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Introduction

Pancreatic islet transplantation is a promising cell therapy for the treatment of type 1 diabetes. To date, according to the Collaborative Islets Transplant Registry (CITR) more than 1000 patients have been transplanted within clinical trials around the world [START_REF] Investigators | CITR 0th Annual Report (Internet)[END_REF]. Currently, islet transplantation is restricted to the severest form of diabetes. The main challenge to overcome in order to generalize islet transplantation to the overall population of patients with type 1 diabetes is to avoid immunosuppressive treatments currently responsible for severe adverse events [START_REF] Hafiz | Immunosuppression and procedure-related complications in 26 patients with type 1 diabetes mellitus receiving allogeneic islet cell transplantation[END_REF].

To address this challenge, islets' immuno-isolation in alginate microcapsules has been suggested to be a promising approach [START_REF] Darquy | Immunoisolation of pancreatic B cells by microencapsulation. An in vitro study[END_REF] allowing to reduce or even to avoid the use of immunosuppressants [START_REF] Elliott | Live encapsulated porcine islets from a type 1 diabetic patient 9.5 yr after xenotransplantation[END_REF].

Islet encapsulation has to guarantee islet homeostasis while ensuring efficient immunoprotection.

However, in vivo studies highlight the limits of such strategy. Several parameters including lack of biomaterials biocompatibility [START_REF] De Vos | Polymers in cell encapsulation from an enveloped cell perspective[END_REF], quality of encapsulated cells [START_REF] Dufrane | Six-month survival of microencapsulated pig islets and alginate biocompatibility in primates: proof of concept[END_REF], properties of the final capsule [START_REF] Weaver | Synthetic poly(ethylene glycol)-based microfluidic islet encapsulation reduces graft volume for delivery to highly vascularized and retrievable transplant site[END_REF] and the site of transplantation [START_REF] Zhu | Selection of Implantation Sites for Transplantation of Encapsulated Pancreatic Islets[END_REF] need to be controlled to ensure islet survival within the capsule, limited immune reaction against the capsule and finally allow islet encapsulation success. The selection of new biomaterials, the composition of the capsule itself and the way of processing them are key elements that could enhance the immunoprotective proprieties of the capsules, contribute to improve the immune-response towards the grafted capsules, and enhance the viability and functionality of the encapsulated islet and ultimately improving transplantation outcomes.

Studies suggest that reconstitution of a favorable microenvironment within the microcapsule could improve the survival of the encapsulated islets within the capsules [START_REF] Wang | Maintenance of beta-cell function and survival following islet isolation requires re-establishment of the islet-matrix relationship[END_REF]. Among the strategies to build such favorable microenvironment, Mesenchymal Stem Cells (MSCs) co-encapsulation with islets or capsule enrichment with component of the native pancreatic extracellular matrix (ECM) are of interest. MSCs are multipotent adult stem cells largely described for their therapeutic application in cell and regenerative therapies [START_REF] Patel | Therapeutic Potential of Mesenchymal Stem Cells in Regenerative Medicine[END_REF]. MSCs evidenced cytoprotective effects that have been demonstrated to improve the viability [START_REF] Jung | Bone marrow-derived mesenchymal stromal cells support rat pancreatic islet survival and insulin secretory function in vitro[END_REF] and insulin secretory capabilities of pancreatic islets [START_REF] Wang | Maintenance of beta-cell function and survival following islet isolation requires re-establishment of the islet-matrix relationship[END_REF] in vitro [START_REF] Johansson | Pancreatic Islet Survival and Engraftment Is Promoted by Culture on Functionalized Spider Silk Matrices[END_REF] and to enhance islet transplantation outcomes in vivo [START_REF] Montanari | Multipotent mesenchymal stromal cells enhance insulin secretion from human islets via N-cadherin interaction and prolong function of transplanted encapsulated islets in mice[END_REF] [START_REF] Johansson | Pancreatic Islet Survival and Engraftment Is Promoted by Culture on Functionalized Spider Silk Matrices[END_REF]. MSCs are known to prevent the formation of pericapsular fibrotic tissue when co-encapsulated with islets thanks to immunomodulatory properties [START_REF] Vaithilingam | Co-encapsulation and cotransplantation of mesenchymal stem cells reduces pericapsular fibrosis and improves encapsulated islet survival and function when allografted[END_REF]. Moreover, the addition in the microcapsule of the tripeptide arginineglycine-aspartate RGD, a component of the ECM, has been shown to improve the viability and the functionality of C2C12 cells [START_REF] Santos | The synergistic effects of the RGD density and the microenvironment on the behavior of encapsulated cells: In vitro and in vivo direct comparative study[END_REF]. Encapsulation of MSCs in alginate hydrogels microcapsules coupled with RGD motifs improves the MSCs viability as well as their secretion capacities [START_REF] Ho | Increased Survival and Function of Mesenchymal Stem Cell Spheroids Entrapped in Instructive Alginate Hydrogels[END_REF].

