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Purification of pancreatic endocrine subsets reveals increased iron metabolism in beta-cells
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Objectives: The main endocrine cell types in pancreatic islets are alpha-, beta-, and delta-cells. Although these cell types have distinct roles in the regulation of glucose homeostasis, inadequate purification methods preclude the study of cell-type-specific effects. We aimed to develop a reliable approach that enables simultaneous sorting of live alpha-, beta-, and delta-cells from mouse islets for downstream analyses.

Methods: We developed an antibody-panel against cell-surface antigens to enable isolation of highly purified endocrine subsets from mouse islets, based on specific differential expression of CD71 on beta-cells and CD24 on delta-cells. We rigorously demonstrate the reliability and validity of our approach using bulk and single-cell qPCR, immunocytochemistry, reporter mice, and transcriptomics.

Results: Pancreatic alpha-, beta-, and delta-cells can be separated based on betacell-specific CD71 surface expression and high expression of CD24 on delta cells. We applied our new sorting strategy to demonstrate that CD71, which is the transferrin receptor mediating the uptake of transferrin-bound iron, is upregulated in beta-cells during early postnatal weeks. We find that beta-cells express higher levels of several other genes implicated in iron metabolism, and that iron deprivation significantly impairs beta-cell function. In human beta-cells, CD71 is similarly required for iron-uptake and CD71 surface expression is regulated in a glucose-dependent manner.

Conclusions: This study provides a novel and efficient purification method for murine alpha-, beta-, and delta-cells, identifies for the first time CD71 as a post-natal betacell-specific marker, and points to a central role for iron metabolism in beta-cell function.

Introduction

Diabetes is a metabolic disorder that affects over 400 million people worldwide. The disease is characterized by chronic hyperglycemia resulting from dysfunction or destruction of insulin-secreting beta-cells. Together with glucagon-secreting alphacells and somatostatin-secreting delta-cells, beta-cells reside in small cell clusters or islets, dispersed over the pancreas. Paracrine interactions between these endocrine cell types are paramount to a fine-tuned regulation of blood glucose. Phenotyping of the different endocrine islet-cell types at distinct stages of development or physiology was hitherto not feasible due to a lack of protocols for simultaneous subset purification. Sorting of dispersed islet-cells has generally been performed to separate beta-from non-beta-cells, through the use of zinc probes [1; 2], cellular granularity [START_REF] Nielsen | Sorting of pancreatic islet cell subpopulations by light scattering using a fluorescence-activated cell sorter[END_REF], autofluorescence [START_REF] Pipeleers | A new in vitro model for the study of pancreatic A and B cells[END_REF], or antibodies directed at surface markers [START_REF] Dorrell | Isolation of mouse pancreatic alpha, beta, duct and acinar populations with cell surface markers[END_REF][START_REF] Dorrell | Isolation of major pancreatic cell types and long-term culture-initiating cells using novel human surface markers[END_REF][START_REF] Saunders | Ectonucleoside Triphosphate Diphosphohydrolase-3 Antibody Targets Adult Human Pancreatic beta Cells for In Vitro and In Vivo Analysis[END_REF]. Neither of these tools are widely used due to the limited purity of the obtained beta-cellenriched subset, but also the inability to adequately and simultaneously isolate the other endocrine subsets. The best available tools for isolating alpha-, beta-, and delta-cells are fluorescent reporter mice that allow the simultaneous isolation of only two of these cell types (alpha-and beta-cells, or delta-and beta-cells) [START_REF] Digruccio | Comprehensive alpha, beta and delta cell transcriptomes reveal that ghrelin selectively activates delta cells and promotes somatostatin release from pancreatic islets[END_REF]. Unfortunately, these genetic features are difficult to introduce into other mouse models due to the complexity of the crossings and strain-specific susceptibility to environmental factors such as high-fat diet, a model for type 2 diabetes. Single-cell technologies may resolve cell-specificity in such contexts but still have downsides including lower signal-to-noise ratio compared to bulk analyses [START_REF] Mawla | Navigating the Depths and Avoiding the Shallows of Pancreatic Islet Cell Transcriptomes[END_REF].

Cell-sorting based on antibody panels against surface markers enabled advanced characterization of subsets in hematopoietic tissues [START_REF] Eaves | Hematopoietic stem cells: concepts, definitions, and the new reality[END_REF]. We recently used a similar approach to reconstruct human pancreatic organogenesis [11; 12] and have now applied the same strategy to improve FACS-based purification of endocrine subsets. Using a combination of the surface markers CD24, CD49f, and CD71, we are able to reliably sort live alpha-, beta-, and delta-cells at high purity. The specific surface expression of the transferrin receptor CD71 on beta-cells revealed their increased iron metabolism compared to alpha-and delta-cells. The reported progress is important because of an elevated risk for diabetes under conditions of pathological iron overload [13; 14], as well as in people with mutations in iron metabolism genes [15; 16] and elevated iron stores within the physiological range [START_REF] Huth | Biomarkers of iron metabolism are independently associated with impaired glucose metabolism and type 2 diabetes: the KORA F4 study[END_REF][START_REF] Podmore | Association of Multiple Biomarkers of Iron Metabolism and Type 2 Diabetes: The EPIC-InterAct Study[END_REF][START_REF] Jiang | Body iron stores in relation to risk of type 2 diabetes in apparently healthy women[END_REF]. We show that both mouse and human beta-cells express high CD71 levels for the import of transferrin-bound iron and that in a human beta-cell line, CD71 surface levels are regulated in a glucose-dependent manner. Furthermore, we provide proof for the detrimental impact of iron deprivation on murine beta-cell function.

Our work shows proof-of-concept for a novel and highly efficient purification method for mouse alpha-, beta-, and delta-cells, defines CD71 as a beta-cell-specific marker, highlights the importance of a fine-tuned iron-metabolism for beta-cell function, and provides new mechanistic clues for the understanding of beta-cell susceptibility to iron-induced cellular damage.

Methods

2.1. Animal procedures All animal studies comply with the ARRIVE guidelines and were conducted in strict accordance with the EU Directive 2010/63/EU for animal experiments and with regard to specific national laws and INSERM guidelines. Mice were maintained on a 12:12 hour light-dark cycle at an ambient temperature of 23°C and provided with water and food ad lib. Mice were killed either by CO2 asphyxiation or by cervical dislocation. C57BL/6JRj mice, including pregnant and neonatal mice were obtained from Janvier Labs (Saint Berthevin, France). All adult mice were 12-week-old and male unless otherwise specified. Fetal pancreatic buds were dissected as previously described [START_REF] Attali | Control of beta-cell differentiation by the pancreatic mesenchyme[END_REF]. Fetal and neonatal pancreases were procured from mixed litters and pooled independent of sex. The Ins1-Cre;Rosa26-LSL-YFP reporter mice (Ins-YFP) were a gift from Harry Heimberg and were obtained by crossing Ins1-Cre mice (#026801, Jackson Laboratory) with Rosa26-LSL-YFP mice (a gift from Patrick Jacquemin, originally #006148, Jackson Laboratory). Mice were genotyped by PCR on tail DNA using the following primers: for Cre (wild-type product 488 bp, mutant product 675 bp), 5'-GGAAGCAGAATTCCAGATACTTG-3' (common), 5'-GTCAAACAGCATCTTTGTGGTC-3'(wild-type forward), and 5'-GCTGGAAGATGGCGATTAGC-3' (mutant forward); and for yellow fluorescent protein (YFP) (wild-type product 650 bp, mutant product 250 bp), 5'-AAAGTCGCTCTGAGTTGTTAT-3' (Rosa26 forward); 5'-GGAGCGGGAGAAATGGATATG-3' (Rosa26 reverse) and 5'-CATCAAGGAAACCCTGGACTACTG-3' (SpliAc).

