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1. Project execution

Four to five million people in Europe and about 80 million worldwide suffer from type 1 diabetes (insulin-dependent), characterized by a deficiency in insulin secretion resulting in hyperglycaemia. Beside transplantation of the pancreas or of islets, the only form of therapy is the administration of insulin by daily multi-injections or implantable pumps. However, these methods fail to reproduce the physiological secretion essential to maintain the glycaemia equilibrium. Diabetes is a serious illness as 2/3 of the affected individuals die from coronary diseases compared to 1/3 of the normoglycemic subjects. In addition, 50% of acquired blindness and 25% chronic renal failures requiring dialysis are attributable to diabetes. 

The BARP+ project, Development of a Bioartificial Pancreas for Type 1 Diabetes Therapy (2004-2006), aims to develop a new prototype of bioartificial pancreas suitable for encapsulation of insulin-secreting tissue and for implantation into the Human. The final goal of this new approach is the successful treatment of type 1 diabetes by the use of the most modern technologies. 

To successfully win that challenge, the combination of a biological and non-biological system at the nano-level is foreseen. The particular objective of this approach is the development of a device with selective permeability of a few molecules, namely insulin and glucose, while other molecules responsible for rejection or causing unwanted toxic effects must be excluded. Even though, the final device will be of the centimetric scale, its principle, functioning and various parts appertain to the nanosize range. That applies to the encapsulation membranes as to the embedding and service matrix. In addition, cell sizes range from few nanometres to 300nm exhibiting volumes of some tens of nanolitres and produce picograms amounts of the hormone. This requires the application of sophisticated nanotechnology combining new materials and new production technologies to achieve a device with such desired qualities. At the same time properties of the materials are requested to prevent an obstruction of the nano-size pores of the device. 

To achieve this ambitious goal, various disciplines are integrated in this consortium of basic and clinical researchers (table 1) with leading expertise in experimental diabetes research and advanced modern material technologies gathering a real task-force to develop an efficient approach for the treatment of type 1 diabetes. The proposed approach takes into account the far-reaching advances in the modern nanosize technology which are of utmost importance for the success of this project. This co-operative transnational approach provides convincing solutions to bypass the limitations of traditional treatments of this disease.

	Organisation

Name
	Country
	Expertise

	CeeD
	FR
	Research on the development of new therapies for diabetes.

	ECB
	PT
	Highly effective processes to decrease the time from discovery to the commercialisation of new therapeutic solutions.

	STS
	FR
	Study and manufacturing of implants, instruments and specific lab equipment.

	CECO
	DE
	High quality and well documented cell and tissue research tools.

	ULB
	BE
	Isolation, culture and handling of isolated islets; in vivo and in vitro insulin secretion; islets transplantation. Isolation and purification of islet cells; studies in tumoral islet cells: culture, measurement of metabolic, ionic and functional variables.

	ATTM
	FF
	Development of polymers, rubbers and biomaterials for ophthalmology, odontology, plastic surgery and bone reconstitution.

	UCL
	BE
	Elemental, functional and structural analyses of surfaces and interfaces, mainly by the ionic spectrometries, ISS, SIMS and RBS.

	DEMP
	IT
	In vitro and in vivo evaluation of the feasibility of transplanting “immunoisolated” islets and/or islet cells for curing diabetes in lab animals, large mammals and finally humans.

	CNRS-DR10
	FR
	Formulation of biocompatible fluorocarbon emulsions aimed to the oxygenation and preservation of organs and tissues; Specific know-how and technology necessary to prepare and characterize such emulsions. Development of multilayer intelligent membranes

	JMUW
	DE
	Isolation of porcine islets from brain dead slaughter house animals; Culture, handling, micro encapsulation and transplantation of porcine islets; Immunology; Molecular biology (PCR, RT-PCR); Retro virology; Microsurgery in rats and mice; Tissue culture of adherent and non-adherent cell lines.

	IMN
	IT
	Experimental and clinical research in immunology, vascular biology, cancer, central nervous system, nephrology and biomedical engineering.

	MHH
	DE
	Production of bio engineered insulin secreting surrogate cells; Molecular biology characterisation of insulin secreting cells and islets prior to implantation and after explantation of the bioartificial pancreas. 

	INRA
	FR
	The research of the unit focuses mainly on vascular pathologies with the development of new therapeutic approaches using pathologic or safe experimental animal models (pig and sheep).

	BLGU
	IT
	Intelligent nanocapsule preparation on the multilayers and encapsulation of living cells to protect from the external environment.


