated at the virological synapse that is formed between HIV-1 NDK -infected and uninfected PBLs (Figure 1D). We determined the ability of NLRP3 to directly interact with P2Y2 by means of a proximity ligation assay (PLA). During the early steps of HIV-1 infection, the interaction between NLRP3 and P2Y2 mostly occurred at the contact sites between HIV-1 NDK -infected and uninfected T lymphocytes (Figures 1E and1F). These results suggest that the interaction between NLRP3 and P2Y2 may regulate the viral entry into target cells. We also studied the subcellular localization of NLRP3 after chronic infection of PBLs with X4-tropic HIV-1 NDK for 72 h (Figures 1G andS1B-S1D) or that of monocyte-derived macrophages (MDMs) with R5-tropic HIV-1 AD8 for 6 days (Figures S1E andS1F). While NLRP3 presented a diffuse cytosolic expression pattern in uninfected target cells, it aggregated in the cytoplasm and at the membrane of infected PBLs (Figures 1G and S1B-S1D) or MDMs (Figures S1E andS1F). Using PLA, we also evaluated the ability of NLRP3 to interact with P2Y2 during chronic infection and revealed that the interaction between NLRP3 and P2Y2 increased in chronically infected tissues (e.g., ileum [Figures 1H and1I] and colon [Figures S1G andS1H] from SIV-1 mac251 -infected non-human primate Macaca fascicularis, the frontal cortex from untreated HIV-1 carriers [as compared with uninfected controls; Figures 1J and1K]), as well as in chronically infected PBLs (Figures S1I and S1J) or MDMs (Figures 1L and1M). Altogether, these findings indicate that the interaction between NLRP3 and P2Y2 increased during acute and chronic steps of viral infection.

NLRP3 Inflammasome Activation Impairs HIV-1 Entry into Host Cells

To characterize the role of NLRP3-P2Y2 interaction and related signaling pathways during the early steps of HIV-1 infection, we first evaluated the possibility that the NLRP3 might affect viral replication through the formation of the inflammasome. Considering that sterile particulates such as monosodium urate (MSU) crystals are capable of activating the NLRP3 inflammasome (Shi et al., 2010), we incubated MDMs with 100 mM MSU before infection with R5-tropic HIV-1 BaL and then analyzed their viral permissiveness. The activation of the NLRP3 inflammasome by MSU reduced the release of CAp24 capsid from human MDMs (Figure 2A) and its intracellular detection (Figure 2B) after 3 days (Figure 2A) and 6 days (Figures 2A and2B) of infection with R5-tropic HIV-1 BaL . This MSU-mediated inhibition of HIV-1 was more efficient than the one detected with lipopolysaccharide (LPS) (Figures 2A and2B). To further characterize the impact of NLRP3 inflammasome activation on the early steps of HIV-1 infection, we monitored the effects of MSU treatment on intracellular HIV-1 CAp24 capsid levels (after removal of membrane bound noninternalized virus with trypsin treatment) and on the early reverse transcripts that are detected after 6 and 24 h, respectively, of infection of human MDMs with R5-tropic HIV-1 AD8. These data revealed that NLRP3 inflammasome activation impaired the accumulation of intracellular HIV-1 CAp24 capsid (Figure 2C) and subsequently reduced the early reverse transcripts (Figure 2E) without affecting cell viability (Figure S2A) nor the membrane expression of the viral receptors CD4 (Figure S2B) and CXCR5 (Figure S2C). Accordingly, MSU did not impair the accumulation of intracellular HIV-1 CAp24 capsid in human MDMs that were infected by the HIV-1 NL4-3DENV variant (defective in viral envelope) pseudotyped with the vesicular stomatitis virus G protein (VSV-G) envelope, HIV-1 VSV-G (Figure 2D). Altogether, these results demonstrate that NLRP3 inflammasome activation inhibits HIV-1 entry into host cells.

NLRP3 Protein Inhibits HIV-1 Infection by Repressing the Cytoskeletal Remodeling Required for HIV-1 Entry

We determined the role of NLRP3 inflammasome protein during the early steps of HIV-1 infection through the knockdown of NLRP3 using specific short hairpin RNA (shRNA). We observed that the depletion of NLRP3 increased the release of CAp24 capsid from human MDMs (Figure 3A and S3A), THP1 monocytes (Figures 3B,3C, and S3B), and CEM-SS T cells (Figures 3D,3E, and S3C) after 6, 11, or 12 days of infection with R5-tropic HIV-1 AD8 (Figures 3A, 3C, and3E) or X4-tropic HIV-1 NL4-3 (Figures 3B and3D). After removing membranebound non-internalized HIV-1 particles by trypsinizing the cells, western blot detection of intracellular CAp24 capsid corroborated that the depletion of NLRP3 in MDMs increased cellular susceptibility to HIV-1 infection after 6 h of infection (Figure 3F). These data were confirmed by the depletion of NLRP3 in THP1 monocytes that were then infected with X4-tropic HIV-1 NL4-3 for 6 h (Figures 3G andS3D). To rule out the possibility that NLRP3 protein may also act at post-entry levels, we evaluated the effects of NLRP3 overexpression on viral yields after transfection of X4-tropic HIV-1 NL4-3 (Figure S3E) or R5-tropic HIV-1 AD8 (Figure S3F) DNA constructs that subsequently produce infectious virions. NLRP3 overexpression (Figures S3E andS3F) did not impact the amount and infectivity of X4-tropic HIV-1 NL4-3 (Figures S3G andS3I) and R5-tropic HIV-1 AD8 (Figures S3H andS3J) produced 48 h post transfection. Consistently, the depletion of NLRP3 failed to increase infection of target cells by HIV-1 VSV-G (Figures 3H andS3K). These results imply that NLRP3 protein selectively inhibits receptor-mediated entry of HIV-1.

Emerging evidence has revealed important inflammasome-independent roles for ASC and CASP1 in controlling immune responses through the modulation of F-actin polymerization (Caution et al., 2015; Ippagunta et al., 2011). In our previous report (Se ´ror et al., 2011), we demonstrated that following HIV-1 infection, P2Y2 enhances plasma membrane depolarization through the activating autophosphorylation of the prolinetyrosine kinase 2 (PYK2) on tyrosine residue 402 (PYK2Y402*) to favor the early fusion of the HIV-1 membrane and the target cell. Importantly, activated PYK2 is known to broadly modulate the F-actin rearrangement and polymerization to regulate immune cells migration, morphology or growth (Collins et al., 2010; Du et al., 2001; Okigaki et al., 2003; Ren et al., 2001; Wang et al., 2003). F-actin remodeling is also required for HIV-1 membrane fusion with target cells and entry (Jime ´nez- Baranda et al., 2007; Stolp and Fackler, 2011). Considering that F-actin cytoskeletal remodeling and the associated PYK2 activation both contribute to HIV-1 early viral entry (Jime ´nez- Baranda et al., 2007; Se ´ror et al., 2011; Stolp and Fackler, 2011), we hypothesized that NLRP3 may antagonize the effects of activated P2Y2 and PYK2 on F-actin remodeling upon HIV-1 infection, thereby inhibiting HIV-1 entry. Confocal microscopy analysis revealed that NLRP3 depletion increased the entry of GFP-fused viral protein (Vpr) containing viral particles (HIV-1 AD8-Vpr-GFP ) (McDonald et al., 2002) into PMA-THP1 macrophages, as revealed by the intracellular detection of HIV-1 AD8- Vpr-GFP and CAp24 (Figures 3I and3J). The enhanced viral entry into NLRP3-depleted cells was associated with an increase of F-actin cytoskeletal polymerization (Figures 3J andS3L). Moreover, inhibition of F-actin polymerization by latrunculin B abrogated the stimulation of HIV-1 infection by NLRP3 depletion (Figures 3I, 3J, and S3L). Consistently, the selective P2Y2 antagonist AR-C118925XX abrogated the NLRP3 depletion-driven signaling pathway (as revealed by the decreased of PYK2402* and intracellular CAp24 level [Figure 3K]) in NLRP3-depleted THP1 macrophages that were infected with R5-tropic HIV-1 AD8 for 6 h. Altogether, these results demonstrate that, independently from its contribution to the inflammasome, NLRP3 protein acts as an endogenous repressor of F-actin cytoskeletal polymerization that facilitates the P2Y2-dependent entry of HIV-1 into target cells.

NLRP3 Is Degraded during the Early Steps of HIV-1 Infection

To determine how HIV-1 may overcome the NLRP3-mediated inhibition of its entry into host cells, we simultaneously measured NLRP3 and P2Y2 expressions during infection. (legend continued on next page) Despite the fact that P2Y2 protein levels increased, NLRP3 protein levels rapidly decreased after cell-free infection of MDMs with R5-tropic HIV-1 BaL (Figure 4A), THP1 monocytes (Figures 4B, S4A, S4B, and S4E-S4H) and CEM-SS T cells (Figures S4C, S4D, and S4I-S4L) with X4-tropic HIV-1 NL4-3 (Figures 4B, S4A, S4C, S4E, S4F, S4I, and S4J) or R5-tropic HIV-1 AD8 (Figures S4B, S4D, S4G, S4H, S4K, and S4L), and PBLs with X4-tropic HIV-1 NDK (Figure 4C). However, NLRP3 mRNA expressions were not altered after infection of THP1 monocytes (Figures S4M andS4N) and CEM-SS T cells (Figures S4O andS4P) with X4-tropic HIV-1 NL4-3 (Figures S4M andS4O) and R5-tropic HIV-1 AD8 (Figures S4N andS4P). The ubiquitin isopeptidase inhibitor G5 that was previously described as an inducer of NLRP3 degradation (Py et al., 2013) decreased the protein levels of NLRP3 (Figure 4D), thus suggesting that the reduction of NLRP3 protein expression induced by HIV-1 infection must occur through post-transcriptional mechanisms. This process is associated with the enhancement of P2Y2 expression and HIV-1 permissiveness of THP1 monocytes (as indicated by the increased intracellular accumulation of HIV-1 capsid CAp24) (Figure 4D), in line with the hypothesis that NLRP3 and P2Y2 control HIV-1 entry into target cells. Consistently, we observed that the depletion or the overexpression of NLRP3 (Figures S5A-S5C) enhanced or reduced, respectively, HIV-1 Env-elicited fusion (Figures 4E-4G), the intracellular accumulation of HIV-1 CAp24 capsid (Figures S5D-S5F), and the susceptibility to HIV-1 infection (Figure 4E-4G), without affecting the expression of the HIV-1 receptor CD4 and that of its co-receptor CXCR4 (Figures S5G-S5I). Consistent with our previous report (Se ´ror et al., 2011), we confirmed that the P2Y2 inhibitor AR-C118925XX (Figure S5J) and shRNA-mediated P2Y2 depletion (Figure S5K) impaired the entry of R5-tropic HIV-1 AD8 into MDMs (Figure S5J) or of X4-tropic HIV-1 NL4-3 into THP1 monocytes (Figure S5K). This effect is associated with the increased expression of NLRP3 in target cells (Figure S5K). We also evaluated the impact of the selective activation of P2Y2 by uridine triphosphate (UTP) in THP1 cells infected with X4-tropic HIV-1 NL4-3 for 6 h on the NLRP3 and P2Y2 interaction and on the levels of NLRP3. P2Y2 activation led to a significant enhancement of the NLRP3-P2Y2 interaction associated with the degradation of NLRP3 and an increase of HIV-1 entry into cells (Figures 4H, S5L, and S5M). Altogether, these data indicate that the activation of P2Y2 occurring shortly after HIV-1 infection increases the susceptibility of cells to viral entry by inducing NLRP3 protein degradation.

HIV-1 Envelope Overcomes NLRP3 Inhibition through the Activation of the E3 Ubiquitin Ligase CBL To define the molecular mechanisms accounting for the degradation of NLRP3 during the early steps of infection, HEK293T cells were transfected with full-length NLRP3, with GFP-tagged full-length P2Y2, or with both constructs. Co-expression of GFP-P2Y2 with NLRP3 reduced the expression of NLRP3 protein, while co-expression of NLRP3 failed to reduce the expression of GFP-P2Y2 (Figure 5A). The downregulation of NLRP3 by P2Y2 was increased by the ubiquitin isopeptidase inhibitor G5 and fully blocked by the proteasome inhibitor MG132 (Figures 5A andS6A), thus demonstrating that upon P2Y2 activation, NLRP3 is ubiquitinylated and degraded by the proteasome. Considering that the ubiquitinylation and subsequent degradation of NLRP3 can be initiated by ubiquitin ligases such as E3 ubiquitin ligase CBL through its SRC kinase-dependent phosphorylation (on tyrosine 731, CBLY731*) (Kankkunen et al., 2014; Py et al., 2013), we checked whether the kinase SRC that was previously described as a downstream target of P2Y2-dependent signaling pathway (Liu et al., 2004) may interact with NLRP3 and control its degradation through the activation of CBL. Indeed, the kinase SRC co-immunoprecipitated with NLRP3 when NLRP3 was ubiquitinylated and degraded (Figure 5B). Moreover, pharmacological inhibition of SRC with PP1 or PP2 impaired the interaction between NLRP3 and P2Y2 (Figure S6B) and favored NLRP3 accumulation in THP1 cells (Figure S6B). Moreover, in HEK293T cells, transfection of full-length SRC together with full-length NLRP3 and GFP-tagged full-length P2Y2 led to an increased expression and phosphorylation of CBL on tyrosine 731 (CBLY731*) as well as to NLRP3 degradation (Figure 5C). Since the SRC kinase is a candidate for proteasomal degradation through a CBLdependent process (Sandilands et al., 2012), we next investigated the role of CBL in P2Y2-induced degradation of NLRP3. Indeed, CBL depletion abolished the negative effect of GFP-P2Y2 on the overall abundance of the NLRP3 protein (Figure 5D). Altogether, these results suggest that P2Y2 controls NLRP3 degradation through a pathway involving the CBL ubiquitin ligase.

Next, we studied the role of the E3 ubiquitin ligase CBL during the early steps of HIV-1 infection. We detected increased CBL expression during cell-free infection of PBLs (Figure 5E), MDMs (Figure 5F), and THP1 monocytes (Figure 5G). This process was associated with the activating phosphorylation of CBL on tyrosine 731 (CBLY731*) 3 h post-infection of macrophages with R5-tropic HIV-1 BaL (Figure 5F). We also studied the subcellular localization of CBL after co-culture of X4-tropic HIV-1 NDK -infected and uninfected PBLs. CBL polarized toward the contact sites formed between HIV-1-infected and uninfected cells (Figures 5H and 5I), where it colocalized with the HIV-1 glycoprotein gp120 (Figure 5H). Immunofluorescence microscopy confirmed that the NLRP3/P2Y2 interaction occurs at sites of viral entry during virological synapse formation between HIV-1 NDK -infected and uninfected lymphoblasts (Figures 1C-1E), as well as upon cell-free infection of PBLs (Figures S1I and S1J) or MDMs (Figures 1L and1M). We finally determined whether the E3 ubiquitin ligase CBL that is involved in the regulation of NLRP3 expression (Figure 5D) and relocalizes to the HIV-1-induced virological synapse (Figures 5H and5I) might control viral entry. MDMs (Figure 5J) or CD4 + CXCR4 + HeLa cells (Figure 5K) were depleted of CBL and infected for 6 h with R5-HIV-1 AD8 or X4-tropic HIV-1 NL4-3 , respectively. The depletion of CBL inhibited HIV-1 entry into target cells (as indicated by reduced intracellular HIV-1 CAp24 capsid; Figures 5J and5K). Moreover, CBL depletion failed to reduce cell permissiveness to HIV-1 VSV-G (Figure 5L), again suggesting that the E3 ubiquitin ligase CBL controls P2Y2-dependent viral entry mediated by the viral envelope. To demonstrate the functional link between CBL function and P2Y2 activation during HIV-1 infection, P2Y2-depleted THP1 macrophages and control cells were infected with R5-tropic HIV-1 AD8 for 6 h. P2Y2 depletion impaired the activating phosphorylation of CBL on tyrosine 731 (CBLY731*) (Figure 5M). This effect was associated with increased expression of NLRP3 and reduced entry of HIV-1 into target cells (Figure 5M). Altogether these results suggest that the binding between HIV-1 Env and its host cell receptors (CD4 and chemokine co-receptors) induces the recruitment of the E3 ubiquitin ligase CBL to viral entry sites for modulating the functional interaction between NLRP3 and P2Y2 interaction, thus facilitating viral entry.

DISCUSSION

Deciphering the complex network of innate signaling pathways is crucial for understanding the function of immune cells (such as monocytes, macrophages, and dendritic cells) that might constitute prime targets for prophylactic or therapeutic intervention in various human pathologies (such as autoinflammatory, autoimmune, infectious, and neoplastic diseases). Innate immune signals reportedly play contrasting roles during the acute and chronic phases of HIV-1 infection (Doitsh et al., 2014). Recently, rapid inflammasome activation was reported following SIV infection of Rhesus monkeys (Barouch et al., 2016). During early SIV pathogenesis, NLRX1-mediated inhibition of inflammasome activation represses the transcription of antiviral restriction factors (such as ISG5, MX2, APOBEC3, and TRIM5) and facilitates early viral replication (Barouch et al., 2016). Here, we report that the expression of NLRP3 proteins is modulated through post-translational modifications during the early steps of HIV-1 infection and controls target cell susceptibility. We observed that following the binding of HIV-1 envelope to its host receptors (CD4, CXCR4, and/or CCR5), the interaction between NLRP3 and P2Y2 rapidly increased after HIV-1 infection, leading to the degradation of NLRP3 by the E3 ubiquitin ligase CBL, thus favoring P2Y2-dependent viral entry into target cells through PYK2-dependent F-actin polymerization. Indeed, the interaction between HIV-1 Env and its co-receptors enhances the interaction between NLRP3 and P2Y2 and subsequently induces the degradation of NLRP3 by CBL, favoring the activation (phosphorylation) of PYK2 (PYK2Y402*) and subsequent cytoskeletal rearrangement (through F-actin polymerization) that facilitates HIV-1 early membrane fusion with target cells (Jime ´nez- Baranda et al., 2007; Stolp and Fackler, 2011; Vorster et al., 2011) and hence viral entry (Figure 6).

Our results are in agreement with published works supporting the notion that polymorphisms affecting the NLRP3 gene could influence the susceptibility to HIV-1 infection (Pontillo et al., 2010, 2012) and coinfection with Mycobacterium tuberculosis (Pontillo et al., 2013). Altogether, our results suggest that HIV-1 (through its envelope protein) hijacks the functional crosstalk between NLRP3 and P2Y2 to optimize its viral life cycle.

The observation that the depletion of NLRP3 enhanced the infectivity of host cells by HIV-1 suggests that NLRP3 proteins function as intrinsic inhibitory factors for HIV-1 infection. In sharp contrast to the vast majority of identified inhibitory factors that impair viral infection at post-entry steps (Harris et al., 2012), NLRP3 proteins limit HIV-1 infection by interfering with viral entry, suggesting that the NLRP3-P2Y2 interaction could be targeted for the prevention and treatment of HIV-1 infection. NLRP3 inflammasome activators (such as LPS or MSU crystals) reduce the susceptibility of HIV-1 target cells through the modulation of P2Y2-dependent F-actin remodeling. Thus, strategies designed to alter the functional interaction between NLRP3 and P2Y2 could effectively block HIV-1 infection. Nevertheless, the identification of the inflammasome inhibitor NLRX1 as transcriptional repressor of restriction factors that impair viral replication (Barouch et al., 2016) underlines the complexity of signaling pathways elicited by NLRP3 family members during the early steps of HIV-1 infection. Further molecular investigations are required to fully understand the role of NLRP3 family members during these viral steps. Future investigations must address the impact of the functional NLRP3-P2Y2 interaction on cellular regulators that are known to affect cortical F-actin rearrangement and to HIV-1 infection such as LIM domain kinase 1 (Vorster et al., 2011), moesin (Barrero-Villar et al., 2009), filamin-A (Jime ´nez- Baranda et al., 2007), and cofilin (Yoder et al., 2008).

There may be differences between the acute and the prolonged effects of HIV-1 on the aforementioned regulatory system. Indeed, immunoreactive NLRP3 was detected at higher levels in lymph nodes (Figures 7A and7B) and in the frontal cortex (Figures 7C and7D) from untreated HIV-1 carriers, as compared with uninfected specimens. Similar results were obtained when comparing control tissues from the non-human primate Macaca fascicularis with lymph nodes (Figures 7E and 7F) or intestinal tissues (colon in Figures 7G and7H; ileum in Figures 7I and7J) from macaques infected with SIV mac251 . NLRP3 expression was preferentially observed in CD163 + macrophages (Figures 7G, 7I, and 7J) that are known to express P2Y2 (Elliott et al., 2009). After 21 days of infection of THP1 monocytes and CEM-SS T cells with X4-and R5-tropic viruses, respectively, NLRP3 protein expression was increased (Figures S7A-S7F, S7I, and S7J), although no modification of NLRP3 mRNA levels was detectable (Figures S7M-S7P). P2Y2 protein expression did not change in CEM-SS T cells but increased after 21 days of infection of THP1 monocytes (Figures S7G, S7H, S7K, and S7L). Altogether, these results suggest that the molecular mechanisms involved in the enhanced interaction between NLRP3 and P2Y2 that is detected during chronic infection with HIV-1 may be distinct from those detected in the early steps of HIV-1 infection. The increased NLRP3 expression during chronic HIV-1 infection is consistent with recent findings showing that HIV-1 activates NLRP3 inflammasome through Tat and Vpr proteins in lymphocytes, microglial cells, and macrophages (Bandera et al., 2018; Chivero et al., 2017; Haque et al., 2016; Mamik et al., 2017). Thus, NLRP3 may play a dual opposite role during early steps of infection by inhibiting viral entry and at the later post-entry steps by contributing to neuroinflammation and immune activation associated with HIV-1 infection.