Isolation of pancreatic islets

For isolation of adult islets 0.5 mg/ml collagenase P (#C9263, Sigma-Aldrich, St. Louis, MO, USA) diluted in HBSS (#14025, ThermoFisher, Waltham, MA USA) was injected in the main pancreatic duct while the ampulla of Vater was clamped. Next, the pancreas was collected and incubated in 0.5 mg/ml collagenase P at 37°C for 20 min. For isolation of neonatal islets, the pancreas was cut in ~5 pieces of equal size prior to incubation in 0.5 mg/ml collagenase P and incubated for 5 min (P1) or for 11 min (P15). Islets were handpicked and cultured overnight in RPMI 1640 (#61870-010, ThermoFisher) supplemented with 10% (vol/vol) Fetal Bovine Serum (FBS) (S1810, Biowest, Nuaillé, France).

Flow cytometry

Islets were dispersed into single-cell suspensions by incubation for 3 min at 37°C in 0.025% trypsin-EDTA (#25300054, ThermoFisher). Fetal pancreata were dissociated as previously described [START_REF] Ramond | Reconstructing human pancreatic differentiation by mapping specific cell populations during development[END_REF]. For cell surface staining, cells were incubated with antibodies at 4°C for 15 min in the dark in FACS medium (HBSS + 2% FBS), rinsed in FACS medium and resuspended in FACS medium with propidium iodide (1/4000, #P4864, Sigma-Aldrich) before FACS acquisition and sorting. For intracellular staining after cell surface staining, cells were rinsed in 1x PBS, fixed and permeabilized with the Transcription Factor Staining Buffer Set (#00-5523-00, ThermoFisher) according to manufacturer's instructions. Briefly, cells were incubated with antibodies at room temperature for 30 min in the dark in Permeabilization Buffer, rinsed twice in Permeabilization Buffer and resuspended in FACS medium. A list of primary antibodies is provided in Supplementary Table 1. For each antibody, optimal dilution was determined by titration. Cell sorting was carried out using a FACSAria III (BD Biosciences, San Jose, CA, USA). Data were analyzed using FlowJo 9.9.4 (RRID: SCR_008520). Dead cells were excluded from analyses using propidium iodide and non-pancreatic lineages were excluded using the pan-hematopoietic marker CD45, the erythroid marker TER119, and the endothelial marker CD31. Cells sorted for qPCR or transcriptomics were collected directly in Buffer RLT for qPCR (Qiagen, Hilden, Germany) or Buffer RL (#51800, Norgen BioTek Corp., Thorold, ON, Canada) for next generation sequencing.

Conjugated transferrin incorporation

After overnight culture in RPMI 1640 + 10% FBS, islets were serum-starved for 30 min in HBSS supplemented with 1% BSA and 20 mM glucose. CF TM -568 conjugated human transferrin (TF-CF568, #00083, Biotium, Fremont, CA, USA) was added to a final concentration of 25 ug/mL and incubated at 37°C for 30 min in the dark. After transferrin incorporation, islets were rinsed in 1x PBS, dissociated and stained for FACS analysis as described above. YFP was excited by the 488 nm laser and analyzed in the FITC channel (515-545 nm). The CF-568 was excited by the 561 nm laser and analyzed in the PE channel (575-589 nm).

EndoC-ßH1 cell culture and treatment

The female human beta-cell line EndoC-ßH1 (RRID: CVCL_L909) was cultured as previously described and authenticated using short tandem repeats [START_REF] Ravassard | A genetically engineered human pancreatic beta cell line exhibiting glucose-inducible insulin secretion[END_REF]. Twenty hours before FACS staining and conjugated-transferrin incorporation, cells were cultured in DMEM at 0.5 mM or 5.5 mM glucose, and then serum-starved in KRBH buffer (NaCl 115 mM, KCl 5 mM, NaHCO3 24 mM, CaCl2 2.5 mM, MgCl2 1 mM, HEPES 10 mM, BSA 0.1% w/v) supplemented with 20mM glucose for 30 min, followed by TF-CF568 incorporation for 30 min as described above. Cells were then rinsed in 1x PBS and detached with 0.05% trypsin-EDTA for 3 min at 37°C, rinsed in 1x PBS + 20% FBS before subsequent FACS staining, as described above. Primary antibodies and their optimal working dilutions are listed in Supplementary Table 1.

Bulk and single cell quantitative PCR

For bulk qPCR, RNA was isolated with the RNeasy Micro Kit (#74004, Qiagen) and RNA sample was reverse-transcribe using the Maxima First Strand cDNA Synthesis Kit (K1642, ThermoFisher) and a Biometra T3 Thermocycler (Analytik Jena, Jena, Germany). All kits were used per the manufacturer's instructions. qPCR was with SYBR (for oligonucleotides (Eurofins France, Nantes, France) see Supplementary Table 2) or TaqMan (for assays (ThermoFisher) see Supplementary Table 3). Relative expression was calculated using the 2^-∆Ct method, and fold change using the 2^-∆∆Ct to the control group using Ppia as reference gene. qPCR was performed on a QuantStudio 3 (ThermoFisher) per the manufacturer's instructions. For single cell qPCR, single cells were sorted in 96-well PCR plates in 9µL of RT/preamp mix from the CellsDirect TM One-Step qRT-PCR Kit (#11753500, ThermoFisher) and were kept at -20°C overnight. For each analyzed subset, a control well containing 10 cells was analyzed. Pre-amplified (20 cycles) cDNA was obtained per the manufacturer's instructions and was diluted 1:5 in TE buffer, low EDTA (#J75793, ThermoFisher) for qPCR reaction. Multiplex qPCR was done on a Biomark HD for 40 cycles (Fluidigm, South San Francisco, CA, USA). The same TaqMan assays were used for both RT/pre-amp and qPCR reactions (Supplementary Table 3). Single cell samples where the reference gene was detected before 20 cycles were included in the analysis.