Table 1: BARP+ Consortium Overview
The consortium carried out the following work:

a) Test of the device in the mini pig

Several devices were implanted in normal minipigs and explanted after various durations to analyse their biocompatibility. Immunobiological investigations by flow cytometric analysis before and after implantation/explantation showed that despite the induction of fibrosis, no significant effect on the peripheral immune system could be observed. Though the fibrotic capsule left some non adherent films at the membrane surface and few other yet unidentified deposits scanning electron microscope analysis of the retrieved devices revealed no major cell colonisation at the membrane surface. XPS and ToF-SIMS analysis confirmed the absence of protein adhesion. 

Efforts were also concentrated on the setting up of a suitable type 1 diabetic mini pig model. This study aimed to evaluate various methods to render the animals diabetic: i) pancreactectomy, ii) partial pancreas embolization by calibrated microspheres with and without a streptozotocine in situ treatment, and iii) systemic STZ injection.

b) Conditioning-Sterilization-Packaging

Procedures to adopt for sterilization, conditioning and packaging the membrane and the device were defined and shared.
The risk of microbiological contamination of isolated islets was assessed to identify the presence of bacteria and fungi in the transport medium. A method for the preparation of human pancreatic islets led to clearance of contaminants in 94% of cases, thus demonstrating the feasibility to provide islets usable to be seeded into the device. 

The development of serum-free culture medium for pancreatic islets was initialised and the results showed that: i) both the cells morphology and cell viability improved when compared with the standard medium containing serum, ii) cells adhered less to the flask. Nevertheless, a general lower RNA expression was observed, iii) a decreased rate of apoptosis was registered. Experiments are under progress to investigate on long-term storage of islets in optimal conditions.

It was decided to use ethylene oxide (EtO) to sterilize the membranes and the various parts of the device. The different ways of assembling the various parts of the bioartificial pancreas were also studied but unfortunately no solution for assembling with glue could be selected.

c) Evaluation of insulin secreting cells other than pancreatic islets

Glucose responsiveness in the physiological concentration range is a crucial requirement for a surrogate pancreatic ß-cell for insulin replacement therapy of type 1 diabetes. To that purpose, novel insulin-secreting cells were generated and two selected: 

a) RINm5F-GK insulin secreting cells, based upon the permanent rat insulin-producing tissue culture cell line RINm5F, 

b) MIN-GK insulin secreting cells, based upon the permanent mouse insulin-producing tissue culture cell line MIN. 

A protocol allowing to assemble cells of both cell lines into pancreatic microorgans in vitro was set up. When perifused in a specially designed chamber, such pseudo-islets exhibited a physiological insulin secretory responsiveness. The most appropriate model, in which the device insert created a minimum flow resistance and turbulence during perifusion, was selected as the chamber for all further experiments. It was observed that the insulin-secreting cells assembled as pseudo-islets exhibited functional characteristics superior to those of single cells. The comparison of the functionality of RINm5F-GK insulin secreting cells and MIN-GK insulin secreting cells proved that the insulin secretory responsiveness to glucose was clearly superior in the MIN-GK insulin secreting cell line. Transferred into the bioartificial pancreas device under tissue culture conditions adapted to allow these pseudo-islets to grow in size to fit optimally into the free space of the grid inside, it was easily possible to accommodate up to several hundred of such pseudoislets and to close the device. Thus, it was possible to study in vitro the dynamic of diffusion of glucose and insulin into devices with membranes of different materials and pore sizes, resulting in different permeabilities for the various biological molecules. 

The general aim was to test islet function in the BARP+ device in vivo and to assess the mechanism of cellular immune reaction as well as the potential beneficial effects of simultaneous use of mesenchymal stem cells to reduce immunoreaction against transplanted cells. In vivo function of islet containing devices was evaluated after implantation in the peritoneal cavity of rats made diabetic with streptozotocin. For syngenic- and allotransplantation, animals failed to reach normoglycemia. For xenogenic experiments, animals reached normoglycemia 6 hours after implantation. Physiological blood glucose levels were maintained for up to 3 days after implantation. Concomitant mesenchymal stem cells transplantation showed a beneficial effect on islet function, but for a short time period. After transplantation in all models, islets were damaged and only a few cells in the islets remained intact. The mild cellular deposition and the absence of CD8+ indicated that devices could provide an effective immunoisolation of transplanted islets from the host immune system of the recipient preventing the rejection of the implanted material. Therefore the loss of islet function and viability was not related to cellular rejection but may derive from encapsulation in the device. Further development of new materials could improve islet survival and function in the BARP+ device. 

d) Survival of the graft

The consortium has delineated the components to create an optimal environment of encapsulation, evaluate the effect of fluorocarbons on the preservation of islets viability and investigate on the necessary nutrients to be present at various stages of the development of the bioartificial pancreas.