The blockade of immune checkpoints in lymphocytes has recently emerged as a new and promising approach for treating both chronic viral infection and cancer. Here, we identified a functional interaction that acts on myeloid cells and that could be exploited for the development of HIV vaccines or therapeutic combinations to cure HIV infection (Barouch et al., 2016) and potentially other viral infections (such as hepatitis B and C). In addition, it appears likely that the NLRP3-P2Y2 interaction could be manipulated for the treatment of HIV-1associated brain disease, which is also associated with strong activation of the NLRP3 inflammasome (Walsh et al., 2014). Future studies should explore the possibility of modulating the NLRP3-P2Y2 functional interaction with the aim of treating human diseases that are triggered by excessive activation of the NLRP3 inflammasome, such as cryopyrin-associated periodic syndromes (Agostini et al., 2004), rheumatoid arthritis (Vande Walle et al., 2014), obesity (Vandanmagsar et al., 2011), or Alzheimer's disease (Halle et al., 2008).

Thus, our data demonstrate a constitutive interaction between NLRP3 and P2Y2 that could be targeted to reduce viral propagation and improve the immune response against HIV infection. donors were obtained from the French blood bank (Etablissement Franc ¸ais du Sang (EFS)). In accordance with French law, written informed consent to use the cells for clinical research was obtained from each donor. Purified monocytes were incubated in RMPI-1640-Glutamax medium supplemented with 100 UI/ml penicillin-streptomycin and with 10% FBS in the presence of 10 ng/ml recombinant human (rh) M-CSF (PeproTech). After 6 days of culture, adherent cells corresponding to the macrophages enriched fraction were harvested, washed and used for HIV-1 BaL infection experiments. For macrophage silencing and infections with HIV-1 AD8 , monocytes were separated from PBMCs by adherence to the plastic, detached and cultured for 6 days in hydrophobic Teflon dishes (Lumox Duthsher) in macrophage medium (RPMI 1640 supplemented with 200 mM L-glutamine, 100 U of penicillin, 100 mg streptomycin, 10 mM HEPES, 10 mM sodium pyruvate, 50 mM b-mercaptoethanol, 1% minimum essential medium vitamins, 1% non-essential amino acids (Life technology)) supplemented with 15% of heat inactivated human serum AB (Life technology or Biowest). For experiments, MDMs were harvested and resuspended in macrophage medium containing 10% of FBS. MDMs obtained with this method are 91 to 96% CD14 + , they express: the differentiation markers (CD11b and CD71) and the M2 macrophage polarization markers (CD163 and CD206) (Allouch et al., 2013). T cells were prepared from the monocyte depleted cell fraction of PBMCs. Peripheral blood lymphocytes (PBLs) were activated for 48 hours in fresh medium supplemented with 2.5 mg/ml PHA (Sigma-Aldrich) and 1 mg/ml rhIL-2 (PeproTech). PBLs were then washed and cultured in growth medium containing 1 mg/mL rhIL-2 for 24 hours before HIV-1 infections.

STAR+METHODS STAR+METHODS KEY RESOURCES

Non-Human primates

Adult cynomolgus macaques (Macaca fascicularis) (four males and three females) were imported from Mauritius and housed in the facilities of the ''Commissariat a `l'Energie Atomique et aux Energies Alternatives'' (CEA, Fontenay-aux-Roses, France). The protocols employed were approved by the ethical committee of the CEA ''Comite ´d'Ethique en Experimentation Animale'' registered in the French Research Ministry under number 44. Samples from lymph nodes, ileum and colon tissues were obtained from Macaca fascicularis that have been infected at the age of 5 years old by intrarectal inoculation with a single dose of 50 50% animal infectious doses (AID 50 ) of SIV mac251 . Tissues were collected during animal necropsy (for SIV mac251 -infected animals, on days 701 to 738 after SIV infection) after sedation of the animals (ketamine chlorhydrate 10 mg/kg) followed by euthanasia (injection of sodium pentobarbital 180 mg/kg). Non-human primates (NHP, which includes M. fascicularis) were used at the CEA in accordance with French national regulation and under national veterinary inspectors (CEA Permit Number A 92-032-02). The CEA is in compliance with Standards for Human Care and Use of Laboratory of the Office for Laboratory Animal Welfare (OLAW, USA) under OLAW Assurance number #A5826-01. The use of NHP at CEA is also in accordance with recommendation of the European Directive (2010/63, recommendation N 9). Animals were housed in adjoining individual cages allowing social interactions, under controlled conditions of humidity, temperature and light (12-hour light/12-hour dark cycles). Water was available ad libitum. Animals were monitored and fed 1-2 times daily with commercial monkey chow and fruits by trained personnel. Macaques were provided with environmental enrichment including toys, novel foodstuffs and music under the supervision of the CEA Animal Welfare Body. The animals were used under the supervision of the veterinarians in charge of the animal facility. Experimental procedures were conducted after animal sedation with ketamine chlorydrate (Rhone-Merieux, Lyon, France, 10 mg/kg) as previously described (Dioszeghy et al., 2006).

Human autopsies

Human autopsies from axillary lymph nodes and frontal cortex were obtained in accordance with the Italian and EU legislations, after approval by the Institutional Review Board of the Lazzaro Spallanzani National Institute for Infectious Disease (Ethics Committee approval number 40/2006). Axillary lymph nodes and post-mortem frontal cortex sections were obtained from healthy (6 and 5, respectively) and HIV-1-infected individuals (6 and 11, respectively) (all men, mean age 36 years, the median values of HIV-1 viral load was 4.5 ± 0.6 log 10 cp/ml and < 500 CD4 T cells/ml). Frontal cortex sections were obtained from patients with HIV-1-associated dementia.

METHODS DETAILS

Plasmids and transfections NLRP3 coding sequence in the pUNO vector was purchased from Invivogen. The Flag-tagged NLRP3 full-length coding sequence was inserted in the 3xFlag-pcDNA3 and are a kind of gift from Gabriel Nunez (He et al., 2014). The sequence coding for P2Y2 (in the pEFGP-N1 vector) is gift from Laura Erb (Seye et al., 2004). Transient transfections of HeLa CD4 + CXCR4 + cells (2.4x10 5 ) or HEK293T (3x10 5 ) cells with mammalian expression vectors (1-5 mg) were performed using Fugene transfection reagent (Promega), following the manufacturer's instructions. Western blot, immunoprecipitation analyses and experiences of HIV-1 infection or cell fusion were performed 24 hours after transfection. The transfection of pHIV-1 AD8 and pHIV-1 NL4-3 in HEK293T were performed 48 hours after transfection of pFlag-Luciferase or p3xFlag-NLRP3.

siRNA-and shRNA-mediated knockdowns For HeLa CD4 + CXCR4 + knockdown the small interfering RNAs (siRNAs) used against NLRP3 were purchased from Sigma and had the following sequences: NLRP3, siRNA-1, 5 0 -GGAUCAAACUACUCUGUGA-3 0 ; siRNA-2, 5 0 -UGCAAGAUCUCUCAGCAAA-3 0 and the corresponding control siRNA, 5 0 -UUCAAUAAAUUCUUGAGGU-3 0 . The siRNAs against CBL used for primary MDMs and HEK293T cells are siGenome (Dharmacon) smart pool selected composed of a pool of four siRNAs having the following sequences for CBL (siRNA1, 5 0 -GGAGACACAUUUCGGAUUA-3 0 ; siRNA2, 5 0 -GAUCUGACCUGCAAUGAUU-3 0 ; siRNA3, 5 0 -GACAAUCCCUCA CAAUAAA-3 0 ; siRNA4, 5 0 -CCAGAAAGCUUUGGUCAUU-3 0 ). The siRNAs used as control with siGenome smart pool are a pool of four on target plus non-targeting siRNAs (Dharmacon). siRNAs transfection of HeLa CD4 + CXCR4 + or HEK293T cells were performed with 20 nM siRNA using Oligofectamine (Invitrogen) according to the manufacturer's instructions. Western blot analyses and experiences of HIV-1 infections or cell fusions were performed 48 hours after siRNA transfection. For siRNA transfection of MDMs, the protocol was previously described (Allouch et al., 2013): MDMs were seeded (0.5x10 6 MDMs/0.5 ml/ well of 12-well plate in macrophages medium + 10% FBS) and let to be attached at 37 C for 2 hours prior siRNAs transfection. The siRNAs transfections were performed with the INTERFERin (Polyplus Transfection). Different amounts of siRNAs were pre-diluted in 1 mL of Opti-MEM in which 20 mL of INTERFERin were added and the transfection mix was let to incubate at room temperature for 10 minutes. The transfection mix (250 ml) was added to 0.5x10 6 MDMs at the final concentrations of 50 nM of siRNAs against CBL. Equal amounts of the on target plus non-targeting siRNAs were added to the control MDMs. The MDMs were then incubated at 37 C for overnight. The medium was replaced with fresh macrophage medium supplemented with 10% FBS prior to the infections. At 72 hours post-CBL siRNA transfection MDMs were infected with HIV-1 AD8 (MOI of 1) for 6 hours, cell lysates were assayed for protein expression by western blot.

For short hairpin RNA (shRNA) lentiviral particles transduction, the pLKO.1 shRNA expression lentiviral vector coding for each targeted gene was purchased from Thermo Scientific. The shRNAs used in knockdown experiments had the following sequences for P2Y2 (shRNA1, 5 0 -ATGTTCCACCTGGCTGTGTCTGATGCACT-3 0 ), for NLRP3 (shRNA1, 5 0 -TTCTTGAAGTGTTTCTAACGC-3 0 , shRNA2, 5 0 -AAACAGTAGAACAATTCCAGC-3 0 ) and pLKO.1 empty vector control. Lentiviral vector particles were generated by cotransfection of three plasmids coding for the gag-pol HIV-1 genes (pCMV-HIV-1-GAG-POL), for the vector genome carrying shRNA of interest (pLKO.1 shRNA) and for the plasmid coding for an envelope of VSVG (pMDG-VSV-G). Co-transfection was performed in HEK293T cells using Fugene transfection reagent (Promega) according to the manufacturer's protocol. Two days after transfection, supernatants were filtered using 0.45-mm cellulose acetate filters (Sartorius stedim), aliquoted and frozen at À80 C. For transduction, lentivirus productions were added to the monocytic THP1 cell line (4x10 6 ) or into CD4 + CXR4 + HeLa cells (10 6 ) and 24 hours after transduction the medium was replaced with fresh growth medium containing 1 mg/mL puromycin (Invivogen). MDMs, CEM-SS T Cells or THP1 cells (1x10 6 ) were transduced with 2 mg CAp24 of a pool of LKO.1 shNLRP3 (shRNA1 and shRNA2) for 48 hours before infections with HIV-1 NL4-3 or HIV-1 AD8 (MOI of 1).

Virus productions

To produce stocks of wild-type HIV-1 NL4-3 or HIV-1 AD8 , HEK293T cells (2x10 6 ) were transfected with 20 mg of the corresponding proviral DNA (pHIV-1 NL4-3 or pHIV-1 AD8 ) and for Env-deleted VSV-G pseudotyped NL4-3 viruses (pHIV-1 NL4-3DEnv ), HEK293T cells (2x10 6 ) cells were transfected with 4 mg of VSV-G expression vector (pVSV-G) and 16 mg of HIV-1 proviral DNA (pHIV-1 NL4-3DEnv ) by the calcium phosphate method. After 12 hours, the transfection mixture was replaced with 8 mL of fresh growth medium. Then, 24 hours later, the media containing the first batch of virus was harvested and 8 mL of fresh growth medium was added to the cells for additional 24 hours. HIV-1 NDK and HIV-1 BaL were obtained after infection of activated PBLs and MDM with HIV-1 NDK and HIV-1 BaL viral stocks, respectively and harvesting the corresponding supernatants at three and six days after infections (Saı ¨di et al., 2008). HIV-1 AD8-Vpr-GFP was obtained through the transfection of 3x10 6 HEK293T cells with 10 mg pHIV-1 AD8 (NIH AIDS research reagents), 2.5 mg pGFP-Vpr expression vectors using Fugene (Promega) following manufacturer's instructions.

Upon collection, all virus-containing media was low-speed centrifuged, filtered through a 0.45 mm pore size filter (Sartorius stedim), to remove cell debris, treated with Benzonase (Novagenâ) and stored in 1 mL aliquots at À80 C (Delelis et al., 2009; Perfettini et al., 2004, 2005). Viral stocks were standardized by quantification of CAp24 antigen in cell culture supernatants with an enzyme-linked immunoabsorbent assay (Perkin Elmer) and infection of TZM-bl cells (bearing the b-galactosidase gene under the control of HIV-1 LTR) with serial dilutions of the viral stocks followed by cell fixation and X-Gal staining. The multiplicity of infection (MOI) was determined at 48 hours of infection of TZM-bl based on the number of the positive X-Gal cells.

Viral infections

After 3 days of infection with HIV-1 NDK (MOI of 1), PHA/IL-2-stimulated peripheral blood lymphocytes were cocultured with uninfected lymphoblasts or alone for 48 hours and analyzed by immunofluorescence for synapse formation. MDMs were infected with HIV-1 BaL (with a MOI of 2) during 3 days for the analysis by Proximity Ligation Assay (PLA) (following manufacturer's instructions) and the intracellular CAp24 by FACS, as previously described (Se ´ror et al., 2011), for MSU (100 mM) and LPS (10 ng/ml) treated cells. MDMs or PMA-THP1 macrophages infected with HIV-1 AD8 were pre-treated 18 hours with MSU (100 mM) and AR-C118925XX (100 mM) and infected during six hours with HIV-1 AD8 (MOI of 1) in the presence of the indicated drugs. The quantification of the LDH release in the cell supernatants of MSU-treated MDM was performed using the commercially available ELISA kits for LDH (Roche) according to the manufacturers' instructions at 24 hours after infection.

THP1 cells were also infected with HIV-1 NL4-3 (MOI of 1) or HIV-1 NL4-3DEnv (MOI of 1) during 6 hours and analyzed for related signaling pathways by western blot. THP1 monocytes or CEM-SS T cells were infected or not for 3 hours with X4-tropic HIV-1 NL4-3 or R5-tropic HIV-1 AD8 (MOI of 1) and then were either harvest for western blot and mRNA analysis or kept for 21 days by passing cells every 3 days for the same analysis.

For THP1 monocytes or CEM-SS T cells silenced for NLRP3, through the transduction of lentiviral vectors expressing shRNA1 and shRNA2 against NLRP3 gene, and control cells were infected with HIV-1 NL4-3 or HIV-1 AD8 (MOI of 1) at 48 hours after shRNA transduction for 6 hours and after washings were suspended in equal medium volumes. Cell supernatants were then harvested at 6 and 12 days after infection for quantification of HIV-1 CAp24 contents. For immunoprecipitation assays, THP1 cells were treated 8 hours with PP1 (20 mM), PP2 (20 mM) or 2 hours of pretreatment with UTP (100 mM) before infection. Then, THP1 cells were infected during 6 hours with HIV-1 NL4-3 (MOI of 1) in the presence of the indicated drugs. To remove the membrane bound non-internalized HIV-1 particles before analysis of intracellular CAp24 by western blot, cells were treated with trypsin at 37 C for 20 minutes followed by two extensive washings. Target cell infectivity was evaluated using the enhanced b-galactosidase assay kit (Roche). PMA-THP1 macrophages were infected with HIV-1 AD8-Vpr-GFP (MOI of 1) in the presence of latrunculin B (10 mM) during 6 hours and the control cells were treated with ethanol and then were fixed with 2% PFA for immunofluorescence analysis.

Immunofluorescence

Cells were fixed in 2% paraformaldehyde-PBS for 5 minutes, permeabilized in 0.3% Triton (Sigma) in PBS or 0.1% Triton for MDMs and PBLs, and incubated with PBS-FBS 20% for 1 hour. Tissue 4-mm sections (lymph nodes, ileum and colon tissues) were cut from the paraffin blocks of the paraformaldehyde fixed tissues from Macaca fascicularis or humans. After paraffin removal, slides were subjected to antigen retrieval by microwave boiling in 1 mmol/l EDTA pH 9.0. Cell slides were then incubated during overnight for immunofluorescence with anti-P2Y2 (Alomone), anti-NLRP3 (Adipogen), anti-CD163 (BD laboratories) or anti-gp120 (2G12) (AIDS Research and Reference Reagent Program, Division of AIDS, NIAID) or for immunochemistry with anti-NLRP3 (Sigma) after permeabilization in 0.3% Triton for 5 minutes and saturation in PBS-FBS 20% for 1 hour. Then, cells were incubated with appropriate secondary antibodies conjugated to Alexa Fluor 488, 546 or 647 fluorochromes (Life technologies) at room temperature during 1 hour and 30 minutes. Actin was stained with Alexa Fluor 594 Phalloidin for 30 minutes at room temperature. DNA was stained with Hoechst 33342, Trihydrochloride, Trihydrate (Life technologies) and then cells were mounted with Flouromount G medium (Southern biotech). Proximity Ligation Assay (DUOLINKâ, Sigma) was performed according to the manufacturer's instructions using anti-NLRP3 (Adipogen) and anti P2Y2 (Alomone) as primary antibodies. Images of cells were acquired by laser-scanning fluorescent confocal microscopy Leica SPE with LAS-X software (Leica) with 8 bits configuration and using a 63X oil objective (1.4 numerical aperture). Leica Microsystem immersion oil (11513859) was used and imaging was performed at room temperature. Confocal images were analyzed with ImageJ and exported as TIFs for figures illustration. For 3D immunofluorescence intensity image construction, images were analyzed by Icy software (in Figure 1G).

Western blots and immunoprecipitations

Cells were washed twice with PBS and lysed in appropriated buffer (250 mM NaCl, 0.1% NP-40, 5 mM EDTA, 10 mM Na3VO4, 10 mM NaF, 5 mM DTT, 3 mM Na4P2O7, 1 mM EGTA, 10 mM Glycerol phosphate, 10 mM Tris-Hcl (pH = 7.5) and the protease and phosphatase inhibitors (Roche)). 10-40 mg of protein extracts were run on 4%-12% or 10% SDS-PAGE and transferred at 4 C onto a nitrocellulose membrane (0.2 Micron). After incubation for 2 hours at room temperature with 5% nonfat milk or BSA (Bovine Serum Albumin) in Tris-buffered saline and 0.1% Tween 20 (TBS-Tween), membranes were incubated with primary antibody at 4 C overnight. Horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit (SouthernBiotech) antibodies were then incubated for 1 hour 30 minutes and revealed with the enhanced ECL detection system (GE Healthcare) in the linear range. The primary antibodies for western blot against CBL (D4E10), GFP (D5.1), PYK2 (5E2), PYK2Y402*, SRC (36D10) and SRCY416* were obtained from Cell Signaling. Primary antibodies against ACTIN and GAPDH were purchased from Abcam and Millipore, respectively. The primary antibodies anti-CAp24 (42-50) and anti-gp120 (2G12) were from NIH (AIDS Research and Reference Reagent Program, Division of AIDS, NIAID). Antibody anti-NLRP3 was from Adipogen (Cryo-2), anti-P2Y2 was from Alomone, anti-ubiquitin (UB) (P4D1) was from Santa-Cruz, and anti-Flag was from Sigma. For immunoprecipitations, cell pellets were lysed at indicated times after infection or 24 hours after transfection in CHAPS buffer (50 mM Tris-HCl (pH = 7.5), 0.50 M NaCl and 0.1% CHAPS) containing protease and phosphatase inhibitors. Anti-P2Y2 (Alomone) antibodies were incubated overnight at 4 C with 500 mg cell lysates. The complexes were precipitated by incubation with Protein G Sepharose 4 Fast Flow (GE Healthcare) for 4 hours. For relative expression quantification analyzed protein bands were quantified by ImageJ software and normalized on the corresponding endogenous expression of GAPDH or ACTIN proteins. To determine the relative NLRP3 interacting with P2Y2, NLRP3 protein bands were normalized on the corresponding immunoprecipitated P2Y2.

Flow cytometry

For flow cytometry, THP1 cells and MDMs (10 6 cells/ml) were harvested in RPMI complete medium, washed twice with PBS, saturated at 4 C for 20 min with PBS-FBS 10% and incubated with anti-CD4 (FITC) and anti-CD184 (CXCR4) (PE-Cy5) antibodies. The indicated antibodies and isotype-matched antibodies used were obtained from BD PharMingen. Phenotypic analyses on primary human MDMs infected by HIV-1 BaL were realized by flow cytometry using mAb anti-CD163 (FITC) (BioLegend), anti-CD206 (Alexa Fluorâ647 (AbD Serotec) and anti-p24 (PE) (Beckman Coulter).
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  Effets des nanoparticules à base de gadolinium AGuIX sur la reprogrammation des macrophages induite par les rayonnements ionisants Mots clés : TAMs, nanoparticules, AGuIX, cancer, AMPK, radiothérapie Résumé : Les macrophages associés aux tumeurs (TAMs) sont des composants essentiels du microenvironnement inflammatoire des tumeurs et sont associés à de mauvais pronostics cliniques dans la majorité des cancers. Les TAMs présentent principalement des fonctions anti-inflammatoires qui favorisent et soutiennent le remodelage tissulaire, la suppression immunitaire et la croissance tumorale. La conversion des TAMs anti-inflammatoires en phénotype pro-inflammatoire est récemment apparue comme une opportunité thérapeutique pour améliorer l'efficacité des traitements anticancéreux tels que la radiothérapie. Dans cette thèse, nous démontrons que les nanoparticules à base de gadolinium AGuIX seules et en combinaison avec des rayonnements ionisants, induisent des dommages à l'ADN, une réponse aux dommages à l'ADN induite par l'ataxie télangiectasie (ATM) dans les macrophages humains et déclenchent une reprogrammation pro-inflammatoire des macrophages. Ce processus, est associé à la phosphorylation de la protéine kinase active sur l'adénosine monophosphate (AMP) de la thréonine 1972 (AMPKT172*) et à la modulation de la dynamique mitochondriale. Nous démontrons également que l'extinction de l'AMPK réduit la fragmentation mitochondriale et la reprogrammation pro-inflammatoire des macrophages induits par les nanoparticules à base de gadolinium AGuIX et leur combinaison avec les rayonnements ionisants. Ce phénomène, révèle ainsi que l'AMPK joue un rôle central pour la reprogrammation pro-inflammatoire des macrophages. Dans l'ensemble, nos résultats identifient une nouvelle voie de signalisation induite par les nanoparticules à base de gadolinium AGuIX et leur traitement combiné avec des rayonnements ionisants, ciblent la polarisation des macrophages, altèrent la fonction des macrophages vers le phénotype pro-inflammatoire et améliorent l'efficacité de la radiothérapie.

