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Introduction

Atherosclerosis is a chronic inflammatory disease of medium-and large-sized arteries.

Atherogenesis initiation relies on the retention and oxidation of Low-Density Lipoproteins (LDL) at shear stress-submitted arterial areas, followed by activation of endothelial cells and recruitment of immune cells, leading to inflammation. Among these immune cells, blood monocytes are massively and persistently recruited, enter the vascular wall intima, and differentiate into macrophages [START_REF] Libby | Inflammation and Immunity in Diseases of the Arterial Tree: Players and Layers[END_REF][START_REF] Flynn | Monocytes, Macrophages, and Metabolic Disease in Atherosclerosis[END_REF]. These macrophages phagocytize oxidized LDL (oxLDL) and turn into foamy macrophages (FMs) that display impaired cholesterol efflux, sustain inflammation, and undergo apoptosis and necrosis, resulting in the formation of a rupture-prone necrotic core [START_REF] Falk | Pathogenesis of atherosclerosis[END_REF]. As macrophages play a central role in all atherogenesis stages, they are an ideal target for diagnostic and therapeutic strategies [START_REF] Biessen | Macrophage complexity in human atherosclerosis: opportunities for treatment?[END_REF][START_REF] Peterson | Macrophage-Targeted Therapeutics for Metabolic Disease[END_REF].

Macrophages were the first cellular immune actors discovered by Elie Metchnikoff in 1883 [START_REF] Merien | A Journey with Elie Metchnikoff: From Innate Cell Mechanisms in Infectious Diseases to Quantum Biology[END_REF], and have been mainly defined by their ability to ingest exogenous debris and bacteria, a function involved in inflammation initiation and development [START_REF] Mackaness | Cellular immunity and the parasite[END_REF]. Their role in immunoregulatory and wound-healing phenomena was described later [START_REF] Gordon | Alternative activation of macrophages[END_REF]. Then, reference models were developed to mimic this functional dichotomy: i) classical activation with lipopolysaccharide (LPS) and/or interferon gamma (IFN-g) to obtain inflammatory macrophages (M1), and ii) activation with cytokines, such as interleukin (IL) 4, IL10, or IL13, to mimic macrophages involved in immunoregulation/suppression and repair (M2) [START_REF] Mantovani | The chemokine system in diverse forms of macrophage activation and polarization[END_REF][START_REF] Classen | Macrophage activation: classical versus alternative[END_REF]. This oversimplified M1-M2 classification has been recently revisited on the basis of the results of omics and single-cell studies. Indeed, in vivo, the macrophage population displays a continuum from immunoregulatory to inflammatory cells with variations of gene expression (enzymes, cytokines, chemokines, transcription factors and membrane-expressed receptors). Therefore, it is difficult to find sets of markers that could be used as a signature for each type of activated macrophages [START_REF] Ka | Phenotypic diversity and emerging new tools to study macrophage activation in bacterial infectious diseases[END_REF][START_REF] Mosser | Exploring the full spectrum of macrophage activation[END_REF][START_REF] Hume | The Many Alternative Faces of Macrophage Activation[END_REF].

