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Introduction

Macrophages are innate immune cells that reside in tissues or differentiate from circulating monocytes and regulate acute inflammatory responses and tissue homeostasis [START_REF] Wynn | Macrophage biology in development, homeostasis and disease[END_REF]. While they can adopt a whole spectrum of activation states, most research focusses on lipopolysaccharide (LPS)-and interleukin (IL)-4-induced activation states. LPS-induced macrophages (classically activated macrophages, M[LPS]) produce high levels of proinflammatory cytokines and show increased surface expression of (co)stimulatory immune activation markers. Conversely, IL-4-induced macrophages (alternatively activated macrophages, M[IL-4]) upregulate a different set of surface markers and enzymes involved in repair and homeostasis [START_REF] Murray | Macrophage activation and polarization: nomenclature and experimental guidelines[END_REF]. Metabolic rewiring resides at the core of phenotypic polarization and has been shown to direct immune responses [START_REF] Jha | Network integration of parallel metabolic and transcriptional data reveals metabolic modules that regulate macrophage polarization[END_REF]. Upon stimulation with LPS, macrophages increase metabolic flux through glycolysis and the pentose phosphate pathway (PPP) which in turn fuels reactive oxygen species (ROS) production and nitric oxide (NO) synthesis ( [START_REF] Van Den Bossche | Macrophage Immunometabolism: Where Are We (Going)?[END_REF][START_REF] Baardman | A Defective Pentose Phosphate Pathway Reduces Inflammatory Macrophage Responses during Hypercholesterolemia[END_REF]. M[LPS] macrophages also display a disruption of the tricarboxylic acid (TCA) cycle at two points: isocitrate dehydrogenase (IDH) and succinate dehydrogenase (SDH) [START_REF] Jha | Network integration of parallel metabolic and transcriptional data reveals metabolic modules that regulate macrophage polarization[END_REF]. The LPS-induced downregulation of IDH results in the shunting of (iso)citrate towards synthesis of aconitate and subsequent accumulation of anti-microbial itaconate, mediated by the immunoresponsive gene 1 encoded enzyme IRG1 [START_REF] Lampropoulou | Itaconate Links Inhibition of Succinate Dehydrogenase with Macrophage Metabolic Remodeling and Regulation of Inflammation[END_REF]. As a result of a blunted SDH activity, succinate accumulates and functions as an immunoregulatory metabolite in macrophages that directs the immune response via hypoxia-inducible factor 1 alpha (HIF1α) and other mechanisms [START_REF] Mills | Succinate Dehydrogenase Supports Metabolic Repurposing of Mitochondria to Drive Inflammatory Macrophages[END_REF][START_REF] Harber | Succinate Is an Inflammation-Induced Immunoregulatory Metabolite in Macrophages[END_REF]. In sharp contrast with M[LPS], IL-4-stimulated macrophages are characterized by an intact TCA cycle, increased arginase-1 (Arg1) activity and fatty acid oxidation (FAO) [START_REF] Van Den Bossche | Macrophage Immunometabolism: Where Are We (Going)?[END_REF].

As metabolism dictates functional responses in macrophages and other immune cells, there is substantial potential in generating targeted therapeutics that combat chronic inflammatory disorders and cancer [START_REF] Lim | Highcontent fluorescence imaging with the metabolic flux assay reveals insights into mitochondrial properties and functions[END_REF][START_REF] Makowski | Immunometabolism: From basic mechanisms to translation[END_REF]. In the study of new therapeutic metabolic interventions lies the importance of measuring cellular metabolism in a time-and cost-effective manner. Currently, a commonly used method is extracellular flux analysis, which measures extracellular acidification rates (ECAR) and oxygen consumption rates (OCR) as markers for glycolysis and mitochondrial oxidative phosphorylation (OXPHOS), respectively [START_REF] Van Den Bossche | Metabolic characterization of polarized M1 and M2 bone marrow-derived macrophages using real-time extracellular flux analysis[END_REF]. This technique contributed to the key concept that M [LPS] macrophages are more glycolytic, whereas M[IL-4] macrophages show higher OXPHOS and FAO (Van den [START_REF] Van Den Bossche | Mitochondrial Dysfunction Prevents Repolarization of Inflammatory Macrophages[END_REF][START_REF] Jha | Network integration of parallel metabolic and transcriptional data reveals metabolic modules that regulate macrophage polarization[END_REF]. While the method gives a proper overview of core metabolic pathways, it does not reveal the regulation and activation of more specific cellular metabolic pathways or the direct uptake of nutrients from the environment. A combination of several -omics techniques can explain delicate changes in cellular metabolism. As such, metabolomics analysis measures the abundance of metabolites and can reveal metabolic changes dictated by increased production or decreased substrate usage [START_REF] Jha | Network integration of parallel metabolic and transcriptional data reveals metabolic modules that regulate macrophage polarization[END_REF][START_REF] Rattigan | Metabolomic profiling of macrophages determines the discrete metabolomic signature and metabolomic interactome triggered by polarising immune stimuli[END_REF]. Also, (single-cell) RNA-sequencing (transcriptomics) shows regulation on gene expression level, and aids in evaluating the transcriptional activity in all metabolic pathways [START_REF] Jha | Network integration of parallel metabolic and transcriptional data reveals metabolic modules that regulate macrophage polarization[END_REF]Van den Bossche, 2020). However, RNAsequencing neither allows the assessment of post-translational modifications that may dictate the function of metabolic enzymes, nor of metabolic enzyme activity. While new methods are arising that permit the measurement of metabolic enzyme abundance and activation by flow cytometry [START_REF] Hartmann | Single-cell metabolic profiling of human cytotoxic T cells[END_REF][START_REF] Ahl | Met-Flow, a strategy for single-cell metabolic analysis highlights dynamic changes in immune subpopulations[END_REF][START_REF] Levine | Single-cell analysis by mass cytometry reveals metabolic states of early-activated CD8(+) T cells during the primary immune response[END_REF], these are relatively expensive in terms of time and costs, resulting in the inclusion of only a limited number of samples or experimental conditions. Methods allowing for an effective screening of metabolic pathway activity are therefore needed to facilitate drug and inhibitor screens. Here, we provide a comprehensive set of methods as a toolbox that allows measuring multiple aspects of immune cell metabolism in a 96-well-plate-based format. First, we performed NO production and arginase-activity measurements to quickly show metabolic alterations as a preliminary readout tool. Next, we compare extracellular flux analysis with a recently developed method for measuring single-cell metabolism. Additionally, we measure fluorescent readouts for mitochondrial mass, mitochondrial membrane potential, and glucose and fatty acid uptake. Lastly, we also propose a comprehensive protocol to measure specific substrate usage in permeabilized and intact cells. The methods are applied to the well-described LPS-and IL-4induced mouse and human macrophages providing the tools for low-key and semi-highthroughput immunometabolic research that can be extended to different immune cells.