Next generation sequencing and bioinformatics

RNA was isolated using the Single Cell RNA Purification Kit (#51800, Norgen) per the manufacturer's instructions. RNA quality was verified by electrophoresis using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). For library construction 20 ng of high-quality (RIN >7) total RNA was processed using Ovation Solo RNA-seq kit (#0501-96, NuGEN, Leek, The Netherlands) per the manufacturer's instructions. Briefly, total RNA was treated with DNaseI and reverse-transcribed using random primers. Chemical treatment during second strand synthesis permits to achieve strand specificity. After end-repair, adaptors ligation and library amplification, depletion of rRNA is realized using AnyDeplete technology (NuGEN). Libraries were then quantified with Qubit HS DNA assay (#Q32855, ThermoFisher) and library profiles assessed using the DNA High Sensitivity LabChip kit on an Agilent 2100 Bioanalyzer (#5067-4626, Agilent Technologies). Libraries were sequenced on an Illumina Nextseq 500 instrument using 75 base-lengths read V2 chemistry in a paired-end mode. After sequencing, a primary analysis based on AOZAN software (Genomic Paris Centre, Ecole Normale Supérieure, Paris, France) was applied to demultiplex and control the quality of the raw data (based on FastQC modules / version 0.11.5). Sequencing reads were mapped to the mouse genome version GenCode M23 (RRID: SCR_014966, GRCm38.p6 release 93) using STAR v2.5.2b [START_REF] Dobin | STAR: ultrafast universal RNA-seq aligner[END_REF] (RRID: SCR_015899). Transcripts were quantified using the RSEM software tool [START_REF] Li | RSEM: accurate transcript quantification from RNA-Seq data with or without a reference genome[END_REF] (RRID: SCR_013027). Heatmaps were constructed using the pheatmap R package (RRID: SCR_016418). Gene set enrichment analysis was done with GSEA v4.0 software [24; 25] (RRID: SCR_003199).

Immunocytochemistry

Cells were FACS-sorted on precoated Shandon Cytoslides (#5991051, ThermoFisher) and allowed to attach for 30 min. Cells were fixed with 4% formaldehyde, washed in 1x PBS, permeabilized with TBS + 0.1% Triton and incubated overnight with primary antibody. Next, cells were incubated with a peroxidase labeled secondary antibody from the ImmPRESS HRP Polymer Detection Kit (MP-7401, Vector Laboratories, Burlingame, CA, USA) per the manufacturer's instructions and developed with liquid DAB (SK4100, Vector Laboratories). Finally, cells were counterstained with hematoxylin, rinsed and mounted. A list of primary and secondary antibodies is supplied in Supplementary Table 1.

DFO treatment for qPCR and for glucose-stimulated insulin secretion

After overnight culture, comparable medium-sized islets were handpicked and treated with or without deferoxamine mesylate (DFO) (#D9533, Sigma-Aldrich, St. Louis, MO, USA) for 24h. When used for qPCR the islets were subsequently transferred to RLT buffer. For glucose-stimulated insulin secretion, islets were preincubated for 1 h in glucose-free Ham's F-10 (Gibco, Thermo Fischer Scientific) followed by incubation for 1h with 2 and 20 mM glucose. During preincubation and glucose-stimulated insulin secretion the DFO treatment was continued. Finally, the islets were transferred to RIPA buffer for insulin content analysis. Insulin concentration in the medium and the cells was measured by ELISA (#90080, Chrystal Chem Europe, Zaandam, The Netherlands). All replicates shown are the mean of duplicates of 20 islets per mouse. Three independent experiments were performed with n=3-4 mice per condition and per experiment.

2.10.

Statistical analyses Each n represents an independent biological sample. All graphs show means ± SEM. Statistical analysis was performed using Prism v8.3 (RRID: SCR_002798, GraphPad Software, San Diego, CA, USA), applying either a Mann-Whitney test, an unpaired t test, or a Welch's t test as indicated in the figure legends. A p-value <0.05 was considered statistically significant. Symbols for indicating p-values are: *p<0.05; **p<0.01; ***p<0.005; ****p<0.001. For gene-set enrichment analysis FDR<25% was considered significantly enriched.

Deposited Data

The datasets generated during this study are available at NCBI Gene Expression Omnibus: GSE149488. https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE149488

Results

Transferrin receptor (CD71) surface expression allows distinction of adult mouse beta cells from alpha and delta cells

In order to devise a sorting strategy for endocrine islet subsets, we tested combinations of surface markers for which expression in the pancreatic epithelium was reported previously, including CD133 and CD49f [START_REF] Sugiyama | Conserved markers of fetal pancreatic epithelium permit prospective isolation of islet progenitor cells by FACS[END_REF], CD71 [START_REF] Jin | Cells with surface expression of CD133highCD71low are enriched for tripotent colony-forming progenitor cells in the adult murine pancreas[END_REF], and CD24 [START_REF] Muraro | A Single-Cell Transcriptome Atlas of the Human Pancreas[END_REF]. The individual or limited combinatorial use of these surface markers previously did not allow isolation of the different endocrine lineages, but we hypothesized that larger combinations of these surface markers might reveal subsets of interest. We analyzed dispersed islet-cells from 12-week-old C57BL/6 mice by flow cytometry using antibodies directed against CD24, CD71 (TFRC), and CD49f (ITGA6) in the EpCam + epithelial fraction, after exclusion of dead cells and non-pancreatic lineages (Fig S1a; see methods). CD24 defined two subsets in the epithelial fraction: CD24 low cells, representing the majority of the EpCam + compartment (~85%), and CD24 high cells (~10%) (Fig 1a-b andS1a). CD71 and CD49f further segregated these two fractions into four subsets: CD24 low CD71 -and CD24 low CD71 + , CD24 high CD49f + , and CD24 high CD49f -(Fig1a). Intracellular staining for glucagon and insulin, the hormones produced by alpha-and beta-cells respectively, revealed that these endocrine cells were restricted to the CD24 low subset (Fig 1b and Fig S1a) and could be discriminated based on their CD71 surface expression (Fig 1c). Of note, fetal liver erythroid cells (FL TER 199+) are known for their high expression of CD71 (the transferrin receptor), which is required for the cellular uptake of iron from transferrin which is used in these cells to produce heme. CD71 surface levels on the beta-cellenriched fraction are at ~30% of the level on FL TER 199+ cells, while only at ~8% on the alpha-cell-enriched fraction (Fig 1c).

We next analyzed the expression of endocrine and exocrine genes by qRT-PCR in the four FACS-sorted subsets. The CD24 low CD71 -and CD24 low CD71 + subsets were consistently enriched in Glucagon (Gcg) and Insulin (Ins1) transcripts, respectively, while the CD24 high CD49f -subset was highly enriched in Somatostatin (Sst) transcripts (Fig 1d). Ghrelin (Ghrl) transcripts were expressed at similarly low levels in all sorted subsets (data not shown). Low levels of acinar (Cpa1) and ductal (Sox9) transcripts originating from contaminating exocrine cells in the islet preparations were confined to the CD24 high CD49f + subset which was devoid of endocrine transcripts (Fig S1b-c). These results show that alpha-, beta-, and delta-cell-enriched fractions can be sorted based on their surface expression of CD24, CD49f, and CD71. Sorting was highly reproducible between islet preparations. Moreover, the relative abundance of the specific endocrine cell-enriched fractions in the EpCam + compartment (Fig 1e) is in line with the corresponding abundance of alpha-(~20%), beta-(~75%), and delta-cells (~5%) in adult mouse islets [START_REF] Cabrera | The unique cytoarchitecture of human pancreatic islets has implications for islet cell function[END_REF].