Nevertheless, the M1/M2 paradigm is a useful framework to monitor the balance between immunoregulatory and inflammatory macrophages during the course of many non-infectious pathologies. For instance, in autoimmune diseases (systemic lupus erythematosus, encephalomyelitis, ankylosis spondylarthritis (14-16)), the level of inflammatory macrophages is indicative of disease progression. In atherosclerosis, the increase of M1-specific markers has been associated with plaque progression [START_REF] Peled | Dynamic Aspects of Macrophage Polarization during Atherosclerosis Progression and Regression[END_REF][START_REF] Cho | The phenotype of infiltrating macrophages influences arteriosclerotic plaque vulnerability in the carotid artery[END_REF][START_REF] Lee | Macrophage heterogeneity of culprit coronary plaques in patients with acute myocardial infarction or stable angina[END_REF](20). Conversely, in a mouse model, atherosclerotic plaque regression is characterized by enhanced expression of M2-associated genes [START_REF] Peled | Dynamic Aspects of Macrophage Polarization during Atherosclerosis Progression and Regression[END_REF][START_REF] Feig | Reversal of hyperlipidemia with a genetic switch favorably affects the content and inflammatory state of macrophages in atherosclerotic plaques[END_REF][START_REF] Feig | Regression of Atherosclerosis Is Characterized by Broad Changes in the Plaque Macrophage Transcriptome[END_REF]. However, as many macrophage sub-types share the same markers, with differences in single-cell expression [START_REF] Willemsen | Macrophage subsets in atherosclerosis as defined by single-cell technologies[END_REF], we think that marker-based immunostaining is not the best strategy to identify the functional state of macrophages present in atherosclerotic plaques. Indeed, due to atherogenesis complexity, phenotypic markers are expressed at different levels, depending on signals that vary in time and space. Moreover, such markers might be expressed also by dying cells that are widely present in vulnerable area. Therefore, other approaches are needed to determine and/or monitor in real time the functional status of macrophages that invade the atheroma plaque.

Recent studies have linked the cell functional status to a preferential energetic metabolism pathway [START_REF] Geeraerts | Macrophage Metabolism As Therapeutic Target for Cancer, Atherosclerosis, and Obesity[END_REF][START_REF] O'neill | A guide to immunometabolism for immunologists[END_REF]. Optical metabolic imaging is a well-suited tool to detect metabolic shifts towards glycolysis or oxidative phosphorylation (OXPHOS) through the measurements of nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD) autofluorescence [START_REF] Georgakoudi | Optical Imaging Using Endogenous Contrast to Assess Metabolic State[END_REF][START_REF] Varone | Endogenous Two-Photon Fluorescence Imaging Elucidates Metabolic Changes Related to Enhanced Glycolysis and Glutamine Consumption in Precancerous Epithelial Tissues[END_REF][START_REF] Liu | Mapping metabolic changes by noninvasive, multiparametric, high-resolution imaging using endogenous contrast[END_REF][START_REF] Kolenc | Evaluating Cell Metabolism Through Autofluorescence Imaging of NAD(P)H and FAD[END_REF][START_REF] Walsh | Optical metabolic imaging identifies glycolytic levels, sub-types and early treatment response in breast cancer[END_REF]. As M1 and M2 macrophages present very distinct autofluorescence properties [START_REF] Alfonso-García | Label-free identification of macrophage phenotype by fluorescence lifetime imaging microscopy[END_REF], the over-representation of inflammatory macrophages at vulnerable areas of the arterial wall could lead to an optical redox ratio (ORR) of FAD/NADH distinct from that of macrophages at less vulnerable areas. However, it is not known whether the M1 markers observed at the vulnerable area are expressed by FMs, which are major components of the lipid core. Indeed, in-depth studies of FM phenotypic status are lacking.

To precisely determine FM phenotype and function, we developed different in vitro models based on Monocyte-Derived Macrophages (MDMs) from healthy donors, stimulated with oxidized or acetylated LDL and with or without patient carotid extract to study their phenotype and optical properties. For the phenotypic analyses, we used flow cytometry and fluorescentlabeled antibodies against several M1 (CD40, CD86, CD197/CCR7) [START_REF] Mantovani | The chemokine system in diverse forms of macrophage activation and polarization[END_REF]20,[START_REF] Colin | Macrophage phenotypes in atherosclerosis[END_REF][START_REF] Vogel | Human macrophage polarization in vitro: Maturation and activation methods compared[END_REF] and M2 (CD163, CD206, CD200R) [START_REF] Peterson | Macrophage-Targeted Therapeutics for Metabolic Disease[END_REF][START_REF] Mantovani | The chemokine system in diverse forms of macrophage activation and polarization[END_REF]20,[START_REF] Colin | HDL does not influence the polarization of human monocytes toward an alternative phenotype[END_REF] markers. We then used TPEF microscopy to quantify NADH and FAD autofluorescence and to determine the ORR of M1, M2 and the different foamy macrophage models. We observed that FMs express M1 and M2 markers at similar low levels.