To ensure in vivo immuno-protection, the capsule needs to resist to mechanical solicitation and to protect the encapsulated islets from the immune system, i.e. by controlling the capsule permeability.

Mechanical properties and permeability of alginate-based microcapsules are controlled by the concentration and composition of alginate, cross-linking ions and time of gelation [START_REF] Mørch | Binding and leakage of barium in alginate microbeads[END_REF][START_REF] Martinsen | Alginate as immobilization material: I. Correlation between chemical and physical properties of alginate gel beads[END_REF]. Current standard encapsulation technologies do not allow the use of highly viscous alginate polymers that could be necessary to process microcapsules with stronger mechanical resistance and more selective permeability than the current standard. Thus, low viscosity alginate are mainly used to process capsules and to ensure mechanical stability of such alginate-based microcapsules, barium crosslinking ion is often used despite the risk of chronic barium toxicity (EPA) for recipients [START_REF] Mørch | Binding and leakage of barium in alginate microbeads[END_REF][START_REF] Martinsen | Alginate as immobilization material: I. Correlation between chemical and physical properties of alginate gel beads[END_REF].

Here, we hypothesized that the utilization of M-rich alginate in combination RGD-G rich alginate and MSCs improve the islets encapsulation outcomes in vitro. To our knowledge, our study describes for the first time the beneficial effect of RGD-G rich and MSCs double supplementation in M-rich alginate microbeads on insulin secretion capacity of human islets (Patent EP19305415.2).

Material and methods

Human islets isolation and culture

The human pancreatic islets were provided by Cell Therapy and Engineering Unit of EFS Auvergne Rhone Alps or by the Integrated Islet Distribution Program (IIDP) for Human Islet Research. The islets were isolated from a pancreas from a brain-dead donor. For EFS donors, the procedure was approved by the National Agency for Medicines and Health Products Safety (ANSM) in accordance with the French bioethics law (Act No.2004-800 of August 6, 2004, as amended by Act No.2011-814 of July 7, 2011). For IIDP donors, documented consent was provided for the use of human islets for research, patients' information is de-identified and batches of isolated human islets together with analytical data were labeled with a SVI number or Lot number, respectively, to ensure the anonymity of the donor. These procedures were carried out with review and approval by appropriate regulatory authorities. A summary of the human pancreatic islets used in this study is shown in Table 1. Islets were cultured in CMRL 1066 medium, 1g/L Glucose (Gibco, Thermo Fisher Scientific, Waltham, Mass., USA) supplemented with 10% FBS, 10mM Hepes, 1mM Sodium Pyruvate, 2mM L-Glutamine, 100mg.UI.mL -1 Penicillin, 100 μg.mL -1 streptomycin, in a 5% CO2 humidified atmosphere at 37°C. 

Islet

Human mesenchymal stem cells isolation and culture

MSCs were cultured as described previously [START_REF] Laporte | Human mesenchymal stem cells improve rat islet functionality under cytokine stress with combined upregulation of heme oxygenase-1 and ferritin[END_REF].

Human mesenchymal stem cells characterization

MSCs were immunophenotyped and differentiated using induction StemPro media according manufacturer instruction as described previously [START_REF] Laporte | Human mesenchymal stem cells improve rat islet functionality under cytokine stress with combined upregulation of heme oxygenase-1 and ferritin[END_REF].

Encapsulation method

Islets were encapsulated alone or with MSCs at a ratio of 150 MSCs/islet per capsule by microencapsulation based on microfluidics allowing the handling of highly viscous polymer. A microfluidic card in Cyclic Olefin Copolymer (COC) with channels from 200 to 550µm, was developed (Supp.Fig. 1). For microcapsules' detailed production, please refer to supplementary methods.

Alginate based solution are prepared as follow: a batch solution of SLM100 4% w/w and MVG GRGDSP 10 mg/mL (RGD, Novamatrix, Sandvika, Norway). An intermediate solution is made by mixing the two batch solutions. MSCs are harvested and washed in calcium-enriched physiological serum. Islets and MSCs at a ratio of 150MSCs/islet are washed in alginate buffer solution, centrifuged 3min at 150G and mix gently with a pipette tip. The reference microcapsule is composed of pancreatic islets entrapped in 2.5% SLM100 alginate. The capsule composite product composition is: SLM100 2.5%w/w, RGD-G rich alginate 0.5mg/mL, 150 MSCs/islet and pancreatic islets.

