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1.Introduction

Macrophages are innate immune cells present in every tissues playing a critical role in homeostasis. As first line defenders, these cells are prone to modify their phenotype in response to their surrounding environment, sensing various signals and displaying a large panel of activation states in order to cope with various pathogens [START_REF] Okabe | Tissue biology perspective on macrophages[END_REF]. Even if it is now accepted that the spectrum of activation states of these cells is better viewed as a continuum, it is still interesting to understand how the environment is able to favour a proinflammatory (M1) or an anti-inflammatory (M2) phenotype which could represent the extremes of this spectrum [START_REF] Sica | Macrophage plasticity and polarization: in vivo veritas[END_REF]. M1 macrophages are specialized in the removal of pathogens and are classically obtained in vitro using a combination of IFN-γ and a Toll-like receptor (TLR) agonist like LPS (Lipopolysaccharide). M1 macrophages are associated with the production of reactive oxygen species and pro-inflammatory cytokines secretion like TNF-α, IL-6 or chemokines like CCL-20 [START_REF] Martinez | Transcriptional profiling of the human monocyte-to-macrophage differentiation and polarization: new molecules and patterns of gene expression[END_REF][START_REF] Murray | Macrophage activation and polarization: nomenclature and experimental guidelines[END_REF]. M2 macrophages are obtained using a stimulation with IL-4 (that could be combined to IL-13) and are also called alternatively activated macrophages [START_REF] Gordon | Alternative activation of macrophages: mechanism and functions[END_REF]. These cells are described as anti-inflammatory and seem to participate to wound healing. This polarization is notably associated with the membrane expression of the mannose receptor also named CD206 [START_REF] Gordon | Alternative activation of macrophages: mechanism and functions[END_REF]. Modifying the polarization of macrophages has emerged as a new therapeutical approach in inflammatory diseases and in cancer [START_REF] Sica | Macrophage plasticity and polarization: in vivo veritas[END_REF]. This goal, in order to be attained, needs that macrophage polarizations are properly defined and the influence of their cellular environment clarified. Even if it is possible to modify the activation state of macrophages using various chemical signals, it has been recently recognized that macrophages are also sensitive to their physical environment [START_REF] Mcwhorter | Physical and mechanical regulation of macrophage phenotype and function[END_REF]. The growing interest of biomaterials in the medical field has revealed that these tools will interact mechanically and chemically with the host in various ways in a time dependent manner. The field of tissue engineering and regenerative medicine is devoted to the understanding of how physico-chemical characteristics of biomaterials will influence the success of their implantation. Macrophages are involved during all phases of host response toward biomaterials, so their ability to adapt to this new environment is of outstanding interest. The understanding of how macrophages respond to biomaterials opens the way to design of materials that specifically target these cells, and obtain by the way a scaffold-induced immunomodulation [START_REF] Singh | Hydrogels and scaffolds for immunomodulation[END_REF][START_REF] Sridharan | Biomaterial based modulation of macrophage polarization: a review and suggested design principles[END_REF]. This approach is particularly promising in the field of regenerative medicine [START_REF] Graney | Biomaterials and Bioactive Factor Delivery Systems for the Control of Macrophage Activation in Regenerative Medicine[END_REF]. More generally the question of how a three dimensional environment impacts immune cell functions has been recently recognized as a key element in our understanding of the tumour microenvironment. In this context, biomaterials offer a clear opportunity to decipher molecular and cellular processes involved in the macrophage-extracellular matrixcancerous cells interactions [START_REF] Springer | Biomaterials approaches to modeling macrophage-extracellular matrix interactions in the tumor microenvironment[END_REF].

In order to address that question, it is mandatory to understand how the three dimensional environment could modify the molecular signature of macrophages polarizations. Previous studies have demonstrated that macrophages are able to sense their physical environment.

Patterned substrates modifying the elongation of mice macrophages was able to regulate the expression of arginase-1 and iNOS in M2 and M1 bone marrow derived macrophages respectively [START_REF] Mcwhorter | Modulation of macrophage phenotype by cell shape[END_REF]. The elasticity of a substrate is another physical parameter that has been studied. Notably two dimensional functionalized gels of varying stiffness have revealed that macrophage present a mechanically controlled response to TLR agonists [START_REF] Blakney | The effects of substrate stiffness on the in vitro activation of macrophages and in vivo host response to poly(ethylene glycol)-based hydrogels[END_REF][START_REF] Irwin | Modulus-dependent macrophage adhesion and behavior[END_REF][START_REF] Patel | Cell elasticity determines macrophage function[END_REF][START_REF] Previtera | Substrate Stiffness Regulates Proinflammatory Mediator Production through TLR4 Activity in Macrophages[END_REF]. Other works have tried to understand how extracellular matrix properties impact macrophages polarization. A surface of collagen I functionalized with sulphated hyaluronan was associated with a downregulation of pro-inflammatory cytokines produced by GM-CSF differentiated human macrophages [START_REF] Franz | Artificial extracellular matrices composed of collagen I and high-sulfated hyaluronan promote phenotypic and functional modulation of human pro-inflammatory M1 macrophages[END_REF]. In order to mimic more closely the cellular environment, 3D scaffolds are used to reconstitute a structure similar to the extracellular matrix found in vivo.

