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Abstract

Designing an efficient and functional bioartificial pancreas (BAP) at human scale to treat type | diabetes
remains the Holy Grail in the 2010s, although investigations started in the 1970s. Biomimetic approaches
need to be performed and evaluated to offer insulin secreting cells an environment close to the native
pancreas, but also accounting for the interactions between the pancreas and other organs, and more
specifically liver.

This chapter outlines the concept, development and recent progress of BAP technology, with specific focus
on interaction between BAP and the host environment. After the introduction of pancreas anatomy and
physiology and the current treatments for diabetic patients, we will study how fulfill (or not) the
requirements for an efficient BAP, regarding its different components: cell types, encapsulation methods,
membranes and devices dedicated to several implantation sites. VWe conclude with a short discussion of
future directions including BAP revascularization to improve the exchanges with the host and the impact of
microtechnologies on the development of next generation of BAP.

1 Introduction: the pancreas

The pancreas is a fundamental organ for coordination and regulation of body metabolism. The main
functions of the pancreas are to control glucose homeostasis via endocrine hormones and produce
exocrine enzymes necessary for digestion process. Pancreatic dysfunction is responsible for many
diseases including diabetes mellitus, one of the most prevalent diseases in the world. This introduction is
a brief overview of the anatomy, physiology and principal pathology associated to pancreas.

1.1 Anatomy and physiology

The pancreas is an organ with glandular structure located in the curve of duodenum just behind the
stomach (Figure 1). It is divided into three regions(Mahadevan, 2016): i) the head, connected to the
duodenum, is the widest and most medial region of the organ; ii) the body is located behind the stomach;
iii) the tapered tail region is located in the left side of the abdomen near the spleen. The vascularization of
the pancreas is ensured by the anterior pancreaticoduodenal artery (head of pancreas) and multiple
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branches of the splenic artery (body and tail of the pancreas). Pancreatic vein joins the splenic vein to
form the hepatic portal vein together with the inferior and superior mesenteric veins.

The pancreas is a heterocrine gland involved in both exocrine and endocrine regulation. The exocrine
cells of the pancreas represent more than 90% of the pancreatic tissue and are grouped in structures called
acini (Figure 1), whose function is the synthesis and secretion of enzymes implicated in the digestion
process (pancreatic lipase and amylase, phospholipase, nucleases) (Jouvet and Estall, 2017). Digestive
enzymes are drained by the pancreatic ductal tree into the intestine where they aid in nutrient metabolism.
The functional units of the endocrine system represent approximately 2% of the pancreas (2 million cells
in human adults) and are made up of pancreatic islets or islets of Langerhans. They are clusters of cells
whose size varies from 20 to 500 um, with five different cell types: a-, B-, o-, e-, and y (PP) cells (Jouvet
and Estall, 2017; Kumar and Melton, 2003) . The most abundant cells include the glucagon-producing a-
cells and insulin-producing 3-cells. The small proportion of 6-, e-, and y cells secrete somatostatin, ghrelin
and pancreatic polypeptides, respectively. Despite comprising only 2% of the total mass of the pancreas,
the islets receive around 15% of the pancreatic blood supply, allowing their secreted hormones ready
access to the circulation (Jansson et al., 2016). At the islet level, the oxygen partial pressure (PO2) is
about 40 mmHg.

Figure 1 here

1.2 Mechanisms of glycemic regulation

The control of glucose levels in the blood is carried out by the interaction of two antagonistic hormones
secreted by pancreatic a and P cells. Glucagon (alpha cells) increases glucose levels in the fasting period
activating the glycogenolysis and gluconeogenesis in the liver in coordination with cortisol (hormone
secreted by the adrenal gland). While insulin activates the uptake and storage of glucose in the muscle,
fatty tissue and most importantly the liver through glycogenesis thereby decreasing blood sugar levels in
postprandial (Barrett et al., 2015) (Figure 2).

The mechanism of regulation of blood glucose begins with the stimulation of insulin secretion that
intensifies when blood glucose levels increase. The beta cells of the pancreas respond in a biphasic
manner to this stimulus. First there is a rapid and brief rise (in the form of a peak) of insulin release,
followed by a slower but constant release of the hormone (in the form of a plateau) over time(Tortora and
Derrickson, 2013).

The feedback loop that involves carbohydrates as an input signal and the synchronization of the insulin
and glucagon release as an output allows the control of blood glucose and insulinemia to occur accurately
and precisely (Miller, 1981).

The secretion of the two antagonist hormones is carried out in a pulsatile manner so that a simultaneous
peak of insulin and glucagon would never occur. The synchronization of hormones is of great importance
for the regulation of blood glucose by the liver.