Moreover, FM optical properties differ from those of M1 and M2 cells, suggesting a specific use of energy metabolism pathways, different from that of non-foamy inflammatory and immunoregulatory macrophages.

Materials and Methods

Monocyte isolation and macrophage culture

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque Premium 1.073 density gradient (GE Healthcare, Sweden) from blood of healthy donors obtained from the Etablissement Français du Sang (EFS) of Bordeaux. They were stored at -80°C in RPMI-1640 medium (PAN BioTech, Dutcher, France) containing 50% endotoxin-free fetal calf serum and 10% DMSO until use. All experiments with human cells were performed following the Bordeaux University Ethical Guidelines. Monocytes were isolated from frozen PBMCs by negative selection using the Pan Monocyte Isolation Kit and LS columns (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer's instructions. Purified monocytes were cultured for 5-6 days in complete medium: RPMI-1640 medium (PAN BioTech, Dutcher, France) containing 10% (v/v) heat-inactivated AB human serum (EFS), penicillin (100 U/mL)/streptomycin (100 µg/mL) (Dutcher), and human recombinant M-CSF (Miltenyi Biotec) at the final concentration of 20 ng/mL to allow differentiation of purified monocytes into MDMs. Every 2-3 days, half of the medium was replaced with fresh differentiation medium containing 40 ng/mL of M-CSF. After the differentiation period, 24 hours before stimulation, the medium was replaced with complete medium without M-CSF.

For all experiments, 3-5 x 10 5 cells/mL were cultured on glass coverslips for TPEF analysis or on Primaria TM 6-well plates (Fisher Scientific, Illkirch, France) before harvesting for flow cytometry analyses.

Human biopsy collection

Human tissue specimens were provided by Prof Eric Ducasse, vascular surgeon at Pellegrin Hospital (Bordeaux, France). Human biopsies were harvested from patients who underwent endarterectomy after an acute vascular event at Pellegrin Hospital (Bordeaux, France). Patients were informed by the clinicians; if they did not express their opposition to research, the identified samples were immediately rinsed in sterile 1X PBS and stored at -80°C before being pooled and processed for cell stimulation. All study procedures complied with the Declaration of Helsinki ethical standards.

2.3.Development of polarized macrophages and FM models

MDMs were stimulated in independent experiments. M1 polarization was obtained by stimulating MDMs with 20 ng/ml (400U/mL) of recombinant human (rh) IFN-g (Miltenyi Biotec) and 100 pg/mL LPS (cell culture-suitable, γ-irradiated, BioXtra LPS, Sigma Aldrich) for 48 hours. For M2 polarization, MDMs were stimulated with 20 ng/ml of rhIL4 (100U/mL) and rhIL13 (8U/mL) (Miltenyi Biotec). Non-polarized macrophages ("M0") were used as control. The different FM models were generated by stimulating MDMs for 48h with 50 µg/mL of human oxidized or acetylated LDL (oxLDL or acLDL) (Clinisciences, Nanterre, France) with or without carotid extract (CE; prepared from a pool of biopsies from 25 patients). An additional model stimulated only with CE was also used. For these models, CE was placed in an insert that only allows the exchange of soluble factors. After 48h of stimulation, the optical properties of the different models (M0, M1, M2, MoxLDL, MoxLDL+CE, MacLDL, MacLDL+CE, and MCE) were directly analyzed, or cells were harvested for flow cytometry analysis after immunostaining.