We next assessed the purity of these subsets by analyzing the expression of selected endocrine transcripts using multiplex qRT-PCR on single sorted CD24 high CD49f -, CD24 low CD71 + , and CD24 low CD71 -cells. All sorted single cells expressed the pan-endocrine marker Chromogranin A (Chga) and were monohormonal (Fig 2a). The percentage of sorted CD24 low CD71 + cells expressing Ins1 was 95±5%, while Gcg was expressed in only 5±5%. Among the sorted CD24 low CD71 -cells 88±7% expressed Gcg, and 95±5% of the sorted CD24 high CD49f - cells expressed Sst (Fig 2b-c). Immunocytochemistry for the endocrine hormones on the FACS-sorted CD24 low CD71 -, CD24 low CD71 + , and CD24 high CD49f -subsets confirmed their high enrichment for GLUCAGON-, INSULIN-, and SOMATOSTATINpositive cells, respectively (Fig 2d-e). These findings demonstrate that the surface markers CD24, CD71, and CD49f enable sorting to high purity of murine alpha-, beta-, and delta-cells (Fig 2f). 

Beta-cells import more transferrin than other islet-cell types.

Given the differential expression of the transferrin receptor (CD71) in beta-cells, we examined whether this corresponds to functional differences in transferrin uptake capacity. To test this, we performed transferrin incorporation assays by starving adult mouse islets of iron-containing serum and then incubating them with fluorescently labeled transferrin (TF-CF568). The islets were then dispersed to single cells and analyzed by flow cytometry (Fig 3a). The TF-CF568 signal was strongest in CD24 low CD71 + cells and similarly low in CD24 low CD71 -cells and CD24 high cells, implying the highest transferrin uptake in the beta-cell-enriched fraction (Fig 3b-c andS1d). Accordingly, beta-cells from adult Ins-YFP reporter mice displayed a stronger TF-CF568 signal than YFP -non-beta-cells (Fig 3d-e). Taken together, these findings indicate that increased CD71 surface levels on adult beta-cells correlates with increased transferrin import compared to other islet-cell types. 

CD71 expression on beta-cells is acquired postnatally and increases

during maturation. We next assessed whether the same markers could be used to separate the different endocrine subpopulations from fetal mouse pancreas. Since endocrine cells are scarce in fetal mouse pancreas and scattered throughout the exocrine compartment. Therefore, endocrine cells were first enriched using a previously described strategy based on CD133 and CD49f expression [START_REF] Sugiyama | Conserved markers of fetal pancreatic epithelium permit prospective isolation of islet progenitor cells by FACS[END_REF]. This led us to analyze CD133 and CD49f expression in the EpCam + epithelial fraction of E14.5, E16.5, and E18.5 C57BL/6 fetal pancreas, after the exclusion of dead cells and nonpancreatic lineages. The same fractions (Fr.) I, II and III as described by Suguiyama et al. [START_REF] Sugiyama | Conserved markers of fetal pancreatic epithelium permit prospective isolation of islet progenitor cells by FACS[END_REF] were identified with Fr. IV being the EpCam -fraction excluded in our protocol (Fig S2a). Within Fr. III, the subset enriched in endocrine hormone-expressing cells, we assessed CD71 and CD24 expression and cellular granularity (side scatter parameter, SSC), the latter in line with our previous demonstration of its use to isolate hormone-expressing cells from human fetal pancreas [START_REF] Ramond | Understanding human fetal pancreas development using subpopulation sorting, RNA sequencing and single-cell profiling[END_REF]. This allowed us to identify two subsets distinguishable by low or high granularity, Fr. III CD24 low SSC low and Fr. III CD24 low SSC high respectively, and a third Fr. III CD24 high subset that is present from E16.5 onward. The relative abundance of the Fr. III CD24 low SSC high subset increased from E14.5 (8% of Fr. III) to E18.5 (20% of Fr. III) (Fig 4a). Ins1 and Gcg transcripts were enriched in the CD24 + SSC high subset, while Sst transcripts were enriched in the Fr. III CD24 high subset (Fig 4b). The CD71 surface expression in Fr. III CD24 + SSC high , that contains fetal Ins1 and Gcg expressing cells, was similar to the adult CD24 low CD71 -fraction and to be considered as negative in comparison with the adult CD24 low CD71 + subset (Fig 4c). Taken together, CD71 is absent from immature mouse fetal beta-cells but CD24 already allows the isolation of fetal delta-cells. This led us to determine when differential CD24 and CD71 expression starts defining alpha-, beta-, and delta-cells during postnatal development. We applied our sorting strategy to islets isolated from mice at postnatal day (P)1, P7, and P15. All fractions defined in the EpCam + adult islet-cell compartment were detected from P1 onward (Fig 5a). Similar to adult islets, Ins1, Gcg and Sst expression segregated in the CD24 low CD71 + , CD24 low CD71 -and CD24 high CD49f -subsets, respectively (Fig 5b). At P1 the surface expression of CD71 on the CD24 low CD71 + subset was, however, lower compared to adult but increased during the first postnatal weeks until P15. In contrast, CD71 levels on the CD24 low CD71 -subset remained low throughout early postnatal life (Fig 5c-d). Although the smaller differential in CD71 surface levels before P15 complicates segregation of the alpha-and beta-cell-enriched subsets, analysis of CD49f expression aids to distinguish both (Fig 5b). CD71 expression on beta-cells is thus acquired after birth and increases in the first postnatal weeks, an important period for beta-cell maturation, to reach adult levels at P15 (Fig 5c-d). These findings suggested that increased iron import could be important for beta-cell function. (a) Flow cytometry plots of dispersed islet-cells from 1-day-old (P1), 7-day-old (P7), 15-day-old (P15) newborn C57BL/6 male and female pups, and 12-week-old C57BL/6 male mice. Top panels show CD24 and CD71 expression among live Lin -EpCam + fraction, bottom panels show CD71 and CD49f expression among Live Lin -EpCam + CD24 low fraction. Plots are representative of 3 independent experiments; each experiment is a pool of 4 to 12 mice. (b) Hormone expression was assessed by qRT-PCR on CD24 high (CD49f -) (red), CD24 low CD71 + (blue) and CD71 -(purple) epithelial islet fractions (Live Lin -EpCam + ) sorted from P1 and P15 newborn C57BL/6 males and females. Graphs show Ins1 (left panel), Gcg (middle panel) and Sst (right panel) expression from 3 independent experiments. (c) Flow cytometry analysis of fetal pancreas from E16.5 C57BL/6 embryos and pancreatic islets from P1, P7 and 12-week-old C57BL/6 mice. Histograms show CD71 surface expression levels on the epithelial Fraction (Fr.)III CD24 + SSC high (blue) and the CD24 low CD71 + CD49f + beta cell-enriched islet fraction at P1 (green), P7 (orange), and 12 weeks (red). (d) MFI of CD71 staining on CD24 low CD71 + (blue) and CD71 -(purple) epithelial islet fractions (Live Lin -EpCam + ) from P1, P7 and P15 C57BL/6 male and female pups, and adult C57BL/6 male mice, from 3 independent experiments; each experiment is a pool of 4 to 12 mice. Two-way-ANOVA. Full lines indicate mean, error bars for s.e.m.