Figure 2 here



1.3 Physiopathology & treatment

Diabetes mellitus is the most important dysfunction of the endocrine system of the pancreas affecting
more than 422 million people worldwide, according to the International Diabetes Federation (IDF) and
the World Health Organization (WHO) (IDF and WHO official web sites, 2018). Type | diabetes
mellitus (T1LDM) affects about 5-10% of diabetes patients, mostly the young population. It is a chronic
pathology occurring due to the autoimmune destruction of pancreatic islet beta cells. As a result, there is a
disorder in blood glucose levels caused by hyperglycemia and the inability to store glucose due to the
absence of insulin. It is a pathology with a complex clinical picture. The breakdown of the control
mechanism of blood glucose severely affects other organs and systems on long term basis, causing
blindness, kidney failure, cardiac arrest, stroke, limb amputation due to thrombosis and even death (Amer
etal., 2014; WHO, global reports in diabetes, 2016).

The function in need of replacement in the case of insulin dependent diabetes is thus primarily the
secretion of insulin by the pancreatic islet B cells, which has four characteristics: (a) it is continuous,
even in the postabsorptive state, with rapid and transient peaks during meals: (b) it undergoes automatic
regulation by blood glucose levels; (c) insulin is delivered into the portal blood system; (d) the endocrine
pancreas is (of course) an internal organ placed within the body.

The most widespread treatment of TLDM is the daily and scheduled administration of insulin based on
previous monitoring with a glucometer (Klonoff et al., 2017; Stephens, 2015) (Table 1). In the best cases,
insulin injections, glucose levels monitoring, and a restrictive diet could successfully keep the patient safe
from the risks of the extreme hyperglycemia. However, the variety of the clinical profile of the patients
and the age reveals the limitations of insulin injections as a treatment. On the one hand, the production of
insulin usually decreases progressively as the disease progresses, so the patient continues to produce their
own insulin in small quantities. This makes it difficult to estimate the amount of exogenous insulin to be
administered at each moment. On the other hand, due to the nature of the pathology, it usually manifests
at an early age. This makes it difficult to control certain variables such as intake and physical exercise
especially in neonates and children. In addition, to correctly apply the treatment, continuous education of
the patient is required to maintain glucose in the appropriate ranges (Malik and Taplin, 2014).

Another treatment based on the same principle as insulin injections, but with some improvements is the
insulin pump or also called "continuous subcutaneous therapy" (Bruttomesso et al., 2009). This approach
is based on the subcutaneous delivery of insulin through a catheter connected to a peristaltic pump
(Galderisi et al., 2017). This allows the control of the insulinemia 24 hours maintaining the basal level of
glucose in the blood. The control carried out by the insulin pump mimics quite well the pattern of glucose
concentration given by a healthy pancreas. However, possible infections and fibrosis at the site of catheter
insertion are limiting factors of the use of the insulin pump as therapy. Despite the great advances that
have been made in recent years for the development of this device (El-Khatib et al., 2017), the response
time is another limiting factor in terms of abrupt changes in glucose concentration (Tauschmann and
Hovorka, 2014).

Depending on the patient clinical profile of the TIDM, transplantation of the pancreas is sometimes
chosen as a strategy to control glycemia. Since 1966, the success rates of transplantation of the pancreas
have been increasing thanks to technical improvements in extraction, preservation and implantation. Up
to now, more than 1500 pancreas transplants have been carried out according to the Collaborative Islet
Transplant Registry (CITR) (Shapiro et al., 2016). However, it remains an invasive intervention that is
usually carried out when kidney transplantation is also required. And most importantly, it involves the
submission of the patient to immunosuppressants for the rest of his life.

The transplantation of islets of Langerhans is another approach that is applied to the treatment of diabetes
(Chang et al., 2017; Ludwig et al., 2013a, 2012; Ludwig and Ludwig, 2015). Since the 1960s, the



purification of pancreatic islets and their transplantation into different animal models have been the
objects of many groups of research. Pancreatic islet transplantation is a promising therapy for patients
with T1DM difficult to control (Bertuzzi et al., 2018). It is a technique that provides an efficient and
robust control of the homeostasis of glucose against the administration of insulin. However, islet
transplantation remains controversial because it requires continuous immunosuppression that is harmful
to both the graft and the patient (Nourmohammadzadeh et al., 2013).

Table 1 here
2 The concept of bioartificial pancreas (BAP)

In the above-mentioned therapeutic strategies, the objectives are to replace either the structure
(transplantation) or some functions (insulin injection) to compensate organ failure. Another approach is
the design of a BAP based on the two major pillars in tissue engineering: cells and scaffolds. The
objectives would be to mimic as much as possible the physiology of the native organ, using the cells for
the production and release of insulin, but also as “glucose sensor” and the scaffold as biocompatible
environment and immunoprotection for the cells (Figure 3).