Results

Overview of semi-high-throughput techniques encompassed in the immunometabolic toolbox We provided a toolbox to interrogate immunometabolism in a semi-high-throughput manner by combining extracellular flux analysis with metabolic analysis of distinct cell subsets using SCENITH [START_REF] Arguello | SCENITH: A Flow Cytometry-Based Method to Functionally Profile Energy Metabolism with Single-Cell Resolution[END_REF]. We further extended the analyses by measuring the uptake of fluorescent probes both in an imaging multi-mode plate reader and by flow cytometry and by investigating fuel preference between macrophage activation states by measuring the specific substrate utilization (Figure 1). Extracellular flux analysis validates metabolic remodeling in LPS-and IL-4-activated macrophages Mouse bone marrow-derived macrophages (BMDMs) and human monocyte-derived macrophages (HMDMs) were left untreated or were stimulated with LPS or IL-4 (Figure 2A). While HMDMs do not show NO production or detectable arginase activity, BMDMs displayed an increased production of NO upon LPS-activation and increased arginase activity upon activation with IL-4 (Figure 2B (BMDMs), data not shown (HMDMs)). Extracellular flux analysis on BMDMs displayed upregulated basal oxygen consumption (Supplementary Figure 1A) and maximal respiration following IL-4 treatment as expected, while LPS-activated macrophages showed a trend towards decreased maximal respiration (Figure 2C). These parameters were not significantly altered in HMDMs (Figure 2D). Unexpectedly, LPS-stimulation increased basal respiration both in mouse and human macrophages. Based on ECAR measurements, BMDMs showed the representative upregulation of glycolysis and glycolytic capacity upon LPS-, and to a lesser extent, upon IL-4-stimulation (Figure 2E, Supplementary Figure 1A). While LPSactivated HMDMs exhibited significantly elevated glycolysis (Supplementary Figure 1B), glycolytic capacity was not increased in HMDMs for either stimulation (Figure 2F). Normalization of ECAR and OCR rates was performed using fluorescent imaging of macrophages stained with cell-permeable Hoechst to calculate cell counts, as has been implemented previously [START_REF] Lim | Highcontent fluorescence imaging with the metabolic flux assay reveals insights into mitochondrial properties and functions[END_REF][START_REF] Janssen | Novel standardized method for extracellular flux analysis of oxidative and glycolytic metabolism in peripheral blood mononuclear cells[END_REF] (Supplementary Figure 1C). While normalization decreased outliers as shown for glycolytic capacity and maximal respiration, it did not fundamentally alter the data (Supplementary Figure 1D,E). Furthermore, normalization decreased the variation between multiple wells in a single experiment as indicated by reduced standard deviation of both ECAR and OCR-based parameters (Supplementary Figure 1F). Therefore, normalization of extracellular flux data with Hoechst dye injection and subsequent quantification of cell counts by fluorescent imaging is effective in reducing variation within experiments.
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Flow cytometry-based method to profile energy metabolism correlates well with extracellular flux analysis and allows metabolic assessment of distinct cell subsets Next, we examined the SCENITH technology which can profile metabolism of distinct cell subsets [START_REF] Arguello | SCENITH: A Flow Cytometry-Based Method to Functionally Profile Energy Metabolism with Single-Cell Resolution[END_REF]. This technique is based on protein synthesis as a reliable alternative readout for ATP production through metabolic flux, determining the effect of metabolic inhibitors on puromycin incorporation during protein translation by flow cytometry. We assessed mouse and human macrophages with SCENITH and investigated its compliance with extracellular flux analysis. Overall, while a high geometric mean fluorescent intensity (gMFI) of puromycin was detected for control samples indicating a high level of overall protein synthesis in BMDMs, IL-4 led to even increased levels of protein synthesis (Figure 3A). As expected, the gMFI of puromycin was highly dependent on the addition of metabolic inhibitors, without affecting cell viability in BMDMs (Figure 3A, Supplementary Figure 2A). On the other hand, addition of Deoxy-D-Glucose (DG) for 30 minutes slightly affected viability in LPS-activated HMDMs, indicating that caution is warranted when interpreting these data without using a viability dye (Supplementary Figure 2A,B). Puromycin gMFI after addition of inhibitors allowed for the calculation of several metabolic parameters: glucose and mitochondrial dependency were calculated as the proportion of protein synthesis dependent on glucose oxidation and OXPHOS, respectively (Figure 3C). Furthermore, glycolytic capacity and fatty acid and/or amino acid oxidation (FAO/AAO) capacity indicate the maximum potential of cells to sustain protein synthesis when OXPHOS and glucose oxidation are inhibited, respectively [START_REF] Arguello | SCENITH: A Flow Cytometry-Based Method to Functionally Profile Energy Metabolism with Single-Cell Resolution[END_REF]. Addition of DG almost completely abolished the signal in all mouse macrophage stimulations examined, indicating overall high glucose dependency (Figure 3A,D). M[LPS] relied solely on glucose as fuel, while IL-4-treated BMDMs retained at least some capacity for FAO/AAO (Figure 3D). Conversely, oligomycin (O) decreased protein synthesis in naïve and M , but barely affected this readout in M[LPS], revealing a distinct reliance on OXPHOS in the different activation states (Figure 3A,D). This was also reflected in the derived metabolic parameters that indicate decreased mitochondrial dependence but high glycolytic capacity of M[LPS] (Figure 3D). For BMDMs, glycolytic capacity as captured by SCENITH correlated significantly with the same parameter as assessed by extracellular flux analysis (Figure 3F). In HMDMs, very similar metabolic changes upon macrophage activation were found compared with BMDMs. However, HMDMs relied much more on mitochondrial oxidation as evidenced by an increased effect of the mitochondrial inhibitor oligomycin on puromycin gMFI (Figure 3B). Consistently, mitochondrial dependence was higher in naïve and LPS-activated HMDMs compared to their mouse counterparts, accompanied by a lower glycolytic capacity and higher capacity for FAO and/or AAO (Figure 3E). Similar to BMDMs, glycolytic capacity as measured with SCENITH correlated well with extracellular flux analysis for HMDMs (Figure 3G). We further confirmed macrophage activation by combining SCENITH with typical activation markers, indicating successful activation of M[LPS] and M[IL-4] (Supplementary Figure 2C-F). To exploit the capacity of SCENITH to study metabolism of distinct subsets within a pool of cells, we performed tSNE dimensionality reduction and FlowSOM single-cell clustering [START_REF] Van Gassen | FlowSOM: Using self-organizing maps for visualization and interpretation of cytometry data[END_REF] on naive and LPS-activated BMDMs with Oligomycin-mediated inhibition of mitochondrial puromycin production (Figure 3H). Interestingly, M[LPS] showed a heterogenous activation defining two clusters upon LPS-activation (clusters 3 and 4) as indicated by differing CD40 and iNOS-expression (Figure 3H, Supplementary Figure 2G). Interestingly, puromycin also showed a heterogenous expression across these clusters, indicating that homogenous activation results in different metabolic activation. Since iNOS displayed the biggest difference between clusters 3 and 4 (Supplementary Figure 2G), we analyzed mitochondrial dependency and glycolytic capacity in iNOS Low and iNOS High cell subsets (Figure 3I). The iNOS High subset showed larger LPS-induced changes such as decreased mitochondrial dependency and increased glycolytic capacity, as compared to iNOS Low cells (Figure 3J). In contrast, in IL-4-stimulated BMDMs such distinction was not accompanied by changes in puromycin levels, and therefore did not result in changes in metabolic parameters (data not shown). The single-cell clustering analysis illustrates the capacity of SCENITH to capture heterogeneous responses of cells to a stimulus. Moreover, this allowed us to reveal a more activated metabolic phenotype than what was previously observed using bulk analysis. Measuring incorporation of fluorescent nutrient analogs by multi-mode reader and flow cytometry yields complementary information to extracellular flux analysis and SCENITH We further extended metabolic measurements by investigating the uptake of fluorescent metabolic dyes at single-cell level both by multi-mode reader and flow cytometry. Assessment by multi-mode reader showed fluorescent signal of the glucose analog 2NB-DG, the mitochondrial stain MitoTracker Green, the mitochondrial membrane potential-dependent TMRM and the fatty acid BODIPY C16 from cells (Figure 4A). Since the multi-mode reader did not reveal alterations in mean fluorescence per cell between different activation states (Supplementary Figure 3), we additionally validated fluorescent signal by flow cytometry. In line with multi-mode reader data, mitochondrial mass (MitoTracker Green) and mitochondrial membrane potential (TMRM) did not show major alterations upon macrophage activation (Figure 4B,C). Since mitochondrial mass was shown to be correlated with reduced maximal respiration in macrophages and T cells [START_REF] Van Der Windt | Mitochondrial respiratory capacity is a critical regulator of CD8+ T cell memory development[END_REF][START_REF] Baardman | A Defective Pentose Phosphate Pathway Reduces Inflammatory Macrophage Responses during Hypercholesterolemia[END_REF]