Résultats 1 . 2 . 3 .

 123 Les nanoparticules AGuIX à base de gadolinium et leur combinaison avec les rayonnements ionisants déclenchent des cassures double brin de l'ADN et activent la réponse aux dommages à l'ADN dépendant de l'ATM dans les macrophages humains anti-inflammatoires. Plusieurs études ont démontré que les nanoparticules AGuIX en combinaison avec la radiothérapie augmentent les dommages à l'ADN dans les cellules cancéreuses. Nous avons déjà montré que les dommages à l'ADN des macrophages sont essentiels à leur activation. Ici, nous avons utilisé des macrophages humains THP1 différenciés au phorbol-12-myristate13acétate (PMA) pour démontrer que différentes doses de nanoparticules AGuIX seules et en combinaison avec une faible dose de rayonnement X (0,2 Gy) étaient capables d'induire la phosphorylation du variant d'histone H2AX sur la sérine 139 (H2AXS139*) (également connu sous le nom de foyers -H2AX + ) qui est une caractéristique des cassures double brin (DSB) de l'ADN. Les dommages détectés à l'ADN étaient particulièrement graves dans les traitements combinés de l'IR avec des doses plus élevées d'AGuIX. De plus, nous avons illustré que les traitements avec des nanoparticules AGuIX seules et en combinaison avec l'IR déclenchaient une réponse aux dommages à l'ADN (DDR) via la phosphorylation activatrice de la kinase Ataxia télangiectasie mutée (ATM) sur la sérine 1981 (ATMS1981*). Ainsi, nos résultats montrent que les nanoparticules AGuIX seules et en combinaison avec l'IR induisent des DSB et activent la DDR dans les macrophages humains anti-inflammatoires. Les nanoparticules AGuIX à base de gadolinium et leur association aux rayonnements ionisants favorisent la reprogrammation des macrophages anti-inflammatoires en macrophages pro-inflammatoires. Nos travaux antérieurs ont démontré que le DDR et l'ATM contrôlent l'activation des macrophages pro-inflammatoires. Dans cette thèse, nous avons évalué si les dommages à l'ADN et l'activation de l'ATM induits par AGuIX et leur combinaison avec l'IR avaient un impact sur le phénotype des macrophages pro-inflammatoires. Nos résultats ont démontré que les macrophages THP1 humains différenciés par PMA irradiés avec 0,2 Gy en combinaison ou non avec différentes concentrations d'AGuIX surexprimaient l'oxyde nitrique synthase (iNOS), une enzyme fonctionnelle importante qui régule sélectivement le phénotype des macrophages M1. Pour confirmer ces résultats, nous avons également montré que la combinaison de l'IR avec 100 nM, 200 nM, 0,6 mM ou 1,2 mM d'AGuIX augmentait l'expression du facteur de transcription interféron Regulatory Factor 5 (IRF5), qui est le régulateur principal de la différenciation M1. Dans l'ensemble, ces résultats indiquent qu'AGuIX seul et en combinaison avec l'IR reprogramme les macrophages anti-inflammatoires en phénotype pro-inflammatoire. Les rayonnements ionisants, les nanoparticules à base de gadolinium AGuIX et les traitements combinés activent l'AMPK et déclenchent la fragmentation mitochondriale dans les macrophages anti-inflammatoires. Des études antérieures ont montré que l'IR peut modifier la dynamique mitochondriale. Ces changements métaboliques sont étroitement associés au phénotype et à la fonction des TAM. Nous avons analysé la forme des mitochondries dans les macrophages THP1 différenciés par PMA en suivant l'expression de la translocase de la protéine de la membrane mitochondriale externe 20 (TOM20). Nos résultats ont montré que la dose unique de 0,2 Gy et les traitements avec 100 nM, 200 nM, 0,6 mM ou 1,2 mM d'AGuIX entraînaient l'accumulation de mitochondries raccourcies et fragmentées de manière dose-dépendante avec la concentration d'AGuIX. La dynamique des mitochondries est étroitement contrôlée par le complexe protéine kinase activée par l'AMP (AMPK), qui intervient dans de nombreux processus métaboliques via l'activation ou la suppression de protéines cibles clés. Nous avons révélé que ces traitements activaient et phosphorylaient l'AMPK sur la thréonine 172 (AMPKT172*) dans les macrophages THP1 différenciés par PMA. Ainsi, ces résultats démontrent que l'exposition à AGuIX seul et en combinaison avec l'IR induit une fragmentation mitochondriale et active l'AMPK dans les macrophages anti-inflammatoires. 4. L'activation de l'AMPK contrôle la dynamique mitochondriale et la reprogrammation pro-inflammatoire des macrophages traités par IR, AGuIX et leur combinaison. Dans cette étude, nous avons cherché à savoir si la fragmentation mitochondriale et l'activation de l'AMPK induites par l'IR, AGuIX et leur combinaison jouaient un rôle central dans la polarisation des macrophages pro-inflammatoires. Nous avons traité des macrophages THP1 différenciés par PMA avec une irradiation à dose unique de 0,2 Gy et 200 nM d'AGuIX en présence de 10 M d'inhibiteur d'AMPK Dorsomorphine (DRS). Nos résultats ont démontré que la dorsomorphine inhibe la phosphorylation d'AMPKT172* et altère la régulation positive de l'expression d'IRF5. Nous avons ensuite inactivé génétiquement la sous-unité régulatrice 2 de l'AMPK (AMPKα2) en utilisant de petits ARN interférents. L'épuisement spécifique de l'AMPK 2 a réduit la fréquence des mitochondries fragmentées, supprimé la phosphorylation d'ATMS1981* et diminué la régulation positive de l'IRF5. Ensemble, ces résultats démontrent le rôle essentiel de l'AMPK lors de la reprogrammation des macrophages anti-inflammatoires en macrophages pro-inflammatoires déclenchée par l'IR, AGuIX et leur combinaison. Conclusion Pour conclure, nous avons démontré que différentes concentrations d'AGuIX seul et en combinaison avec de faibles doses de rayonnement X induisent une activation des macrophages pro-inflammatoires. Nous avons révélé que l'activation de l'AMPK sur T172 au niveau de la sous-unité catalytique α2 est essentielle pour la reprogrammation pro-inflammatoire des macrophages. L'AMPK contrôle la fragmentation mitochondriale, la phosphorylation de l'ATM et la surexpression d'IRF5 observées dans les macrophages anti-inflammatoires traités avec AGuIX seul et en combinaison avec l'IR. Ainsi, nos résultats révèlent une nouvelle voie de signalisation (AMPKT172* Fragmentation mitochondriale ATMS1981* IRF5) qui joue un rôle central dans la reprogrammation pro-inflammatoire des macrophages en réponse à l'IR, AGuIX et leur combinaison. Ces découvertes ouvrent la voie à de nouvelles cibles thérapeutiques qui peuvent être développées pour cibler l'activation des macrophages. Macrophages are phagocytic cells which were first discovered by the zoologist and pathologist Elie Metchnikoff who has been consequently awarded a Noble Prize in Physiology and
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 21 Regulation of tissue-resident macrophage development Maturation of embryonic macrophage progenitors into complete functioning tissue-resident macrophages is regulated by a combined action of lineage-determining transcription factors (LDTFs), collaborating transcription factors (CTFs), signal-dependent transcription factors (SDTFs) and epigenetic modulation of enhancer regions of target genes through the acetylation of lysine 27 of histone 3 (H3K27) (Figure 2) 8 . Tissue-specific macrophage development during prenatal life depends on CTFs such as PU.1

Figure 2 .

 2 Figure 2. Regulation of tissue-resident macrophage development. Lineage determination of tissue-resident macrophages initially is governed by LDTFs and CTFs which can bind to the enhancer region of the gene of interest and turn them into primed or poised stage. Later during development, unique environmental cues activate SDTFs and regulate tissue-specific functions of different macrophage subpopulations. LDTFs, lineage-determining transcription factors; SDTFs, signaldependent transcription factors; CTFs, collaborating transcription factors; H3K4me1, histone lysine 4 monomethylation; H3K4me2, histone lysine 4 dimethylation; H3K27me3, histone H3 lysine 27 trimethylation. Adapted from Sevenich (2018) 8 .
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 3 Figure 3. Monocyte development pathway in murine model. Sca-1 + hematopoietic stem cells (HSC) (a) give rise to CD34 + common myeloid precursors (CMP) (b) followed by granulocyte/macrophage precursors (GMP) (c) macrophage/DC precursors (MDP) (d) common monocyte progenitor (cMoP) (e) Ly6C hi monocyte (f) and Ly6C low monocyte (g). Key transcription factors involved in differentiation process are highlighted in red. Adapted from Terry and Miller (2014) 24 .

Figure 4 .

 4 Figure 4. Origin and self-renewal of tissue-resident murine macrophage population.

Figure 5 .

 5 Figure 5. Surface markers, activators, and functions of different polarized macrophage populations in human and/or murine models. Depending on the sensed stimuli (illustrated next to black arrows) macrophages could switch into pro-inflammatory M1-type or anti-inflammatory M2-type macrophages. M1 and M2 macrophages differ in expression of surface markers (highlighted next to cells images) and secreted soluble factors (listed down the functions in rows). M2-like macrophages further could be subdivided into M2a, M2b, and M2c phenotypes. Adapted from Chen et al. (2016) 43 .

  and M2c. M2a macrophages obtained upon stimulation with IL-4 or IL-13 were shown to secrete CCL24, CCL22, CCL17, and CCL18 chemokines and to recruit Th2 cells, eosinophils, and basophils. Hence, they were demonstrated to play crucial roles in mediating Th2 inflammation, allergic responses, and parasitic infections. M2b macrophages activated by stimulation with immune complexes (IC) and Toll-like receptor ligands (TLRLs) were shown to produce both pro-inflammatory and anti-inflammatory cytokines such as TNF-α, IL-1β, IL-6, and IL-10 and express high levels of chemokine CCL1 which interacts with CCR8 expressed on the surface of eosinophils, regulatory T cells (Treg), Th2 cells, and skin-homing T cells. By controlling the level of expression of cytokines and chemokines, M2b macrophages mainly regulate the immune response by suppressing or promoting inflammation. M2c macrophages activated by stimulation with IL-10 and glucocorticoid hormones were demonstrated to produce IL-10, TGF-β, CCL16, and CCL18 and involved in the clearing of apoptotic cells
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 12411 In this section, key effectors of transcriptional signaling pathways and cascades involved in macrophage activation are explored. Some of them are illustrated in Figure6and are explained in detail in the corresponding sections below. NF-kB/Rel proteins. Nuclear factor-kB/Rel is a family of transcription factors composing of five monomers, including NF-κB1 (also named p50), NF-κB2 (also named p52),

Figure 6 .

 6 Figure 6. Signaling pathways leading to M1 and M2 macrophage polarization.Certain stimuli activate receptors on macrophage surfaces leading to activation of transducers and transcription factors, which then trigger the expression of target genes leading to pro-inflammatory (M1) or anti-inflammatory (M2) macrophage phenotype development. Arg1, arginase 1; C/EBPβ, CCAAT/enhancer-binding protein-β; Chi3l3, chitinase 3-like 3; Ciita, MHC class II transactivator; CREB, cAMP-responsive elementbinding protein; CSF, colony-stimulating factor; IFNγ, interferon-γ; IL, interleukin; IRF, interferon-regulatory factor; JAK, Janus kinase; LPS, lipopolysaccharide; Mrc1, macrophage mannose receptor 1; MSK, mitogen-and stress-activated kinase; NF-κB, nuclear factor-κB; Nos2, nitric oxide synthase 2; PI3K, phosphoinositide 3-kinase; PPARγ, peroxisome proliferator-activated receptor-γ; Retnla, resistin-like-α; STAT, signal transducer and activator of transcription; TLR4, Toll-like receptor 4. Adapted from Lawrence and Natoli (2011)[START_REF] Lawrence | Transcriptional regulation of macrophage polarization: enabling diversity with identity[END_REF] .
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 2415 MicroRNAs. MicroRNAs (miRNAs) are short non-coding single-stranded RNA molecules (20-24 nucleotide length) which account for approximately 1-2% of all genes in mammals[START_REF] Curtale | MicroRNAs as Molecular Switches in Macrophage Activation[END_REF] . MiRNAs control gene expression by binding to the 3′ untranslated region (3′UTR) of mRNAs, leading to mRNA degradation or translational blockage[START_REF] Hume | Transcription Factors That Regulate Macrophage Development and Function[END_REF][START_REF] Essandoh | MiRNA-mediated macrophage polarization and its potential role in the regulation of inflammatory response[END_REF] .Several miRNAs have been shown to regulate macrophage activation through regulating the NF-KB signaling pathway. Particularly, miR-210 was shown to negatively regulate LPSinduced pro-inflammatory cytokines TNF-α and IL-6 production by increasing Iκ-Bα level and reducing the p65 expression[START_REF] Li | Transcriptional Regulation of Macrophages Polarization by MicroRNAs[END_REF] . Interestingly, up-regulation of miR-26b in LPS-induced bovine alveolar macrophages was shown to increase mRNA levels of pro-inflammatory cytokines TNF-α, IL-1β, and IL-8 and to inhibit IL-6 production 100 . In contrast, some miRNAs, such as miR-301a initiate a positive regulatory loop by elevating NF-KB activity through inhibition of NF-κB-repressing factor (Nkrf) 101 .Overexpression of miR-155 was shown to lead to an increased phosphorylation of STAT1 and STAT3 and diminished activation of STAT6 102 . Several studies indicated that miR-155 downregulates the suppressor of cytokine signaling-1 (SOCS1) and Src homology-2 domaincontaining inositol 5-phosphatase 1 (SHIP1), the negative regulators of the JAK-STAT pathway 103 . miR-155 was described involved in the upregulation of either pro-inflammatory TNF-α mRNA or anti-inflammatory cytokine IL-10 104 . IL-10 activation, in turn, was shown to repress the miR-155 transcription via STAT3 105 . Moreover, miR-155 demonstrated to inhibit IL-13 receptor (IL-13 Rα1) causing an inhibition in STAT6 activity and thus inducing a pro-inflammatory phenotype[START_REF] Essandoh | MiRNA-mediated macrophage polarization and its potential role in the regulation of inflammatory response[END_REF] .

  level and consequently favors anti-inflammatory macrophage activation 106 . Another study showed that down-regulation of miR-22-3p increases IRF5 expression level and favors the accumulation of pro-inflammatory cytokines TNF-α and IL-1β 107 . The expression of IRF4, an essential mediator of anti-inflammatory macrophage activation, was demonstrated regulated mainly by miR-125b and miR-210. Accumulation of miR-125b in macrophages targets IRF4 mRNA and protein levels, while in B cells it causes complete IRF4 gene deletion 108 . Whereas miR-210 diminishes IRF4 level through down-regulation of an 18S rRNA base methyltransferase (DIMT1), a key regulator of 18S rRNA synthesis 109 . Some miRNAs were shown to regulate macrophage activation by interfering with the C/EBPs family. For example, miR-124 represses C/EBP-α by directly binding into its 3′UTR region 110 . Overexpression of miR-124 downregulates pro-inflammatory markers and cytokines, such as CD86, MHC class II HLA-DR, TNF-α, and NOS2, and activates anti-inflammatory macrophage phenotype, particularly by increasing accumulation of TGF-β1, Arg-1, and FIZZ1 94 . Besides miR-124, miR-181a binds to the 3′UTR region of C/EBP-α mRNA and promotes immunosuppressive activation 111 . Previously mentioned STAT family regulator miR-155
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 71242212423 Figure 7. Metabolic profile of anti-inflammatory and pro-inflammatory macrophages. Metabolic signatures of classically activated pro-inflammatory (M1) and alternatively activated anti-inflammatory (M2) macrophages are highlighted. OXPHOS, oxidative phosphorylation; TCA cycle, tricarboxylic acid cycle; PPP, pentose monophosphate pathway; FAO, fatty acid oxidation; ETC, electron transport chain. Adapted from Thapa and Lee (2019) 115 .

Figure 8 .

 8 Figure 8. Mitochondrial dynamics affect cellular metabolism.

Figure 9 .

 9 Figure 9. Role of AMPK in regulating various metabolic processes.The AMP-activated protein kinase (AMPK) complex could directly phosphorylate several cellular targets indicated in the first intrinsic circle. Phosphorylation could be activating (black arrows) or inhibitory (red arrows). The box color indicates whether the metabolic processes are generally activated (green) or inhibited (red). ChREBP, carbohydrate-responsive element-binding protein; CREB, cAMP response elementbinding protein; FOXO, forkhead box protein O; HDAC, histone deacetylase; HMGCR, HMG-CoA reductase; HNF4α, hepatocyte nuclear factor 4α; MFF, mitochondrial fission factor; PGC1α, peroxisome proliferator-activated receptor-γ co-activator 1α; PLD1, phospholipase D1; SREBP1, sterol regulatory element-binding protein 1; TFEB, transcription factor EB. Adapted fromHerzig and Shaw (2018) 160 .
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 101311 Figure 10. Homeostatic functions of tissue-specific macrophages.Tissue-specific macrophages perform various functions, including clearance of foreign bodies, pathogens, dead, senescent and deregulated cells, antigen presentation to B cells, to maintain tissue homeostasis. Adapted fromMurray and Wynn (2011) 165 .