Transcriptomic profiling of alpha-, beta-, and delta-cell-enriched subsets

reveals a signature of increased iron metabolism in beta-cells. We generated transcriptomes of the CD24 low CD71 -, CD24 low CD71 + , and CD24 high CD49f -subsets from adult mouse islets. The transcriptomes of all subsets were devoid of hematopoietic and endothelial transcripts underpinning the robust lineage negative exclusion by FACS (Fig S3a). All subsets of interest contained abundant epithelial transcripts (Epcam) and were enriched in the genes encoding the surface markers used for the sorts: i.e. Cd24a (CD24), Itga6 (CD49f) and Tfrc (CD71) (Fig S3b). Interestingly, Tfrc encoding the transferrin receptor CD71 was differentially expressed between the beta-cell-enriched subset and the non-betacells, but below the log2-fold-change of two. The discrepancy of the small differences in Tfrc transcript levels with the markedly different CD71 surface levels is suggestive for a differential post-transcriptional regulation of the transferrin receptor in the CD71 + and CD71 -subsets. We next analyzed a set of known alpha-, beta-, and delta-cell markers within the sorted subsets. The alpha-cell gene set, including Gcg, Mafb, Irx1, Irx2, Arx, Ttr, Slc7a2, Pou3f4, Pou6f2, and Sstr2, was enriched in the CD24 low CD71 - fraction; the beta-cell gene set, including Ins1, Ins2, Mafa, Ucn3, Nkx6-1, Syt4, Prlr, Gad1, G6pc2, and Glp1r, was enriched in the CD24 low CD71 + fraction; and the deltacell gene set including Sst, Hhex, Rbp4, Crhr2, Ghsr, and Neurog3 was enriched in CD24 low CD49f -fraction (Fig 6a). Note that while Neurog3 is not a classical delta-cell marker, others have also found it to be more abundant in delta-cells compared to alpha-and beta-cells [START_REF] Digruccio | Comprehensive alpha, beta and delta cell transcriptomes reveal that ghrelin selectively activates delta cells and promotes somatostatin release from pancreatic islets[END_REF]. Next, we compared the dataset generated by DiGruccio et al. (2016) that used hormone reporter mice with ours and found both to be highly comparable in terms of relative expression of the main hormone transcripts in the different endocrine subsets, indicating similar purity (Fig S3c). Collectively, the expression pattern of these gene sets confirmed the enrichment of bona fide betacells in the CD24 low CD71 + fraction, of alpha-cells in the CD24 low CD71 -fraction, and of delta-cells in the CD24 low CD49f -fraction.

To investigate whether iron metabolism was higher in the beta-cell-enriched CD24 low CD71 + fraction, we performed an enrichment analysis for iron-related gene sets. We found that three such gene sets were enriched in the beta-cell-enriched fraction compared to the alpha-cell-enriched fraction (Fig 6b-d, Supplementary Tables 456). Common genes from these sets that are implicated in cellular iron import (Tfrc), regulation (Steap2 and Ireb2), and storage (Fth1 and Ftl1) are expressed at higher levels in the beta-cell-enriched fraction, while Slc40a1 that encodes ferroportin, an iron exporter, is more abundant in the alpha-cell-enriched fraction (Fig 6e). Steap2 encodes a metalloreductase that reduces iron from its ferric (Fe 3+ ) to its ferrous (Fe 2+ ) state in order to support the uptake of the ferric iron substrates. Ireb2 encodes iron responsive element binding protein 2, an RNA-binding protein that regulates intracellular iron levels by regulating the translation and stability of mRNAs implicated in iron homeostasis. Fth1 and Ftl1 encode the ferritin heavy and light chain protein subunits of the main intracellular iron storage protein, ferritin (Fig 6f). We validated by qRT-PCR that Ftl1 transcripts were enriched in the CD24 low CD71 + fraction compared to the other islet subsets (Fig 6g). However, we found no significant enrichment of Tfrc transcripts by qRT-PCR in CD24 low CD71 + versus CD71 - subsets, suggesting again that post-transcriptional regulation or endosomal recycling kinetics could differentially regulate CD71 surface levels in alpha and beta cell fractions (Fig 6g). Based on the progressive increase in CD71 surface levels on beta-cells during the first two weeks after birth, we next hypothesized that iron import and storage increase in maturing beta-cells, and therefore compared Tfrc and Flt1 expression in P1 versus adult (12 weeks) CD24 low CD71 + fractions by qRT-PCR. The expression of Tfrc was not significantly different although it tended to increase from P1 to adult; Flt1, however, was significantly higher expressed in the adult CD71 + fraction compared to P1 (Fig 6h). Collectively, these data suggest that adult beta-cells display a higher iron storage capacity compared to early neonatal beta-cells (Fig 6h).

Depriving beta-cells of iron impairs their function

To study the role of CD71 on beta-cell function, we deprived mouse islets of iron by culturing them in the presence of an iron scavenger, deferoxamine mesylate (DFO). As expected, iron-deprived islets cells upregulated Tfrc expression. Interestingly, it also downregulated Ins1 and Iapp expression. Comparable expression of Pdx1, Gcg, Nkx6-1, Mafa, and Slc2a2 was maintained excluding the hypothesis that DFO treatment decreased the relative proportion of beta-cells in islets (Fig 6i). In addition, iron-deprived islets secreted 45% less insulin in response to high glucose stimulation, while total insulin content did not vary, highlighting the functional importance of iron metabolism for insulin secretion in beta-cells (Fig 6j ). Heatmap showing the relative mRNA levels of selected iron metabolism genes in the CD24 low CD71 + , CD24 low CD71 -, and CD24 high fractions. Color code as in (a). (f) Schematic of the major proteins for which the iron metabolism genes analyzed in (e) encode, colored red when more expressed in the beta-cell-enriched fraction, and blue when less expressed compared to the alpha-and delta-cell-enriched fraction. (g-h) Tfrc and Ftl1 expression was assessed by RT-qPCR in (g) adult CD24 low CD71 + (blue), CD24 low CD71 -(purple), and CD24 high (red) fractions (h) P1 and adult CD24 low CD71 + fractions. Data is a pool of 3 independent experiments. One-way-ANOVA for (g) and unpaired t-test for (h). (i) Tfr1, Ins1, Iapp, Pdx1, Nkx6-1, Mafa and Gcg transcript expression in control and DFO-treated islets. Mann-Whitney test for Tfrc and unpaired t-test for all other genes. (j) Glucosestimulated insulin secretion (left) and insulin content (right) from control and DFO-treated islets. Twoway ANOVA. Full lines indicate mean, error bars for s.e.m, n=10-11 from 3 independent experiments. Circles, control; black circles, DFO-treated.