, we

Electronic copy available at: https://ssrn.com/abstract=3866832 checked the correlation of MitoTracker Green signal and maximal respiration rate as measured by extracellular flux analysis. Similarly, since an increase in membrane potential indicates a leakage of protons from the electron transport chain that can be used for reverse electron transport [START_REF] Zorova | Mitochondrial membrane potential[END_REF], we checked the correlation of TMRM and the extracellular flux parameter proton leak. However, no correlation was found between either mitochondrial mass and maximal respiration nor between mitochondrial membrane potential and proton leak (Figure 4B,C). In contrast, assessment of 2NB-DG signal with flow cytometry revealed an elevated uptake of 2NB-DG in LPS-and IL-4-stimulated macrophages, which correlated well with extracellular flux analysis-determined glycolysis of BMDMs (Figure 4D,E). Interestingly, also the uptake of BODIPY C16 was increased in M[LPS] and M[IL-4] for both mouse and human macrophages. BODIPY C16 signal significantly correlated with basal respiration as measured by extracellular flux analysis in HMDMs and neared a significant correlation in BMDMs (Figure 4D,E). While fluorescent metabolic probes reveal activation-specific signals, the uptake of nutrient analogs does not reveal the fate of the nutrient within the cell nor the dependence on the nutrient. Nutrients can be metabolized or can be stored and accumulated in different compartments of cells. By measuring glucose and fatty acid uptake, one can reveal whether glucose or fatty acid uptake resides at the source of glycolytic and respiration rates. Thereby, the uptake levels of fluorescent probes aids the interpretation of functional metabolic analyses such as extracellular flux analysis or SCENITH. Analysis of biochemical substrate utilization rates gives additional insight in fuel preference and metabolic enzyme activity While the combination of extracellular flux analysis, SCENITH and the measurement of fluorescent probes gives a marked insight in metabolic functioning, the actual fuel preference of cells in a certain activation state remains largely unknown. To gather an enhanced view on mitochondrial enzyme activities in LPS-and IL-4-activated macrophages, we assessed mitochondrial substrate utilization rates with permeabilized cells in substrate-coated plates. A redox dye allowed for the quantification of substrate utilization by measuring absorbance over time. Mitochondrial substrate conversion by permeabilized cells was measured during a course of 5 hours (Supplementary Figure 3A,B). Substrates that require malate for mitochondrial conversion were supplemented with 100 µM Malic acid (sparker malate) [START_REF] Gerhardt | Effect of palmitoylcarnitine on mitochondrial activities[END_REF]. Maximum oxidation rates indicate the enzymatic capacity to oxidize the specific substrates, and revealed differential regulation of mitochondrial substrate oxidation upon activation with LPS or IL-4 (Figure 5A,B). Oxidation of TCA cycle intermediates displayed a Electronic copy available at: https://ssrn.com/abstract=3866832 marked decrease in both LPS-and IL-4-activated BMDMs (Figure 5C). Whereas LPS downregulated the oxidation of all TCA cycle intermediates, IL-4-activation only affected a selection of substrates downstream of cis-aconitic acid (Figure 5C). While the uptake of fluorescent analog long-chain (16C) fatty acids was markedly increased upon LPS when measured by flow cytometry (see Figure 4D), this was not paralleled by increased mitochondrial oxidation of short-, medium-, or long chain-fatty acids, but rather decreased oxidation of 8C-fatty acids (Figure 5E). Similarly, human LPS-activated macrophages displayed a marked decrease in the oxidation of substrates of the TCA cycle, whereas differences between IL-4-activated and naïve macrophages were less pronounced (Figure 5B). While no statistical significance was reached in HMDMs, some TCA cycle intermediates like citrate, succinate and malate showed a trend towards decreased maximum oxidation rate with M[LPS], with no changes found with M[IL-4] (Figure 5E,F). Since permeabilization of cells does not allow for the measurement of cytosolic metabolic pathways, the MitoPlates S-1 did not measure alterations in glycolysis but provided increased insight into mitochondrial remodeling upon LPS-or IL-4-stimulation. Glycolysis is one of the main differentially regulated pathways in LPS-and IL-4-activated macrophages as assessed by extracellular flux, SCENITH and 2NB-DG uptake. We further investigated the regulation of glycolysis in BMDMs using PM-M01 Biolog plates that allow for the measurement of substrate oxidation in intact cells. D-glucose was the most upregulated utilized substrate in both M[LPS] and M[IL-4] (Supplementary Figure 3B). Whilst significant differences were observed in the oxidation of other carbohydrates upon macrophage activation, such as maltose and fructose, the biological relevance remains undefined. Interestingly, the maximum rate of D-glucose oxidation correlated well with glycolysis as determined by extracellular flux analysis and with 2NB-DG uptake (Supplementary Figure 3C), indicating that assessing glucose oxidation with a redox dye in intact cells is a relevant additional tool to study glycolysis. Together, the techniques assessed here investigate metabolism from different angles and all contribute to a deeper understanding of metabolic phenotypes. In the next section, strengths and limitations will be considered alongside a discussion of the results.
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Discussion

Immune cell function is highly controlled by their metabolism. We here illustrate the use of several techniques for metabolic profiling and present an in-depth view of mitochondrial function with a 96-well plate-based semi-high-throughput method on well-described mouse and human macrophages activated with LPS or IL-4. This toolbox allows for time-and costefficient screening of candidate drugs before moving towards more advanced metabolic evaluation. It can also easily be extended to ex vivo samples and other (immune) cells.

Guide to choose the right technique in your circumstances

In recent years, immunologic research has increasingly focused on metabolic remodeling in immune cells obtained after in vitro activation or from complex in vivo samples. To get an initial idea about metabolic alterations in immune cells, a first selection can be made based on colorimetric assays on cells, lysates, or their supernatants (Figure 6). Glucose and lactate measurements allow for the detection of glucose usage and lactate production by the cells. Additionally, consistently with our results, mouse, but not human, macrophages show increased nitric oxide production upon activation with LPS and increased arginase activity after stimulation with IL-4 [START_REF] Thomas | Of mice and men": arginine metabolism in macrophages[END_REF][START_REF] Gross | Epigenetic silencing of the human NOS2 gene: rethinking the role of nitric oxide in human macrophage inflammatory responses[END_REF][START_REF] Cameron | Human alveolar and peritoneal macrophages mediate fungistasis independently of L-arginine oxidation to nitrite or nitrate[END_REF][START_REF] Schneemann | Nitric oxide synthase is not a constituent of the antimicrobial armature of human mononuclear phagocytes[END_REF]. As a final pre-screen, cells can be analyzed for mitochondrial activity by an MTT assay that is based on the conversion of tetrazolium salt MTT (3-(4,5dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) by the TCA cycle enzyme succinate dehydrogenase. As a subsequent step, our toolbox allows for an extended overview of different metabolic activation profiles upon immune cell activation (Figure 6). The toolbox can be followed up by more costly and in-depth analyses like metabolomics, 13 C-based fluxomics, and RNAsequencing, as commonly applied for bulk analyses. More complex in vivo samples consisting of a heterogeneous pool of cells can be studied by flow and mass cytometry-based metabolic profiling (including SCENITH), single-cell RNA-sequencing, or spatial metabolomics and immunohistochemistry for metabolic enzymes (Figure 6) ((Artyomov and Van den Bossche, 2020) for recent review). Since these techniques all have their advantages and disadvantages, they should be used in their specific, most suitable applications and combined with complementary techniques.