Characterization of cell surface markers by flow cytometry

The panel of surface molecules analyzed was defined based on their reported specificity as M1/M2 markers. Macrophages were harvested by gentle scraping after detachment using Versene. Cells were counted and resuspended in sterile 1X PBS, and stained with Viobility TM Fixable Dyes (405/520) (Miltenyi Biotec) to detect dead cells. Then, Tandem Signal Enhancer (Miltenyi Biotec) was used to block FcR-mediated antibody labeling and increase tandem-dyeconjugated antibody binding to macrophages, before incubation with a cocktail of specific antibodies (anti-CD86-VioBright 515, anti-CD163-PE, anti-CD40-PE-Vio770, anti-CD200R-APC, anti-CD206-APC-Vio770, and anti-CD197-PerCP-Vio700 from Miltenyi Biotec). As controls, some cells were incubated with a cocktail of equivalent concentrations of matched isotype control antibodies or without antibodies. Cells were fixed with 1% paraformaldehyde, and data were acquired with a MACS QUANT Analyzer 10 and analyzed with FlowLogic (Miltenyi). The percentage of positive cells and the mean fluorescence intensity (MFI) for each marker were used to define the different macrophage populations.

2.5. TPEF imaging of NADH and FAD autofluorescence 3D TPEF images were acquired with a Leica TCS SP5 system on an upright DM6000 microscope (Leica Microsystems, Mannheim, Germany). A tunable Ti:Sa MaiTai laser (Spectra-Physics, Irvine, USA) with 100 fs pulses and 80 MHz repetition rate was used as twophoton excitation source, tuned at 760 nm for NADH and at 860 nm for FAD. The laser light was focused through a 25X, 0.95 NA water immersion objective (Leica HCX IRAPO L).

Autofluorescence was detected with an internal hybrid detector in standard mode set at 100% (12 bits dynamics) after passing through a tunable bandpass filter, set from 420 nm to 500 nm for NADH emission, and from 520 nm to 540 nm for FAD emission. The 3D images size was 620x620x40 µm 3 with a lateral resolution of 0.6 µm and an axial step size of 4µm. A custom macro on Fiji was used for 3D image processing and to measure NADH and FAD volumic density AF, and to calculate the corresponding ORR for each cell. Autofluorescence measurements were normalized relative to the mean autofluorescence levels of M1 cells to take into account the two-photon excitation variability. Data were from 300 to 1000 cells for each condition and blood donor. The mean autofluorescence and ORR values were then determined for each specific macrophage population.

Statistical analysis

Expression of surface markers, NADH and FAD fluorescence levels and ORR were compared among cell models using repeated-measures ANOVA followed by the Tukey's post-hoc test to correct for multiple testing. Analyses were performed using the R environment. Figures were made with Prism8 (GraphPad, La Jolla, CA, USA) and data are shown as the mean value (represented by a line segment) and their dispersion.

Principal Component Analysis (PCA) was performed using the R software with NADH and FAD autofluorescence data and ORR as quantitative variables, and stimulation conditions as qualitative variables. The first two dimensions of the PCA explained more than 95% of the total inertia and were enough to describe all data.

Results

Set up and validation of the M1 and M2 models and comparison with the FM models by flow cytometry analysis of the surface expression of M1 and M2 markers

FMs are constitutive components of the lipid core, but it is not known whether the M1/M2 marker overexpression observed in vulnerable areas is due to inflammatory FMs. Therefore, different FM models were developed to compare by flow cytometry their phenotype with that of macrophages stimulated with IFN-g and LPS (M1) or with IL4 and IL13 (M2). After incubation with an antibody cocktail against cell surface markers specific for M1 (CD40, CD86 and CD197) and M2 cells (CD163, CD206 and CD200R), the percentage of positive cells and the expression level (i.e. MFI) were quantified in each model. CD40 and CD86 were expressed by almost all M1 cells. CD40 was also detected in almost all cells in the different models, whereas the percentage of CD86-positive cells varied depending on the stimulation (Fig. 1A,B). Nevertheless, their expression levels were higher in M1 cells than in the other conditions (4 to 16 times higher for CD40 (Fig. 2A) and 1.8 to 5 times higher for CD86 (Fig. 2B)). Similarly, the percentage of CD206-positive cells varied among models (Fig. 1E), and its expression level was 1.8 to 5 times higher in M2 cells than in the other models (Fig. 2E). These data suggest that CD40, CD86 and CD206 are constitutively expressed by all macrophages, but their expression level depends on the activation condition.