Glucose levels regulate CD71 expression and transferrin import in a human beta-cell line

We next evaluated CD71 surface expression on human beta-cells using the EndoC-ßH1 cell line and found that it was expressed, albeit at lower levels compared to the mouse beta-cell-enriched fraction (Fig 7a-c). Accordingly, EndoC-ßH1 cells readily incorporated conjugated-transferrin and, similar to our findings in mouse islets, the incorporation correlated with CD71 surface levels (Fig 7a-c). We hypothesized that the iron requirements of beta-cells vary with extracellular glucose levels and that beta-cells regulate intracellular iron levels through transferrin import and CD71 expression. To test this, we compared CD71 surface expression on EndoC-ßH1 cultured for 20 hours at low (0.5mM) or normal (5.5mM) glucose and found higher expression in the cells cultured at low glucose (Fig 7d-f). Glucose-starved EndoC-ßH1, which expressed higher surface levels of CD71, also incorporated more transferrin compared to EndoC-ßH1 kept at 5.5mM glucose (Fig 7g-h). Taken together, these findings show that CD71 is expressed on EndoC-ßH1 cells and that CD71 surface expression is regulated by extracellular glucose levels, modulating transferrin import into human beta-cells. 

Discussion

In this study, we developed an innovative approach to isolate highly purified subsets of alpha-, beta-, and delta-cells from dispersed mouse islets using cell surface markers. Our results demonstrate that: (i) the expression of CD24, CD49f, and CD71 can be used to separate alpha-(CD24 low CD71 -), beta-(CD24 low CD71 + ), and deltacells (CD24 high CD49f -) with high purity, (ii) murine beta-cells import more transferrinbound iron and express higher levels of iron import and storage genes compared to alpha-and delta-cells, (iii) depriving mouse islets of iron hampers normal glucosestimulated insulin secretion, and (iv) human beta-cells of the EndoC-ßH1 cell line increase the expression of the transferrin receptor CD71 when deprived of glucose, resulting in increased transferrin uptake.

The cell surface markers described in this study (CD24, CD49f, and CD71) were reported previously but not combined as in the current study. They were employed individually in either fetal or adult mouse pancreas or adult human pancreas. CD133 and CD49f were reported as markers of ductal epithelial cells, including Neurog3 + progenitors, and nascent acinar cells in fetal mouse pancreas [START_REF] Sugiyama | Conserved markers of fetal pancreatic epithelium permit prospective isolation of islet progenitor cells by FACS[END_REF]. We reproduced these findings on fetal pancreas but found that in adult pancreas CD49f was additionally expressed on an exocrine-enriched subset. CD133 and CD71 were previously used as markers for a mixed subset in adult pancreas enriched in ductal, alpha-, and beta-cell transcripts, whereas CD71 alone defined an acinar-enriched fraction [START_REF] Jin | Cells with surface expression of CD133highCD71low are enriched for tripotent colony-forming progenitor cells in the adult murine pancreas[END_REF]. Contrary to these data, we found CD71 to be a beta-cell-specific surface marker. This discrepancy could be related to the use of total digested pancreas used as starting material by Jin et al. whereas we employed purified endocrine islets [START_REF] Jin | Cells with surface expression of CD133highCD71low are enriched for tripotent colony-forming progenitor cells in the adult murine pancreas[END_REF]. Furthermore, the contaminating exocrine fraction that we defined as CD24 high CD49f + expresses CD71, suggesting that without islet purification and combining antibodies, the CD71 + fraction would indeed contain a mix of beta-cells and acinar or ductal cells. Notably, we also found CD71 expression on human beta-cells of the EndoC-ßH1 line. CD133 did not improve subset purification in our sorting strategy. Finally, the higher expression of CD24 on exocrine cells has been used to sort, by negative selection, an endocrine-enriched fraction from adult human pancreas [START_REF] Muraro | A Single-Cell Transcriptome Atlas of the Human Pancreas[END_REF]. In line with these data, we found high CD24 expression on exocrine cells, but using CD49f we could split the CD24 high fraction into an exocrine subset that was CD24 high CD49f + and an endocrine delta-cell-enriched subset that was CD24 high CD49f -. We found deltacells to specifically express high CD24 levels as early as E16. This marker thus allows the isolation of this understudied yet functionally important cell type from both fetal, neonatal, and adult mouse pancreas for future studies of their development and maturation [START_REF] Rorsman | The somatostatin-secreting pancreatic delta-cell in health and disease[END_REF]. Of note, although available transcriptomes of delta-cells confirm enrichment in Cd24a transcripts compared to alpha-and beta-cells, the marker was previously not exploited for delta-cell purification [8; 28].

Immunostaining for CD71 has previously shown specific expression in the endocrine compartment of the human pancreas [START_REF] Gatter | Transferrin receptors in human tissues: their distribution and possible clinical relevance[END_REF], but its intracellular abundance makes it difficult to assess intraislet cellular specificity of CD71 surface levels. A previous transcriptomic approach identified but did not highlight Tfrc as being differentially expressed in beta-cells compared to other islet-cell types [START_REF] Digruccio | Comprehensive alpha, beta and delta cell transcriptomes reveal that ghrelin selectively activates delta cells and promotes somatostatin release from pancreatic islets[END_REF]. Based on the differential in transcript abundance (log2-fold-change <2) Tfrc would indeed not be selected as a candidate surface marker for isolating beta-cells. Yet regulation of CD71 surface expression is well characterized and involves extensive endosomal recycling which may explain how small differences in transcript abundance are amplified at the protein level by differential post-transcriptional regulation [START_REF] De Domenico | Regulation of iron acquisition and storage: consequences for iron-linked disorders[END_REF].

Distinct requirements for iron in beta-cells have not been demonstrated unequivocally but could already be inferred from their high ferritin expression in both mouse [START_REF] Macdonald | Large amount of (apo)ferritin in the pancreatic insulin cell and its stimulation by glucose[END_REF] and human [START_REF] Muraro | A Single-Cell Transcriptome Atlas of the Human Pancreas[END_REF]. Additionally, mice lacking IREB2, an RNA-binding protein that regulates intracellular iron levels by modulating the translation and stability of Tfrc, Ftl1, and Fth1 (the latter two encoding the light and heavy chains that make up ferritin), were recently found to display a specific functional iron deficiency in betacells resulting in impaired proinsulin processing and hence in reduced insulin content and secretion [START_REF] Santos | Irp2 regulates insulin production through iron-mediated Cdkal1-catalyzed tRNA modification[END_REF]. This study revealed a crucial role of iron for beta-cell function that is further supported by our findings. Indeed, beta-cells not only expressed higher CD71 surface levels and took up more transferrin in comparison to alpha-and deltacells, but also expressed higher levels of key iron import and storage genes, which suggests distinct cellular iron needs. We found that depriving mouse islets of iron decreased glucose-stimulated insulin secretion. This functional impairment was unrelated to changes in insulin content but rather accompanied by decreased abundance of Insulin transcripts, suggesting that iron is important for insulin secretion and regulates Insulin transcription or mRNA stability. Note that these functional studies were done using the iron chelator DFO which among commercially available iron chelators this molecule has a high affinity for iron and a low affinity for zinc. Nevertheless, deleterious effects due to zinc chelation by DFO are not fully excluded.