Extracellular flux analysis for bulk analysis of cells

Extracellular flux analysis is currently the predominantly used metabolic profiling technique, giving it the status of 'golden standard'. The injection of several inhibitors and metabolic compounds during an extracellular flux assay allows for determining the contribution of a specific metabolic pathway to acidification and oxygen consumption. In accordance with earlier literature, we here found increased glycolysis in LPS-induced BMDMs (Van den [START_REF] Van Den Bossche | Metabolic characterization of polarized M1 and M2 bone marrow-derived macrophages using real-time extracellular flux analysis[END_REF][START_REF] Lauterbach | Toll-like Receptor Signaling Rewires Macrophage Metabolism and Promotes Histone Acetylation via ATP-Citrate Lyase[END_REF]. Parallel to BMDMs, we also found increased glycolysis in human M[LPS], consistent with an earlier proteomic study of LPS-activated HMDMs [START_REF] Reales-Calderon | Proteomic characterization of human proinflammatory M1 and antiinflammatory M2 macrophages and their response to Candida albicans[END_REF]. Decreased glycolysis has also been reported upon LPS-stimulation in HMDMs [START_REF] Vijayan | Human and murine macrophages exhibit differential metabolic responses to lipopolysaccharide -A divergent role for glycolysis[END_REF], and these contrasting results may be explained by differences in the timing of cellular activation and subsequent measurement [START_REF] Lauterbach | Toll-like Receptor Signaling Rewires Macrophage Metabolism and Promotes Histone Acetylation via ATP-Citrate Lyase[END_REF]. In line with this, time-dependent metabolic changes have been shown previously for BMDMs and are likely to occur in HMDMs as well [START_REF] Thomas | Of mice and men": arginine metabolism in macrophages[END_REF]Mattila, 2014, Lauterbach et al., 2019). Whereas LPS-stimulation in BMDMs showed decreased maximal respiration in our results, an even augmented decrease in maximal respiration was shown in the past for BMDMs and results at least partly from LPS-induced NO production (Van den [START_REF] Van Den Bossche | Mitochondrial Dysfunction Prevents Repolarization of Inflammatory Macrophages[END_REF][START_REF] Van Den Bossche | Metabolic characterization of polarized M1 and M2 bone marrow-derived macrophages using real-time extracellular flux analysis[END_REF]. Contrarily to BMDMs, HMDMs produce no NO due to epigenetic silencing of NOS2 [START_REF] Gross | Epigenetic silencing of the human NOS2 gene: rethinking the role of nitric oxide in human macrophage inflammatory responses[END_REF], and may therefore not decrease maximal respiration [START_REF] Vijayan | Human and murine macrophages exhibit differential metabolic responses to lipopolysaccharide -A divergent role for glycolysis[END_REF]. This is consistent with our results for NO production and maximal respiration in HMDMs. Additionally, we observed a significant increase in basal respiration in LPS-activated human macrophages and less for mouse macrophages. Overall, this indicates that human and mouse macrophages behave slightly different in terms of metabolic remodeling.

In the current study, IL-4-induced BMDMs upregulated maximal respiration compared to naïve BMDMs as has been reported before [START_REF] Van Den Bossche | Mitochondrial Dysfunction Prevents Repolarization of Inflammatory Macrophages[END_REF]. Originally, this was thought to mainly result from increased FAO, which was believed to be crucial for alternative macrophage activation [START_REF] Vats | Oxidative metabolism and PGC-1beta attenuate macrophage-mediated inflammation[END_REF], Huang et al., 2014a). However, experiments with carnitine palmitoyltransferase 1 and 2 (Cpt1/2) knockout mice indicated that FAO is largely dispensable for IL-4-induced macrophage activation (Van den Bossche and van der Windt, 2018, [START_REF] Nomura | Fatty acid oxidation in macrophage polarization[END_REF][START_REF] Divakaruni | Etomoxir Inhibits Macrophage Polarization by Disrupting CoA Homeostasis[END_REF]. The same was also found for HMDMs [START_REF] Namgaladze | Fatty acid oxidation is dispensable for human macrophage IL-4-induced polarization[END_REF]. Glycolysis was then believed crucial for IL-4-macrophage activation [START_REF] Huang | Metabolic Reprogramming Mediated by the mTORC2-IRF4 Signaling Axis Is Essential for Macrophage Alternative Activation[END_REF], but this was later nuanced as glycolysis is not required for activation as long as OXPHOS is intact [START_REF] Wang | Glycolytic Stimulation Is Not a Requirement for M2 Macrophage Differentiation[END_REF]. Our finding that both mouse and human IL-4-activated macrophages upregulate glycolysis, is consistent with this. A previous study did recognize the high reliance of M[IL-4] on glucose, but did not see induction of basal glycolysis [START_REF] Rodríguez-Prados | Substrate Fate in Activated Macrophages: A Comparison between Innate, Classic, and Alternative Activation[END_REF]. This discrepancy may result from the use of different macrophage types, BMDMs in our setting versus RAW cells and peritoneal macrophages in earlier studies [START_REF] Rodríguez-Prados | Substrate Fate in Activated Macrophages: A Comparison between Innate, Classic, and Alternative Activation[END_REF].
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While extracellular flux analysis already provided multiple parameters in the currently applied study set-up, outlining the buffer capacity of the assay medium can even indicate specific glycolytic and mitochondrial contribution to ATP production [START_REF] Mookerjee | Quantifying intracellular rates of glycolytic and oxidative ATP production and consumption using extracellular flux measurements[END_REF]. Additionally, dependency on main fuels can be determined by the combination of extracellular flux assays with injections of inhibitors such as etomoxir (fatty acids), BPTES (pyruvate) and UK5099 (glutamine) [START_REF] Voss | A guide to interrogating immunometabolism[END_REF]. However, caution is warranted as not all inhibitors are specific [START_REF] Divakaruni | Etomoxir Inhibits Macrophage Polarization by Disrupting CoA Homeostasis[END_REF]. Also, another set of personally preferred inhibitors or compounds can give rise to additional metabolic data for an even more comprehensive overview of cellular metabolism, for example to assess different components of the electron transport chain [START_REF] Salabei | Comprehensive measurement of respiratory activity in permeabilized cells using extracellular flux analysis[END_REF]. On the other hand, extracellular flux analysis also comes with certain disadvantages limiting its applications. Whereas extremely useful for homogeneous samples of which many cells are present (such as in vitro differentiated and stimulated cells), only the core metabolic pathways that directly result in H + production or oxygen consumption are presented. Additionally, analysis of complex in vivo samples such as tumor tissue is much more challenging. The latter includes many distinct cell populations which cannot be separately assessed with extracellular flux analysis alone. To gather metabolic parameters per cell type with extracellular flux analysis, cells of interest need to be sorted before analysis. Both cell sorting and possible associated incubation in cell culture media may affect the metabolic state of cells [START_REF] Voss | A guide to interrogating immunometabolism[END_REF][START_REF] Binek | Flow Cytometry Has a Significant Impact on the Cellular Metabolome[END_REF][START_REF] Llufrio | Sorting cells alters their redox state and cellular metabolome[END_REF]. Generally, large cell numbers are required for extracellular flux analysis, but new developments now allow to measure rare cell populations in smaller and specifically designed plates. However, with this approach, less replicates can be included.