On the other hand, CD197 was expressed by 37% of M1 cells, and by very few cells in the other models (Fig. 1C), suggesting that its expression is induced by M1-stimulation.

Moreover, in CD197-positive cells, its expression level was comparable in all models (Fig. 2C).

CD200R was expressed by 64% of M2 cells (i.e. 2.5-8 times more cells than in the other conditions) (Fig. 1F), and its expression level was significantly higher in M2 cells than in the other models (Fig. 2F).

In our hands, the percentage of CD163-positive cells was comparable after M1 and M2 stimulation, but was lower (p <0.001) in M1 than in M0 cells (unstimulated) (Fig. 1D).

Conversely, CD163 expression level was not significantly higher in M2 cells than in all the other conditions (Fig. 2D). This first analysis allowed validating the M1 and M2 models used in this study through the identification of robust M1 and M2 markers.

Then, to define FM functional phenotype, the expression of M1 and M2 markers was compared between FM models and M1 and M2 cells. Almost all cells in the different FM models expressed CD40 and CD206 and, to a lesser extent CD86 (Fig. 1A,B,E), but at a lower expression level compared with M1 (for CD40 and CD86) and M2 cells (for CD206) (Fig. 2 A,B,E). Although only 30-50% of FMs expressed CD163 (Fig. 1D), the expression level was comparable to that of M1 and M2 cells (Fig. 2D). In all FM models, few cells expressed CD200R (Fig. 1F) and CD197 (Fig. 1C), and their expression level was low (Fig. 2C,F). This analysis also highlighted slight differences between the MacLDL+/-CE and MoxLDL+/-CE models. Specifically, the percentage of CD86-positive cells was statistically lower in MacLDL+/-CE than in M1 cells (p <0.001), but not between MoxLDL+/-CE and M1 cells (Fig. 1B). This suggests that using oxLDL, the percentage of CD86-positive cells among FMs is closer to that obtained by M1 stimulation. Moreover, the percentage of CD206-positive cells was significantly lower in all FM models (Mox/acLDL+/-CE) than in M2 cells, although this difference was more important between MoxLDL+/-CE and M2 cells (p <0.001) than between MacLDL+/-CE and M2 cells (p <0.05) (Fig. 1E). Thus, stimulation with acLDL (with or without CE) seems to be closer to M2 stimulation, while stimulation with oxLDL (with or without CE) seems to be closer to M1 stimulation. Moreover, robust M1 and M2 markers (CD86/CD40 and CD206, respectively) were coexpressed in all FM models, although their expression level was lower than in M1 and M2 cells (see representative scatter-plot images in Fig. 3).

To conclude, none of the studied M1 or M2 markers can be used to specifically identify FMs. Indeed, FMs express M1 and M2 markers, but at a level similar to that of non-activated macrophages (M0). Macrophages stimulated with oxLDL (the more pathophysiological models) are only slightly more inflammatory than those stimulated with acLDL. 

Of note, NADH fluorescence level in MoxLDL+CE and MacLDL+CE cells was lower than in MoxLDL

and MacLDL cells, respectively. This suggests that in the presence of CE, macrophages use other pathways than glycolysis to produce energy. FAD fluorescence levels only allowed distinguishing MoxLDL+/-CE from all the other conditions (Fig. 5B; p <0.5 to p <0.001). FAD fluorescence levels were higher in MoxLDL+CE than in MoxLDL cells, and in MacLDL+CE than in MacLDL cells, suggesting metabolism modifications in the presence of CE. Finally, the ORR allowed differentiating M1, M2 and MoxLDL+/-CE cells (Fig. 5C; p <0.5 to p <0.001). Similarly, PCA of these optical data allowed the visual discrimination of the M1, M2, MoxLDL and MoxLDL+CE models in four distinct quadrants (Fig. 5D). The other FM models and MCE were distributed through a continuum between the M1 and M2 models. In summary, TPEF imaging of NADH and FAD autofluorescence allowed differentiating the pathophysiological MoxLDL+/-CE models from the M1 and M2 models that can also be discriminated with this approach.