Studies performed in the presence of extracellular matrix components demonstrated that collagen had no effect on the viability and functionality of islets. A protocol to prepare the extracellular matrix components to be used as encapsulation environment was set up.

Regarding the fluorocarbons effect, studies with mouse insulinoma MIN-6 ß cell lines capable to form pseudo-islets were performed. In the presence of increased concentrations of fluorocarbons emulsion, the cellular adhesion was evaluated by the measurement of adhering cells. Viability of pseudo-islets was assessed by Blue Trypan dying. To confirm the effect of fluorocarbons, experiments were also performed on primary cultures of porcine islets. The data obtained enabled to conclude that fluorocarbons have a beneficial effect on tissue preservation and the present study introduced a new approach in pancreatic islets preservation in culture by preventing cell adhesion and leading to the increase of cell viability. In addition, it was discovered that fluorocarbons exhibited a strong chaotropic effect with two major consequences beneficial to the system, i.e. the prohibition of islets aggregation and the positive effect on the formation of pseudo-islets from cell lines. This may open a new research avenue on the generation of the latter that can be used as surrogate cells in a non hypoxic environment. 

Various media required specifically for preparation, encapsulation, storage and transportation of the islets and recommended for the various species or surrogate, i.e. human, pig, rat, cell lines, dispersed cells, have been prepared. 

e) Further development of the device

Minicells, devices of small size, and permeation cells to test the diffusion through the PVP or cellulose coated polycarbonate membranes were produced. Devices of a capacity of 100,000 pancreatic islets were developed for in vivo tests in the pig.

The second generation device implied the improvement of the chamber. For that purpose, two moulds for silicone and one mould for thermoplastic were manufactured to modify the frame of the device, include inlets and outlets with integrated system of septa to drain the old material and fill with fresh cells through silicone tubing according to various modes, i.e. sucking, gravity, pressure or any combined solution. Several prototypes have been built and tested.

The membrane improvement followed two axes: i) new treatments of the polycarbonate film and ii) conception, testing and development of intelligent multilayers membranes.

Different ion track etched prototype membranes were produced and characterized. After treatments and sterilization, surfaces were analysed and compared to the untreated ones. Polycarbonate membranes treated with PVP or cellulose offered the best results in terms of glucose diffusion and prohibited immunoglobulin diffusion. After sterilisation, the diffusion of glucose through the PVP or cellulose treated polycarbonate membrane was increased as compared to the crude membrane and the protection against immunoglobulin crossing maintained. Thus both treatments and sterilization proved effective and not to alter the membranes characteristics and properties. 

Furthermore, silicone slides used for the device manufacture were treated to make them hydrophilic to improve their surface properties. Finally, in the second generation device, all silicone was hidden underneath the biocompatible membrane.
Formation of multilayers on flat surface to incorporate cells and islets within the polyelectrolyte films was undertaken. With polyelectrolytes of biochemical nature, the study of the interactions between (-cells and multilayer modified substrates showed that a three layers system would be an appropriate treatment to obtain adhering aggregated (-cells. Such surface modification would be convenient for pancreatic islets to reduce or prohibit the cellular multiplication of undesired adhering cells like fibroblasts. The non toxicity of the polymers – poly-alginate and poly-L-lysine, was established by viability tests performed as before. The confirmation of these results is under investigation with pancreatic islets.

Several combinations of polyelectrolyte pairs of chemical nature, number of layers and mediums were prepared to encapsulate pancreatic islets and/or surrogate cells. To analyse their effects on encapsulated human, pig and rat pancreatic islets, tests were performed regarding the cytotoxicity, long-term viability after encapsulation and cell response to an external signal, glucose or amino acids. 

2. Dissemination and use

Publications and communications at all levels were managed by the Dissemination Committee composed of eight partners plus the coordinator of the BARP+ consortium. Highly concerned by the protection of the intellectual property, the Committee also delivered clearance to communication in national and international meetings and for publication in scientific journals of results that will not jeopardize on any patenting possibility. Regarding the latter, three Soleau envelopes were sent and two projects of patents are under progress.