Rheological characterization of the fluids have been performed on 1.5ml sample with 1/60 conerheometer (Malvern Bohlin Gemini), 20°C.

Human pancreatic islets and microcapsules size distribution were performed by image analysis (ImageJ). For each batch, a minimum of 100 islets and 50 microcapsules were characterized.

Biocompatibility

Please refer to supplementary methods.

Measurement of insulin-secreting capacities of encapsulated islets

Twenty-four hours after encapsulation, and for each condition tested, 100 islets were incubated as described previously [START_REF] Laporte | Human mesenchymal stem cells improve rat islet functionality under cytokine stress with combined upregulation of heme oxygenase-1 and ferritin[END_REF]. The total insulin content was extracted after dissociation of the capsule with a solution of trisodium citrate 1% by incubation in a solution of acid ethanol 75%/vol; 0.18N HCL (Sigma-Aldrich, St. Louis, MO, USA).

Human insulin concentration in each collected media was measured using commercial radioimmunoassay kit BI-INS-IRMA (Cisbio Bioassay, Codolet, France).

Viability analysis by confocal microscopy

• Cell staining and acquisition

The viability of the encapsulated islets was determined 24 hours after encapsulation by SYTO 13 (λex/λem=488/509nm) (Thermo Fisher Scientific, Waltham, Massachusetts, United States) and Propidium iodide (PI) (λex/λem=545/630nm) (Interchim, Montluçon, France) double staining, as described previously [START_REF] Chabert | New Automatized Method of 3D Multiculture Viability Analysis Based on Confocal Imagery: Application to Islets and Mesenchymal Stem Cells Co-Encapsulation[END_REF].

• Islet viability quantification

The quantification of the nuclei of SYTO 13-labeled live cells and the nuclei of PI-labeled dead cells allowed to assess the islet viability as follows:

Cell viability(%)=(number of green nuclei)/(number of green + red nuclei)*100

In order to discriminate the viability of islets from the viability of MSCs within the capsule, an image analysis macro was developed on the ImageJ interface to discriminate the islets from the MSCs, on size criteria. The islets were selected on the transmission image as regions of interest that were applied to the images acquired in fluorescence (data not shown). The quantization of the red and green fluorescent nuclei within this region of interest was performed automatically on the selected elements.

Statistics

The islets viability and functionality data were analyzed with a 1-way or 2-way ANOVA, according to the number of conditions. In case of significance, an omnibus variance test was followed by a Holm-Sidak post-hoc. The data were expressed as mean ±SEM.

Results

Microcapsules fabrication and characterization

Rheological characterization of cell-free alginate based capsules solutions exhibiting non-Newtonian behaviour were performed before microcapsules manufacturing (Fig. 1). Fitting data with the Carreau-Yasuda model for shear-thinning solutions, viscosity at zero shear rate were respectively determined to be 8.3 and 12.7Pa.s for reference and composite capsules solutions (Fig. 1A). Such high-viscosity solutions were then processed inside the microfluidic flow-focusing device to produce microcapsules and a maximum production rate of 120 microcapsules per minute was achieved. To optimize the ratio of filled microcapsules, i.e. each microcapsule should contain at least one islet per capsule. Human pancreatic islets number and size distribution were characterized through image analysis, and consequently, volume of biomaterials adapted for each encapsulation experiment.

Microfluidic device capsule production working range (i.e. droplet regime, in-between the stable and jetting pressure) was characterized for the three following mix: reference solution (SLM100 2.5% w/w), MSC-free composite solution (SLM100 2.5% w/w, RGD-G rich alginate 0.5mg/mL), composite solution (SLM100 2.5% w/w, RGD-G rich alginate 0.5mg/mL, 150 MSCs/islet). As shown on Figure 1B, the adjunction of such quantity of mesenchymal stem cells does not change the rheological properties of the composite solutions. For each type of solution leading to the fabrication of alginate, RGD-alginate and MSC-alginate microcapsules, working ranges of capsules production were determined. The adjunction of MSCs to RGD-alginate to obtain 150 MSC/islet do not drastically modify the working range of the device. Such characterization allows determining manufacturing parameters to get a constant mean diameter of the microcapsule. In the present case, couple of applied pressures were set to obtain capsule with diameter ranging around 450 to 500µm with a coefficient of variation inferior to 5% (data not shown). Although the dispersion of islets size is similar between donors, human pancreatic islets size distribution is variable from one donor to the other [START_REF] Buchwald | Quantitative Assessment of Islet Cell Products: Estimating the Accuracy of the Existing Protocol and Accounting for Islet Size Distribution[END_REF] ranging from 30 to 270µm. Most of the population is inferior to 100µm with a peak around 40µm (Fig. 2A). As expected, the few large islets enhance the polydispersity of the microcapsule diameter (Fig. 2B).