(

  MCPIP1) through activation of the JAK2-STAT3 signaling pathway245 .Similarly, CCL5 was demonstrated to target a variety of receptors, including CCR1, CCR3, CCR4, CCR5, CD44, and GPR75. CCL5 binding to the specific receptors on target monocytes triggers downstream NF-kB signaling pathway, in which STAT3 activation is likely to play an important role[246][247][248] . CCL5 recruited monocytes are differentiated in TME toward immunosuppressive M2-like macrophages, which express PD-L1 and CD206 and produce anti-inflammatory cytokines IL-10 and TGF-β249,250 . Other chemokines, such as CCL3, CCL4, CCL8, and CCL22 also been shown involved in monocyte recruitment to tumors 244 .As well as chemokines, cytokines, including CSF1 (M-CSF) and VEGF, have been implicated in monocyte recruitment and their differentiation into immunosuppressive TAMs in TME 244 .Both, macrophages and tumors can secrete CSF1 251 and VEGF 252 . CSF1 triggers monocyte spreading and migration via activating actin nucleators Wiskott-Aldrich syndrome protein (WASP) and WASP-family verprolin homologous 2 (WAVE 2) (REFS). Moreover, CSF1 controls macrophage differentiation through the activation of its own receptor CSF-1R by phosphorylation (CSF-1R pTyr-807), , which ultimately activates MEK and PI3K pathway in a dose-dependent manner. CSF1 also promotes macrophage survival by triggering the CSF-1R

  ) were shown to be highly expressed in several types of human tumors 258 . ET-1 and ET-2 were demonstrated able to attract monocytes and macrophages 259 . Moreover, ET-1 was shown able to enhance macrophage adhesion to tumor cells via increasing integrin αV and integrin β1 mRNA expression through activating Elk-1/STAT3/NF-kB signaling pathway 260 .
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 4411442145114521453 Cancer initiation and promotion. It has been demonstrated that TAMs play a crucial role in promoting tumor development and initiation by secreting distinct soluble factors in TME including growth factors, chemokines and cytokines. Particularly TAMs are known to secrete a large number of growth factors including TGF-β, VEGF, and platelet-derived growthfactor (PDGF), epidermal growth factor (EGF), fibroblast growth factor (FGF), cytokines such as M-CSF, IL-10, and C-X-C motif chemokine ligands (CXCLs), which directly or through epithelial cells activate tumor growth239,274 . For instance, in ovarian cancer EGF secreted by TAMs promoted tumor progression by suppressing LIMT (lncRNA inhibiting metastasis) through the EGFR-ERK signaling pathway 275 . Moreover, the chemokine CXCL8 accumulation was associated with breast cancer, colorectal cancer, non-small cell lung cancer, gastric cancer, and melanoma development276 . In endometrial cancer CXCL8 secreted by TAMs cause tumor progression through inducing ERα loss via HOXB13 277 . Tumor invasion and metastasis. TAMs were involved almost in every step of metastasis, including preparation of premetastatic niches, extravasation, invasion, vascularization, protecting and supporting persistent growth of metastatic cells278,279 . Several studies suggested that TAMs support tumor invasion through releasing various soluble factors, such as IL-1β, IL-8, TNF-α, and (TGF-β), which modulate the epithelial-mesenchymal transition (EMT)279 . Moreover, TAMs promote extracellular matrix (ECM) degradation by secreting proteolytic enzymes such as cathepsins, MMPs, and serine proteases and thereby allowing cancer cell migration 280 . TAMs also activate survival and protective mechanisms in newly disseminated cancer cells. For example, breast cancer cells expressing vascular cell adhesion molecule-1 (VCAM-1) primarily metastasize in lung tissue by tethering to α4-integrin expressed on the surface of tissue-resident pro-tumoral macrophages. As a result, VCAM-1 engagement promotes Ezrin phosphorylation which leads to activation of the PI3K/Akt survival pathway279,281 . This study also indicates that the premetastatic niches in the host tissues are populated by TAMs before the arrival and engraftment of metastatic cells. Indeed, it has been shown that primary tumors release VEGF-A, TNF-α, TGF-β, and LOX which reprogram tissue-resident macrophages, such as osteoclast (bone), Kupffer cell (liver), or alveolar (lung) into protumoral macrophages, which then secrete IL-6, CCL2, COX-2, and MMPs and create premetastatic niches278,282 .1.4.5. Roles of TAMs in tumor immunosuppression and angiogenesisImmunosuppression. It was well established that TAMs release cytokines, chemokines, enzymes, and express specific receptors to modulate multiple immune cells, including CD8 + and CD4 + T cells, induced regulatory T cells (iTregs), and natural Tregs (nTregs) 274 . For example, CCL2 chemokine secreted by TAMs in TME inhibits CD8 + T cells trafficking and thus prevents from reaching and removing tumor cells 283,284 . Moreover, TAMs express PD-L1 and PD-L2 ligands which bind to the T cell inhibitory PD-1 receptor, resulting in exhausted and dysfunctional CD8 + T cells. Another important T cell inhibitory receptor involved in CD8 + T cells exhaustion is cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) which binds to CD80 and CD86 receptors expressed in TAMs 285,286 . TAMs secrete cytokines IL-10 and TGF-β which can directly suppress CD8 + T cells function or recruit immunosuppressive FoxP3 + CD4 + Tregs cells 287 . IL-10 also suppresses IL-12 expression in intratumoral dendritic cells, which is necessary to induce IFN-γ production by CD4 + T cells, NK, and CD8 + T cells 288,289 . TAMs also modulate the expression of MHC class I molecules to inhibit the anti-tumor immune responses 290 . MHC class I encodes two sets of HLA class I (HLA-I) molecules 291 , which are named as classical (includes HLA-A, -B, and -C molecules) 292 and non-classical molecules (such as HLA-E, -F,-G) 293 . Both classical and non-classical MHC class I molecules are expressed on macrophages 290 . It was shown that soluble forms of HLA-A, -B,-C, and -G molecules were able to trigger apoptosis in CD8+ T lymphocytes and in CD8+ NK cells by ligating to the CD8 receptor, which lead to the up-regulation of Fas ligand (FasL) and consequently Fas-mediated apoptosis 291 . Similarly, HLA-E binds to the inhibitory CD94/NKG2A receptor, which impairs IL2 receptor-dependent proliferation of tumorinfiltrating T cells 294 . HLA-F positivity in breast cancer was associated with increased tumor size and poor clinical outcomes 295 . Angiogenesis and lymphangiogenesis. In the beginning tumor cells usually do not have vascular and lymphatic vessels and they grow under hypoxia. When a tumor reaches a certain size "angiogenic switch" occurs, which results in the formation of new blood vessels and lymph nodes 279,296 . During tumor angiogenesis, endothelial cells release cytokine angiopoietin-2 (ANG-2) and attract new subsets of TAMs known as TIE2-expressing monocytes (TEMs). TEMs express chemokine receptor CXCR4 and can be recruited to tumors by chemokine CXCL12 as well. TEMs express a high level of pro-angiogenic factors, including MMP9, VEGF-A, COX-2, and Wnt5a, and are already programmed to induce angiogenesis 274,297 . Moreover, ANG-2 stimulates M2 like phenotype in TEMs by increasing IL-10 and mannose receptor expression and diminishing TNF-α and IL-12 expression 280 . TAMs promote lymphangiogenesis by secreting prolymphangiogenic factors which can either induce proliferation of already existing lymphatic endothelial cells or cause transdifferentiation of macrophages into lymphatic endothelial vessels 298,299 . Prolymphangiogenic factors, including VEGFR-3 and its ligands, VEGF-C and VEFG-D are abundantly expressed in TAMs 297 . Phosphorylation of VEGFR-3 activates PI3K/AKT and PKC/ ERK1/2 signaling pathways leading to the proliferation of lymphatic endothelial cells 300 . TAMs expressing a marker of lymphatic vessels LYVE-1 (lymphatic vessel endothelial hyaluronan receptor 1) can transdifferentiate and integrate into lymphatic vessels, however, the exact molecular mechanism of this process remains elusive 301 . Overall, TAMs play a crucial role from tumor inception to its invasion and metastasis. The main protumoral functions of TAMs arise from their ability to secrete a variety of soluble factors and their plasticity to acquire different functional phenotypes. Resistance to cancer treatments.TAMs can promote treatment resistance and limit the efficacy of cytoreductive therapies, such as chemotherapy and radiotherapy 302 . Chemoresistance to cisplatin and carboplatin is promoted by TAMs that release IL-6 via activation of the STAT3 signaling pathway. Released IL-6 triggers cancer cells to produce more PGE2 and IL-6 that promote tumor cell growth and skew macrophages toward M2-like phenotype 303 . While paclitaxel (Taxol) chemotherapy causes macrophages to overexpress cysteine cathepsin proteases, which protect tumor cells from apoptosis and promote metastasis in breast cancer304 . Radiation therapy combined with TAMs depletion and immune checkpoint blockades improved tumor suppression305,306 , suggesting that TAMs also promote resistance to radiation therapy. M1 macrophages are more sensitive to IR, comparing M2 macrophages 307 , thus radiation therapy affects the ratio of M2 macrophages. Radiotherapy also increases the production of IL-6, IL-8, and MCP-1 and infiltration of myeloid cells 308 . One of the mechanisms of radioresistance involves the high expression of SIRPα on TAMs surface, as the depletion of SIRPα on intratumoral macrophages improved efficacy of radiotherapy in treatment-resistant colorectal and pancreatic tumors 309 .
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 1114511452 Figure 11. Therapeutic strategies targeting pro-inflammatory reprogramming, depletion and recruitment inhibition of TAMs.Summary of antibodies and small molecules against the surface and intracellular targets that have been designed for TAMs reprogramming, recruitment, and depletion. Adapted fromLaplagne et al. (2020) 312 .
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 32814531454 Using genetic mouse models of glioblastoma, it was shown that the TME promotes resistance to CSF-1R by elevating the levels of macrophage-derived insulin-like growth factor-1 (IGF-1) and tumor cell IGF-1 receptor (IGF-1R), which activate the PI3K signaling pathway.Therefore, the combination of IGF-1R or PI3K blockade with CSF-1R inhibitors improved the overall survival rate 329 . CSF-1R depletion also activates the expression of HDAC2 in CAF, increasing the accumulation of tumor-promoting polymorphonuclear myeloid-derived suppressor cells that neutralize the anti-tumor effect of CSF1 receptor blockade 330 . Strategies to inhibit the recruitment of TAMs. Chemokine CCL2 facilitates TAMs colonization in TME by recruiting CCR2 + inflammatory monocytes from the bone marrow.Inhibition of CCL2/CCR2 signaling has shown positive results in various experimental cancer models and clinical trials313,320 . Depleting CCL2 by monoclonal antibody Carlumab in combination with chemotherapy was evaluated in phase Ib clinical study in patients with advanced solid tumors. This combination, however, did not yield a steady depletion of CCL2 and was not recommended for further clinical evaluations 331 . In contrast, CCR2 inhibitor PF-04136309 in combination with nab-paclitaxel and gemcitabine was evaluated in phase Ib clinical trial in metastatic pancreatic ductal adenocarcinoma patients and showed a significant decrease of CD14 + CCR2 + circulating monocytes in the serum 332 . Another dual CCR2 and CCR5 inhibitor BMS-813160 in combination with chemotherapy and immunotherapy are currently evaluated in phase Ib/II study in patients with pancreatic or colorectal cancer310,311 . Strategies of targeting immune checkpoints of TAMs. Furthermore, inhibiting the macrophage SIRPα/CD47 signaling axis has been proven to be successful in several preclinical
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 111 Polymeric nanoparticles. Polymeric NPs can be assembled spontaneously into core/shell micelle from two copolymers of different hydrophobicity in an aqueous solution or synthesized from monomers 341 . Different production methods, such as solvent evaporation and nanoprecipitation, can be used to assembly polymeric NPs into nanocapsules and nanospheres339,343 . These NPs designs provide a stable environment for loading and delivering various cargos, including small drug molecules, proteins, and nucleic acids343 . Another important advantage of polymeric NPs includes the controlled and slow release of the drug at specific target sites. For instance, delivering a drug to the eye entails has many challenges because of the anatomy and physiology of the organ and requires special delivery systems.Several types of polymeric micelles have been developed for that purpose, including poly(lactic-co-glycolic acid) (PLGA) formulated with polyvinyl alcohol (PVA) to deliver drugs like bevacizumab, dexamethasone, and fenofibrate 344 . Moreover, polymeric NPs loaded with anti-cancer drugs are currently tested in the clinics and they are especially proven efficient for delivering chemotherapy drugs. For example, the poly(ethylene glycol)-b-poly(glutamic acid) (PEG-PGlu) nanocarrier incorporated with drug cisplatin in combination gemcitabine has enrolled into phase III clinical trials in patients with solid tumors 345 .

Figure 12 .

 12 Figure 12.Timeline of marketed inorganic nanomedicines (1974-2020).

Figure 13 .

 13 Figure 13.The top-down synthesis method of AGuIX NPs. The synthesis of AGuIX NPs can be subdivided into six main steps: a) synthesis of a gadolinium oxide Gd2O3 core, b) encapsulation in a polysiloxane shell, c) grafting with DOTAGA ligands, d) dissolving in water, e) dissolution of the gadolinium oxide Gd2O3 core, and f) polysiloxane fragmentation. Adapted from Mignot et al. (2013) 391 .

FITC

  and confocal microscopy to study the NPs uptake in mouse B16F10 skin melanoma cells and observed high accumulation of the NPs in the cytoplasm of targeted cells 400 . Several other studies evaluated simultaneously cellular uptake and viability after AGuIX treatment. For instance, Miladi et al. treated SQ20B squamous carcinoma cells with AGuIX conjugated to Cy5.5 fluorescence dye to study the cellular internalization by confocal microscopy and observed accumulation in the cytoplasm as well. They also used cell counting kit-8 (CCK8) proliferation assay to evaluate cellular viability and observed no cytotoxicity after 72 h of treatment with 0.6 mM AGuIX NPs 395 . The immunotoxicity effect was studied on murine primary dendritic cells and Jurkat human T lymphocyte cell line 401,402 . Briefly, dendritic cells extracted from the bone marrow of C57BL/6 mice were incubated with different concentration of AGuIX NPs and apoptosis was accessed by 7-amino-actinomycin D (7AAD) staining and flow cytometry. The consequent analysis demonstrated that AGuIX NPs induce no significant apoptosis at low concentrations with AGuIX NPs and LD50 (quantity required to kill 50% of cells) is close to 5 mM after 24 h of incubation 391 . Apoptosis of Jurkat human T lymphocytes treated with RITC-labeled AGuIX was accessed by FITC-annexin V and propidium iodide (PI) staining and demonstrated no cellular toxicity after NPs exposure 402 .2.2.2.2. Subcellular distribution. Transmission electron microscopy (TEM) images fromseveral independent studies demonstrated that AGuIX NPs are actively captured in endosomal vacuoles and accumulated into the cytoplasm of the targeted cells without penetrating the nuclear membrane397,399,403 . These results were confirmed with fluorescence-labeled AGuIX NPs and confocal microscopy399,400 . Co-localization studies performed on U87 cells with confocal microscopy revealed that after 20 h of incubation, Cy5.5-labeled AGuIX NPs are predominantly co-localized within lysosomes (Figure14 A, B, and C), but not in the mitochondrial region (Figure14 D, E, and F). Interestingly, no significant mitochondrial colocalization was observed after 37 h of incubation as well 399 . Similar observations were made on human SQ20B larynx carcinoma cells treated with Cy5.5-labeled AGuIX for 24 h 404 .

Figure 14 .

 14 Figure 14. The representative images highlighting the subcellular localization of Cy5.5-labeled AGuIX NPs within U87 cells. U87 cells were pretreated with Lysotracker-green (Figure 14 A, B, and C) or Mitotrackergreen (Figure 14 D, E, F) for 45 min before the incubation with 1 mM Cy5.5-labeled AGuIX NPs for 1 h. Adapted from Štefančíková et al. (2014) 399 .

  mostly induces base modifications, interstrand crosslinks, single-strand breaks (SSBs), and double-strand breaks (DSBs) 435 . As shown in Figure 15, depending on the type of DNA lesions, different DNA damage sensors and apical kinases are activated 434 . Particularly two members of the PIKK (phosphatidylinositol-3-kinase-related kinases) family, ATM (ataxiatelangiectasia mutated) and ATR (ATM and Rad3-related) coordinate a broad spectrum of cellular responses during DNA damage, including cell-cycle arrest, apoptosis, and senescence 435-437 .

Figure 15 .

 15 Figure 15. DNA-damage response pathways. Upon DNA damage, cells activate certain sensors, kinases, and effectors to mediate cellular apoptosis or checkpoint arrest. RPA, replication protein A; ATM, ataxia telangiectasia mutated; ATR, ataxia telangiectasia and Rad3-related; ATRIP, ATRinteracting protein; γ-H2AX, phosphorylation of the Ser-139 residue of the histone variant H2AX; MDC1, mediator of DNA damage checkpoint 1; 53BP1, p53-binding protein 1; CDC25, cell division cycle 25. Adapted from Sulli, Di Micco, and Di Fagagna (2012) 434 .

  H2A variant at serine 139, also known as -H2AX foci, which is a relevant biomarker for DNA DSBs444,451 . The formation of -H2AX foci is essential for the activation of cell-cycle arrest proteins and recruitment of the DNA damage signaling and repair proteins to the site of DSBs452,453 . Moreover, -H2AX foci are involved in the recruitment of cohesion proteins, which are necessary to hold together the broken sister chromatids and ensure postreplicational DNA repair 454 . Claspin can as well trigger cellular apoptosis and its inactivation is tightly associated with tumor progression 443 .

Figure 16 .

 16 Figure 16. Mechanism of ATM activation and its function in DNA damage response.
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 2321 cellular part) and ECM components (non-cellular). The cellular components include tumor cells, stromal cells including cancer-associated fibroblasts (CAF), endothelial cells, and immune cells, such as TAMs with the anti-inflammatory phenotype, tumor-associated neutrophils (TANs) with the N2 phenotype, MDSCs (myeloid-derived suppressor cells), mast cells, regulatory T cells (Tregs), and natural killer (NK) cells[474][475][476] . The non-cellular components of ECM include collagen, fibronectin, hyaluronan, and laminin474,477 . The TME is also enriched by soluble factors, such as growth factors, matrix metalloproteinases (MMPs), chemokines, enzymes, RNA, DNA, and metabolites476,477 . Depending on the immune responses the TME can be classified into two types, immune responsive "hot tumor", and immune-suppressive tumor "cold tumor"478,479 . Radiotherapy can turn the TME either into an immunostimulant or immunosuppressive phenotype and trigger a systemic effect of a local radiotherapy 480 . The consequent phenotype largely depends on the dose, timing, and fractionation pattern 481 . Indeed, the ionizing radiation mainly modulates the TME by killing cancer cells through distinct cell death modalities that can be cellautonomous (CAD), or non-cell-autonomous (NCAD) (Figure17) 482 . IR can also induce endothelial cell damage and hypoxic environment (Figure18)481,483 . Radiotherapy elicited cell death modalities. Radiotherapy can simultaneously induce CAD and NCAD in cancer cells482 . CAD is executed in a cell-autonomous manner and includes type I and type II cell death (or apoptosis, autophagic cell death, pyroptosis, and mitotic death), and type III cell death (or necrosis and necroptosis). Whereas NCAD is initiated after the engulfment of live cells by other living cells and classified as a type IV cell death (or emperipolesis, entosis, cannibalism, emperitosis, and phagoptosis) (Figure17)482,484 . Apoptosis is characterized by cytoplasmic shrinkage, reduction of cellular and nuclear volume (pyknosis), nuclear fragmentation (karyorrhexis), and plasma membrane blebbing485 . Morphological characteristics of autophagic cell death include the formation of large intracellular double-membraned vacuoles and activation of autophagic signaling pathways 486 . While pyroptotic cell death is defined by pore formation in the plasma membrane, that cause cell to swell, lyse, and release the cytosolic contents 487 . Premature or aberrant entry of cells into mitosis results in a mitotic catastrophe that is characterized by the accumulation of multiple micronuclei and multinucleated giant cells 488 . ( Necroptosis and necrosis exhibit similar morphological characteristics, such as quick swelling of the cells, plasma membrane rupture, and release of cell contents489,490 . Radiotherapy can also induce other CAD, such as methuosis and iron-dependent cell death 491 .

Figure 17 .Figure 18 .

 1718 Figure 17. Irradiation-induced cell-autonomous and non-cell-autonomous death.
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 23222323 HMGB1 and HSP70/90, which have immunostimulatory properties as well502 . HMGB1 binds to TLR4 receptor, expressed abundantly on the surface of DCs 509 . The interaction between HMGB1 and TLR4 leads to DCs maturation, enhanced phagocytosis, and crosspresentation of the tumor-antigens through MHC class I and class II molecules to specific T cells509,510 . HSPs function as antigen carriers (chaperoning) for APCs and provide a link between innate and adaptive immune systems511,512 . Complexes of HSP70/90 with antigenic peptides are recognized by the scavenger receptor CD91, expressed in CD11c + lineage-negative (lin -) DCs513,514 . The internalized antigens fuse with vesicles, where they undergo enzymatic processing followed by a presentation on MHC class peptides complexes511 . MHC I and II molecules present antigens to CD8 + and CD4 + T cells respectively, activating T-cell mediated anti-cancer immunity515,516 . Radiation-induced tumor immunogenicity. Several studies have shown that the efficacy of radiotherapy largely depends on its ability to activate antitumor adaptive immunity and increase tumor cell-specific T-cell infiltration 517 . Activation of the immunogenic responses also extent the local effect of RT outside the treated volume and cause rejection of distant metastatic tumors. These phenomena are commonly referred to as radiation-induced bystander and abscopal effects 518 . Initial observations demonstrated that mice deficient in functional type I IFN receptor showed increased tumor volume and low survival rate, suggesting that type I IFN signaling plays an important role in tumor development 519 . Further studies showed that RT increases antigen-specific T cells via intratumoral production of IFN-β 517 , which is released through the activation of the cyclic GMP-AMP synthase (cGAS)-STING cytosolic DNA sensing pathway 520 . cGAS-STING mediated type I IFN production is required for radiation-induced antitumor and abscopal responses 521 . Cytosolic DNA is rapidly degraded by the Trex1 enzyme 522 . Radiation controls Trex1 expression in a dose-dependent manner. A single dose between 12 d 18 Gy was sufficient to induce Trex1 expression and degrade cytosolic DNA, thus inhibit the activation of cGAS-STING pathway-dependent IFN-β production. However, radiation given in repeated doses below 12 Gy resulted in the accumulation of sufficient cytoplasmic DNA to activate the cGAS-STING pathway but not Trex1 520 . Thus, the level of cytosolic DNA is essential for the induction of type I INF-dependent antitumor immunity. Therapeutic effects of radiation therapy largely depend on the infiltration of anti-tumor T lymphocytes 523 . For instance, in murine experimental model of melanoma, the reduction of tumor or distant metastasis after ablative radiation therapy was dependent on the presence of CD8 + T cell 524 . Radiation can directly or indirectly impact CD8 + T cell infiltration. One of the direct ways include the genetic reprogramming of preexistent intratumoral immunosuppressive T cells into effector T cells that controls tumor growth 525 . While indirect ways include radiation-induced release of chemokines such as CXCL16 by cancer cells, which binds to CXCR6 on activated CD8 effector T cells and increase their migration into the TME 526 . Irradiation can also facilitate the cytotoxic T lymphocyte recognition of irradiated cells by up regulating the expression of MHC class I molecules 527and enhance their cytolytic capacities via Fas/Fas ligand pathway 528 . Endothelial damage. Blood vessels are made of three layers the tunica intima, media, and adventitia, while capillaries are made of single-layer endothelial cells, the tunica intima, which is particularly sensitive to radiotherapy 529 . Ionizing radiation induces endothelial damage by increasing ROS production, which leads to severe DNA and mitochondrial damage and apoptosis 530 . Endothelial cell apoptosis was studied on apoptosis-resistant acid sphingomyelinase (asmase)-deficient or Bax-deficient mice showed that microvascular damage is an important factor in the overall tumor response to radiation therapy 531 . Moreover, ionizing radiation induces apoptosis in a dose-dependent manner, which happens in a discrete wave after 6-10 h of irradiation 532 . The molecular pathway of endothelial cell apoptosis at higher radiation doses (> 5Gy) can be either p53or sphingomyelin /ceramide pathways-dependent530,533 . However, it was demonstrated that both single and fractionated (24 h interfraction interval) low doses (< 0.5 Gy) of X-ray irradiation do not affect viability and apoptosis of endothelial cells, instead, it changes cells phenotype and promotes endothelial cell activation534,535 .Endothelial activation is defined by a pro-inflammatory phenotype, which is characterized by expression of chemokines, such CCL2, cytokines, including TNF-α, IL-8, and IL-1, and adhesion molecules, like VCAM-1, ICAM-1, PECAM-1, E-selectin, and P-selectin535,536 .Endothelial activation is essential for the recruitment of circulating cells, which contribute to the inflammation process 535 . Radiation changes endothelial cell phenotypes by activating the stress-induced NF-κB signaling pathway via DSB and ATM signaling, oxidative stress, and the release of DAMPs 536,537 . Whereas, oxidative stress directly activates redox-sensitive transcription factors, including activator protein 1 (AP-1), NF-E2 related factor 2 (Nrf2), and NF-κB536,538 . DAMPs released from stressed and dying cells stimulate the receptors of endothelial cells and activate pro-inflammatory signaling pathways, such as NF-κB, MAPK, and IRF3536,539 . Inhibition of NF-κB signaling pathway specifically in mice endothelial cells resulted in reduction of adhesion molecules, pro-inflammatory cytokines, and chemokines 540 .
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 192331233223332334 Figure 19. Effect of radiation therapy over the innate immune system.