SCENITH for metabolic phenotyping of distinct cell subsets

To tackle the measurement of cell subsets in more complex samples, Argüello et al. [START_REF] Arguello | SCENITH: A Flow Cytometry-Based Method to Functionally Profile Energy Metabolism with Single-Cell Resolution[END_REF] recently provided a simple flow cytometry-based way of investigating cellular metabolism. As this technique can be combined with lineage and activation markers, SCENITH is excellently equipped to enable simultaneous metabolic investigation of distinct cell populations, including rare cell populations. Here, we used the method and found a high dependence of BMDMs and HMDMs on glucose. Both human and mouse LPS-and IL-4induced macrophages showed an elevated glycolytic capacity compared to naïve macrophages, which is in line with extracellular flux data. In general, BMDMs and HMDMs revealed similar patterns of metabolic dependence, although HMDMs relied more on OXPHOS. Overall, SCENITH-derived glycolytic capacity correlated well with extracellular flux data.
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In our experiments, we used the method to validate metabolic characterization of homogenously-activated in vitro samples and illustrated its use in a panel with different activation markers. Interestingly, SCENITH enabled the identification of metabolic differences in two subpopulations of LPS-activated BMDMs distinguished mostly by iNOS expression. The heterogeneity in these populations could not have been found with extracellular flux analysis alone, since bulk analysis would have provided an average of these populations. The possibility of applying SCENITH in different flow cytometry panels allows for the analysis of even more heterogeneous samples. Whereas metabolic, differentiation and activation markers can be subjective to changes by inflammatory activation, lineage markers like F4/80, CD3 or CD19 generally allow for proper gating independent of inflammatory activation. SCENITH is therefore an interesting additive in large immune panels that also permits single-cell clustering. However, it should be noted that single-cell clustering analysis in combination with SCENITH should be performed with caution. As the metabolic parameters are calculated from inhibited samples treated in parallel rather than from one single sample, one cannot substantially show the metabolic parameters calculated for each single cell in the analysis. SCENITH in combination with larger flow cytometry-based immune panels therefore rather shows metabolic alterations in cell subsets and not in single cells per se. To overcome this, we here clustered cells from samples that were all treated with oligomycin to reveal a heterogeneous expression of puromycin and thereby a heterogeneous mitochondrial dependency and glycolytic capacity. SCENITH may further provide novel insights in combination with large metabolic flow cytometry panels. However, the stability of metabolic markers upon treatment with inhibitors should be validated beforehand and additionally, this approach quickly becomes much more costly, since each sample needs to be split and measured in parallel in order to accommodate the different inhibitors.

Fluorescent metabolic probes for the analysis of bulk and single-cell metabolic features

The use of a multi-mode reader improves extracellular flux measurements by providing a quick and easy way of cell count-based normalization. It further allows for the imaging of cells stained with fluorescent probes in a 96-well-plate-based manner, but the resolution of our machine did not allow for the determination of differences in signal between distinct macrophage activation states in our experiments. Therefore, we here determined fluorescence by flow cytometry, which is better equipped for quantification of data but lacks an option for visual information, which can be important in other fluorescent measurements such as phagocytosis assays.

Here, we showed a significant correlation of 2NB-DG uptake with glycolysis as measured by extracellular flux analysis and glucose usage by BMDMs as determined in a PM-M01 substrate utilization analysis. This indicates that the transported glucose into the cell is used in glycolysis and results, at least partly, in lactic acid secretion. However, care needs to be taken when assessing glucose uptake solely by fluorescent labeling as it was previously shown that 2NB-DG staining yielded substantially different results compared to glucose transport assays and 2NB-DG uptake was not impeded by glucose transport inhibitors in T cells [START_REF] Sinclair | Single Cell Glucose Uptake Assays: A Cautionary Tale[END_REF]. Additionally, we revealed a significant correlation of BODIPY C16 uptake with basal respiration. Interestingly, BODIPY C16 uptake was increased in LPS-activated BMDMs and HMDMs, but was not reflected in an increased FAO/AAO capacity as measured with SCENITH or increased fatty acid utilization as determined with mitochondrial substrate utilization in MitoPlates S-1. This indicates that while LPS-induced macrophages take up fatty acids, the cells rather store them (e.g. in lipid droplets) than using them to fuel metabolic processes, as has been reported previously [START_REF] Feingold | Mechanisms of triglyceride accumulation in activated macrophages[END_REF], Huang et al., 2014b). Next to 2NB-DG and BODIPY C16, we here measured MitoTracker Green for mitochondrial mass estimation and TMRM to assess mitochondrial membrane potential. While activation of LPS and IL-4 did not show differences in signal for these markers, the markers can be relevant for other research questions. For example, we have previously shown that a reduced maximal respiration was (partly) explained by reduced mitochondrial mass as measured with MitoTracker Green [START_REF] Baardman | A Defective Pentose Phosphate Pathway Reduces Inflammatory Macrophage Responses during Hypercholesterolemia[END_REF]. Next to the fluorescent probes measured here, a range of other fluorescent dyes and analyses exist that can be included to analyze metabolic alterations or cellular adjustments in response to specific treatments. Examples of other probes are mitoSOX for the measurement of mitochondrial ROS or propidium iodide for the analysis of cell cycle distribution. Additionally, a confocal microscope or multi-mode reader with higher resolution can be used to reveal visual differences in subcellular localization or mitochondrial fragmentation [START_REF] Lim | Highcontent fluorescence imaging with the metabolic flux assay reveals insights into mitochondrial properties and functions[END_REF]. While the uptake of 2NB-DG and BODIPY C16 by macrophages did correlate with extracellular flux parameters, specific fuel preference remains unknown and requires further analysis.

Mitochondrial substrate utilization for the analysis of in-depth mitochondrial reprogramming