When 3D collagen networks functionalized by glycosaminoglycan are used the IL-10/IL12p40 ratio could be modified in human macrophages compared to 2D [START_REF] Friedemann | Instructing Human Macrophage Polarization by Stiffness and Glycosaminoglycan Functionalization in 3D Collagen Networks[END_REF]. 3D fibrillary matrices from naturally derived collagen based networks are particularly interesting as they reconstitute the microstructure of the in vivo extracellular matrix [START_REF] Green | Mimicking biological functionality with polymers for biomedical applications[END_REF]. We use in this study 3D collagen gels compared to 2D collagen coated surfaces to perform a differentiation of human monocytes toward macrophages and secondarily polarize these macrophages toward a M1 (LPS+IFN-γ) and a M2 (IL-4+IL-13) phenotype. In order to obtain the molecular signature of these macrophages we used a whole transcriptome shotgun sequencing (RNAseq) analysis and a label-free quantification of protein expression to highlight genes and proteins specifically modulated by the 3D environment leading to a reappraisal of the M1/M2 dichotomy in human macrophages.

Materials and Methods

Ethical statements

Human blood samples from healthy de-identified donors are obtained from EFS (French national blood service) as part of an authorized protocol (CODECOH DC-2018-3114). Donors gave signed consent for use of their blood in this exploratory study.

Cell culture

Peripheral blood mononuclear cells (PBMC) are obtained from whole blood (leukocyte reduction system cones) by density gradient centrifugation (Histopaque 1077, Merck Millipore, Burlington, Massachusetts, USA). Monocytes are isolated from PBMCs using CD14 magnetic beads (Miltenyi Biotec, Paris, France) according to the manufacturer's instructions. Purity is assessed by flow cytometry for CD14 hi CD45 hi cells and found to be > 96%. Monocytes are cultured in RPMI-Glutamax (Life Technologies, Courtaboeuf, France) supplemented with 10% human serum AB (Merck Millipore) and differentiation is induced by M-CSF (25 ng/ml) over 6 days at 10 6 cells per well in 12 wells culture plates. 3D conditions were obtained by seeding the monocytes on the top of gels which invade the gel during differentiation. Polarization is subsequently obtained using the same concentration of M-CSF and adding specific stimulations for a total of 48 h. Polarization states are induced as follows: M1 macrophages IFNγ 10 ng/ml + LPS 1 ng/ml and M2 macrophages IL-4 20 ng/ml + IL-13 20 ng/ml. Cells are counted in a Malassez chamber, using trypan blue exclusion to identify live cells. All cytokines and growth factors are purchased from Miltenyi Biotec, France. LPS serogroup 0111 B4 is purchased from Calbiochem (Merck Millipore). The NLRP3 specific inhibitor MCC950 and ATP are purchased from Invivogen (Toulouse, France).

Collagen scaffold

3D scaffolds are generated with Collagen I from Rat tail (Life technologies). Gelation is performed according to manufacturer recommendations. Briefly, collagen is diluted to 2 mg/mL in PBS (Life Technologies) and pH at 7.0 is obtained using sterile NaOH (Merck Millipore). Collagen is then incubated at 37°C in a humidified incubator for 40 minutes. Gels are gently rinsed with culture medium for 15 minutes before cell seeding. 2D coating is obtained using a solution of collagen at 50 µg/mL in 20 mM acetic acid (Merck Millipore) and incubated at room temperature for one hour. The resulting surface concentration of collagen is 5 µg/cm². Cells were harvested from collagen scaffold using collagenase (Life Technologies) in HBSS containing calcium and magnesium (Life Technologies).

Chemokine arrays and ELISA

Chemokines are analysed using a Human Chemokine assay kit (R&D systems, Lille, France) according to manufacturer recommendations. Signals from membranes are analysed with a ChemiDoc Analysis System (BioRad, Marnes la coquette, France). Data are quantified using the Fiji Software (1.51n, National Institutes of Health, USA). Human TNFα, IL-6, IL-1β and CCL19 ELISA are purchased from Invitrogen (Carlsbad, California, USA). Human CCL20 ELISA is purchased from Thermoscientific Pierce (Life Technologies). The assays are performed according to manufacturer instructions.

RNA sequencing

RNA is isolated from 10 6 cells for each polarization using the MirVana isolation kit™ (Ambion, Applied Biosystems, Foster City, California, USA). Long RNA and small RNA (<200 bp) are collected separately. RNA quality and quantity are assessed by performing an Agilent Eukaryote Total RNA Nano assay in a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, California, USA). Libraries are prepared with TruSeq Stranded mRNA kit protocol according to supplier recommendations. Briefly the key stages of this protocol are successively, the purification of PolyA containing mRNA molecules using poly-T oligo attached to magnetic beads from 1μg total RNA, a fragmentation using divalent cations under elevated temperature to obtain approximately 300bp pieces, double strand cDNA synthesis and finally Illumina adapters ligation and cDNA library amplification by PCR for sequencing. Sequencing is then carried out on paired-end 75 bp of Illumina HiSeq4000.

Quality

of reads is assessed for each sample using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Fastq files are aligned to the reference human genome hg19/GRCh37 with tophat2 (-p 16 -r 150 -g 2 --library-type frfirststrand) [START_REF] Kim | TopHat2: accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions[END_REF]. We remove reads mapping to multiple locations. We use HTSeq [START_REF] Anders | HTSeq--a Python framework to work with high-throughput sequencing data[END_REF] to obtain the number of reads associated to each gene in the Gencode v24lift37. We use the Bioconductor DESeq package [START_REF] Anders | Differential expression analysis for sequence count data[END_REF] to import raw HTSeq counts for each sample into R statistical software and extract the count matrix. After normalizing for library size factors, we normalize the count matrix by the coding length of genes to compute FPKM scores (number of fragments per kilobase of exon model and millions of mapped reads). Bigwig visualization files are generated using the bam2wig python script [START_REF] Wang | RSeQC: quality control of RNA-seq experiments[END_REF].FPKM data were further analyzed using JMP software (v.13.0.0, SAS Institute Inc., Cary, North Carolina, USA).