Discussion

The detection of high-risk atherosclerotic plaques remains a critical issue to limit myocardial infarction, stroke, and death [START_REF] Fayad | Monocyte and Macrophage Dynamics in the Cardiovascular System: JACC Macrophage in CVD Series (Part 3)[END_REF]. Macrophages are massively present in atherosclerotic plaques [START_REF] Willemsen | Macrophage subsets in atherosclerosis as defined by single-cell technologies[END_REF] and are implicated in all disease stages [START_REF] Nagenborg | Heterogeneity of atherosclerotic plaque macrophage origin, phenotype and functions: Implications for treatment[END_REF]. They form a heterogeneous population in which the delicate balance between inflammatory and immunoregulatory macrophages may control plaque progression. Many M1 markers are detected in progressing plaques, in humans and mice. Moreover these markers are specifically concentrated in the plaque vulnerable lipid-rich area in humans (4). In mice, plaque progression is the functional consequence of M1 polarization [START_REF] Peled | Dynamic Aspects of Macrophage Polarization during Atherosclerosis Progression and Regression[END_REF][START_REF] Colin | Macrophage phenotypes in atherosclerosis[END_REF][START_REF] Moore | Macrophages in atherosclerosis: a dynamic balance[END_REF]. However, few studies have focused on FM phenotype. It has been shown that macrophages stimulated by oxLDL and cholesterol crystals share common markers with the classically-activated M1 cells, such as CD86 and MHC-II expression and TNFa secretion [START_REF] Colin | Macrophage phenotypes in atherosclerosis[END_REF]. Later, Chinetti et al found that M1 or M2 markers may be expressed by FMs, but studies on the functional differences between M1-or M2-derived FMs are still rare. It was suggested that these cells might not handle oxLDL with the same efficiency [START_REF] Flynn | Monocytes, Macrophages, and Metabolic Disease in Atherosclerosis[END_REF][START_REF] Chinetti-Gbaguidi | Macrophage subsets in atherosclerosis[END_REF].

In this study, different experimental pathophysiological models of FMs were phenotypically characterized using a broad panel of M1 and M2 markers and compared with the M1 and M2 reference models. Our results indicate that compared with unstimulated M0 cells, FMs present a mix phenotype with lower expression of M1 (i.e. CD40, CD86 and CD197) and M2 markers (i.e. CD163, CD206 and CD200R).

As many recent immunometabolism studies have linked these opposite functions to a differential use of energy metabolism pathways [START_REF] O'neill | A guide to immunometabolism for immunologists[END_REF], we hypothesized that optical metabolic imaging could be useful for the diagnosis/prognosis of diseases that implicate a disequilibrium between inflammatory and immunoregulatory cells [START_REF] Kolenc | Evaluating Cell Metabolism Through Autofluorescence Imaging of NAD(P)H and FAD[END_REF]. This hypothesis needed be tested in conditions that mimic the pathological microenvironment. In atherosclerosis, depending on its localization in the plaque and the disease stage, each macrophage can be exposed to different environmental signals in an unknown order. In lipid-rich vulnerable areas, macrophages might modify their phenotype and their metabolism to adapt their function towards phagocytosis and elimination of extracellular lipids [START_REF] Koelwyn | Regulation of macrophage immunometabolism in atherosclerosis[END_REF]. However, these FMs end up being no longer efficient and undergo apoptosis. Therefore, it seems more reliable to base the diagnosis on instantaneous functional events rather than on monitoring markers that could be retained on the membrane of dead cells present in the necrotic core. Moreover, as many markers are shared by different macrophage subsets, conclusions should not be based on data obtained by assessing one or two markers.