Biocompatibility and immune response towards the microcapsules

Due to human islets scarcity, we chose to determine the biocompatibility of the process and final products on cell-free microcapsules. Indeed, the human islets and MSCs added to the microcapsules are at clinical grade and by definition biocompatible. We analyzed contamination, cytotoxicity, hemocompatibility and immunocompatibility assays (Supp.Fig. 2). Evaluation showed that the procedure of fabrication of the microcapsules avoids microbiological contamination validated by the absence of microorganism with a low content of endotoxin (<0.5EU/mL, data not shown), and no significant impairment of cell viability (Supp.Fig. 2A), nor apoptosis induction nor induction of ROS production was observed (Supp.Fig. 2B). The microcapsules did not impact complement system activation (Supp.Fig. 2C). The cytokine profile of human PBMCs incubated with the microcapsules did not show remarkable changes (Supp.Fig. 1D). Microcapsules did not stimulate the proliferation of peripheral blood mononuclear cells (PBMCs) after 7 days (Supp.Fig. 1E) and did not induce the activation of caspase-1. Taken together, cell-free microcapsules did not show evidence of toxicity suggesting their biocompatibility under the conditions tested.

Human pancreatic islets viability and functionality

Composite capsules improved encapsulated islets' viability compared to the reference capsule.

We developed a barium-free biocompatible composite capsule of RGD G-rich alginate in combination with MSCs. This capsule composition improves the islets encapsulation outcomes in vitro and appears as a new promising cell therapy product for type I diabetes.

To our knowledge, it is the first time that such high viscosity mix of biomaterials (viscosity at zero shear rate: 12.7Pa.s) is processed within microfluidic devices for cell encapsulation [START_REF] Prüße | Comparison of different technologies for alginate beads production[END_REF] without deleterious effect on cells. Mixing of MSCs and pancreatic islets within such highly viscous biomaterials is complex and requires soft handling not to dissociate pancreatic islets. Currently, this step is still manual. Protocols and tools have been optimized and implemented to produce reproducible microcapsules (CV<10%) despites spreading of pancreatic islet distribution. Such variation in capsule diameter affects the amount of MSCs co-encapsulated with pancreatic islets. This variation of MSCs numbers inside the capsule was characterized through images analysis and found to be inferior to 30%. Interestingly, when islet diameter is inferior to 30% of the capsule diameter, capsule size spreading is not affected (CV<5%, data not shown).

Processing of highly viscous mix of polymers allows the production of barium-free microcapsules that sustain handling, shipping and characterization. However, frequency rate of production still need to be increased in order to quickly encapsulate a whole batch of islets for clinical trials. Parallelization of such production is realistic and has been already done in the laboratory. Additionally, the frequency of production could be increased by reducing the viscosity of the cell loaded solutions. It can be done by maintaining the solutions to be processed at 37°C and using the shear thinning properties of solutions, i.e. increasing the shear stress when producing the microcapsules (Fig. 2A).

The biocompatibility study performed demonstrates that both microcapsules' production and composition are safe considering that neither contamination nor immune response have been detected.

This study demonstrates that compared to encapsulation using conventional alginate, supplementing the capsule composition with both MSCs and RGD-G-rich alginate is beneficial for human pancreatic islets viability and functionality. This beneficial effect could be related to the specific cytoprotective functions of MSCs through paracrine effectors such as growth factors and cytokines [START_REF] Vaithilingam | Co-encapsulation and cotransplantation of mesenchymal stem cells reduces pericapsular fibrosis and improves encapsulated islet survival and function when allografted[END_REF] but also to an improvement of islet adhesion with the presence of RGD motifs, preventing the viability loss associated with anoïkis [START_REF] Pinkse | Integrin Signaling via RGD Peptides and Anti-1 Antibodies Confers Resistance to Apoptosis in Islets of Langerhans[END_REF]. Another hypothesis is that the mechanical properties of the microenvironment conferred by the composite capsule, i.e. mix of M and RGD-G rich alginate, is beneficial to pancreatic cells as previously shown [START_REF] Naujok | Effect of substrate rigidity in tissue culture on the function of insulin-secreting INS-1E cells[END_REF].