Proteomics

Cells are directly lysed in Laemmli buffer and prepared and analysed as previously described [START_REF] Court | Proteomic Signature Reveals Modulation of Human Macrophage Polarization and Functions Under Differing Environmental Oxygen Conditions[END_REF]. Briefly, the protein equivalent of 300 000 cells for each sample is loaded on [START_REF] Cox | Accurate proteome-wide label-free quantification by delayed normalization and maximal peptide ratio extraction, termed MaxLFQ[END_REF][START_REF] Cox | Andromeda: a peptide search engine integrated into the MaxQuant environment[END_REF]. The false discovery rate (FDR) is set to 1% for both proteins and peptides, and a minimum length of seven amino acids was set. MaxQuant scores peptide identifications based on a search with an initial permissible mass deviation for the precursor ion of up to 0.07 Da after time-dependent recalibration of the precursor masses. Fragment mass deviation is allowed up to 40 ppm. The Andromeda search engine is used to match MS/MS spectra against the Uniprot human database (https://www.uniprot.org/). Enzyme specificity is set as C-terminal to Arg and Lys, cleavage at proline bonds and a maximum of two missed cleavages are allowed. Carbamidomethylation of cysteine is selected as a fixed modification, whereas N-terminal protein acetylation and methionine oxidation are selected as variable modifications. The "match between runs" feature of MaxQuant is used to transfer identification information to other LC-MS/MS runs based on ion masses and retention times (maximum deviation 0.7 min); this feature is also used in quantification experiments.

Quantifications are performed using the label-free algorithms [START_REF] Cox | Accurate proteome-wide label-free quantification by delayed normalization and maximal peptide ratio extraction, termed MaxLFQ[END_REF]. A minimum peptide ratio counts of two and at least one "razor peptide" are required for quantification. The LFQ metric is used to perform relative quantification between proteins identified in different biological conditions, protein intensities are normalized based on the MaxQuant "protein group.txt" output (reflecting a normalized protein quantity deduced from all peptide intensity values).

Potential contaminants and reverse proteins are strictly excluded from further analysis.

Three analytical replicates from two independent biological samples (donors) are analyzed for each polarization in the 2D and 3D conditions. Missing values are deduced from a normal distribution (width: 0.3; down shift: 1.8) using the Perseus (version 1.5.5.3) post data acquisition package contained in MaxQuant (www.maxquant.org). Data are further analyzed using JMP software (v.13.0.0, SAS Institute Inc.). Proteins are classed according to the paired Welch t test difference (difference between the mean value for triplicate MS/MS analyses for the two conditions compared), and the median fold-change between the two conditions compared.

Atomic Force Microscopy

Atomic force microscopy is performed in PBS at room temperature in indentation-force volume mode using a Flex-ANA system on fresh samples (Nanosurf, Liestal, Switzerland).

Borosilicate beads (radius 5µm) mounted on QP-SCONT cantilevers (NanoAndMore, Wetzlar, Germany) are used. The spring constant is determined by thermal tuning [START_REF] Sader | A virtual instrument to standardise the calibration of atomic force microscope cantilevers[END_REF]. The force setpoint is fixed at 3 nN. Each sample is mapped with at least 3 maps with 20x20 force volume curves. Elasticity is determined from the retraction curve using the AtomicJ software [START_REF] Hermanowicz | AtomicJ: an open source software for analysis of force curves[END_REF]. We use a Hertz-model to relate the force and the indentation as adhesion is negligible compared to our force setpoint and indentation far less than our tip radius. In this model, the force is related to the indentation and the Young's modulus by the following relation

= 4√ 3(1 -)
Where is the radius of the tip and the Poisson ratio taken at 0.5 here.

Immunoblots

Cell lysates from HMDM are prepared in RIPA with protease inhibitors (PMSF, Pepstatine A, Leupeptin) and phosphatase inhibitors (Orthovanadate, Betaglycerophosphate, NaF), all products purchased from Merck Millipore. Total amount of proteins is determined by BCA Protein Assay kit (Pierce-Life Technologies). A volume corresponding to 15 μg is deposited and run on SDS-polyacrylamide gels according to standard SDS-PAGE protocols. The primary antibodies used are anti-TGM2 (MA5-12739; ThermoFischer, Rockford, Illinois, USA), anti-ALOX15 (ab119774; Abcam, Cambridge, UK), anti-STAT1α/β (sc-464; Santa Cruz, Dallas, Texas, USA), anti-pSTAT1ser727 (sc-16570, Santa Cruz), anti-STAT6 (PA5-34814, Life Technologies), anti-pSTAT6Tyr647 (sc-136019, Santa Cruz), anti-CD206 (sc-376232, Santa Cruz), anti-CASP1(MAB6215, R&D systems) and anti β-actin (A2228, Merck Millipore) as loading control. Signal is detected by chemoluminiscence (Chemi-Doc Imaging System, Bio-Rad) after incubation with horseradish peroxide-conjugated secondary antibody (Jackson Immunoresearch, Ely, UK).