During the assessment of substrate oxidation, substrate-coated plates provided more detailed insight compared to the use of fluorescent dyes or by applying inhibitors in extracellular flux analysis. The analysis of substrate utilization comes with some major advantages. Firstly, many specific substrates can be assessed simultaneously, allowing for relatively easy screening of fuel preferences. Secondly, since it is possible to measure sequential substrates, the induction of metabolic pathways like glycolysis and OXPHOS, but also fatty acid and amino acid metabolism can be investigated in greater detail than with the methods mentioned before.
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Lastly, substrate utilization gives an enhanced insight in alterations of enzymatic capacities upon cell activation. Although the method may yield new insights in metabolic rewiring, assessment of mitochondrial substrate utilization specifically requires permeabilization of the cell, resulting in a more artificial system than metabolic assessment of intact cells. By permeabilization, cells lose their ability to regulate cellular substrate uptake and mitochondria are thereby provided with ad libitum access to the substrates. As enzyme rates are partly determined by substrate concentration, enzymes will increase their activity upon unlimited substrate availability. These enzymes might then behave differently than under physiological circumstances. Furthermore, in a biological setting, substrates may not be able to reach the cellular compartment where the metabolizing enzymes are located. Loss of compartmentalization in permeabilized cells can lead to enhanced substrate oxidation which may reflect a theoretical potential, but not the physiological metabolic pathway. This point is further illustrated with our finding that permeabilized IL-4-activated BMDMs showed a decreased utilization of multiple TCA cycle intermediates, while they show elevated oxygen consumption with extracellular flux analyses. This apparent discrepancy may be explained by differences in the readouts examined, as mitochondrial substrate utilization indicates activity of TCA cycle enzymes specifically. Alternatively, a decreased utilization may also arise from the permeabilization itself, as extracellular flux analysis assesses whole cell metabolism as compared to mitochondrial metabolism. Additionally, TCA cycle substrate utilization was unaltered in IL-4-stimulated intact BMDMs when compared to naive BMDMs, as measured in PM-M01 plates. The permeabilization itself removes potentially relevant cytoplasmic metabolic enzymes that may convert accumulating TCA cycle intermediates in intact cells for further use. An example is the cytoplasmic conversion of citrate to acetyl-CoA [START_REF] Lauterbach | Toll-like Receptor Signaling Rewires Macrophage Metabolism and Promotes Histone Acetylation via ATP-Citrate Lyase[END_REF], which usually aids in further metabolic processing and signaling and thereby may influence mitochondrial metabolism. During the measurement of intact cells in PM-M01 substrate-coated plates we found significant differences in the utilization of specific sugars upon activation of BMDMs with IL-4 or LPS. Although D-glucose uptake correlated well with other readouts, the relevance of most other sugars remains unknown. Since PM-M01 assays were mainly developed to investigate bacterial metabolism, the differentially regulated utilization of these sugars has not been described in the context of macrophage metabolism before. Although still of high interest and worthy of further investigation, the results can possibly also be attributed to the method being rather artificial in supplying solely one substrate. Therefore, researchers should take care that optional additional substrates are equally relevant to mammalian cells in their analyses.
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This substrate utilization assay is suited to assess homogeneous in vitro cultured cell subsets rather than complex tissue samples. It is helpful when screening metabolic pathways of interest (i.e., identified by previous metabolic experiments such as extracellular flux analysis, SCENITH or uptake of fluorescent probes) for altered substrate utilization, indicating modified enzyme activity. This substrate assay permits the narrowing of focus onto a few substrates or their metabolizing enzymes, which may subsequently be studied in greater detail and even integrated with transcriptomics or metabolomics data. Beyond the toolbox Transcriptomics and metabolomics measurements can additionally provide valuable input for the assessment of metabolic changes. However, they show a static measurement of cells at a specific time-point, and seemingly discrepant results may be obtained as a result of measurements providing data on different levels of regulation. For example, posttranscriptional or post-translational modifications are not included in transcriptomics data, and differences in gene expression do not always correlate to active translation into protein or alternatively to enzyme activity. For a further discussion of (single-cell) transcriptomics, metabolomics and their integration [START_REF] Jha | Network integration of parallel metabolic and transcriptional data reveals metabolic modules that regulate macrophage polarization[END_REF], other techniques to study cellular metabolism such as cytometry-based metabolic panels [START_REF] Hartmann | Single-cell metabolic profiling of human cytotoxic T cells[END_REF][START_REF] Ahl | Met-Flow, a strategy for single-cell metabolic analysis highlights dynamic changes in immune subpopulations[END_REF][START_REF] Levine | Single-cell analysis by mass cytometry reveals metabolic states of early-activated CD8(+) T cells during the primary immune response[END_REF], and more detailed considerations on how best to assess metabolism and single-cell options, we refer the reader to recent reviews (Artyomov andVan den Bossche, 2020, Voss et al., 2021). Whereas these methods will also greatly enhance the view of metabolic alterations upon treatments with a compound of interest, they also require more specialized machines, and will greatly complicate data analysis. In the metabolic analysis of complex in vivo samples, the spatial and temporal knowledge of metabolic processes are of major additional value (Artyomov andVan den Bossche, 2020, Murphy and[START_REF] Murphy | How should we talk about metabolism?[END_REF]. Therefore, imaging-based techniques [START_REF] Miller | Exploring Metabolic Configurations of Single Cells within Complex Tissue Microenvironments[END_REF][START_REF] Palmer | FDR-controlled metabolite annotation for high-resolution imaging mass spectrometry[END_REF] such as GeoMX [START_REF] Farren | Immunologic alterations in the pancreatic cancer microenvironment of patients treated with neoadjuvant chemotherapy and radiotherapy[END_REF] or MIBI-TOF (Keren et al., 2019, Hartmann and[START_REF] Hartmann | Immune monitoring using mass cytometry and related high-dimensional imaging approaches[END_REF] are developed that combine transcriptomics, metabolic and functional readouts with spatial information, respectively. Also, approaches that assess subcellular metabolism are important since metabolites accumulate to different extents in diverse subcellular locations and may affect (signaling) targets differently. This was for example indicated for acyl intermediates and their ability to modify target proteins [START_REF] Murphy | How should we talk about metabolism?[END_REF]. Additionally, to prove whether a metabolic change is cause or consequence of phenotypic alterations, it is desirable to assess temporal aspects. This can be implemented by repeated 13 C-metabolomic flux measurements in combination with phenotypic assessment or the addition of pseudo-time in single-cell RNA-sequencing. By combining space and time in Electronic copy available at: https://ssrn.com/abstract=3866832 spatiotemporal approaches in immunometabolic research, discrepancies in the literature may be resolved. Lastly, causality needs to be demonstrated by targeting metabolic enzymes with genetic or pharmacological tools as described previously in more detail [START_REF] Voss | A guide to interrogating immunometabolism[END_REF]. [START_REF] Arguello | SCENITH: A Flow Cytometry-Based Method to Functionally Profile Energy Metabolism with Single-Cell Resolution[END_REF], that measures changes in the level of translation in response to inhibitors as a measure for cellular metabolism. (C) Fluorescent measurement of the uptake of several metabolic dyes by the imaging multi-mode plate reader and flow cytometry. (D) Measurements of substrate utilization using permeabilized and intact cells with substrate-coated plates and the measurement of the absorbance of a redox dye based on the production of NAD(P)H and FADH 2 . Electronic copy available at: https://ssrn.com/abstract=3866832