In the present study, TPEF imaging of NADH and FAD autofluorescence showed that compared with M1 and M2 cells, the tested FM experimental models showed specific fluorescence profiles, in addition to their distinct phenotypic features. FAD/NADH ORR was lower in M1 than M2 cells, essentially because of NADH accumulation from the glycolysis pathway in M1 cells, as described by Varone, et al [START_REF] Varone | Endogenous Two-Photon Fluorescence Imaging Elucidates Metabolic Changes Related to Enhanced Glycolysis and Glutamine Consumption in Precancerous Epithelial Tissues[END_REF]. Conversely, in M2 macrophages, which rely mainly on fatty-acid oxidation and mitochondrial respiration [START_REF] Van Den Bossche | Macrophage Immunometabolism: Where Are We (Going)?[END_REF], FAD fluorescence level was similar and NADH fluorescence level was lower than in M1 cells, resulting in a higher ORR. In FMs, intermediate-to-high NADH and very high FAD autofluorescence levels were observed with oxLDL (with or without CE). Interestingly, the ORR of the more pathophysiological models (MoxLDL and MoxLDL+CE) was very different from that of non-foamy M1 and M2 cells. Moreover, phenotypic analyses showed slight differences between MoxLDL+/-CE and MacLDL+/-CE macrophages, suggesting that MoxLDL+/-CE cells are closer to the inflammatory phenotype than MacLDL+/-CE (Fig. 1B and1E). In agreement, it has been shown that intracellular cathepsin activities are blunted in blood MDMs stimulated with oxLDL, but not with acLDL. This results in reduced lysosomal functions, leading to cellular stress responses and priming towards a pro-inflammatory phenotype [START_REF] Weiss-Sadan | Cathepsins Drive Anti-Inflammatory Activity by Regulating Autophagy and Mitochondrial Dynamics in Macrophage Foam Cells[END_REF]. These authors showed that inhibition of cathepsins leads to a perturbation of mitochondrial dynamics (increase of mitochondrial fragmentation and impairment of mitophagy) and OXPHOS pathway alterations [START_REF] Weiss-Sadan | Cathepsins Drive Anti-Inflammatory Activity by Regulating Autophagy and Mitochondrial Dynamics in Macrophage Foam Cells[END_REF]. This may explain why we could not observe mitochondrial respiration in MoxLDL+/-CE cells (data not shown), but raises the question of the origin of the high FAD autofluorescence level in these cells. According to the literature, FAD fluorescence signal is due to lipoamide dehydrogenase (50%), the electron transfer flavoprotein (25%), and flavoproteins not connected to metabolism (25%).

Noteworthily, the contribution of the electron transport chain complex II (succinate dehydrogenase) to the total FAD autofluorescence is negligible [START_REF] Kolenc | Evaluating Cell Metabolism Through Autofluorescence Imaging of NAD(P)H and FAD[END_REF][START_REF] Kunz | Contribution of different enzymes to flavoprotein fluorescence of isolated rat liver mitochondria[END_REF]. FAD autofluorescence may originate from lipopigments, such as lipofuscin/ceroid (43) that present optical properties similar to FAD [START_REF] Rice | Two-Photon Microscopy for Non-Invasive, Quantitative Monitoring of Stem Cell Differentiation[END_REF]. These lipopigments derive from the lysosomal accumulation of aggregates rich in oxidized lipids and oxidized proteins [START_REF] Weiss-Sadan | Cathepsins Drive Anti-Inflammatory Activity by Regulating Autophagy and Mitochondrial Dynamics in Macrophage Foam Cells[END_REF][START_REF] König | Mitochondrial contribution to lipofuscin formation[END_REF]. Lipofuscin/ceroid detection is of particular interest because the decrease of ceroids by cysteamine reduces aortic lesions [START_REF] Wen | Cysteamine inhibits lysosomal oxidation of low density lipoprotein in human macrophages and reduces atherosclerosis in mice[END_REF]. Accordingly, their production could be indicative of plaque progression. Future studies should precisely determine the origin of the autofluorescence leading to the specific ORR observed in MoxLDL+/-CE cells and their specific metabolism. Importantly, our results suggest that TPEF imaging of NADH and FAD, without the need of fluorescence lifetime imaging microscopy, can discriminate different macrophage subsets the balance of which is crucial in atherosclerotic plaque progression. Visualization of the macrophage metabolic signature by measuring NADH and FAD autofluorescence has already been validated in vivo in a mouse model of breast cancer using a mammary imaging window [START_REF] Szulczewski | In Vivo Visualization of Stromal Macrophages via label-free FLIM-based metabolite imaging[END_REF]. In the field of atherosclerosis, TPEF imaging may be possible in humans by developing a dedicated device to monitor the macrophage metabolic cellular activity. Cell metabolism monitoring may be useful to better understand the progression of atherosclerotic plaques and to identify "vulnerable" patients from the general population for personalized medicine (optimized selection and dosage of treatments). 
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 2 Optical properties of FMs, M1 and M2 macrophages analyzed by TPEF imaging of NADH and FAD autofluorescence Macrophages (300-1000 cells per condition) were analyzed by TPEF microscopy to obtain 3D images of NADH and FAD autofluorescence. The overlay of NADH and FAD fluorescence images (Fig. 4A-C for a representative optical readout analysis) suggested that M1, M2 and MoxLDL cells exhibited different optical properties. This result was confirmed when scatter-plots of FAD and NADH autofluorescence (Fig. 4D) were generated. Comparison of these measurements showed that NADH fluorescence level clearly differentiated M1 and M2 cells (Fig. 5A; p <0.01). NADH fluorescence level in MoxLDL+/-CE and MacLDL+/-CE cells was similar to that of M1 cells. Conversely, MCE cells showed values closer to those of M2 cells (Fig. 5A).