Integrin receptor blocking

Human monocytes are incubated with 10 µg/mL of various anti-integrin antibodies: anti CD11a (ITGAL; clone HI111 BioLegend, London, UK), anti CD11b (ITGAM; clone ICRF44 BioLegend), anti CD11c (ITGAX; clone 3.9 BioLegend), anti CD18 (ITGB2 integrin β2; clone TS1/18 BioLegend), anti CD29 (ITGB1 integrin β1; clone P4C1 Merck Millipore), anti-integrin β3 (ITGB3; clone 2C9 Invitrogen) and integrin α2(ITGA2; clone P1E Merck Millipore) for 6 days. The same antibodies are added again during polarisation for the next 48h.

Confocal imaging of 3D macrophages

Macrophages in 3D gels were fixed with paraformaldehyde 4% for 15 minutes. Cells were permeabilized by Triton X-100 at 0.5% for 5 minutes. Then actin cytoskeleton was stained using phalloidin-alexa 488 (Invitrogen) and nucleus stained with Hoechst (Life Technologies). Confocal imaging experiments were performed using a LSM710 NLO (Carl Zeiss) laser scanning microscope based on the inverted motorized stand (AxioObserver).

The Hoechst and Alexa488 excitations were provided by 405 nm DPSS and 488 nm Ar lasers and descanned detection was in the ranges 410-490 and 500-550 nm respectively.

The pinhole was closed to 1 Airy Unit. The long working distance water immersion objective 40x/1.0 W LD Apochromat was used to image cells at > 700 µm depth. The absence of correction for the coverslip thickness was responsible for the pronounced spherical aberration that reduced the sensitivity and axial resolution. Z-stack over 350 µm was imaged with the step of 2 µm, the lateral pixel size was 413 nm.

Statistical Analysis

All statistical tests are done using GraphPad Prism (v7 GraphPad Prism Software, Inc, San Diego, California, USA). Multiple comparisons have been done using a paired Tukey's multiple comparison test when all conditions were compared or a paired Dunnett's multiple comparison test when comparisons are performed toward a control condition. Proteomic and transcriptomic analyses have been performed with two paired conditions using a Welch t test. We have indicated in each figure legend the appropriate test used. The threshold for statistical significance is set to a p value < 0.05.

Results

The human macrophage M1/M2 dichotomy is impacted by the physical environment

We use two different polarizations named subsequently M1 and M2 corresponding to stimulation with IFNγ/LPS and IL4/IL13 respectively after a differentiation with M-CSF from human circulating monocytes. In order to study the influence of the physical environment on the assessment of the differences between these two polarisations states, we conduct the differentiation process on 2D collagen coated surfaces and 3D collagen gels (Figure 1A). On 2D collagen coated surfaces macrophages do not present significant morphological differences between the two polarizations (Figure 1B). In 3D cells are typically smaller even if some M1 still present an elongated phenotype (Figure 1B) and are distributed in a depth of 350 µm in the gel (Supplemental Figure 1). In order to determine the impact of the environment on human macrophage polarisation states, we used a transcriptomic approach.

The principal component analysis (PCA) of RNAseq data reveals that, as expected, the M1 and M2 activation states in 2D and in 3D can be clearly separated with a first principal component covering 43.8% of variations (Figure 1C). Furthermore, each polarization under a 3D environment is distinguishable from its 2D counterpart, associated with the second principal component covering 21.5% of variations (Figure 1C). In order to describe what are the differentially expressed genes associated with each polarization, we compared the expression of genes involved in the M1/M2 dichotomy in the context of a 2D and a 3D environment (Figure 1D). Using a fold change (FC) greater or equal to 2, we find 552 upregulated genes in M1 and 335 genes upregulated in M2 for the 2D environment. For the 3D environment, we find 501 and 310 upregulated genes for M1 and M2 respectively. Our analysis reveals that 548 genes are differentially expressed in M1 macrophages in both environments, we also find 327 of common genes for M2 macrophages (Supplemental Table 1 & 2). Even if the categorization as M1 and M2 is mainly valid in the transfer from 2D to 3D as it is illustrated by the large number of genes upregulated in a particular polarization shared between 2D and 3D, we are able to obtain specific molecular signatures for each conditions (Supplemental Figure 2 A &B). We then study the consequences of these differences and the molecular pathways implicated.

The 3D environment amplifies the macrophage response to IFNγ mediated by the phosphorylation of the transcription factor STAT1 in an integrin β2 dependant mechanism

STAT1 is the main transcription factor involved in IFNγ response in macrophages [START_REF] Sica | Macrophage plasticity and polarization: in vivo veritas[END_REF][START_REF] Murray | Macrophage activation and polarization: nomenclature and experimental guidelines[END_REF], which through its phosphorylation is relocated to the nucleus in order to control the expression of IFNγ dependent genes [START_REF] Villarino | Mechanisms and consequences of Jak-STAT signaling in the immune system[END_REF]. We have found that STAT1 isoforms α and β are mainly present in M1 macrophages, confirming our previous published results that STAT1 expression is regulated under stimulation in addition to the control of its phosphorylation [START_REF] Court | Proteomic Signature Reveals Modulation of Human Macrophage Polarization and Functions Under Differing Environmental Oxygen Conditions[END_REF] contrary to what is generally found for other STAT molecules for which the main level of control concerns phosphorylation alone [START_REF] Darnell | Jak-STAT pathways and transcriptional activation in response to IFNs and other extracellular signaling proteins[END_REF]. Meanwhile, we found a significant increase of the level of phosphorylation at serine 727 (S727) for macrophages in 3D (Figure 2A). We then seek to understand if this activation is related to a direct integrin-mediated interaction with collagen fibers. We cultivate our macrophages with various blocking antibodies against known expressed integrins at the human macrophage membrane: integrin αL (CD11a, ITGAL), integrin αM (CD11b, ITGAM), integrin αX (CD11c, ITGAX), integrin β2 (CD18, ITGB2), integrin β1 (CD29, ITGB1), integrin α2 (ITGA2) and anti-integrin β3 (ITGB3). These integrins are found to be expressed in every conditions without modulation according to the 2D/3D environment except for integrin β3 which was found to be mainly expressed in 3D M1 macrophages (Supplemental Figure 3). Indeed, we found that the blocking of integrin β2 was able to decrease significantly the expression of pSTAT1 ser727 (Figure 2B upper panel) without affecting the level of expression of STAT1α/β (Figure 2B, lower panel). Recently the role of integrins in the phosphorylation of STAT1 has been similarly reported in IFNγ activated T lymphocytes [START_REF] Krummel | Paracrine costimulation of IFN-γ signaling by integrins modulates CD8 T cell differentiation[END_REF].