Figure 20 .

 20 Figure 20. Molecular mechanism of pro-inflammatory macrophage activation.

  from the radiation-enhancing effects, metal-based NPs can indirectly improve radiation therapy by targeting components of TME, such as DCs, CAF, and TAMs 608 . For instance, liposomes-coated gold nanocages (Lipos-AuNCs) modified with DCs specific antibody directed against aCD11c and loaded with adjuvant monophosphoryl lipid A and melanoma antigen peptide TRP2 were able to promote the activation and maturation of DCs and induce CD8 + T cell-based antitumor immune responses in B16-F10 prophylactic and lung metastasis models 609 . While in the pancreatic tumor xenograft model injection of SPION NPs conjugated to relaxin-2, an endogenous hormone, inhibited CAF differentiation from pancreatic stellate cells (PSCs) and reduced tumor growth 610 . Intravenously injected SPIO NPs followed by MRI imaging demonstrated that these NPs are preferentially internalized by TAMs within the TME 611 . Further investigations revealed that iron oxide NPs reduce tumor growth by attracting macrophages and reprogramming them from antiinflammatory to pro-inflammatory phenotype 612 . Despite the decades of in vitro and in vivo research demonstrating the efficient anti-tumor effect of the nanomedicine and radiotherapy combination, only two radio-enhancement NPs, Hafnium oxide known as NBTXR3 and gadolinium-based NPs or AGuIX, are currently studied in clinical trials 384 . NBTXR3 was tested in Phase II/III clinical trial involving 176 patients (87 in the NBTXR3 group and 89 in the radiotherapy alone group)with soft tissue sarcoma. The treatment plan involved a single intravenous injection of NPs, followed by fractionated external beam radiation therapy (EBRT), 50 Gy over 5 weeks (NCT02379845). This study showed that the combination of radiation therapy with NBTXR3 doubled the pathological complete response and had acceptable toxicity 613 .Currently, NBTXR3 efficiency is evaluated in other cancer types, including head and neck cancer in patients not eligible for chemotherapy (NCT01946867) and in combination with chemotherapy (NCT02901483), in prostate adenocarcinoma (NCT02805894), in hepatocellular carcinoma and liver metastasis (NCT027721056). Nanobiotix is currently recruiting patients with recurrent head and neck squamous cell carcinoma, lung or liver metastasis for Phase I clinical trial, to evaluate the safety of intratumoral injection of NBTXR3 in combination with stereotactic ablative radiotherapy (SABR) and anti-PD-1 therapy (NCT03589339)614 . Clinical trials involving AGuIX NPs have been explained in previous sections.TAMs that are detected in the TME and mainly exhibit anti-inflammatory functions that promote tissue repair, angiogenesis, tumor invasion and metastasis. TAMs also contribute to immunosuppression in the TME by releasing cytokines, chemokines, and by expressing specific receptors that modulate functions of multiple immune cells, including CD8+ and CD4+ T cells, Tregs, DCs, NK, and MDSCs. However, TAMs are highly plastic cells and can be functionally reprogrammed into a pro-inflammatory phenotype that favors antitumor immune responses. The increasing studies have demonstrated that radiation therapy modulates TAMs phenotype. The effect of IR on immune cells depends on various parameters, including the source of irradiation, dose, and fractionation schedule. Our previous research demonstrated that low doses of X-rays triggers the macrophage phenotypic conversion from anti-inflammatory to pro-inflammatory phenotype by inducing severe DNA damage that triggers DDR directed by ATM kinase. Further experiments revealed that ATM activation is required for mRNA expression and post-translational modifications of IRF5. Thus, our results showed that induction of DNA damage favors proinflammatory macrophage activation.Metallic NPs containing high-Z atoms can be used to amplify the dose deposition of IR and improve the effect of radiotherapy. Several metal-based NPs, including gadolinium-based metallic NPs AGuIX (activation and guiding of irradiation by X-ray), have been widely used as MRI contrast agents in the clinic and have been shown to concentrate predominantly at tumor sites due to the enhanced permeability and retention effect. Upon exposure to IR, AGuIX produces photoelectrons, Auger electrons, and free radicals that cause widespread biomolecular damages, including DNA double-stranded breaks. Although the AGuIX has been proven to act as an efficient radiosensitizer and shown to induce strong anti-tumor responses in combination with radiation therapies, the impact of their combination on immune cells is poorly understood. Thus, ultimate goals of this Ph.D. thesis are to evaluate whether AGuIX NPs in combination with IR can activate DDR in TAMs and enhance radiation-induced macrophage activation. We are also aimed to identify key molecular players that control DDR in macrophages and broaden our knowledge in new therapeutic strategies that can be used to re-educate TAMs.

  damage in TAMs and strengthen their ability to be converted into pro-inflammatory macrophages in response to IR. Using fluorescent microscopy, we first studied the induction of DNA double-strand breaks in phorbol-12-myristate13-acetate (PMA)-differentiated human THP1 macrophages that were exposed to a single dose of 0.2 Gy in presence of different concentrations of AGuIX. As expected, thirty minutes after IR, nuclear foci containing the phosphorylated form of the histone variant H2AX on serine 139 (H2AXS139*) (also known as -H2AX + foci) are detected in treated macrophages (Figures1A-1C). Moreover, the combination of IR with 200 nM AGuIX significantly enhanced the frequency of macrophages

  ), we then studied the impact of AGuIX and their combination with IR on macrophage functional reprogramming. Using fluorescent microscopy, we first determined the expression level of a pro-inflammatory marker of macrophage activation, the inducible nitric oxide synthase (iNOS) on PMA-differentiated human THP1 macrophages that were irradiated with 0.2 Gy in combination with different concentrations of AGuIX. Although PMA-treated human THP1 macrophages that were treated with 100 nM or 200 nM of AGuIX and/or irradiated with 0.2 Gy did not exhibit an increased expression of iNOS at 2 hours after irradiation, the frequency of iNOS + macrophages significantly increased after 48 hours in presence of 100 nM or 200 nM AGuIX alone, 0.2 Gy irradiation or the combination of 200 nM AGuIX with 0.2 Gy irradiation (Figures 2A-

2

 2 Gy and with indicated concentrations of AGuIX. After 1 hour treatment, we detected the expression of the translocase of the outer mitochondrial membrane 20 (TOM20) by confocal microscopy and observed that single dose 0.2 Gy and treatments with 100 nM, 200 nM, 0.6 mM or 1.2 mM AGuIX led to the accumulation of shortened, rounded, fragmented mitochondria in treated PMA-differentiated THP1 macrophages (Figures 3A-3E), as compared to control PMA-differentiated THP1 macrophages. We demonstrated that the frequency of PMA-differentiated THP1 macrophages showing mitochondrial fragmentation increases in dose-dependent manner with AGuIX concentrations (Figures 3F and

  reprogramming of macrophages induced by IR, AGuIX and combined treatment. PMAdifferentiated THP1 macrophages were treated with 0.2 Gy single dose irradiation and 200 nM AGuIX in presence of 10 M AMPK inhibitor Dorsomorphin (DRS) and analyzed for AMPKT172* after 1 hour treatment. As previously shown (Figure 3H), IR and AGuIX induced AMPKT172* phosphorylation and IR+AGuIX combination strongly enhanced AMPKT172* phosphorylation (Figure 4A). The pharmacological inhibition of AMPK with Dorsomorphin strongly impaired AMPKT172* phosphorylation (Figure 4A) and the upregulation of IRF5 expression (Figure 4B) that were detected respectively 1 and 48 hours after 0.2 Gy single dose irradiation of PMA-differentiated THP1 macrophages in presence of 200 nM AGuIX. These results suggested that AMPK activation plays a central role during IR-, AGuIX-, IR+AGuIX-mediated activation of anti-inflammatory macrophages toward a pro-inflammatory phenotype. To further characterize effects of AMPK on the pro-inflammatory reprogramming of macrophages in response to IR alone, AGuIX alone or AGuIX+IR combination, we then analyzed effects of the genetic depletion of AMPK 2, which is a catalytic subunit isoform of the serine/threonine kinase AMPK (25), on the mitochondrial fragmentation, the induction of ATMS1981* phosphorylation and the upregulation of IRF5 that were detected 1 hour (for mitochondrial fragmentation) and 48 hours (for ATMS1981* and IRF5) after 0.2 Gy single dose irradiation of PMA-differentiated THP1 macrophages in presence of 1.2 mM AGuIX. The specific depletion of AMPK 2 by means of small interfering RNA (Figure 4C) significantly reduced the frequency of treated macrophages showing fragmented mitochondria (Figures 4D and

  antibody from EMD Millipore (Billerica, MA, USA), anti-phospho-ATM (Ser1981*) (#GTX132146) from Genetex (Irvine, USA), anti-iNOS (#3523) antibody from Abcam (Cambridge, UK), anti-Tom20 (F-10) (#sc-17764) antibody from Santa Cruz Biotechnology (Oregon, USA). Antibodies used for immunoblots were anti-phospho-ATM (Ser1981) (10H1.E12) (#4526), anti-ATM (D2E2) (#2873), anti-phospho-AMPKα (Thr172) (40H9) (#2535), anti-AMPKα (#2532) antibodies from Cell Signaling Technology, anti-IRF5 (#ab21689), anti-beta Actin HRP [AC-15] (#ab49900), anti-IL 1 Beta (#ab2105) antibodies from Abcam, anti-AMPKα2 (#AF2850), anti-IL6 (RD#AB-206-NA) antibodies from R&D Systems (Minneapolis, MN, USA).

  ) siRNA (M-005361-02-0005) against AMPK alpha-2 and siGENOME non-targeting siRNA Pool #1 (D-001206-13-05) as control were purchased from Dharmacon (Lafayette, CO, USA). Sequences of SMARTpool siGENOME Human PRKAA2 (5563) siRNA are as follows: siRNA-1: The siRNAs used as a control were siGENOME made of a pool of four on-target plus non-targeting siRNAs. PMA-differentiated THP1 macrophages were transfected by double-shot transfection method with Lipofectamine RNAi max (#13778150, Life Technologies, Illkrich, France) according to the manufacturer's instructions.

Fluor- 546

 546 red (Life Technologies, Illkrich, France) (at a dilution 1:500) and Hoechst 33342 for nuclei (Thermo Fisher Scientific) (at a dilution 1:1000) diluted in 10% FBS in DPBS 1X (Gibco) for 30 min at room temperature. The samples were then washed three times and mounted with Fluoromount-G (SouthernBiotech, Birmingham, AL, USA) on microscope slides (Thermo Fisher Scientific). The quantification of cells (from minimum 300 cells from at least independent 5 fields for each condition) were performed with Leica DMI8 fluorescent microscopy (Leica Microsystems, Nanterre, France) using a 63X oil objective. For representative images illustration in the figures, cells from different conditions were acquired by confocal microscopy (SP8, Leica) by hybrid detectors (pinhole airy: 0.6; pixel size: 180 nm)
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 12 Figure 1. AGuIX alone and combined treatment with ionizing radiation induces DNA damage and DNA damage response in macrophages. (A, B) Confocal microscopy images of not activated phorbol-12-myristate-13-acetate (PMA)-differentiated human THP1 macrophages showing -H2AX + foci detected after 30 minutes of treatment with control, 100 nM AGuIX, 0.2 Gy single-dose irradiation, 100 nM AGuIX combined with 0.2 Gy single-dose irradiation (A) or (B) control, 200 nM AGuIX, 0.2 Gy single-dose irradiation, 200 nM AGuIX combined with 0.2 Gy single-dose irradiation are shown (scale bar, 5 μm). Images are representative from 3 independent experiments. (C) Percentage of -H2AX + foci detected on PMA-differentiated human THP1 macrophages after 30 minutes, 1 hour, 2 hours or 48 hours of treatment with control, 100 nM AGuIX, 200 nM AGuIX, 0.2 Gy single-dose irradiation, 100 nM AGuIX combined with 0.2 Gy single-dose irradiation, or 200 nM AGuIX combined with 0.2 Gy single-dose irradiation at corresponding time points are shown. (D, E) Representative confocal microscopy images of PMA-differentiated human THP1 macrophages from three independent experiments showing -H2AX + foci detected 1 hour after treatment with (D) control, 0.6 mM AGuIX, 0.2 Gy single-dose irradiation, 0.6 mM AGuIX combined with 0.2 Gy single-dose irradiation or (E) control, 1.2 mM AGuIX, 0.2 Gy single-dose irradiation, 1.2 mM AGuIX combined with 0.2 Gy single-dose irradiation are illustrated (scale bar, 5 μm). (F, G) Percentage of -H2AX + foci cells detected on PMA-differentiated human THP1 macrophages at 1 hour, 2 hours or 24 hours (F) or detected on murine RAW264.7 macrophages at 1 hour (G) after treatments with control, 0.6 mM AGuIX, 1.2 mM AGuIX, 0.2 Gy singledose irradiation, 0.6 mM AGuIX combined with 0.2 Gy single-dose irradiation, or 1.2 mM AGuIX combined with 0.2 Gy single-dose irradiation. (H) ATMS1981* and ATM expressions that have been detected in PMA-differentiated human THP1 macrophages after 30 minutes treatment with control, 100 nM AGuIX, 200 nM AGuIX, 0.2 Gy single-dose irradiation, 100 nM AGuIX combined with 0.2 Gy single-dose irradiation, or 200 nM AGuIX combined with 0.2 Gy single-dose irradiation. Representative immunoblot is shown. Actin is used as loading control. (I) Percentage of ATMS1981* + cells detected on murine RAW264.7 macrophages treated as in (G). Data are means ± S.E.M from three independent experiments. P-values (****P< 0.0001, ***P< 0.001 and *P<0.05) were calculated by using two-way ANOVA test (for C and F) and one-way ANOVA test (for G and I).
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 261233 Figure 2. AGuIX alone and combined treatment with ionizing radiation activates macrophages toward a pro-inflammatory phenotype. (A, B) Confocal microscopy images of not activated PMA-differentiated human THP1 macrophages expressing iNOS detected after 48 hours of treatment with (A) control, 100 nM AGuIX, 0.2 Gy single-dose irradiation, 100 nM AGuIX combined with 0.2 Gy single-dose irradiation or (B) control, 200 nM AGuIX, 0.2 Gy single-dose irradiation, 200 nM AGuIX combined with 0.2 Gy single-dose irradiation are shown (scale bar, 5 μm). Images are representative from 3 independent experiments. (C) Percentage of iNOS + cells detected on PMA-differentiated human THP1 macrophages after 30 minutes, 1 hour, 2 hours or 48 hours of treatment with control, 100 nM AGuIX, 200 nM AGuIX, 0.2 Gy single-dose irradiation, 100 nM AGuIX combined with 0.2 Gy single-dose irradiation, or 200 nM AGuIX combined with 0.2 Gy single-dose irradiation at corresponding time points are shown. (D, E) Representative confocal microscopy images of PMAdifferentiated human THP1 macrophages from three independent experiments showing iNOS + cells detected 24 hours after treatment with (D) control, 0.6 mM AGuIX, 0.2 Gy single-dose irradiation, 0.6 mM AGuIX combined with 0.2 Gy single-dose irradiation or (E) control, 1.2mM AGuIX, 0.2 Gy single-dose irradiation, 1.2 mM AGuIX combined with 0.2 Gy singledose irradiation are illustrated (scale bar, 5 μm). (F) Percentage of iNOS + cells detected on PMA-differentiated human THP1 macrophages after 1 hour, 2 hours or 24 hours treatment with control, 0.6 mM AGuIX, 1.2 mM AGuIX, 0.2 Gy single-dose irradiation, 0.6 mM AGuIX combined with 0.2 Gy single-dose irradiation, or 1.2 mM AGuIX combined with 0.2 Gy singledose irradiation. (G-I) IRF5 expression (G, H) and secretion of IL-1 and IL6 (I) detected after 48 hours treatment of PMA-differentiated human THP1 macrophages with control, 100 nM AGuIX, 200 nM AGuIX, 0.2 Gy single-dose irradiation, 100 nM AGuIX combined with 0.2 Gy single-dose irradiation, or 200 nM AGuIX combined with 0.2 Gy single-dose irradiation (G, I) or with control, 0.6 mM AGuIX, 1.2 mM AGuIX, 0.2 Gy single-dose irradiation, 0.6 mM AGuIX combined with 0.2 Gy single-dose irradiation, or 1.2 mM AGuIX combined with 0.2 Gy single-dose irradiation (H). Representative immunoblots are shown. Actin is used as loading control. Data are means ± S.E.M from three independent experiments. P-values (****P< 0.0001, ***P< 0.001,**P< 0.01 *P<0.05) were calculated by using two-way ANOVA test.

Figure 4 .

 4 Figure 4. AMPK is required for mitochondrial fragmentation and pro-inflammatory reprogramming of macrophages induced by AGuIX alone and their combination with ionizing radiation. (A, B) AMPK172* (A), AMPK (A) and IFR5 (B) expressions after, respectively, 1 hour and 48 hours of culture of not activated PMA-differentiated human THP1
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 51 Figure 5. Proposed model for the roles of AMPK and mitochondrial fragmentation in the pro-inflammatory macrophage reprogramming detected in response to IR, AGuIX alone and AGuIX+ IR combination.

Scheme 1 .

 1 Scheme 1. Proposed mechanism of AGuIX NPs alone and in combination with X-ray radiation-induced proinflammatory macrophage polarization.

Figure 1

 1 Figure 1 Irradiation activates macrophages toward pro-inflammatory phenotype.(a) Colorectal HCT116 cells were injected subcutaneously (4 × 10 6 cells per mouse) into immunodeficient mice and tumor growth was monitored. Results are expressed as mean value ± S.E.M. P-value ( δδ Po0.01) was calculated by means of two-way ANOVA test. (b-e) Representative confocal micrographs and frequencies of iNOS + CD11b + (b, c) or γ-H2AX + CD11b + (d, e) tumor-associated macrophages detected in absence or after 20 Gy single-dose irradiation are shown (scale bar, 20 μm). Representative iNOS + CD11b + or γ-H2AX + CD11b + macrophages are shown in inserts (scale bar, 5 μm). Results are expressed as mean value ± S.E.M. P-value (*Po0.05) was calculated using Mann-Whitney U-test. (f-h) Representative confocal micrographs and frequencies of phorbol-12myristate-13-acetate (PMA)-differentiated human THP1 macrophages showing γ-H2AX + nuclear foci (f, g) or expressing iNOS (iNOS + ) (f, h) in control cells or 24 h after 2 Gy irradiation are shown (scale bar, 20 μm). Representative γ-H2AX + nuclear foci or iNOS expressing macrophages are shown in inserts (scale bar, 5 μm). Results are expressed as mean value ± S.E.M. P-values (***Po0.001, ****Po0.0001) were calculated using unpaired Student's t-test. (i-k) IRF5 expression after, respectively, 96, 96 and 6 h culture of PMA-differentiated human THP1 macrophages (i), hMDM (j) or murine RAW264.7 macrophages (k) that have been irradiated (or not) with indicated doses. Representative immunoblots are shown. GAPDH is used as loading control. (l) Murine RAW264.7 macrophages that have been irradiated (or not) with 2 Gy were immunoprecipitated 6 h post irradiation for IRF5 and phopsho-serine (pSer), and analyzed for IRF5 and pSer expressions. Inputs were analyzed for IRF5, pSer, ATMS1981*, ATM and GAPDH. (m, n) Detection of IL-1β and IL-8 release in the supernatants of hMDM (m) or murine RAW264.7 macrophages (n) that have been irradiated (or not) with indicated doses. Representative immunoblots are shown. (o-r) TNFα, IFNγ, IL-6 and IL-23 mRNA expressions on PMA-differentiated THP1 macrophages that have been irradiated (or not) with 2 Gy were determined by quantitative real-time PCR. Results are expressed as mean value ± S.E.M. and represented as fold change as compared to controls. P-values (*Po0.05, **Po0.01) were calculated using unpaired Student's t-test.(s, t) Detection of cytokine secretion in the supernatants of hMDMs that have been treated (or not) with 4 Gy irradiation. Array images were captured following 1-10 min exposures to peroxidase substrate (s). Relative levels of cytokines detected in the supernatants of irradiated macrophages as compared to those detected in non-irradiated macrophages are revealed as fold change of arbitrary units. Pro-inflammatory and pro-tumorigenic cytokines and chemokines are indicated (t). Data are representative of three independent experiments performed with primary human macrophages obtained from three healthy representative donors