Figure Legends

Methods

Bone marrow isolation and BMDM culture

Mouse experiments were approved by the Committee for Animal Welfare of the VU University Amsterdam. 8-16 week old male and female C57Bl/6 mice were housed in groups of four in SPF conditions at 21°C until sacrifice. Bone marrow cells were isolated from femurs and tibias by flushing with PBS. Bone marrow-derived macrophages (BMDMs) were generated by culturing in complete RPMI-1640 (Gibco) containing 25 mM HEPES, 2 mM L-glutamine, 10% FCS (Gibco), 100 U/mL penicillin, 100 µg/mL streptomycin (all Gibco), and 15% L929conditioned medium (LCM) for 7 days. Cells were collected and plated for experiments at a density of 1*10 6 cells per mL and were either left untreated or stimulated with 100 ng/mL LPS (Sigma) or 20 ng/mL IL-4 (Peprotech) for 24 hours. Monocyte isolation and HMDM culture Buffy coats (50 mL) were received from Sanquin blood Bank (Amsterdam, Netherlands). PBMCs were isolated with a Ficoll/Lymphoprep gradient (Greiner Biosciences) and careful centrifugation at 800g for 30 minutes. Next, monocytes were isolated by applying 120-150*10 6 cells on top of a 46% Percoll™ (Cytiva) solution followed by careful centrifugation at 2000 rpm for 20 minutes. Monocytes were plated in IMDM medium containing HEPES (Gibco) supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin (full IMDM medium), and containing 1% FCS. After settling for one hour, medium was replaced with full IMDM medium with 10% FCS and 25 ng/mL M-CSF (Miltenyi) and cells were differentiated for 6 days with a refreshment of M-CSF-supplemented medium after 3 days. NO production and Arginase activity assay NO production was measured by adding Griess reagent (2.5% H 3 PO 4 (Merck), 1% sulfanilamide (Sigma Aldrich), and 0.1% naphtylene diamide dihydrochloride (Sigma Aldrich) in H 2 O) to cell supernatants (1:1) and optical density was measured at 540 nm Arginase activity was determined on cell lysates. Cells were washed with PBS and lysed by incubating for 30 minutes with 100 µl 0.1% Triton X-100 (Sigma Aldrich), 25 mM Tris-HCl (pH 7.5, Roche) supplemented with 1x protease inhibitor cocktail (Roche). Arginase was activated by adding 3.5 µl of 10 mM MnCl 2 (Sigma Aldrich) to 10 μl sample and incubated at 56ºC for 10 minutes. Next, samples were incubated with 10 μl 0.5 M L-arginine (pH 9.7, Sigma Aldrich) for 60 minutes at 37ºC. Reaction was stopped by adding 90 µl stop solution (96%H 2 SO 4 /85% H 3 PO 4 /H 2 O 1:3:7, Merck) and incubated with 4 µl α-isonitrosopropiophenone (9%, Sigma Aldrich) for 30 minutes at 95ºC. Samples were left in the dark to cool down to room temperature Electronic copy available at: https://ssrn.com/abstract=3866832 until measurement of optical density at 540 nm. Enzymatic activity was calculated by [Urea]*(total volume*10 6 )/(tested volume*Time(incubated at 37ºC)*1000). Extracellular flux analysis Extracellular flux analysis was performed using the Seahorse XFe-96 Flux Analyzer (Agilent) to examine oxygen consumption (OCR) and extracellular acidification rates (ECAR) as described previously [START_REF] Van Den Bossche | Metabolic characterization of polarized M1 and M2 bone marrow-derived macrophages using real-time extracellular flux analysis[END_REF]. Briefly, BMDMs and HMDMs were plated at a density of 7.5*10 5 cells per well in XF-96-cell culture plates (Agilent) and stimulated for 24 hours with LPS or IL-4, or left untreated. 1 hour prior to the assay, cells were washed and medium was replaced by DMEM (Sigma-Aldrich) without glucose, phenol red, and sodium bicarbonate, supplemented with 5 mM HEPES and 2 mM L-glutamine. The run consisted of 2 minutes mixing, 3 minutes measuring and subsequent 4 injections; Glucose (final concentration in well 25 mM), Oligomycin (O, final concentration 1.5 µM), FCCP (final concentration 1.5 µM), and antimycin A (AA, final concentration 2.5 µM) with rotenone (rot, final concentration 1.25 µM) and Hoechst 33342 (Thermo Fisher) (final concentration 5 µg/mL). Directly after the run, Hoechst signal was measured on the Cytation 5 Cell Imaging multi-mode reader (BioTek) with a 4X magnification using a 365 nm LED in combination with an EX377/50 EM 447/60 filter cube and cell counts were analyzed using Gen 5™ software. Subsequently, flux rate data was normalized to cell counts and analyzed using Wave software version 2.6.0.31 as described previously (Van den [START_REF] Van Den Bossche | Metabolic characterization of polarized M1 and M2 bone marrow-derived macrophages using real-time extracellular flux analysis[END_REF]. SCENITH and Flow cytometry and analysis SCENITH protocol was performed as described previously [START_REF] Arguello | SCENITH: A Flow Cytometry-Based Method to Functionally Profile Energy Metabolism with Single-Cell Resolution[END_REF]. Briefly, control or metabolic inhibitors Deoxy-D-glucose (DG, final concentration 100 mM), oligomycin (O, final concentration 1 µM), combination of DG and O (DGO), or Harringtonine (H, final concentration 2 mg/mL) as negative control were added to fully differentiated cells and incubated for 15 min at 37°C. Subsequently, puromycin (final concentration 10 mg/mL) was added without washing and incubated for another 30 min at 37°C. After incubation, cells were washed with cold PBS and proceeded with Fc receptor blockade (eBioScience for mouse, BD Biosciences for human cells), fixable viability dye and surface antibody staining in PBS/0.5% BSA/0.02% sodium azide (PBA) for 30 min at 4°C in the dark. Cells were then washed, fixed an permeabilized using the FOXP3 fixation and permeabilization kit (eBioScience) according to manufacturer's instructions. For intracellular staining of iNOS, Arg1 and puromycin, cells were incubated for 1h at 4°C in antibody staining solution in permeabilization buffer. All samples were acquired on the day of the experiment at the O2 Flow Facility at Amsterdam UMC (Netherlands) on an X20 Fortessa flow cytometer (BD Biosciences) which was calibrated daily using CS&T calibration beads (BD Biosciences).

Electronic copy available at: https://ssrn.com/abstract=3866832 Data were analyzed using FlowJo (TreeStar, v10) and were compensated using single stains with UltraComp eBeads (ThermoFisher) labeled with the appropriate fluorochrome. Next, cells were gated on FSC-A/SSC-A to gate out debris, then on FSC-A/FSC-H to identify single-cells and lastly on FVD -viable cells. For unbiased tSNE analyses, files were uploaded to the OMIQ online analysis platform (https://omiq.ai/), scaled and subsampled to include 10.000 cells live single cells per file. Next, the tSNE tool set to 1500 iterations, a perplexity of 30 and a theta of 0.5 was used to create tSNE dimensionality reduction. Cells were then clustered using the FlowSOM algorithm using 5 metaclusters [START_REF] Van Gassen | FlowSOM: Using self-organizing maps for visualization and interpretation of cytometry data[END_REF] and clusters were overlaid on tSNE dimensionality reduction. Clusters were further assessed using the 'Clustered Heatmap' tool in OMIQ to identify discriminating markers between clusters. Vehicle control, DG, O, Harringtonine, puromycin and anti-puromycin antibodies were received as SCENITH kit from (http://www.scenith.com) [START_REF] Arguello | SCENITH: A Flow Cytometry-Based Method to Functionally Profile Energy Metabolism with Single-Cell Resolution[END_REF]. A complete list of antibodies used can be found in Supplementary Table 1.

Fluorescent metabolic dyes

Mitochondrial mass was measured using MitoTracker Green (Invitrogen). Mitochondrial membrane potential was measured using Tetramethylrhodamine methyl ester (TMRM, Thermo Fisher) and fatty acid and glucose uptake was measured using BODIPY TM FL C 16 (BODIPY, Thermo Fisher) or 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2NB-DG, Invitrogen) fluorescent probes. Cells were plated in 96-well black culture plates at a density of 8*10 4 cells per well. Cells were starved for 2 hours in basal RPMI-medium with or without glucose (for 2NB-DG) and subsequently stained by incubation for 30 minutes in complete RPMI with either 50 nM MitoTracker, 100 nM TMRM, 25 µM 2NB-DG or with 1 μM BODIPY. Hoechst (final concentration 5 μg/mL) was added for the last 5 minutes of incubation. Cells were washed with PBS and imaged in 4X magnification on the Cytation 5 at 37°C using a 465 nm LED in combination with an EX 469/35 EM 525/39 filter cube for MitoTracker Green, BODIPY and 2NB-DG and a 523 nm LED in combination with an EX 531/40 EM 593/40 filter cube for TMRM. Masks were generated around cells positive for the dye of interest using the Gen5 software, validated using positive Hoechst signal and subsequently, fluorescent intensity was calculated per cell. After measurement on the Cytation 5, cells were harvested using ice-cold PBS and immediately acquired on an X20 Fortessa flow cytometer (BD Biosciences) and analyzed as described in the section 'Flow cytometry and analysis'.