IL-4/IL-13 stimulation is associated with an enhancement of the phosphorylation of STAT6 and a downregulation of ALOX15 through integrin β2 mediated signalling in 3D

IL-4/IL-13 stimulation leads to the phosphorylation of the transcription factor STAT6 [START_REF] Sica | Macrophage plasticity and polarization: in vivo veritas[END_REF]. We found that the phosphorylation of tyrosine 641 (Y641) site is significantly increased in 3D M2 macrophages (Figure 3A). To determine if this increase in STAT transcription factors phosphorylation in collagen scaffolds is functionally relevant, we performed a label free quantification proteomic approach to find differential expression of specific proteins in macrophages in 2D and 3D. We found that two known specific M2 markers, the arachidonate lipo-oxygenase (ALOX15) and the transglutaminase 2 (TGM2) were differentially expressed between 2D and 3D (Supplemental Figure 4). We confirm this pattern of expression by immunoblots. ALOX15 expression is downregulated in 3D contrary to TGM2 which presents an up-regulation (Figure 3B). The downregulation of ALOX15 is found to be transcriptionally controlled as it is demonstrated by its reduced mRNA level in 3D compared to 2D (Figure 3C), despite the fact that pSTAT6 is one of the transcription factor that control its expression [START_REF] Conrad | Regulation of human 12/15-lipoxygenase by Stat6-dependent transcription[END_REF]. To explain this pSTAT6 independent regulation, we then study if integrins are implicated in this expression and find that integrin β2 when blocked by a specific antibody restores ALOX15 level comparable to 2D controls (Figure 3D). Other M2 expressed proteins like CD206 or TGM2 are not significantly modulated by the blocking of integrins. We also find that the increase of phosphorylation of STAT6 is not mediated by integrins β2, β1, β3, αL, αM, αX or α2 (Supplemental Figure 4). The activation of integrin β2 has been reported in monocytes as a potent inhibitor of the expression of ALOX15 under IL-4 or IL-13 stimulation [START_REF] Yakubenko | αMβ₂ integrin activation prevents alternative activation of human and murine macrophages and impedes foam cell formation[END_REF].

The 3D environment abrogates the differential expression of class II histocompatibility complex proteins between M1 and M2 macrophages

The Gene Ontology (GO) analysis of genes characterizing M2 macrophages reveals specific GO-Terms differentiating 2D and 3D environment. We find that numerous genes implicated in the processing and presentation of antigen via the major histocompatibility complex II are specific to M2 macrophages in a 2D environment (Figure 4A). We consequently analyse the expression of class I and class II HLA molecules and find that M1 macrophages, irrespective of their 2D or 3D condition, are associated with an overexpression of class I HLA genes (HLA-A, HLA-B, HLA-C, HLA-E, HLA-F) (Figure 4B). We obtain the same pattern at the protein level using our proteomic quantification approach which shows that HLA-A, B and C are upregulated in M1 macrophages irrespective of the 2D or 3D environment (Figure 4C).

Following the GO-term analysis, we find that class II HLA molecules do not follow that pattern of expression and are found upregulated in M2 macrophages in 2D. Interestingly, this differential expression of genes (Figure 4B) and proteins (Figure 4C) of the class II HLA system is no longer found in 3D.

The secretome of IFNγ/LPS stimulated macrophages in 3D is characterized by a IL-6 integrin dependent increased release and an inversed CCL19/CCL20 ratio

The secretome of macrophages is a powerful tool used to distinguish M1 and M2 in humans.