Figure 2

 2 Figure 2 ATM activation controls IRF5 transcriptional expression and IR-induced pro-inflammatory macrophage phenotype.(a) Representative confocal micrographs of phorbol-12-myristate-13-acetate (PMA)-differentiated human THP1 macrophages showing γ-H2AX + or 53BP + foci following 2 Gy single-dose irradiation are shown (scale bar, 20 μm). Scale bar of inserts is 5 μm. (b, c) Frequencies of γ-H2AX + (b) or 53BP + (c) nuclear foci in PMA-differentiated human THP1 macrophages after 2 Gy single-dose irradiation are shown at indicated times. (d-f) Representative confocal micrographs and frequencies of murine RAW264.7 macrophages showing γ-H2AX + nuclear foci (d, e) or AMTS1981* phosphorylation (ATMS1981* + ) (d, f), in control cells or 1 h after 2 Gy single-dose irradiation are shown (scale bar, 20 μm). Representative γ-H2AX + nuclear foci and ATMS1981* + macrophages are shown in inserts (scale bar, 5 μm). Results are expressed as mean value ± S.E.M. P-values (*Po0.05, **Po0.01, ***Po0.001, ****Po0.0001) were calculated using unpaired Student's t-test. (g, h) ATMS1981*, ATM and IRF5 expression after, respectively, 96 and 6 h culture of hMDM (g) or murine RAW264.7 macrophages (h) that have been irradiated (or not) with indicated doses are determined. Representative immunoblots are shown. Actin is used as loading control. (i-l) Representative confocal micrographs and frequencies of ATMS1981* + CD68 + (i, j) or iNOS + CD68 + (k, l) macrophages that have been detected in absence or after 45 Gy total dose of fractionated irradiation on tumor samples obtained from locally advanced rectal cancer patients are shown (scale bar, 20 μm; scale bar of insert, 5 μm). Results are expressed as mean value ± S.E.M. P-value (*Po0.05) was calculated using Mann-Whitney U-test. (m, n) ATMS1981*, ATM and IRF5 expression after, respectively, 6 and 96 h culture of murine RAW264.7 macrophages that have been depleted for ATM (m) or hMDM that have been treated with 20 μM of KU55933 (n) and irradiated (or not) with 2 Gy (m) or 4 Gy (n) are shown. Representative immunoblots are shown. GAPDH (or actin) is used as loading control. (o) ATMS1981*, ATM and IRF5 expression after 6 h culture of murine RAW264.7 macrophages that have been treated with 10 μM of Olaparib and irradiated (or not) with 2 Gy are shown. Representative immunoblots are shown. GAPDH is used as loading control. (p) IRF5 mRNA expression on PMA-differentiated human THP1 macrophages that have been depleted for ATM and irradiated (or not) with 2 Gy was determined by quantitative real-time PCR. Results are expressed as mean value ± S.E.M. and represented as fold change as compared to controls. P-values (***Po0.001 and ****Po0.0001) were calculated using one-way ANOVA test. Quantification of western blot bands are shown in Supplementary Figure 4

Figure 3

 3 Figure 3 Classical macrophage activation is dependent on ATM. (a-c) Representative confocal micrographs and frequencies of murine RAW264.7 macrophages showing γ-H2AX + nuclear foci (a, b) or ATMS1981* phosphorylation (ATMS1981* + ) (a, c) in control cells or after 24 h treatments with 20 ng/ml of recombinant murine IFN-γ (mIFN-γ), 100 ng/ml of lipopolysaccharide (LPS) or 10 μM of cisplatinium (CDDP) are shown (scale bar, 20 μm). Representative macrophages with ATMS1981* + and γ-H2AX + nuclear foci are shown in inserts (scale bar, 5 μm). Results are expressed as mean value ± S.E.M. P-values (*Po0.05, **Po0.01, ***Po0.001) were calculated using unpaired Student's ttest. (d-i) ATMS1981*, ATM and IRF5 expressions after 24 h culture of PMA-differentiated human THP1 macrophages (d, f, g) or murine RAW264.7 macrophages (e, h, i) that have been treated (or not) with 20 ng/ml of recombinant human IFN-γ (IFN-γ) (d), 20 ng/ml of recombinant murine IFN-γ (mIFN-γ) (e), 100 ng/ml of LPS (f), 10 μM of CDDP (g, h) or 200 ng/ml of neocarzinostatin (NCZ) (i) are determined. Representative immunoblots are shown. GAPDH is used as loading control. (j-n) ATMS1981*, ATM and IRF5 expressions after, respectively, 24 h culture of murine RAW264.7 macrophages (j, l, m), PMA-differentiated human THP1 macrophages (κ) or hMDMs (n) that have been incubated with 10 μM of Olaparib (j), with 20 μM of KU55933 (k, l) or depleted for ATM (m, n) and treated (or not) with 20 ng/ml mIFN-γ (for RAW264.7 macrophages) (j, l, m), 20 ng/ml human IFN-γ (for PMA-differentiated human THP1 macrophages) (κ) or 4 μg/ml of human IFN-γ (for hMDM) (n) are evaluated. Representative immunoblots are shown. Actin (or GAPDH) is used as loading control. Quantification of western blot bands is shown in Supplementary Figure 4

Figure 4

 4 Figure 4 Reactive oxygen species are involved in IR-induced pro-inflammatory macrophage activation.(a-d) Murine RAW264.7 macrophages treated with 1 μg/ml of NAC were stimulated with 2 Gy single-dose irradiation (a, b) or 20 ng/ml mIFN-γ (c, d), stained with H 2 DCFDA and analyzed by flow cytometry. Representative flow cytometry analysis and quantifications of geometric mean fluorescence intensity (MFI) are shown. Data are presented as means ± S.E.M. in b and d panels. Significances are *Po0.05, ***Po0.001 and ****Po0.0001, and were obtained using one-way ANOVA test. (e, f) ATMS1981*, ATM and IRF5 expressions after, respectively, 6 and 24 h culture of murine RAW264.7 macrophages that have been incubated with 1 μg/ml of NAC and irradiated with 2 Gy single dose (e) or treated with 20 ng/ml mIFN-γ (f) were determined. Representative immunoblots are shown. GAPDH (or actin) is used as loading control. (g) ATMS1981*, ATM and IRF5 expressions after 48 h culture of PMA-differentiated human THP1 macrophages that have been incubated with 10 μM of MnTBAP and irradiated with 8 Gy single dose were determined. Representative immunoblots are shown. GAPDH is used as loading control. Quantification of western blot bands are shown in Supplementary Figure 5

Figure 5

 5 Figure 5 NOX2-dependent ROS production is involved in the pro-inflammatory macrophage activation. (a-e) NOX2 and IRF5 expressions after, respectively, 96 and 6 h culture of PMA-differentiated human THP1 macrophages (a) or murine RAW264.7 macrophages (d) that have been irradiated (or not) with indicated doses (a and d); or 24 h culture of hMDM with 4 μg/ml of human IFN-γ (b), PMA-differentiated human THP1 macrophages with 20 ng/ml of human IFN-γ (c) or murine RAW264.7 macrophages with 20 ng/ml of mIFN-γ (e) were determined. Representative immunoblots are shown. GAPDH and actin were used as loading control. (f, g) Representative confocal micrographs and frequencies of NOX2 + CD68 + tumor-associated macrophages detected in absence or after 45 Gy total dose of fractionated irradiation on tumor samples obtained from locally advanced rectal cancer patients are shown (scale bar, 20 μm; scale bar of insert, 5 μm). Results are expressed as mean value ± S.E.M. P-value (*Po0.05) was calculated using Mann-Whitney U-test. (h-k) Murine RAW264.7 macrophages treated with 200 nM of DPI and irradiated with 2 Gy single dose (h, i) or stimulated with 20 ng/ml mIFN-γ (j, k) stained with H 2 DCFDA and analyzed by flow cytometry. Representative flow cytometry analysis and quantifications of geometric MFI are shown. Data are presented as means ± S.E.M. in i and k panels. Significances are *Po0.05, **Po0.01 and ****Po0.0001, and were obtained using one-way ANOVA test. (l-o) ATMS1981*, ATM and IRF5 expressions after, respectively, 6 and 24 h culture of murine RAW264.7 macrophages that have been incubated with 200 nM of DPI (l, m) or depleted for NOX2 (n, o) and irradiated with 2 Gy single dose (l, n) or treated with 20 ng/ml mIFN-γ (m, o) were determined. Representative immunoblots are shown. GAPDH and actin were used as loading control. Quantification of western blot bands are shown in Supplementary Figure 6

Figure 6

 6 Figure 6 The perturbation of NOX2/ATM-dependent signaling pathway is associated with poor tumor response to radiation therapy.(a) Densities of CD68 + tumor-infiltrating macrophages detected on biopsies of human rectal tumor samples from good responders (n = 29) and bad responders (n = 27) to neoadjuvant radiation therapy were analyzed. Data are presented as means ± S.E.M. (b) Representative confocal micrographs and frequencies of ATMS1981* + CD68 + (b, c), iNOS + CD68 + (d, e) or NOX2 + CD68 + (f, g) tumorassociated macrophages detected in good responders (n = 29) and bad responders (n = 27) to neoadjuvant radiation therapy are shown (scale bar, 20 μm). Representative ATMS1981* + CD68 + , iNOS + CD68 + or NOX2 + CD68 + macrophages are shown in inserts (scale bar, 5 μm). Results are expressed as mean value ± S.E.M. P-values (**Po0.01 and ***Po0.001) were calculated using Mann-Whitney U-test

  Paoletti et al. identified a constitutive interaction between NLRP3 and P2Y2 that regulates HIV-1 entry into target cells. They revealed that NLRP3 represses viral entry by impairing F-actin reorganization. HIV-1 overcomes this host cellular resistance by inducing NLRP3 degradation through the activation of P2Y2-dependent signaling pathway. INTRODUCTION Although the stimulation of innate immunity with vaccine adjuvants has been extensively and efficiently harnessed for the control of major infectious diseases (such as diphtheria, tetanus, and poliomyelitis), the cellular and molecular mechanisms that orchestrate immune responses against pathogens remain largely elusive, especially with respect to the early steps of infection. Immune sensing of HIV-1 by pathogen recognition receptors (PPRs) and cytoplasmic DNA sensors may partially hinder Cell Reports 28, 3381-3394, September 24, 2019 ª 2019 The Author(s). 3381 This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Figure 1 .

 1 Figure 1. NLRP3 and P2Y2 Interaction Is Enhanced during HIV-1 and SIV Infections

  (A) Immunoprecipitations were performed in THP1 cells after 3 h of X4-tropic HIV-1 NL4-3 infection and analyzed by western blot. The asterisk indicates an unspecific band. Representative western blots of three independent experiments are shown. See also Figure S1A. (B-D) Confocal microscopy images of NLRP3 (B and C), gp120 (B), and P2Y2 (C) polarizations during HIV-1-infected and uninfected lymphocyte interactions. Images are representative of three different donors. The frequency of NLRP3 polarization (D) is shown. Data are presented as means ± SEM, and significance is ****p % 0.0001 (n = 366 virological synapses from 3 independent experiments), unpaired Mann-Whitney test.

(

  E and F) PLA between P2Y2 and NLRP3 (E) and frequencies of positive signals (F) detected on interacting HIV-1-infected and uninfected lymphocytes are shown. The image is representative of three different donors. Data are presented as means ± SEM, and significance is *p % 0.05 (n = 29 virological synapses from three independent experiments), unpaired Mann-Whitney test. (G) Fluorescence intensities of NLRP3 in HIV-1-infected and uninfected lymphocytes obtained from confocal microscopy are shown a three-dimensional (3D) Z-projection. Representative experiment of three different donors is shown. (H and I) PLA between P2Y2 and NLRP3 (H) and frequencies of positive signals detected on ileum sections (I) obtained from SIV mac251 -infected and uninfected Macaca fascicularis are shown. Images are representative of four SIV mac251 -infected and three uninfected Macaca fascicularis. Data are presented as means ± SEM, and significance is ****p % 0.0001 (n = 3 uninfected, n = 4 uninfected), unpaired Mann-Whitney test. (J and K) PLA between P2Y2 and NLRP3 (J) and frequencies of positive signals detected on brain autopsies (K) from HIV-1-infected and uninfected individuals are shown. Images are representative of nine HIV-1-infected and two uninfected donors. Data are presented as means ± SEM, and significance is **p % 0.01 (n = 2 uninfected, n = 9 infected), unpaired Mann-Whitney test. (L and M) PLA between P2Y2 and NLRP3 (L) and frequencies of positive signals (M) detected during MDMs infection are shown. The image is representative of three different donors. Data are presented as means ± SEM, and significance is ****p % 0.0001 (n = 1,075 and 1,133 for uninfected and HIV-1 BaL infected MDMs, respectively), unpaired Mann-Whitney test. See also Figure S1.CellReports 28, 3381-3394, September 24, 2019 3383 
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 2 Figure 2. NLRP3 Inflammasome Activation Impairs HIV-1 Entry (A and B) HIV-1 CAp24 content in cell supernatant analyzed by ELISA at 3 and 6 days (A) and intracellular CAp24 analyzed by flow cytometry at 6 days (B) after R5-tropic HIV-1 BaL infection of LPS-or MSU-treated MDMs. Data obtained from n = 3 independent experiments are presented in (A) as means ± SEM. Significance levels are **p % 0.01, ***p % 0.001, and ****p % 0.0001, unpaired Mann-Whitney test. Representative flow cytometry analyses of three independent experiments are shown in (B). (C and D) Intracellular CAp24 analyzed by western blot and the corresponding quantifications of control or MSU-treated MDMs that were infected for 6 h with R5-tropic HIV-1 AD8 (C) or HIV-1 VSV-G (D). Representative western blots from three independent donors are shown. Data are obtained from three independent experiments presented as means ± SEM. Significance levels are **p % 0.01 (n = 3 donors), unpaired t test. (E) The number of copies of early reverse transcripts of HIV-1 (HIV-1 ERT) analyzed by qPCR in MDMs pretreated with 100 mM MSU for 18 h and infected for 6 h with HIV-1 AD8 in the presence of MSU. ERT data were determined for three donors at 24 h after infection. Significance is *p % 0.05 (n = 3 donors), Wilcoxon signed rank test. See also Figures S2A, S2B, and S2C.

Figure 3 .

 3 Figure 3. NLRP3 Inhibits HIV-1 Entry by Repressing F-Actin Polymerization (A) HIV-1 CAp24 in cell supernatant analyzed by ELISA of control and NLRP3-depleted MDMs infected with HIV-1 AD8 after 6 and 11 days of infection. Data are presented as means ± SEM, and significance levels are *p % 0.05 and ****p % 0.0001 (n = 3 independent donors), unpaired Mann-Whitney test. See also Figure S3A. (B and C) HIV-1 CAp24 in cell supernatant analyzed by ELISA of control and NLRP3-depleted THP1 monocytes infected with X4-tropic HIV-1 NL4-3 (B) and R5-tropic HIV-1 AD8 (C) after 6 and 12 days of infection. Data are presented as means ± SEM, and significance is ****p % 0.0001 (n = 3 independent experiments), unpaired t test. See also Figure S3B. (D and E) HIV-1 CAp24 in cell supernatant analyzed by ELISA of control and NLRP3-depleted CEM-SS T cells infected with X4-tropic HIV-1 NL4-3 (D) and R5-tropic HIV-1 AD8 (E) after 6 and 12 days of infection. Data are presented as means ± SEM, and significance is ****p % 0.0001 (n = 3 independent experiments), ANOVA test. See also Figure S3C. (F) Intracellular CAp24 analyzed by western blot in control and NLRP3-depleted MDMs, which were infected for 6 h with R5-tropic HIV-1 AD8 . Representative western blots of three independent donors are shown. See also Figures S3D and S3K. (G and H) Intracellular HIV-1 CAp24 analyzed by western blot in control and NLRP3-depleted THP1 cells infected for 6 h with X4-tropic HIV-1 NL4-3 (G) or HIV-1 NL4-3DEnv pseudotyped with VSV-G envelope (H). Representative western blots of three independent experiments are shown. (I) Confocal microscopy images of HIV-1 entry (detected with CAp24 and Vpr-GFP signals) in THP1 macrophages control and depleted for P2Y2 (shP2Y2) or for NLRP3 (shNLRP3-1 and 2) and infected for 6 h with R5-tropic HIV-1 AD8-Vpr-GFP in the presence or absence of latrunculin B (10 mM). Dashed lines indicate the cellular perimeters. The corresponding F-actin polymerization staining (with phalloidin) is shown in Figure S3L. Images are representative of three independent experiments. (J) Cell percentage of HIV-1 AD8-Vpr-GFP and F-actin polymerization positive cells determined by confocal microscopy as shown in (I) and in Figure S3L. Data obtained from three independent experiments are presented as means ± SEM (n = 300 cells). Significance levels are *p % 0.05 and ****p % 0.0001, ANOVA test. (K) NLRP3, PYK2Y402*, PYK2, and intracellular CAp24 analyzed by western blot of control and NLRP3-depleted THP1 macrophages pretreated 18 h with AR-C118925XX (100 mM) and infected with R5-tropic HIV-1 AD8 for 6 h treated in the presence of the drug. Western blots are representative of three independent experiments.

Figure 4 .

 4 Figure 4. NLRP3 Expression Is Decreased during the Early Steps of HIV-1 Infection (A-C) NLRP3 and P2Y2 expressions in MDMs (A), THP1 cells (B), and PHA/IL-2-stimulated human lymphocytes (C) that were infected, respectively, during indicated times (A), 6 h (B), or 3 h (C) with indicated viruses. Intracellular CAp24 level is also shown in (A). Representative western blots of three independent experiments are shown. The relative NLRP3 expression data from n = 3 independent experiments are presented as means ± SEM. Significance levels are **p % 0.01, ***p % 0.001, and ****p % 0.0001, unpaired t test. (D) THP1 cells were infected for 6 h with X4-tropic HIV-1 NL4-3 in the presence of 1 mM G5 and analyzed by western blot for NLRP3, ubiquitinylation (UB), P2Y2, intracellular CAp24, and GAPDH expressions. Data obtained from n = 3 independent experiments are presented as means ± SEM. Significance level is **p % 0.01, unpaired t test. (E-G) Tat-inducible b-Galactosidase reporter gene expressing HeLa CD4 + CXCR4 + cells were depleted (E and F) or transfected (G) for NLRP3 for, respectively, 48 h (E and F) or 24 h (G), co-cultured with fusogenic HIV-1 envelope (Env) expressing HeLa cells (E-G), or infected with X4-tropic HIV-1 NL4-3 (E-G) and evaluated for HIV-1 Env-mediated fusion and for infection (E-G). Data obtained from n = 3 independent experiments are presented as means ± SEM. Significance levels are ***p % 0.001 and ****p % 0.0001, unpaired t test. See also Figures S5A, S5B, and S5C. (H) Immunoprecipitations were performed in THP1 monocytes that were stimulated for 2 h with UTP and then infected with X4-tropic HIV-1 NL4-3 for 6 h in the presence of UTP. Representative western blots of two independent experiments are shown. See also Figures S5L and S5M.

  , and S5C. (H) Immunoprecipitations were performed in THP1 monocytes that were stimulated for 2 h with UTP and then infected with X4-tropic HIV-1 NL4-3 for 6 h in the presence of UTP. Representative western blots of two independent experiments are shown. See also FiguresS5L and S5M.CellReports 28, 3381-3394, September 24, 2019 3387 

Figure 5 .

 5 Figure 5. HIV-1 Viral Entry Is Controlled by E3 Ubiquitin Ligase CBL-Dependent Modulation of NLRP3 Expression (A) NLRP3 and/or GFP-P2Y2 expressing cells were treated with 1 mM G5 or 10 mM MG132 and analyzed for NLRP3 and P2Y2 expressions. (B) HEK293T cells expressing NLRP3 and GFP-P2Y2 were immunoprecipitated for NLRP3 and analyzed for ubiquitinylation (UB), SRC, NLRP3, and P2Y2 expressions. (C) HEK293T cells expressing NLRP3, GFP-P2Y2, and/or SRC were analyzed for NLRP3, P2Y2, SRC, CBLY731*, and CBL expressions. (D) NLRP3 and/or GFP-P2Y2 expressing cells were silenced for CBL and analyzed for NLRP3, P2Y2, and CBL expression. All protein expressions are performed using western blot. Representative western blots of three independent experiments are shown in (A)-(D). Relative expression of NLRP3 data from n = 3 independent experiments are presented as means ± SEM. Significance levels are *p % 0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001, unpaired t test.

(

  E-G) PHA/IL-2-stimulated human lymphocytes (E), MDMs (F), and THP1 cells (G) were infected, respectively, for 3, 3, or 6 h with X4-tropic HIV-1 NDK (E), R5-tropic HIV-1 BaL (F), or X4-tropic HIV-1 NL4-3 (G) and analyzed by western blot for CBLY731* and CBL relative expressions. Representative western blots of three independent experiments are shown. Relative expressions data from n = 3 independent experiments are presented as means ± SEM. Significances are **p % 0.01, ***p % 0.001, and ****p % 0.0001, unpaired t test. (H and I) Confocal microscopy image (H) of CBL and gp120 polarization during HIV-1-infected and uninfected lymphocyte interactions. Frequencies of CBL polarization during HIV-1-infected and uninfected lymphocyte interactions are shown (I). Images are representative of three different donors. Data are presented as means ± SEM, and significance is ****p % 0.0001 (n = 3 independent donors), unpaired t test. (J) Intracellular CAp24 analyzed by western blot and its relative expression in control and CBL-depleted MDMs were infected for 6 h with HIV-1 AD8 . Representative western blots of three independent experiments are shown. Relative expression data from three independent experiments are presented as means ± SEM. Significance is ****p % 0.0001 (n = 3 independent donors), unpaired t test. (K and L) Intracellular CAp24 analyzed by western blot of CBL-depleted CD4 + CXCR4 + cells were infected with HIV-1 NL4-3 (K) or HIV-1 VSV-G (L) for 6 h. Representative western blots of three independent experiments are shown. Relative expression from n = 3 independent experiments are presented as means ± SEM. Significance is ****p % 0.0001, unpaired t test. (M) Expressions of CBLY731*, CBL, P2Y2, and intracellular CAp24 analyzed by western blot in control and P2Y2-depleted THP1 macrophages infected for 6 h with R5-tropic HIV-1 AD8 . Representative western blots of three independent experiments are shown. Relative expression of CBLY731* from n = 3 independent experiments are presented as means ± SEM. Significance is ****p % 0.0001, unpaired t test.