Iron deficiency is a common micronutrient deficiency that is well known to cause anemia, but in clinical studies deleterious effects on beta-cell function are not obvious. Yet, one case report links both iron deficiency and diabetes with autoreactive antibodies against CD71 [35; 36]. In contrast, there is ample clinical evidence demonstrating that iron excess confers an increased risk for developing diabetes and that in patients with type 2 diabetes it worsens glucometabolic control [START_REF] Simcox | Iron and diabetes risk[END_REF]. Of note, therapeutic phlebotomy, which is used to reduce iron levels, was found to improve beta-cell function in patients with pathological iron overload [37; 38] but, intriguingly, also improves glucose control and insulin secretion in patients with highferritin type 2 diabetes [START_REF] Fernandez-Real | Blood letting in high-ferritin type 2 diabetes: effects on insulin sensitivity and beta-cell function[END_REF] implying a detrimental effect of high iron levels within the normal range on beta-cell function. Upregulation of the divalent metal transporter Slc11a2 (DMT1) in islet inflammation has been suggested to render beta-cells prone to ROS-mediated inflammatory damage [START_REF] Hansen | Divalent metal transporter 1 regulates iron-mediated ROS and pancreatic beta cell fate in response to cytokines[END_REF]. Alpha-and beta-cells, however, do not differ significantly in their expression of Slc11a2 [8; 41; 42] but do so in their expression of CD71 as we have shown here. Our findings could therefore explain the particular vulnerability of beta-cells to iron overload. Indeed, we show that beta-cells not only express high levels of the transferrin receptor, related to their elevated ironneeds for oxidative respiration, but also display low expression of the cellular iron exporter Slc40a1 (ferroportin), altogether favoring iron accumulation.

We found that CD71 surface levels and Ftl1 transcripts are both upregulated in the beta-cell enriched subset during the early postnatal weeks that are important for the functional maturation of beta-cells, suggesting increasing iron requirements during this period. We hypothesize that iron metabolism plays a role in beta-cell maturation. Indeed, functional maturation of beta-cells is accompanied by a firm decrease in proliferation and a metabolic switch from aerobic glycolysis to oxidative phosphorylation [43; 44]. The required increase in mitochondrial oxidative phosphorylation to generate sufficient ATP in turn most likely depends on an increase in iron-supply. If this hypothesis holds true, modulating iron metabolism in differentiation protocols of stem-cell-derived beta-cells is an attractive strategy to improve the maturation of these therapeutically interesting surrogate beta-cells. Intriguingly, in yeast the switch between the fermentative and oxidative metabolism, called the diauxic shift, is associated with increased expression of genes involved in iron-uptake. The driving factor for this phenomenon is not a change in extracellular iron levels, but glucose exhaustion by itself [START_REF] Haurie | The Snf1 protein kinase controls the induction of genes of the iron uptake pathway at the diauxic shift in Saccharomyces cerevisiae[END_REF]. It is in this line that we interpret the upregulation of CD71 surface levels in the human beta-cell line following culture in low glucose. We propose that beta-cells require fine-tuned intracellular levels of iron to support and maintain their function and maturation, and that iron import is regulated through changes in the surface expression of the transferrin receptor, which in turn depends on extracellular glucose levels.

Our demonstration that CD24, CD49f, and CD71 expression can be used for sorting purified live alpha-, beta-, and delta-cells to high purity provides a novel improved and powerful tool to study these different cell types in the various mouse models used in diabetes research. In particular, the ability to purify alpha-and delta-cells will allow for a more detailed study of these understudied cell types and how they are affected in models of type 1 and type 2 diabetes. Of note, while we strongly encourage adopting our experimental protocol to diverse mouse lines and disease models, we also want to call for rigor by stressing that careful validation of the identity and purity of the sorted subsets remains crucial. Finally, the iron metabolism of isletcells and beta-cells, in particular, should be investigated further as it may provide a molecular explanation for the susceptibility of beta-cells to an impaired iron metabolism and for the causative link between iron and diabetes risk. As such, it may pave the way for new therapies in diabetes.

Figure 1 :

 1 Figure 1: Adult pancreatic beta-cells are defined by higher expression of the Transferrin Receptor (CD71) compared to alpha-and delta-cells. (a) Representative flow cytometry plots of dispersed islets from adult C57BL/6 mice. CD24, CD71 and CD49f expression was analyzed on EpCam + cells after exclusion of dead cells (Propidium Iodide positive cells) and of hematopoietic and endothelial cells (Lineage [Lin]: CD45, TER119 or CD31 positive cells). The EpCam + fraction can be divided into CD24 high and CD24 low cells (middle left panel). The CD24 low fraction can be further subdivided into CD71 + and CD71 -cells (middle right panel) while the CD24 high fraction comprises CD49f + and CD49f -cells (right panel). Data are representative of at least 11 independent experiments. (b) Flow cytometry plots of dispersed islets from adult C57BL/6 mice. After surface staining for lineage, EpCam, CD24, CD71 and CD49f, cells were fixed and permeabilized for intracellular staining for insulin and glucagon. Left panel shows the CD24 high and CD24 low cells within the Lin -Epcam + fraction. Right panel shows insulin and glucagon stainings in Lin - EpCam + CD24 low cells. (c) CD71 surface protein expression levels on insulin + (blue) and glucagon + (purple) fractions, compared to TER119 + erythrocytes from E14.4 Fetal Liver (FL14) (green). Plots are representative of 3 independent experiments. (d) Hormone transcript expression was assessed by qRT-PCR on sorted CD24 high (CD49f -) (red), CD24 low CD71 + (blue) and CD71 -(purple) epithelial fractions. Graphs show Insulin1 (left panel), Glucagon (middle panel) and Somatostatin (right panel) expression from 6 independent sortings. (e) Frequencies of CD24 high CD49f -, CD24 low CD71 + and CD24 low CD71 -cells among EpCam + fraction from 10 independent experiments. Each experiment is a pool of islets from 4 mice. (d-e) One-way-ANOVA. Full lines indicate mean, error bars for s.e.m.