Using our RNAseq analysis we find various cytokines and chemokines genes that are regulated according to a peculiar polarization (Figure 5A). We find that CCL2, CCL3, CCL7, CCL8, CCL15, CXCL2, CXCL3, CXCL5, CXCL8, CXCL9 and TNF-α are M1 specific markers and CCL13, CCL18 and CCL26 M2 markers. These markers reach the following selection criteria fold change >4 and p-adjusted value <0.05 in 2D and 3D (Figure 5A). Meanwhile, we find cytokines, chemokines and some receptors which are significantly differentially expressed but only in one physical environment. This is notably the case for CCL19 and CCL20. We find that these two M1 chemokines present an inverted expression in 2D and 3D environment. CCL19 appears downregulated transcriptionally in 3D, and we effectively confirm that the protein is significantly more secreted in 2D macrophages when stimulated by IFNγ/LPS (Figure 5A, 5B and 5C, Supplemental Figure 6A). This regulation of the expression of CCL19 is followed by its receptor CCR7 (Figure 5A). We then find that CCL20 presents the exact opposite behaviour (Figure 5A, 5B and 5C, Supplemental Figure 6A). The CCL19 downregulation is not related to an integrin dependent mechanism (Supplemental Figure 6B), as the specific blocking of integrins does not restore its level of secretion found in 2D. In contrast, the IL-6 cytokine is increasingly released in M1 3D macrophages and this secretion could be blocked by targeting specifically integrins β2 but also α2, β1 and β3 (Figure 5D). The TNF-α secretion is, by contrast, not modulated by the 3D environment and blocking antibodies against integrins do not modulate its release (Figure 5E). Even if integrin β3 is not believed to interact with collagen, it has been shown to be an agonistic receptor for IL-1β signalling [START_REF] Takada | Direct binding to integrins and loss of disulfide linkage in interleukin-1β (IL-1β) are involved in the agonistic action of IL-1β[END_REF] and IL-1β is known to induce the secretion of IL-6 [START_REF] Cahill | Interleukin (IL) 1beta induction of IL-6 is mediated by a novel phosphatidylinositol 3-kinase-dependent AKT/IkappaB kinase alpha pathway targeting activator protein-1[END_REF]. As M1 3D macrophages are associated specifically with an increased IL-1β secretion (Figure 5A, Figure 6A ,6B, 6C), we propose that integrin β3 is involved in IL-6 secretion in 3D through its interaction with IL-1β.

The NLRP3 inflammasome is pre-activated in 3D and IFNγ/LPS polarized macrophages in 3D present an increased IL-1β secretion

Analysis of the specific cytokines of M1 in 3D reveals a IL-1 type cytokine signature. Indeed, the mRNA of CASP1 and IL1B are increased in 3D under the IFNγ/LPS stimulation (Figure 6A). We confirm that M1 3D macrophage do secrete more functional IL-1β than their 2D counterpart (Figure 6B). 3D macrophages prior to polarization do not secrete significantly detectable levels of IL-1β (data not shown). We also find that expression of pro-CASP1 at the protein level in 3D IFNγ/LPS stimulated macrophages is strongly increased compared to 2D by immunoblotting (Figure 6C). Because IL-1β secretion is mainly obtained by conversion of pro-CASP1 in CASP1 by the NLRP3 inflammasome molecular complex and secondarily the cleavage of pro-IL-1β by the activated CASP1, we hypothesize that IL-1β secretion in 3D M1 macrophages is NLRP3-mediated. Using a specific inhibitor (MCC950) of the NLRP3 inflammasome, we demonstrate the implication of this inflammasome in the specific M1 3D secretome signature (Figure 6D). To demonstrate that the NLRP3 inflammasome of macrophages is prone to present a stronger activation in 3D, we used LPS exposed macrophages secondarily stimulated by ATP (a potent driver of intracellular entry of K + ) and we demonstrate that the NLPR3 inflammasome is strongly activated in 3D compared to 2D (Figure 6E). This NLRP3 inflammasome activation phenotype in 3D is not under the control of an integrin-dependent mechanism as blocking of the integrins by specific antibodies does not modify the IL-1β secretion (Figure 6F).

Discussion

Macrophage polarizations, which are also referred to as activation states, have emerged as fundamental criteria to characterize innate immune responses in various pathological contexts [START_REF] Murray | Macrophage Polarization[END_REF]. Recently a joint effort has been made by macrophage's biologists to clarify the nomenclature and the understanding of polarization states [START_REF] Murray | Macrophage activation and polarization: nomenclature and experimental guidelines[END_REF]. As polarizations translate the fact that macrophages are able to display a large panel of phenotypes depending on the various signals they encounter, this task is notoriously difficult. The recognition that polarization is related to the activation of these cells at a particular point in space and time, has led to the recognition of the importance of cellular response to growth factors, cytokines or TLR agonists [START_REF] Murray | Macrophage Polarization[END_REF]. But macrophages are also able to sense other extracellular signals and it is now recognized that these cells present a strong sensitivity to their physical and mechanical environment [START_REF] Mcwhorter | Physical and mechanical regulation of macrophage phenotype and function[END_REF]. We have designed the present study to answer the question of how polarizations in human macrophages are modulated by a 3D collagen scaffold. We use a high throughput transcriptomic and proteomic approach to obtain a molecular signature of two polarizations (M1 and M2) in a 3D context compare to its 2D counterpart. We find that in order to properly characterize these polarizations, we need to know in which physical context the cells are (Figure 1). We first study how transcription factors associated with these two polarisations are impacted and find that their response (phosphorylation state) is increased.