Fig. 1 .

 1 Fig. 1. Expression of inflammatory and immunoregulatory markers on the surface of non-polarized, inflammatory, immunoregulatory and foamy macrophages by flow cytometry. Percentage of cells that express inflammatory (CD40 (A), CD86 (B), CD197 (C)) and regulatory (CD163 (D), CD206 (E),

Fig. 2 .

 2 Fig. 2. Expression level of inflammatory and immunoregulatory markers on the surface of nonpolarized, inflammatory, immunoregulatory and foamy macrophage models by flow cytometry. Mean Fluorescence Intensity (MFI) of inflammatory (CD40 (A), CD86 (B), CD197 (C)) and regulatory (CD163 (D), CD206 (E), CD200R (F)) markers in positive cells. The horizontal line indicates the mean value.*p<0.05; **p<0.01; ***p<0.001. acLDL=acetylated LDL, oxLDL=oxidized LDL, CE=carotid extract.

Fig. 3 .

 3 Fig. 3. Overlays of M1, M2 and oxLDL+CE-stimulated macrophages after labeling with the antibody cocktail against M1 and M2 surface markers. Representative scatterplots of the MFI values obtained with anti-CD40 and anti-CD206 antibodies (A) and with anti-CD86 and anti-CD206 antibodies (B) in the three models.

Fig. 4 .

 4 Fig. 4. Optical readouts by TPEF of NADH and FAD autofluorescence in macrophages. (A-C) Representative overlay images of NADH (green) and FAD (red) autofluorescence in M1 (IFN-g+LPS) (A), M2 (IL-4+IL-13) (B) and MoxLDL+CE macrophages (C) obtained by TPEF. These three populations exhibit different NADH and FAD autofluorescence levels. Scale bars, 50µm. (D) Scatter-plots of FAD and NADH autofluorescence in M1, M2 and different FM models.

Fig. 5 .

 5 Fig. 5. NADH and FAD autofluorescence in the different macrophage populations. (A-C) Boxplots of NADH (A) and FAD (B) autofluorescence intensity and ORR value ratios (C) in the different macrophage models. The horizontal line indicates the mean value. (D) PCA of the NADH/FAD autofluorescence and ORR data showing the clear separation of the M1, M2, MoxLDL and MoxLDL+CE models in four quadrants. *p<0.05; **p<0.01; ***p<0.001. acLDL=acetylated LDL, oxLDL=oxidized LDL, CE=carotid extract.
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