Figure 2 :

 2 Figure 2: CD71, CD49f and CD24 allow isolation of alpha-, beta-, and delta-cell-enriched fractions with high purity. (a-c) Single cell multiplex qRT-PCR on sorted CD24 low CD71 + , CD24 low CD71 -and CD24 high CD49f - pancreatic epithelial cells from adult C57BL/6 mice. Hprt (black), Ins1 (blue), Gcg (purple), Sst (red) and ChgA (gray) expression was analyzed using the Biomark Fluidigm platform. (a) Expression of Hprt, Ins1, Gcg, Sst and ChgA in single CD24 low CD71 + (top), CD24 low CD71 -(middle) and CD24 high CD49f -(bottom) cells. Each dot indicates positivity of a single cell for a given gene tested in the horizontal lines. (b) Pie charts show the number of total sorted CD24 low CD71 + , CD24 low CD71 -and CD24 high CD49f -pancreatic epithelial cells expressing either Ins1 (blue), Gcg (purple), Sst (red) or no hormones (black). (c) Histograms show the frequency of Ins1, Gcg and Sst expressing single cells in the 3 subsets analyzed. The data shown in (a) are representative for 3 independent experiments, while in (b) and (c) the pooled data from these experiments are shown. One-way-ANOVA. Full lines indicate mean, error bars for s.e.m. (d-e) Immunocytochemical stainings for INSULIN, GLUCAGON and SOMATOSTATIN on FACS-sorted CD24 low CD71 + , CD24 low CD71 -and CD24 high CD49f -pancreatic epithelial cells from adult C57BL/6 mice. (d) CD24 low CD71 + and CD24 low CD71 -pancreatic epithelial cells were sorted on precoated slides, fixed, permeabilized and stained for INSULIN and GLUCAGON (on two separated slides) (brown) and counterstained with haematoxylin (blue). White arrow indicates a GLUCAGON positive cell in the CD24 low CD71 + fraction, yellow arrows indicate GLUCAGON negative cells in the CD24 low CD71 -fraction. (e) CD24 high CD49f -pancreatic epithelial cells were treated as in (d) and stained for SOMATOSTATIN (brown) and haematoxylin (blue). The micrographs are representative of 2 independent experiments. (f) Schematic of alpha-, beta-, and delta-cell surface markers.

Figure 3 :

 3 Figure 3: Beta-cells import more transferrin than other endocrine islet-cells. (a) Experimental setup for islet transferrin incorporation. After overnight culture in RPMI 10% FBS, islets are serum starved for 30 min at 37°C. Conjugated human transferrin is then added for incorporation during 30 min at 37°C and 20 mM glucose. Finally, islets are rinsed, dispersed and stained for FACS analysis. (b) Flow cytometry plots of dispersed islets from adult C57BL/6 mice after conjugated-transferrin (TF-CF568) incorporation. Left panel shows CD24 and CD71 expression in the live Lin -EpCam + fraction, middle panel shows TF-CF568 fluorescence and CD71 expression in live Lin - EpCam + CD24 low fraction. Right panel shows TF-CF568 fluorescence on CD71 + (blue) and CD71 - (purple) CD24 low epithelial cells, grey histogram shows basal fluorescence of unstained islet-cells. Data are representative of 3 independent experiments. (c) Histogram shows Mean Fluorescence Intensity (MFI) of TF-CF568 in the CD24 low CD71 + , CD24 low CD71 -and CD24 high CD49f -epithelial fractions from 3 independent experiments. (d) Flow cytometry analysis of dispersed islets from adult (>12-week-old) Ins-YFP mice after TF-CF568 incorporation. Left panel shows EpCam expression and TF-CF568 fluorescence in the live Lin -EpCam + fraction, middle panel shows CD24 and YFP expression in live Lin -EpCam + cells, right panel shows TF-CF568 fluorescence in live Lin - EpCam + CD24 low fraction. (e) Histogram shows TF-CF568 fluorescence on YFP+ (red) and YFP-(blue) CD24 low epithelial cells, grey histogram shows basal fluorescence of unstained islet-cells. Plots are representative of 4 independent islet preparations.
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 45 Figure 4: CD71 is not differentially expressed on fetal alpha-and beta-cells. (a) Flow cytometry plots of fetal pancreas from E14.5, E16.5 and E18.5 C57Bl6 embryos showing CD24 expression and granularity (SSC-A) in Fraction III (Fr.III, live Lin -EpCam + CD133 -CD49f low ) containing hormone-expressing cells. Cell preparations for each experiment were pooled from 6 to 18 embryos, plots are representative of 5 independent experiments. (b) Hormone expression was assessed by qRT-PCR on Fr.III CD24 high (red), CD24 + SSC int (gray) and CD24 + SSC high cells (black) sorted from E16.5 C57BL/6 embryos. Graphs show Ins1 (left), Gcg (middle) and Sst (right) expression from 3 independent experiments. (c) Comparative flow cytometry analysis of fetal pancreas from E16.5 C57BL/6 embryos and dispersed pancreatic islets from adult C57BL/6 mice. Histogram shows CD71 expression levels on Fr.III CD24 + SSC high and CD24 low epithelial islet-cells.
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Figure 6 :

 6 Figure 6: Iron metabolism-related genes are enriched in beta-cells. (a) Heatmap showing the relative mRNA levels of selected alpha-, beta-, and delta-cell genes in the CD24 low CD71 + (blue), CD24 low CD71 -(purple), and CD24 high (red) fractions. Each column represents a different biological replicate (n=3 per fraction from 3 independent experiments). The Z-score normalized mRNA expression is color coded; blue (-2) over white (0) to red (+2) (b-d) Enrichment plots for 3 iron transport gene sets comparing the CD24 low CD71 + (beta-cell-enriched) with the CD24 low CD71 -(alphacell-enriched) fraction. (e) Heatmap showing the relative mRNA levels of selected iron metabolism genes in the CD24 low CD71 + , CD24 low CD71 -, and CD24 high fractions. Color code as in (a). (f) Schematic of the major proteins for which the iron metabolism genes analyzed in (e) encode, colored red when more expressed in the beta-cell-enriched fraction, and blue when less expressed compared to the alpha-and delta-cell-enriched fraction. (g-h) Tfrc and Ftl1 expression was assessed by RT-qPCR in (g) adult CD24 low CD71 + (blue), CD24 low CD71 -(purple), and CD24 high (red) fractions (h) P1 and adult CD24 low CD71 + fractions. Data is a pool of 3 independent experiments. One-way-ANOVA for (g) and
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 773 Figure 7: Glucose levels regulate CD71 expression in a human beta-cell line. (a-c) Flow cytometry analysis of surface CD71 expression and conjugated transferrin incorporation in the EndoC-ßH1 human beta-cell line. Conjugated transferrin (TF-CF568) incorporation and CD71 staining were done as described in Fig 3a. (a) Left panel shows basal fluorescence of CD71 and TF-CF568 levels on unstained EndoC-ßH1 and right panel shows their staining pattern. (b) CD71 surface expression and (c) TF-CF568 fluorescence on unstained (grey) or stained (red) EndoC-ßH1. Data is representative of 5 experiments.(d-e) CD71 surface expression (d) and CD71 MFI (e) in EndoC-ßH1 cells starved at 0.5mM (blue) or kept at regular 5.5mM glucose (red) for 20h before staining. (f-g) EndoC-ßH1 were starved at 0.5mM or kept at 5.5mM glucose for 20h before conjugated transferrin (TF-CF568) incorporation at 20mM glucose. After incorporation, cells were stained for surface CD71 and analyzed by flow cytometry. (f) Histograms shows TF-CF568 fluorescence after incorporation on EndoC-ßH1 cells that were previously starved at 0.5mM (blue) or kept at 5.5mM (red). Grey curve shows basal fluorescence of unstained EndoC-ßH1 cells. (g) TF-CF568 MFI after incorporation at 20mM glucose on previously starved at 0.5mM (blue) or kept at 5.5mM (red) EndoC-ßH1. Data is a
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