Mitochondrial functional substrate assay

Mitochondrial functional substrate assays were performed using MitoPlates S-1 (Biolog). First, cells for mitochondrial functional substrate assay were seeded in a 96 well culture plate at a density of 8*10 5 cells per well and stimulated for 24 hours with LPS or IL-4, or left untreated. 1 hour prior to the assay, 30 µl assay buffer with 1X saponin (Sigma-Aldrich, final concentration 50 μg/mL) and redox dye MC was dispensed into the wells of the Mito S-1 plate and incubated at 37ºC. Then, cells were washed once with 100 µl assay buffer and subsequently incubated with 35 µl assay buffer with 1X saponin at room temperature for permeabilization. After 15 minute incubation time, permeabilized cells were mixed by pipetting up and down and incubated for another 15 minutes at room temperature. Lastly, 30 µl of permeabilized cell suspension in 1X saponin was transferred to the MitoPlates S-1 plate. Additionally, intact BMDMs were plated as 4*10 4 cells per well in 50 µl MC-0 Assay Medium into PM-M01 plates (Biolog) to further assess whole-cell substrate usage as opposed to only mitochondrial substrate use. Cells and substrates were pre-incubated for 24 hours at 37ºC and 5% CO 2 , and metabolism was assessed after adding 20 µl 6X Biolog Redox Dye MB. Color formation in MitoPlates S-1 and PM-M01 plates was measured by the automated platform OmniLog (Biolog) and maximum rates between 1 and 4 hours of analysis were determined using Biolog Data Analysis software version 1.7.1.58.

Statistical analysis

Data are presented as mean ± standard error of the mean (SEM) unless specified differently. Statistical significance was analyzed using an ordinary one-way or two-way ANOVA where appropriate followed by Sidak's correction for multiple comparisons in GraphPad Prism software (8.2.1) using paired analysis to minimize effects of mouse/donor variation. For substrate utilization experiments, significant substrates were determined with a Student's tdistribution using Biolog Data Analysis Software. P values < 0.05 were considered statistically significant indicated by *p<0.05, **p<0.01, ***p<0.001. The number of mice or donors included in each experiment is indicated in the figure legend. Except for SCENITH, all experiments were performed as at least 2 independent experiments. For NO and Arginase assays, extracellular flux analyses and fluorescent probe uptake, at least 3 technical replicates were included to calculate a mean value to represent a mouse or donor.

Data availability

All presented data is available from the authors upon reasonable request.
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Figure 1 :

 1 Figure 1: Overview of semi-high-throughput techniques encompassed in the metabolic toolbox. (A) Extracellular flux analysis by the Seahorse Bioanalyzer that measures acidification to estimate glycolysis and oxygen consumption as a measurement for OXPHOS in response to metabolic inhibitors. (B) The flow cytometrybased metabolic profiling technique SCENITH[START_REF] Arguello | SCENITH: A Flow Cytometry-Based Method to Functionally Profile Energy Metabolism with Single-Cell Resolution[END_REF], that measures changes in the level of

Figure 2 :

 2 Figure 2: Extracellular flux analyses of BMDMs and HMDMs yield metabolic profiles of macrophages after LPS and IL-4-activation. (A) BMDMs and HMDMs were left untreated (shown in black), or stimulated with either LPS (shown in red) or IL-4 (shown in blue) for 24 h. (B) Levels of NO in supernatants of naive and LPS-stimulated BMDMs and arginase activity in naive and IL-4-activated BMDMs. (C, D) Normalized OCR, with injections of glucose, oligomycin, FCCP and Antimycin A/Rotenone/Hoechst and maximal respiration for BMDMs (C) and HMDMs (D). (E,F) Normalized ECAR with same injections as for OCR and glycolytic capacity for BMDMs (E) and HMDMs (F). For NO, N=5, for arginase N=3 mice from 5 or 3 different experiments. For kinetic flux measurements, N=9 mice or N=10 donors were included with 3-4 technical replicates each. Per mouse/donor, the median value of technical replicates was used to calculate an overall mean. Kinetic data are depicted as mean ± SEM of mice/donors. Extracellular flux parameters represent median value for each mouse/donor as calculated from 3-4 technical replicates.

Figure 3 :

 3 Figure 3: Metabolic analysis of BMDMs and HMDMs with SCENITH reveals typical regulation by LPS and IL-4 activation. (A, B) gMFI of puromycin across samples treated with different inhibitors for BMDMs (A) and HMDMs (B). (C) Calculations of metabolic SCENITH parameters based on puromycin gMFI. (D, E) SCENITH parameters as calculated for mouse (D) and human (E) macrophages. (F, G) Correlation of glycolytic capacity as measured with extracellular flux analysis with glycolytic capacity as measured with SCENITH for BMDMs (F) and HMDMs (G). (H) tSNE dimensionality reduction and clustering analysis of naive and M[LPS] BMDMs by FlowSOM and a heatmap showing the expression of activation markers and puromycin. (I) Gating of iNOS Low and iNOS High for LPS-activated BMDMs. (J) SCENITH parameters calculated for iNOS Low and iNOS High populations. Data are shown as mean ± SEM. Each dot marks a separate mouse (N=2) or donor (N=2-3).

Figure 4 :

 4 Figure 4: Uptake of fluorescent probes provides additional insight into macrophage metabolism. (A) Representative images of staining by fluorescent dyes and uptake of fluorescent nutrient analogs as assessed by multi-mode reader. Scale bar represents 200 µm. (B,C) Fluorescent intensity of MitoTracker Green and TMRM analysis as examined by flow cytometry and correlations with parameters of extracellular flux analysis in BMDMs (B) and HMDMs (C). (D,E) Fluorescent intensity of 2NB-DG and BODIPY C16 uptake by BMDMs (D) and HMDMs (E) as examined by flow cytometry, correlated with relevant parameters of extracellular flux analysis. Data are shown as mean ± SEM. For graphs of fluorescent probes, each dot marks a separate mouse (N=2-3) or donor (N=3). ΔMFI was calculated as MFI (median fluorescent intensity) of sample -MFI of unstained control.

Figure 5 :

 5 Figure 5: Assessment of mitochondrial substrate oxidation provides insight in specific mitochondrial enzymatic activity by activated macrophages. (A, B) Scatterplot of maximum rate in the timespan of 1-4h of substrate oxidation by LPS-and IL-4-activated compared to naïve BMDMs (A) and HMDMs (B). Substrates belonging to amino acid metabolism, TCA cycle, glycolysis and fatty acid metabolism are depicted in yellow, light green, dark green and grey, respectively. Significantly different substrates are marked with (*) and substrates supplemented with sparker malate with # . (C,D) Maximum rate of the oxidation of specific TCA-cycle substrates in permeablized BMDMs (C) and HMDMs (D). (E,F) Oxidation of short-, medium-, and long-chain fatty acids in BMDMs (E) and HMDMs (F). Data are shown as mean ± SEM. For scatterplots, a mean maximum rate was calculated for all mice or donors. In B, C, D and F, each dot marks a separate mouse (N=4-5) or donor (N=4-5).

Figure 6 :

 6 Figure 6: A guide to direct researchers from simple screening towards complex measurement of immunometabolic alterations
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Supplementary Figure 1