For IFNγ/LPS stimulated macrophages (M1) we find that the phosphorylation of the transcription factor STAT1 is mediated by integrin β2 in a 3D collagen gel. Indeed, a blocking antibody directed against this integrin is able to normalized the response of pSTAT1 ser727 compared to what is observed in 2D (Figure 2). Previous works have reported that macrophages seem to interact with collagen through integrin β1 but denatured collagen was used as adhesion substratum [START_REF] Pacifici | Ligand binding to monocyte alpha 5 beta 1 integrin activates the alpha 2 beta 1 receptor via the alpha 5 subunit cytoplasmic domain and protein kinase C[END_REF]. THP1 monocytic cell line is also believed to interact with fibronectin [START_REF] Lin | Integrin-mediated tyrosine phosphorylation and cytokine message induction in monocytic cells. A possible signaling role for the Syk tyrosine kinase[END_REF] or gelatin methacryloyl [START_REF] Cha | Integrin-Mediated Interactions Control Macrophage Polarization in 3D Hydrogels[END_REF] through integrin β1. Despite these results, when native collagen is used human monocytes interact with collagen mainly using integrin β2 [START_REF] Garnotel | Human blood monocytes interact with type I collagen through alpha x beta 2 integrin (CD11c-CD18, gp150-95)[END_REF]. STAT6 transcription factor is phosphorylated under IL-4 or IL-13 stimulation. We find that 3D macrophages present an increased response to IL-4/IL-13 as demonstrated by the phosphorylation of tyrosine 641 (Y641). This response does not seem to be related to integrins signalling (Supplemental Figure 5). We then find that known M2 markers seem to present differential expression in 2D and 3D. ALOX15 which is a lipoxygenase has its expression abolished in 3D despite the fact that IL-4/IL-13 are strong inducers of its expression in 2D. We find that integrin β2 is the main molecular culprit of this downregulation of ALOX15 expression (Figure 3). Because ALOX15 is involved in many inflammatory response of macrophages such as production of arachidonic acid catabolites, resolvins, protectins and clearance of apopotic cells [START_REF] Singh | Emerging role of 12/15-Lipoxygenase (ALOX15) in human pathologies[END_REF], the 3D environment appears as a potent immune-modulator. ALOX15 is also believed to be a specific M2 marker [START_REF] Murray | Macrophage activation and polarization: nomenclature and experimental guidelines[END_REF] which could be dampened by integrin β2 activation even if respective to their pSTAT6, CD206 and TGM2 [START_REF] Martinez | Genetic programs expressed in resting and IL-4 alternatively activated mouse and human macrophages: similarities and differences[END_REF] status these macrophages are classified as M2 (Figure 3D). These modifications could also impact other immune functions of macrophages, we find that the expression of class II HLA molecules that are used to characterize the state of activation present a different expression pattern in 2D and 3D. These molecules are found to be differentially expressed in 2D notably in response to LPS and we confirm that IL4/IL13 macrophages present a stronger expression of these molecules. This differential expression is not conserved in 3D where M1 and M2 macrophages are indistinguishable according to HLA class II expression levels. That is not the case for class I HLA molecules that conserve in 3D the differential expression of these molecules in M1 macrophages expressing a higher level than their M2 counterparts (Figure 4).

The secretome of macrophages is largely used to assess their polarization. It has been reported that physical parameters of the physical environment, like elasticity, could influence the response of macrophages to TLR agonist. Human GM-CSF differentiated macrophages in 3D fibrillar matrices of collagen and glycosaminoglycan display a lower response to LPS concerning their ability to secrete IL-10, IL-12 and TNF-α compared to 2D macrophages [START_REF] Friedemann | Instructing Human Macrophage Polarization by Stiffness and Glycosaminoglycan Functionalization in 3D Collagen Networks[END_REF]. Mechanical elasticity has been mainly studied in 2D systems with functionalized polyacrylamide gels and contradictory results have been reported due to variety of chemistry used [START_REF] Wang | Influence of Polymer Chemistry on Cytokine Secretion from Polarized Macrophages[END_REF] and the variety of monocytic cell lines used. RAW and U937 cultured on polylysine functionalized 2D gels are prone to increase TNF-α secretion in response to LPS in softer gels [START_REF] Patel | Cell elasticity determines macrophage function[END_REF] whereas mice bone marrow derived macrophage gave the opposite result on collagen coated gels [START_REF] Previtera | Substrate Stiffness Regulates Proinflammatory Mediator Production through TLR4 Activity in Macrophages[END_REF]. PEG functionalized gels were even associated with a bimodal secretion pattern of IL-8 in THP1 cells [START_REF] Irwin | Modulus-dependent macrophage adhesion and behavior[END_REF]. Despite the variety of systems used, the main conclusion that could be drawn from these studies is the necessity to take into account the physical environment in order to appreciate macrophage response to TLR agonists. These studies also revealed the role of elasticity in macrophage response to immune stimuli like TLR agonists but it should be stressed that in order to obtain a differing response a large range of values of Young's modulus was required.

Because M1 macrophages are associated with the expression of metallo-proteinases like MMP9, MMP14, MMP25 (Supplemental Table 1) which could degrade the extracellular matrix, especially collagen through their activation of MMP2 and correspondingly because M2 macrophages are associated with the expression of TGM2 (Supplemental Table 2) which is able to crosslink collagen fibres [START_REF] Chau | The cellular response to transglutaminase-cross-linked collagen[END_REF], we verified if our human M1 or M2 macrophages are prone to modify the elasticity of their surrounding environment in 3D. We used an indentation type atomic force microscopy analysis to measure Young modulus of collagen gels containing M1 and M2 macrophages. We find no significant differences between the two types of macrophages advocating that in our setting the differences between M1 and M2 in 3D are not related to a differential elasticity between the two surrounding physical environments (Supplemental Figure 7).