The present study combined both components RGD and MCSs with human islets in monodispersed microcapsules. Even if it is difficult to conclude on the separate and isolated effect of these two components, our study shows that the combination MSCs and RGD-G rich motifs improved islets outcome. Human islets scarcity prevented us from further evaluating the isolated effect of the biomaterials used on the functionality and viability of the islets, thus limiting our conclusions on the synergistic effect of RGD-G and M-rich alginate and MSCs. However Ho et al. [START_REF] Ho | Increased Survival and Function of Mesenchymal Stem Cell Spheroids Entrapped in Instructive Alginate Hydrogels[END_REF] showed that the presence of RGD in microcapsules containing MSCs increases the viability of MSCs as well as their secreting capacity, especially VEGF. This study suggests that when entrapped in an adhesive biomaterial, MSCs improve survival and proangiogenic growth factor secretion. Johansson et al. [START_REF] Johansson | Pancreatic Islet Survival and Engraftment Is Promoted by Culture on Functionalized Spider Silk Matrices[END_REF] showed that the RGD motifs are described as enhancing viability and functionality of the encapsulated islets suggesting a synergistic effect of the two biomaterials via a direct islet stimulation by RGD-G rich alginate and an indirect islet stimulation by the functionalization of MSCs by the RGD-G rich motifs.

In vitro results from our study and data from the literature suggest that RGD-G rich alginate and MSCs could improve the outcome of islets encapsulation. The final validation of this combination of biomaterials will have to be further confirmed in vivo.
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 1 Figure 1: Rheological characterization of biomaterials (A) and phase diagram of the microfluidic

Figure 2 :

 2 Figure 2: Example of islet diameter distribution for five different donors (A) and reference

Table 1 : Summary of pancreatic islets´ information used in this study.
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			Donor	Viability at	Purity of	Time between isolation
		isolation	Age	reception	preparation	and encapsulation
		center		(%)	(%)	(days)
	Donor 1	EFS	59	71	90	2-6
	Donor 2	IIDP	47	52	90	6
	Donor 3	EFS	27	86	30	2
	Donor 4	EFS	54	85	80	2
	Donor 5	IIDP	47	76	90	4
	Donor 6	IIDP	59	68	95	7
	Donor 7	EFS	58	90	50	2
	Donor 8	IIDP	63	66	90	7

Acknowledgements

CL was supported by a 3-year Ph.D. fellowship by the foundation "Agir Pour les Maladies Chroniques". Authors thank the Grenoble Biology and Pathology Institute Grenoble Alps who provided insulin secretion data, and M.Orhant-Prioux, in charge of mesenchymal stem cells amplification. This research was performed in the context of BIOCAPAN H2020 project, authors thank the consortium.

Data availability

The raw data required to reproduce these findings are available on request.

We first confirmed the multipotency of the MSCs lot used for this study (Supp.Fig. 3A) by differentiating them into cells of adipogenic lineage (lipid droplets stained with Oil Red O, Supp.Fig. 3B), chondrogenic (glycosaminoglycans that stained with Alcian blue, (Supp.Fig. 3C) and osteogenic (calcic deposits that stained with Alizarin Red S, Supp.Fig. 3D). In addition, immunophenotyping confirmed the MSCs identity (data not shown).

We then investigated the viability of islets encapsulated in reference and composite microcapsules.

Encapsulation in reference capsules induced a significant decrease of 24.8% ±4.7% (p=0.005) of islets viability compared to non-encapsulated islets (naked islets) (Fig. 3). However, the encapsulation of islets in the composite capsules induced a significant increase of 29.9% ±5.7% (p=0.02) in islets viability compared to islets encapsulated alone in reference capsule (Fig. 3).

Islet functionality was improved by the composite capsule composition.

A significant decrease in the insulin secretion capability was observed when the islets were encapsulated in the reference capsule (alginate 2.5%): the percentage of insulin secreted under low glucose exposition dropped from 1.6% ±0.59% for naked islets to 0.6% ±0.88% for encapsulated islets and under high glucose stimulation from 3.1% ±0.61% for naked islets to 1.8% ±0.38% of insulin secreted for the encapsulated islets (p=0.016) (Fig. 4). We observed a significant increase in the insulin secretion capacity when islets were encapsulated in the composite capsule compared to the reference capsule. Indeed, the percentage of insulin secreted under low glucose exposition significantly increased from 0.6% ±0.88% for islets in reference capsule to 1.1% ±0.27% for islets in composite capsules, and from 1.8% ±0.38% for the reference capsule to 4.7% ±1.29% for islets in composite capsules under high glucose stimulation (p=0.017) (Fig. 4).
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