Figure 6 .

 6 Figure 6. Model of HIV-1 Escape to NLRP3 Inhibition during the Early Steps of Viral Entry

(

  A-C) NLRP3 interacts constitutively with P2Y2 and suppresses the phosphorylation of PYK2 (PYK2Y402*) and F-actin polymerization in host cells (A). The binding of HIV-1 envelope to its receptor (CD4) and co-receptors (CXCR4 or CCR5) leads to rapid ATP release from host cells through pannexin-1 (PNX1) and activates P2Y2. Once activated, P2Y2 enhances its interaction with NLRP3 and activates and favors the recruitment of SRC and CBL to NLRP3 (B), leading to NLRP3 ubiquitinylation and degradation. NLRP3 degradation leads to PYK2 phosphorylation (PYK2Y402*) and subsequent F-actin polymerization, which is required for the entry of HIV-1 into host cells (C).

Figure 7 .

 7 Figure 7. NLRP3 Expression Is Increased in Chronic HIV-1 and SIV Infection (A-J) Quantification of NLRP3 and/or CD163 positive cells in lymph nodes (A, B, E, and F), brain (C and D), colon (G and H), and ileum (I and J) sections obtained from HIV-1-infected and uninfected patients (A-D) or from SIVmac251-infected and uninfected Macaca fascicularis (E-J) are shown. Images are representative of n = 6 HIV-1infected and n = 4 uninfected persons in (A), of n = 3 HIV-1-infected and n = 3 uninfected persons in (C), of n = 3 SIVmac251-infected and n = 3 uninfected Macaca fascicularis in (G), and of n = 4 SIVmac251-infected and n = 3 uninfected Macaca fascicularis in (E) and (I). In (G), (H), (I), and (J), the NLRP3 expression was analyzed in CD163 positive macrophages. Data are presented in (B), (D), (F), (H), and (J) as means ± SEM. Significance levels are *p % 0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001, unpaired Mann-Whitney test.

  

  

  

  

  

  

  

Effets des nanoparticules à base de gadolinium AGuIX sur la reprogrammation des macrophages induite par les rayonnements ionisants Contexte Le

  microenvironnement tumoral (TME) est très hétérogène et se compose de diverses cellules, dont des macrophages. Ces macrophages résidant dans les tissus sont caractérisés par une grande plasticité et peuvent se différencier en deux formes : les macrophages activés de manière classique (également appelés M1) et les macrophages activés alternativement (M2).

	COX-2 CRT CSF-1 CTD CTFs DAMPs DAP12 DDR DEF DEG DOTAGA Drp1 DSBs dsDNA EBRT ECM EGF EIMs ICSBP ID IDO IFN-γ IGF-1 IGF-1 IGF-1R IL-34 ILC2s IMCs IMRT iNOS IRF-8 IRFs ISGF3 ISGs ISREs MPPs MRI mROS Mtg 16 MZMs NCAD NCS NIK NK NKG2D NLC NPs Nrf2 NSLC nTregs OI OPA1 RPMs SABR SBRT SCA-1 SCFAs SCS SDS SDTFs SER SF SHIP1 Siglec-1 SLE SLN SR-DUV SSBs ssDNA iTregs moDCs RPA	Cyclooxygenase-2 Calreticulin Colony-stimulating factor-1 C-terminal domain Collaborating transcription factors Damage-associated molecular patterns DNAX-activating protein of 12 kDa DNA damage response Dose enhancement factor Diethylene glycol 1,4,7,10-tetra-azacyclododecane-1-glutaric anhydride-4,7,10-triacetic acid Dynamin-related protein 1 Double-strand breaks Double-stranded DNA External beam radiation therapy Extracellular matrix Epidermal growth factor Erythroblastic island macrophages IFN consensus sequence binding protein Injected dose Indoleamine2,3-dioxygenase Interferon-γ Insulin-like growth factor-1 Insulin-like growth factor-1 Insulin-like growth factor-1 receptor Interleukin 34 Type 2 innate lymphoid cells Immature myeloid cells Intensity-modulated radiation therapy Inducible nitric oxide synthase (iNOS) Interferon regulatory factor-8 Interferon regulatory factors IFN-stimulated gene factor 3 Interferon-stimulated genes Interferon-stimulated response elements Multipotent HSCs Magnetic resonance imaging Mitochondrial ROS Myeloid translocation gene on chromosome 16 Marginal zone macrophages Non-cell-autonomous death Neocarzinostatin NF-κB-inducing kinase Natural killer Natural killer group 2 member D Nanostructured lipid carriers Nanoparticles NF-E2 related factor 2 Non-small lung cancer Natural regulatory T cells Optical imaging Optic atrophy 1 Red pulp macrophages Stereotactic ablative radiotherapy Stereotactic body radiation therapy Stem cell antigen-1 Short-chain fatty acids Subcapsular sinus Sodium dodecylsulfate Signal-dependent transcription factors Sensitizing enhancement ratio Survival fraction Src homology-2 domain-containing inositol 5-phosphatase 1 Sialic acid-binding Ig-like Lectin-1 Systemic lupus erythematosus Solid lipid nanoparticles Synchrotron Radiation Deep UV Single-strand breaks single-stranded DNA Monocyte-derived DCs Replication protein A RESUME DE THESE
	EMPs OPN ST-HSCs	Erythro-myeloid progenitors Osteopontin Short-term HSCs	
	EMT OXPHOS STAT	Epithelial-mesenchymal transition Oxidative phosphorylation Signal transducer and activator of transcription	
	ENO1 PAI-1 STING	Enolase 1 Plasminogen activator inhibitor-1 Stimulator of IFN genes	
	ENOL PAMPs TAMs	Enolase Pathogen associated pattern molecules (PAMPs) Tumor-associated macrophages	
	EPR PDAC TANs	Enhanced permeability and retention Pancreatic ductal adenocarcinoma Tumor-associated neutrophils	
	ER pDCs TCA	Endoplasmic reticulum Plasmacytoid DCs Tricarboxylic acid	
	ET PDGF TEM	Endothelin Platelet-derived growth factor Transmission electron microscopy	
	FAO PEG TEMs	Fatty acid oxidation Polyethylene glycol TIE2-expressing monocytes	
	FGF PEG-PGlu TGF-	Fibroblast growth factor Poly(ethylene glycol)-b-poly(glutamic acid) Transforming growth factor-beta	
	Fis1 PFKL TLRLs	Mitochondrial fission 1 Glycolytic enzymes PFK-liver type Toll-like receptor ligands	
	GAS PGK1 TLRs	Gamma-activated sequence Phosphoglycerate kinase-1 Toll-like receptors	
	Gd PGs TME	Gadolinium Prostaglandins Tumor microenvironment	
	GLS PIKK TNF	Glutaminase Phosphatidylinositol-3-kinase-related kinases Tumor necrosis factor	
	GLUD1 PINK1 TNF-	Glutamate dehydrogenase Phosphatase and tensin homolog-induced kinase1 Tumor necrosis factor-	
	GM-CSF PLGA TNFR	Granulocyte-macrophage colony-stimulating factor Poly(lactic-co-glycolic acid) TNF receptor
	GMPs PPARG Tregs	Granulocyte/macrophage precursors Peroxisome proliferator-activated receptor-gamma Regulatory T cells
	H3K27 PPP TREM2	Histone 3 Lys 27 Pentose-phosphate pathway Triggering receptor expressed on myeloid cells 2	
	H3K4me3 PRRs TSS	Histone 3 lysine 4 trimethylation Pattern-recognition receptors Transcription start sites	
	HIFs PSCs VCAM-1	Hypoxia-inducible factors Pancreatic stellate cells Vascular cell adhesion molecule-1	
	HK2 PVA VEGF	Hexokinase 2 Polyvinyl alcohol Vascular endothelial growth factor	
	HMGB1 PVM VEGF-A	High mobility group B1 Perivascular macrophages Vascular endothelial growth factor A	
	HSCs QDs WASP	Hematopoietic stem cells Quantum dots Wiskott-Aldrich syndrome protein	
	HSPs RA WAVE2	Heat shock proteins Rheumatoid arthritis WASP-family verprolin homologous 2	
	ICD RLR WBRT	Immunologic cell death Retinoic acid-inducible gene-I-like receptor Whole-brain radiotherapy	Zeinaf Muradova
	ICP-MS ROS α-KG	Inductively coupled plasma-mass spectroscopy Reactive Oxygen Species α-ketoglutarate	September 2021

Table

  

  activation[START_REF] Li | Transcriptional Regulation of Macrophages Polarization by MicroRNAs[END_REF][START_REF] Albina | Macrophage arginase regulation by CCAAT/enhancer-binding protein beta[END_REF] . Among different members of the C/EBPs family, C/EBP expression level is notably low in macrophages, while C/EBP and C/EBP are abundantly expressed[START_REF] Hume | Transcription Factors That Regulate Macrophage Development and Function[END_REF] . Studies done on C/EBP conditional knockout mice demonstrated that C/EBP is able to control both pro-and anti-inflammatory activation in macrophages.

1.2.4.1.4. C/EBP proteins. CCAAT/enhancer-binding proteins (C/EBPs) are members of bZIP (basic region leucine zipper) transcription factors, which activate gene expressions during inflammation and macrophage

1.3.1.4. Liver. Kupffer cells

  

	(KCs) are liver resident macrophages involved in maintaining
	liver functioning. They have high phagocytic activity giving to the abundant expression of
	complement receptors, which enable them to remove gut bacteria, bacterial toxins and debris
	coming from the gastrointestinal tract 184 . Kupffer cells contribute with hepatocytes to the
	filtration of the blood from chemical and harmful substances and also recycle heme into iron,
	biliverdin, and carbon monoxide 185 . Constant exposure to harmless dietary and commensal
	antigens requires the liver immune system to develop immunological tolerance rather than
	immunity 186 . KCs help to maintain the immune tolerance by expressing lower levels of
	MHCII, B7.1, B7.2, and CD40, which makes them poor stimulators of T cells 187 . They also
	known to induce apoptosis of activated CD8 + T cells 188,189 .

1.3.1.5. Lymph nodes.

  Based on the anatomical location, phenotype, and function,

	macrophages populating lymph nodes are mainly divided into two subpopulations, the
	subcapsular sinus (SCS) and the medullary sinus (MS) macrophages 190,191 . SCS macrophages
	abundantly express sialic acid-binding Ig-like lectin 1 (Siglec1 or CD169), the integrin Mac1
	(CD11b/CD18), and MCH II, however, they lack the expression of murine macrophage marker
	F4/80, suggesting that SCS macrophages have the low phagocytic capacity and high antigen-
	presenting capabilities 190,192 . Together with lymphatic endothelial cells (LECs), SCS
	macrophages form a tight physical barrier in the entry of afferent lymphatic vessels, where they
	capture pathogens and antigens entering the lymph node 191 . SCS macrophages further
	translocate antigens to B cells, causing B cell maturation and humoral immune response 193 .
	Moreover, SCS macrophages directly activate natural killer T cells through CD1d receptor 191 .
	They are also involved in type I interferon production and recruitment of other immune cells,
	such as T cells, monocytes and neutrophils 190 . In contrast, MS murine macrophages express
	F4/80, the lymphatic vascular endothelial marker LYVE-1, SIGNR1, and MARCO 191 . These
	macrophages are highly phagocytic and involved in the clearance of lymph-borne antigens,
	dying plasma cells, and immune cells, such as eosinophils 192 .

1.3.1.6. Bone and bone marrow. Bone

  

	overstimulation of the immune system, alveolar macrophages develop airway tolerance by
	coexpressing TGF-β and retinal dehydrogenases (RALDH1 and RALDH 2) that results in the
	generation of Foxp3 + Treg cells 207 . Interstitial macrophages reside within the lung parenchyma
	and under physiological conditions, they function as immunosuppressive cells that release
	cytokine IL-10 through activation of the TLR4/MyD88 pathway 208,209 .
	1.3
	and bone marrow resident macrophages are broadly
	classified into four categories: osteoclast, osteomacs, erythroblastic island macrophages
	(EIMs), and hematopoietic stem cell (HSC) niche macrophages 194,195 . Osteoclasts contribute
	in bone remodeling by releasing hydrochloric acid and cathepsin K 196 . Whereas osteomacs are
	involved in bone development, tissue repair, and remodeling processes 197 . EIMs promote
	proliferation and differentiation of erythroid progenitor cells by producing cytokines, such as
	IL-3 and GM-CSF 198 . Whereas, HSC niche macrophages produce chemokine CXCL12,
	responsible for HSC retention in the bone marrow 199,200 .
	1.3.1.7. Lung tissues. Pulmonary macrophages are the first line of defense against inhaled
	pathogens, dangerous or innocuous particles, toxins, and allergens, coming from inhaled air or
	blood flow 201 . Lung macrophages are highly heterogeneous and based on the anatomical
	location within the organ can be subdivided into two distinct populations in humans: alveolar
	and interstitial macrophages 202,203 . Alveolar macrophages reside in the airway lumen, close to
	the blood vessels and the type I and type II alveolar epithelial cells 204 . Pathogens or
	environmental particles activate pattern-recognition receptors in alveolar macrophages,
	triggering phagocytosis and the secretion of pro-inflammatory cytokines 205,206 . To avoid

.2. Macrophages in human pathologies

  

	Circulating monocytes in the blood could increase or decrease under pathological conditions
	and monitoring this phenomenon is crucial for patient diagnosis and management 163 . Both
	decrease and increase of monocytes and macrophage populations contribute to pro-
	inflammatory or anti-inflammatory phenotype development and consequently to the
	inflammatory immune responses 164 . Thus, monocytes and macrophages play crucial role in
	disease development. Here, we discuss the roles of monocytes and macrophages in several
	pathological conditions.

1.3.2.1. Infectious diseases. Pathogens

  

	activation of HIV-1 infected macrophages was shown to down-regulate CD4 and DC-SIGN,
	membrane receptors which bind HIV-1, thus avoiding superinfection and enabling viral
	expansion 210,214 . However, at chronic HIV-1 infection phases, secretions of IL-4 and IL-13
	induce the anti-inflammatory reprogramming of macrophages, which is associated with high
	permissiveness to HIV-1 infection and AIDS progression. HIV-1 was also demonstrated to
	modulate the expression of apoptosis signal-regulating kinase-1 (ASK1) in macrophages,
	which in turn lead to the inhibition of Fas-and TNF receptor-mediated apoptosis 214 . Thus, the
	long lived HIV-1 infected macrophages, with memory CD4 T cells, are the major viral
	reservoir and main source of HIV-1 relapses after anti-retroviral (ART) therapy 210,215 . WONG
	HIV
	1.
	activate pattern-recognition receptors on macrophages,
	which initiate pro-inflammatory cytokine production and activate them toward the pro-
	inflammatory phenotype. These cytokines then are contributing to inflammatory processes and
	pathogen clearance 210 . Nonetheless, several pathogens have evolved mechanisms to evade the
	host immune responses and ensure their survival and disease progression. For example, upon
	bacterial infection with Mycobacterium tuberculosis (M. tuberculosis), macrophages produce
	TNF-α, IL-1β, IL-12, CCL2, and CXCL18 and are skewed toward pro-inflammatory
	phenotype 211 . However, M. tuberculosis was shown to interfere with phagosome-lysosome
	fusion and dictate macrophage activation toward the anti-inflammatory phenotype in both
	necrotic and non-necrotic tuberculosis granulomas, which is associated with reduced
	bactericidal activity of macrophages 212,213 . Several other pathogens, such as bacteria
	Helicobacter pylori and fungus Candida albicans target pro-inflammatory and anti-
	inflammatory plasticity of macrophages to circumvent their clearance and maintain their
	replication in the specific tissues 210 .
	Beside bacteria, viruses are able to infect macrophages and dictate their functional
	reprogramming and survival to ensure viral body spread and persistence. For instance, at early
	acute phase of HIV-1 infection macrophages produce pro-inflammatory chemokines such as
	CCL3, CCL4, and CCL5 and Th1 cytokines such as IFN-γ, IL-2, IL-12. Pro-inflammatory

3.2.2. Autoimmune diseases. Autoimmune

  

	disorders are often characterized by the
	pathologic role of antigen-specific T and B lymphocytes, which fail to distinguish between
	"self" and "non-self" antigens 216 . However, recent observations over the last decade have also
	demonstrated the important modulatory role of macrophages in autoimmune diseases,
	including systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) 217 . SLE is a
	systemic autoimmune disorder, where autoantibodies attack nuclear components, such as
	double-stranded DNA (dsDNA), ribonucleoproteins, and histones, resulting in chronic
	inflammation and damage to vital organs 218 . The role of macrophages in the pathological
	development of SLE is mainly driven by defective phagocytosis and imbalanced activation
	216,219 . Particularly, in SLE macrophages were demonstrated to secrete an abnormal amount of
	type I interferon, which inhibits their ability of clearance of apoptotic cells. Accumulation of
	apoptotic cells was shown to promote autoantigens release and consequently autoreactive B
	cell activation 219 . It has been found that the propagation of type I inflammation in SLE is
	supported by pro-inflammatory macrophages, which secrete TNF-α, IFN-γ, and GM-CSF 220 .
	Furthermore, pro-inflammatory macrophages appear to play a pivotal role in RA, a chronic
	inflammation of the joints, which results in cartilage and bone destruction 221,222 . RA
	progression is in part caused by the pro-inflammatory activated macrophages through
	inducing the secretion of the inflammatory cytokine and chemokine, the production of the
	inflammatory metabolites (reactive oxygen species (ROS) and nitric oxide (NO)), and the
	release of matrix-degrading enzymes 223 .

1.3.2.3. Metabolic diseases. Obesity

  

	by an imbalance between caloric intake and energy expenditure, which results in excessive
	body fat and causes obesity-related health problems, including insulin resistance, type 2
	diabetes mellitus, dyslipidemia, coronary heart disease, hypertension, cerebral vasculopathy,
	gallbladder lithiasis, and fatty liver disease 224,225 . It has been demonstrated that obesity is
	characterized by an increased monocyte recruitment into adipose tissue, which predominantly
	differentiate into classically pro-inflammatory activated macrophages 226 . These pro-
	inflammatory macrophages then govern the chronic inflammation by producing the pro-
	inflammatory cytokines TNF-, IL-1 , IL-6, IL-17 and other inflammatory factors, such as
	CCL2 224,227 .
	1.3.2.4. Cancer. The tumor microenvironment (TME) is highly heterogeneous, composing of
	endothelial cells, cancer-associated fibroblasts, and different populations of immune cells,
	including macrophages. Tumor-associated macrophages (TAMs) are a major component of
	TME could represent up to 80% of the tumor. TAMs play crucial roles in the tumorigenesis
	is discussed here because it is an outstanding example of
	metabolic disorders. Indeed, obesity is considered as low-grade chronic inflammation driven

  High lactate level increases HIF1α and HIF2α activation by distinct mechanisms. Lactate and hypoxia activate HIF1α, resulting in VEGF and Arg1 overexpression and IFNγ secretion262,264 . Fatty acid (FA) synthesis is essential for energy production, generation of cellular membranes and production of signaling metabolites. FA synthesis is fueled from different sources, including citrate TCA cycle product, which is converted into AcCoA in the cytoplasm 266 . FA synthesis in TAMs was shown to be associated with both protumoral and antitumoral macrophage activation. Antitumoral phenotype is triggered by IFN-β signaling cascade, which is controlled by epidermal fatty acid-binding protein (E-FABP), an intracellular lipid chaperone 263 . Whereas several other FA signaling pathways enhance infiltration and protumoral phenotypic reprogramming in TAMs. For instance, the

Lactate could also decrease lysosomal degradation of HIF2α, which induces the expression of VEGF, Mrc1, Arg1, and Retnla genes. In patients with head and neck squamous cell carcinomas the expression of ARG1 mRNA was associated with low overall survival rate 265 . Moreover, a high lactate level directly activates homeostatic gene expression, through histone lactylation and histone demethylases KDM6A and KDM5A 262 . 1.4.3.2. Lipid metabolism. accumulation of eicosanoid 15-hydroxyeicosatetraenoic acid (15-HETE), which synthesized by 15-lipoxygenase (15-LOX) during arachidonic acid metabolism, is associated with CCL2 and IL-10 production 263,267 . Moreover, overexpression of Cyclooxygenase-2 (COX-2) enzyme, which converts AA into different prostaglandins (PGs) including prostaglandin E2 (PGE2), plays a crucial role in antitumoral activation of TAMs 268 . PGE2 primarily targets EP4 receptors on macrophages, resulting in VEGF production and ERK1/2 phosphorylation 269 . Interestingly, it has been demonstrated that tumor cells induce PD-L1 expression on macrophages through modulating the COX-2/PGE2 signaling pathway 270 . 1.4.3.3. Amino acid metabolism. Amino acids, especially glutamine, arginine, and tryptophane were shown to play a critical role in the development of TAMs 266 . Glutamine is converted into glutamate by the enzyme glutaminase (GLS), and further catabolized to αketoglutarate (α-KG) by glutamate dehydrogenase (GLUD1) 271 . GLS is highly expressed in IL-10 treated macrophages and several types of malignancies including colon, esophagus, liver, stomach, thyroid, and head and neck cancer

  . The majority of current clinical and/or preclinical studies for antitumor therapies are based on inorganic NPs made of iron, gold, and hafnium metals363,364 . Iron-based nanoparticle to NanoTherm®, was tested in phase I clinical trial in patients with prostate cancer in 2015, however, the results of this study have not yet been published 367 .Among gold NPs, CYT-6091, a type of gold nanoshells functionalized with thiolated PEG and human recombinant TNFα, was developed for targeting solid tumors364,367 . CYT-6091, also known as Aurimune, was successfully tested in phase I clinical trial on patients with advanced or refractory solid tumor malignancies 367 . Currently, CYT-6091 is evaluated in phase II clinical trials for non-small lung cancer (NSLC)363 .Another inorganic nanoparticle in clinical development is Hensify®/NBTXR3, which has been approved in Europe since April 2019 for the treatment of locally advanced sarcoma 364 .