In our study, we find that the response of macrophages to IFNγ/LPS is more complex than previously thought. We notably find that no general inflammatory or anti-inflammatory pattern could be drawn when 2D and 3D are compared. Some studied chemokines present an unmodified secretion in 3D (CCL2, CCL3) others are increased (CCL20) or others even strongly reduced (CCL19) compared to 2D (Supplemental Figure 5A). We also find that TNF-α is not modulated contrary to IL-6 and we demonstrate that integrins β1, β2 but also β3 are involved in this increased expression in 3D. The implication of integrin β3 is particularly interesting as it is known to be an IL-1β receptor [START_REF] Takada | Direct binding to integrins and loss of disulfide linkage in interleukin-1β (IL-1β) are involved in the agonistic action of IL-1β[END_REF]. Accordingly, we find an IL-1β signature in 3D macrophages in response to IFNγ/LPS (Figure 6B). We then demonstrate that this IL-1β signature is under the control of the NLRP3 inflammasome in an integrin independent mechanism (Figure 6 D,6E,6F). As the growing field of biomaterial research is progressively moving from biocompatible "immunoevasive" materials to "immunemodulating" materials, the implication of inflammasome in macrophage response to biomaterials is of outstanding interest [START_REF] Vasconcelos | The inflammasome in host response to biomaterials: Bridging inflammation and tissue regeneration[END_REF]. As we have demonstrated the 3D collagen environment is able to prime macrophages NLRP3 inflammasome and increase the sensivity of these cells to a second signal driving the secretion of huge amount of IL-1β. The mechanism by which the inflammasome of macrophages is primed in 3D is not known but we have shown that the direct implication of integrin activation through the extracellular matrix is unlikely.
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We focus our attention on collagen induced immuno-modulation of macrophages, as collagen is the most abundant extracellular matrix (ECM) component in humans. Collagen has also been involved in various pathological contexts. During cancer progression, the ECM is constantly remodelled mainly due to collagen degradation, deposition or crosslinking leading to the stiffening of the tissue [START_REF] Fang | Collagen as a double-edged sword in tumor progression[END_REF]. In that particular context, collagen appears as a regulator for tumor associated immune cells such as macrophages. Type I collagen has been reported as being able to reduce macrophage cytotoxicity against cancerous cells [START_REF] Kaplan | In vitro differentiation of human monocytes. Monocytes cultured on glass are cytotoxic to tumor cells but monocytes cultured on collagen are not[END_REF].

The usual understanding of this result being that collagen is able to inhibit M1 polarization.

Our results moderate and complete this interpretation, as in 3D collagen type I environment we found that the M1 driven signalling molecular pathway was responsive and we observe no collagen type I induced inhibition of human monocyte commitment to differentiate toward M1 macrophages. Meanwhile, we found an increase secretion of IL-6 associated with the 3D collagen scaffold. IL-6 has been demonstrated to inhibit maturation of dendritic cells and by the way to inhibit the anti-tumor immune response [START_REF] Hegde | Novel immunosuppressive properties of interleukin-6 in dendritic cells: inhibition of NF-κB binding activity and CCR7 expression[END_REF][START_REF] Park | IL-6 Regulates In Vivo Dendritic Cell Differentiation through STAT3 Activation[END_REF]. We also found that IL-1β is increased in 3D collagen setting and this cytokine has been implied in tumor angiogenesis [START_REF] Voronov | IL-1 is required for tumor invasiveness and angiogenesis[END_REF]. Along with the demonstration that class II HLA molecules are not differentially expressed in 3D, our study highlights the reappraisal of the immunomodulation induced in 3D by collagen, revealing that it is not related to a global inhibition of the commitment to produce M1 macrophages. These results shade lights on the complexity of the macrophages involvement around tumor nests where they are able to promote or inhibit tumor progression depending on the cellular environment context taking into account the ECM composition [START_REF] Yang | Diverse Functions of Macrophages in Different Tumor Microenvironments[END_REF].

Conclusions

In this study we demonstrate that in a 3D collagen type I context, some markers, used in the classification of macrophage polarizations, should be reassessed. The resulting list of markers could be organized according to a functional subdivision and used to complete our present knowledge of macrophage's biology (Figure 7). These results are of a particular partner repository with the dataset identifier PXD012147. RNA sequencing data are deposited in the NCBI Gene Expression Omnibus under accession number: GSE124738. and 3D (right panel). Fold change threshold was set at 2 and p-value is calculated using a paired Welch t test with Benjamini-Hochberg correction, the threshold is set at 0.05. 9141 genes are analysed in 2D and 9733 in 3D using a filter for FPKM >0.5. 

Figure 1

 1 Figure 1 Transcriptomic analysis of human macrophages in 2D and 3D environment.

Figure 2 STAT1

 2 Figure 2 STAT1 phosphorylation under IFNγ/LPS polarisation is increased in 3D under an integrin β2 mechanism.

Figure 3 ALOX15

 3 Figure 3 ALOX15 expression is repressed by an integrin β2 mechanism in 3D M2 macrophages associated with an increase of STAT6 phosphorylation and upregulation of transglutaminase 2.

Figure 4

 4 Figure 4 Class II HLA expression is no longer a key element of the M1/M2 dichotomy in 3D.

Figure 5

 5 Figure 5 Macrophages secretome is modulated by 3D. M1 are prone to secrete more IL-6 in an integrin dependent mechanism and present an inverted CCL19/CCL20 ratio.

Figure 6

 6 Figure 6 The 3D environment drives an IL-1β secretion in response to IFNγ/LPS in a NLRP3 inflammasome dependent pathway in an integrin-independent mechanism.
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Supplemental Figure 5 STAT6 phosphorylation in 3D is integrin independent Immunoblotting of pSTAT6 Tyr641 is done on M2 macrophages in 2D and 3D with blocking antibodies against integrins. β-Actin is used as a control loading.

Supplemental Figure 6 Secretome of M1 macrophages display an inversed CCL19/CCL20 ratio in 3D in an integrin independent mechanism. Elasticity of collagen gels containing M1 and M2 macrophages, as well as empty gels, are analyzed with an indentation force-volume measurement with an atomic force microscope.

Young modulus of empty gels was found at 235.9 +/-74.1 Pa (mean +/-SD). Gels containing M1 and M2 gels were measured at 281.