	NanoTherm® commercialized by Magforce Nanotech company is the first nanotherapeutic
	approved by the European Medicines Agency (EMA) in 2010 for treatment of glioblastoma
	363,365 . NanoTherm® is made of iron oxide (Fe3O4) core and coated with aminosilane. After

Huang et al. (2020) 

364 

.

2.1.2.1. Therapeutic agents. Several inorganic materials have been intensively studied as therapeutic agents for anticancer therapies, iron-replacement therapies, and antibacterial agents 364 intratumoral injection, an externally applied magnetic field induces rapid rotation of the NPs causing the increase of the temperature within the tumor cells. Consequently, heat induces irreversible damage to cancer cells

363,366 

. Another iron-based nanoparticle Magnablate, which operates similarly NBTXR3 is 50 nm size nanocarrier with the core made of hafnium oxide (HfO2) NPs and coated with the negatively charged surface 368 . NBTXR3 is injected intratumorally and activated by irradiation. Activated HfO2 NPs produce high-energy electrons, which then fuel the production of free radicals and the generation of ROS. As a result, tumor cells that internalized HfO2 NPs experience stress and severe DNA damage, which eventually leads to the destruction of the cells

(Bayda et al. 2017; Weissig and Guzman-Villanueva 2015)

. 2.1.2.2. Diagnostic imaging. Inorganic NPs-based probes are particularly used in magnetic resonance imaging (MRI) and optical imaging (OI)

  . In 2013, Mignot et al. synthesized a new type of ultrasmall and multifunctional gadolinium-based silica NPs, AGuIX, which since then has been extensively studied in various pre-clinical and clinical studies 391 . Here, we provide a concise summary of AGuIX synthesis and characterization, as well as its use in pre-clinical and clinical studies.

2.2. In vitro studies with AGuIX Most

  To enrich non-chelated DOTAGA molecules with Gd3+ ions, before purification AGuIX NPs were incubated with excess Gd 3+ ions for additional time, which resulted in approximately 100% complexed ligands 391 . The cellular internalization of AGuIX NPs was studied on epithelial and immune cancer cell lines, as well as on murine and on human primary cell cultures by applying various techniques396,397 . TEM and confocal images revealed that AGuIX NPs are internalized via macropinocytosis and passive diffusion 397 . A Luchette et al. quantified in Panc1 pancreatic cancer cells, where AGuIX uptake was measured by MRI and crosschecked by ICP-MS 390 . Štefančíková et al. investigated AGuIX uptake in U87 glioblastoma cells by using Synchrotron Radiation Deep UV (SR-DUV) microscopy and observed complete internalization of the NPs and accumulation in the cytoplasm of the targeted cells 399 . Similar findings were made by Kotb et al., where they used AGuIX conjugated to

Deep characterization of a synthesized AGuIX nanoparticle revealed a global chemical formula Gd7APTES16TEOS10.5DOTAGA10.5 with an average molecular mass of 8500 kDa and size distribution below 5 nm. The relaxivity measurements of AGuIX NPs showed that the longitudinal relaxivity r1 is 11.9 s -1 mm -1 per Gd molecule at 60 MHz 391 . Finally, the biodegradation of AGuIX NPs was followed by measuring the hydrodynamic radius with dynamic light scattering technique and demonstrated that NPs have a half-life of about

19.6 

minutes at physiological pH 394 .

2.in vitro studies involving AGuIX NPs were aimed to evaluate cellular internalization, toxicity, and the radiosensitization capacity in different cellular models. In this section, we describe the most relevant studies investigating cellular uptake and toxicity, subcellular localization, and radiosensitization of AGuIX NPs.

2.2.2.1. Cellular uptake and toxicity.

AGuIX NPs uptake in HeLa cells by using inductively coupled plasma mass spectroscopy (ICP-MS) technique and identified that after one-hour incubation with 0.5 mM nanoparticle suspension, the intracellular concentration of gadolinium was 0.059 mM 398 . Similar results were observed

  Porcel et al. used Chinese hamster ovary (CHO) cells to test two ion sources, He 2+ and C 6+ . The CHO cells were incubated with 0.1 mM NPs for 1 h before irradiation and survival fractions were calculated. Consequent analysis showed that irradiating with different ion sources lead to the same order of SER (SER for He 2+ ion source was 1.14 and for C 6+ beam was 1.50)385,407 . Comparison between 0.3 mM or 0.6 mM treated SQ20B cells irradiated with C6+ beam demonstrated the same dose enhancement effect as with high-energy photon irradiation, but with a higher efficacy385,408 .

Overall, a large variety of in vitro experiments have been performed to study AGuIX nanoparticle's internalization, accumulation, and radiosensitization capacity. The uptake studies demonstrate efficient cellular internalization and cytoplasmic accumulation. AGuIX NPs show high radiosensitization capacity at low and high concentrations in combination with different radiation doses, with slight deviations in radiation sources.

  AGuIX NPs were administered intravenously and followed by MRI after 1, 4, 7, and 24 h of injections. After approximately 7 hours of AGuIX injection at days 14 and 17 of tumor implantation, the tumors were irradiated with 10 Gy by using a 6-MV medical irradiator. The MRI results demonstrated that AGuIX NPs concentrate mainly in the tumor region after the first hours of injection and remain there up to 24 h of post-administration. On day 17 after treatment, the tumor volume in the group treated with AGuIX plus irradiation was reduced by 26% compared to the irradiated group alone. The mean survival times were 26 ± 0.5 days for the control group, 39 ± 2 days for the irradiated group, and 72.9 ± 35.5 days for the AGuIX plus irradiation group 413 . More precise biodistribution experiments were performed on U87MG glioblastoma xenografts bearing mice treated with[START_REF] Lawrence | Transcriptional regulation of macrophage polarization: enabling diversity with identity[END_REF] Ga and[START_REF] El Chartouni | Interleukin-4 induced interferon regulatory factor (Irf) 4 participates in the regulation of alternative macrophage priming[END_REF] Zr labeled AGuIX NPs and showed similar retention patterns on tumor region and rapid renal elimination414,415 . The study on B16F10 brain melanoma metastases bearing mice also showed that after intravenous injection, AGuIX NPs accumulate in the tumor region up to 24 h and it was positively correlated with the increased life spans of the animals 400 . after 10 weeks of post-treatment 413 . A similar study was performed on cynomolgus monkeys. The protocol involved two intravenous injections of 150, 300, or 450 mg/kg once a week for two weeks period. The results showed no observable side effects, including vacuolation 396 . Altogether, these results were used to establish the range of 100mg/kg as the safe dose for clinical studies in humans 385 .

	widely exploited in pre-clinical studies 411 . Besides excellent MRI contrast agent properties, AGuIX NPs have demonstrated an efficient EPR-mediated tumor targeting in various tumor models 412 . 2.2.3.3. Biodegradation and toxicity. Animal preliminary toxicology studies have been performed in mice, rats, and monkeys 392,418 . Single intravenous injection of 8 μmol AGuIX in mice showed a slight increase in the serum creatinine concentration after 30 min of injection, however, the serum level returned to physiological normal after 1 h and remained unchanged AGuIX NPs were evaluated in two clinical trials in France, NanoRAD (NCT02820454) and NanoCOL (NCT03308604) 392 . NanoRAD, is a phase I study designed to evaluate the safety up to 8 weeks 2.2.4. AGuIX in clinical trials and the tolerability of AGuIX NPs in combination with standard whole-brain radiotherapy

Preclinical studies on brain tumors were performed on three different tumor models: 9L gliosarcoma xenografts bearing rats, U87MG glioblastoma xenografts bearing mice, and B16F10 brain melanoma metastases bearing mice

392,412 

. In 9L gliosarcoma-bearing rats, In addition, the accumulation and retention of the AGuIX NPs have been studied in animals bearing pancreatic, colorectal, chondrosarcoma, breast, and lung tumors

392,412 

. Particularly, the study on immunodeficient mice inoculated with luciferase-modified human NSCLC H358 cells showed that after orotracheal or intravenous administration, the AGuIX NPs accumulate in the tumor region up to 72 h after administration. Moreover, this study compared the efficiency between two routes of administration and demonstrated that for lung cancer the orotracheal administration improves the MRI contrast signal up to twofold with four times less Gd 3+ 416 . In another study, the AGuIX contrast agent capacity was evaluated in a rat model of hepatic colorectal cancer metastases after intravenous injection. The study showed that AGuIX provides high enhancement properties for MRI-guided detection of malignant focal liver lesions and is efficiently eliminated via renal excretion 417 .

409 

. In the dose-escalation studies, rats were intravenously injected with 250, 500, or 750 mg/kg/day twice at a 1-week interval. The results showed no visible AGuIX-related side effects on vital organs, except on one female rat treated with 750 mg/kg/ day experienced slight vacuolation (WBRT) in patients with multiple brain metastases. In 15 patients the five escalation doses were evaluated, 15, 30, 50, 75, and 100mg/kg 418 . The treatment protocol consists of a single intravenous injection followed by 10 fractionated all brain irradiation (total 30 Gy in 10 sessions of 3 Gy). The first irradiation is delivered after 4 h of AGuIX administration (NCT02820454). The results of NanoRaD study showed administration of AGuIX was safe and feasible, and 14 patients out 15 showed stabilization or decrease in tumor volume

419 

.

Currently, the phase II clinical study, also known as NanoRAD 2, is under recruitment status. This randomized study aims to recruit 100 patients and evaluate 3 intravenous injections at 100mg/kg in combination with 10 fractionated all brain irradiation (total 30 Gy in 10 sessions of 3 Gy) (NCT03818386). The second clinical trial NanoCOL is a phase Ib clinical trial designed to evaluate the safety and tolerability of AGuIX NPs in combination with radiation, cisplatin, and brachytherapy in patients with locally advanced cervical cancer. The tested escalation doses of AGuIX NPs are 20, 30, and 50 mg/kg that will be administered intravenously at different stages during the treatment 392 . The study involves 18 patients, and the estimated date of completion is May 2021 (NCT03308604).

Table 1

 1 Multivariate analysis of macrophage histological markers in rectal cancer response to neoadjuvant radiotherapy

	OR TRG (3 -4 -5) versus (1-2)	95% CI	P-value
	CD68 + /mm 2			
	Median cutoff o376.23 ⩾ 376.23	1 1.369	(0.374-5.010)	0.635
	iNOS + /CD68 + (%) Median cutoff o53.72 ⩾ 53.72	1 0.089	(0.018-0.431)	0.003
	NOX2 + /CD68 + (%) Median cutoff o55.07 ⩾ 55.07	1 0.077	(0.013-0.472)	0.006
	ATMS1981* + /CD68 + (%)			
	Median cutoff o14.93 ⩾ 14.93	1 0.513	(0.131-2.013)	0.339
	Abbreviations: CI, confidence interval; OR, odds ratios.	
	The statistical comparisons of indicated histological markers between 'good
	responders' (TRG ⩽ 2, n = 29) and 'bad responders' (TRG ⩾ 3, n = 27) have been adjusted on TNM stages, time interval between radiotherapy and surgery,
	and concomitance with chemotherapy. Median cutoff, OR and 95% CI are
	indicated. P-values were calculated using Wald test and significant P values are
	indicated in bold			

TABLE

  

	Continued		
	REAGENT or RESOURCE	SOURCE	IDENTIFIER
	Human Blood Buffy coats	French blood bank (Etablissement Franc ¸ais	B31111
		du sang (EFS)) https://dondesang.efs.sante.fr/	
	Chemicals, Peptides, and Recombinant Proteins	
	REAGENT or RESOURCE Alexa Fluor 594 phalloidin	SOURCE Invitrogen	IDENTIFIER A12381
	Antibodies Recombinant Human and mouse M-CSF	PeproTech	300-25, 315-02
	CD71 (PE) Recombinant human IL-2	BD Pharmingen PeproTech	555537; RRID: AB_395921 200-02
	CD184 (CXCR4) (PE-Cy tm 5) PHA	BD Pharmingen Sigma	555975; RRID: AB_396268 L8754
	CD206 (FITC) X-Gal	BD Pharmingen Sigma-Aldrich	551135; RRID: AB_394065 B4252
	CD206 (Alexa Fluor 647) Z-Leu-Leu-Leu-al (MG132)	ABD Serotec Sigma-Aldrich	MCA2235A647; RRID: AB_324890 C2211
	CD4 (FITC) Anti-FLAGâM2 Affinity Gel	BD Pharmingen Sigma-Aldrich	555346; RRID: AB_395751 A2220
	CD163 (Alexa Fuor 647) Benzonase	BD Pharmingen Novagenâ	562669; RRID: AB_2737710 71206-3
	CD163 AR-C118925XX	BD Pharmingen Tocris	556017; RRID: AB_396295 4890
	CD11b (APC-Cy7) Latrunculin B	BD Pharmingen Sigma-Aldrich	557657; RRID: AB_396772 L5288
	CD163 (FITC) Oligofectamine	BioLegend Invitrogen	333617; RRID: AB_2563093 58303
	CD14 (PE) Puromycin	ebioscience Invivogen	12-0149-42; RRID: AB_10598367 ant-pr-1
	Mouse and Rabbit TrueBlotâ ULTRA PMA	ebioscience Invivogen	18-8817 and 18-8816; RRID: AB_2610849 tlrl-pma
	MSU	Invivogen	and AB_2610847 tlrl-msu
	HIV-1 p24 (clone KC57)(FITC) INTERFERin	Beckman Coulter Polyplus Transfection	CO6604665; RRID: AB_1575987 409-10
	c-CBL (clone D4E10) UTP	Cell Signaling Sigma	#8447; RRID: AB_10860763 U6875
	Phospho-c-CBL Tyr731 (c-CBLY731*) PP1	Cell Signaling Sigma-Aldrich	#3554; RRID: AB_2070452 P0040
	GFP XPâ (clone D5.1) PP2	Cell Signaling Sigma-Aldrich	#2956; RRID: AB_1196615 P0042
	PYK2 (clone 5E2) G5	Cell Signaling Calbiochem	#3480; RRID: AB_2174093 #662125
	Pospho-PYK2 (Tyr402) (PYK2Y402*) Fugene	Cell Signaling Promega	#3291; RRID: AB_2300530 E2312
	SRC (clone 36D10) PHA	Cell Signaling Sigma	#2109; RRID: AB_2106059 L8754
	Phospho-SRC (Tyr416) (SRCY416*) Critical Commercial Assays	Cell Signaling	#2101; RRID: AB_331697
	Beta-Actin (HRP) ELISA p24	Abcam Perkin Elmer	ab49900; RRID: AB_867494 NEK050A
	NLRP3 (Cryo-2) eta-galactosidase assay kit	Adipogen Roche	AG-20B-0014-C100; RRID: AB_2490202 10745731001
	NLRP3 LDH assay kit	Sigma-Aldrich Roche	HPA017374; RRID: AB_1846750 04744926001
	P2Y2 Taqman universal Master Mix II, no UNG	Alomone ThermoFisher Scientific	#APR-010; RRID: AB_2040078 4440040
	Ubiquitin (clone P4D1) Deposited data FLAG Ô Western blot source data	Santa Cruz Sigma-Aldrich This paper	sc-8017; RRID: AB_628423 F7425; RRID: AB_439687 Mendeley data https://doi.org/10.17632/
	GAPDH	Millipore	MAB374; RRID: AB_2107445 6bxgc4h4m2.1
	CAp24 (42-50) Experimental Models: Cell Lines	NIH AIDS Reagent Program	4250
	CAp24 HeLa CD4 + -CXCR4 +	Abcam J.-L. Perfettini	ab9044; RRID: AB_306962 (Se ´ror et al., 2011)
	gp120 (2G12) HeLa Env +	NIH AIDS Reagent Program J.-L. Perfettini	1476 (Se ´ror et al., 2011)
	Bacterial and Virus Strains TZM-bl	NIH AIDS Reagent Program	8129
	HIV-1 NL4-3 HEK293T	J.-L. Perfettini M. Caillet	(Se ´ror et al., 2011) (Caillet et al., 2011)
	HIV-1 NL4-3DENV CEM-SS	J.-L. Perfettini A. Allouch	(Se ´ror et al., 2011) (Allouch et al., 2011)
	HIV-1 AD8 THP1	NIH AIDS Reagent program ATCC	11346 ATCC TIB202
	HIV-1 NDK THP1 PLKO empty control	M-L. Gougeon This paper	(Saı ¨di et al., 2008) N/A
	HIV-1 BaL THP1 PLKO shNLRP3.1	NIH AIDS Reagent program This paper	510 N/A
	Biological Samples THP1 PLKO shNLRP3.2	This paper	N/A
	Human brain and lymph nodes tissues THP1 PLKO shP2Y2	National Institute for Infectious diseases This paper	N/A N/A
		Lazzaro Spallanzani http://www.inmi.it/	
		index.htm	
	Macaca fascicularis lymph nodes,		
	colon and ileum tissues		

CEA, DSV/iMETI, Division of Immunology-Virology, IDMIT, France http://jacob.cea. fr/drf/ifrancoisjacob/Pages/Departements/ IDMIT/laboratoires.aspx N/A (Continued on next page) Cell Reports 28, 3381-3394.e1-e7, September 24, 2019 e1 Human Blood Buffy coats French blood bank (Etablissement Franc ¸ais du sang (EFS)) https://dondesang.efs.sante.fr/ B31111 Experimental Models: Organisms/Strains Macaca fascicularis CEA, DSV/iMETI, Division of Immunology-Virology, IDMIT, France http://jacob.cea.fr/ drf/ifrancoisjacob/Pages/Departements/ IDMIT/laboratoires.aspx N/A (Continued on next page) e2 Cell Reports 28, 3381-3394.e1-e7, September 24, 2019
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

The monocyte THP1 cells and CEM-SS T cells were maintained in RMPI-1640-Glutamax medium supplemented with 10% heat inactivated fetal bovine serum (FBS) and 100 UI/mL penicillin-streptomycin (Life technology). THP1 cells were obtained from ATCC. THP1 macrophages were obtained by treatment for 3 hours with 100 nM phorbol-12-myristate-13-acetate (PMA, Invivogen) of THP1 monocytes and after extensive washings were let to differentiate for 72 hours before experimentation. HeLa cells stably transfected with the Env gene of HIV-1 LAI/IIIB (HeLa Env + ), HeLa cells transfected with CD4 (HeLa CD4 + CXCR4 + ), HeLa TZM-bl and HEK293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM)-Glutamax supplemented with 10% FBS and 100 UI/ml penicillin-streptomycin, in the absence or presence of the indicated concentrations of inhibitors. All cell lines used were mycoplasma-free.

Primary Cells

To generate Monocytes Derived Macrophages (MDMs) for HIV-1 infections with HIV-1 BaL , CD14 + monocytes were isolated from peripheral blood mononuclear cells (PBMCs) by positive selection using anti-CD14 beads (Miltenyi Biotec). Buffy coats from healthy This paper (Table S1) N/A siNLRP3 1 and 2 siRNAs This paper (Table S1) N/A siGenome Non Targeting SMART siRNA Pool for SMART pool siRNA Dharmacon (Table S1) D-001206-13-20 siGENOME SMART pool human CBL siRNA Dharmacon (Table S1) M-003003-02-0005

Early Reverse transcripts primers and probes G. Pancino (Table S1) ( David et al., 2006) PLKO.1-shRNAs This paper (Table S1)

pFlag-Luciferase A. Allouch (Allouch et al., 2011) 33Flag-pcDNA3 G. Nunez (He et al., 2014) 33Flag-pcDNA3 NLRP3 G. Nunez (He et al., 2014) pEFGP-N1-P2Y2 L. Erb (Seye et al., 2004) pGFP-Vpr G. Quantitative PCR (qPCR)

The quantification of the HIV-1 early reverse transcripts (ERT) was based on the quantification of HIV-1 R-U5 DNA and performed as previously described (David et al., 2006). DNA was extracted with the DNeasy Tissue Kit (QIAGEN) at 24 h.p.i for ERT detection in MDMs. The quantitative PCR analysis was carried on an ABI prism 7000 Sequence Detection System. The amounts of HIV-1 cDNA copies were normalized to the endogenous reference gene albumin. Standard curve were generated by serial dilutions of a commercial human genomic DNA (Roche).

For the detection of NLRP3 mRNA, total RNA from 0.25x20 6 THP1 monocytes or CEM-SS T cells were extracted using RNeasy kit (QIAGEN). RNA was transcribed using SuperScript II RT (Invitrogen). The predesigned Applied Biosystems probes for NLRP3 gene (Hs00918082 m1) and GAPDH (Hs02758991 g1) (for normalization) were used. These probes were included in the premade TaqMan Gene expression mixes obtained from thermofisher scientific. The results were analyzed with the cycle threshold method (CT) and each sample was normalized to the quantity of endogenous GAPDH mRNA. 

QUANTIFICATION AND STATISTICAL ANALYSIS