Depending on the amount of tissue to be encapsulated, there are two major configurations of pancreatic
islet immunoisolation: macroencapsulation and microencapsulation (Pandolfi et al., 2017) (Figure 4). In
addition to the amount of tissue to be encapsulated, the content of the implant also determines the type of
encapsulation implemented. It is not the same to encapsulate isolated beta cells than to encapsulate
cellular aggregates or islets of Langerhans. In case the islets are directly covered by a polymer, the term
of nanoencapsulation is commonly employed.

Macroencapsulation consists in the assembly of a large number of islets or cells within a selectively
permeable membrane forming a macrocapsule with a dimension in the centimeter range or even larger.
Depending on the site of implantation, macrocapsule-based devices are classified in two categories:
intravascular and extravascular ones (lacovacci et al., 2016; Kepsutlu et al., 2014). Intravascular system is
directly connected to the vessels of the host via an arteriovenous shunt (lacovacci et al., 2016).

Microencapsulation is the entrapment of individual or few islets of Langerhans in a polymeric matrix
(Skrzypek et al., 2018). Due to optimal volume-to-surface ratio, microcapsules allow fast exchange of
insulin, oxygen and nutrients. Generally, microcapsules are produced from hydrogels like alginate,
chitosan, agarose, polyethyleneglycol (PEG), copolymers of acrylonitrile and polyacrylates (de Vos et al.,
2002; Skrzypek et al., 2018). The most widely used microcapsules for islet immunoisolation is the
ionically crosslinked alginate system (de Vos et al., 2006). In this process, cells are mixed within alginate
solution and extruded dropwise into an aqueous calcium chloride gelation solution. The droplet
entrapping islets solidify to become hydrogel beads in contact with Ca** divalent cations (Pandolfi et al.,
2017). Finally, alginate beads are coated with cationic poly-amino acid (usually poly (L-lysine)) solution,
which forms a semi-permeable membrane around the microcapsule (de Vos et al., 2006, 2002).

To overcome the limitations associated to micro- and macroencapsulation (size, diffusion), the use of
nanoscale immune-isolation layer has been developed. This strategy called nanoencapsulation allows the
immunoisolation of single islet/p-cells, and the obtained devices are less than 100 pum in diameter
(lacovacci et al., 2016). Different strategies have been developed including photopolymerization of PEG
and layer-by-layer deposition of polycation and polyanion (lacovacci et al., 2016; Kepsutlu et al., 2014;
O’Sullivan et al., 2011). The reduced distance between the implanted islet and the host enhances the
diffusion of oxygen, nutrients and insulin.



Figure 3 here

Figure 4 here

3 Overview of the specificities of currently developed BAP

The BAP is an implantable device formed by endocrine tissue encapsulated by a semipermeable
biomaterial that provides protection against immunological agents and allowing the mass transfer
of hormones, nutrients, oxygen and waste. In the process of BAP development, it is essential to
know the different variables to be considered (donor, host, material and shape of the BAP,
transplantation site ...) and how to combine them to get the optimal design.

There are various requirements depending on the components of the BAP.

1. Cell functions and number: the objective is to get the same type of response (amount of
insulin/glucagon synthesized, sensitivity to glucose concentration) than from the native pancreas.
Therefore, the cells have to be correctly supplied for nutrients and oxygen, and with kinetics of blood
glucose concentration.

2. Immuno-isolation ensured by the material: a compromise has to be found between rapid transfer of
low and medium molecular weight solutes (glucose, insulin) and sieving of immunoglobulins and
cells such as macrophages and leukocytes (Figure 5).

3. Biocompatible material for the cells and for the host.

4. Adequacy of the implantation site: to mimic the physiology, blood glucose should reach easily the b-
cells to stimulate if necessary insulin synthesis and secretion, insulin should be ideally released in the
portal system. Minimally invasive surgery should be preferred, and the device should also be easily
removable in case of failure.

Figure 5 here

3.1 Number and potential sources of pancreatic islets

Before addressing the cell type to use in a BAP, it is fundamental to answer the question of the number of
cells/islets to implement. A human adult pancreas contains about a million and a half islets of
Langerhans. However, as for other organs such as kidney or liver, they do not all operate simultaneously.
To achieve normoglycemia in human, it is now widely considered that 15x10° islets equivalent (IEQ) per
kilogram are needed in a BAP (Kepsutlu et al., 2014). These figures come from experiments performed
either in human or in small animals. In the past, our group was interested in BAP mass transfer modeling.
In a full model including glucose, insulin and O, transfer, we clearly outlined that O, was the limiting
factor for BAP efficiency, and that oxygen starvation led to significant decrease in insulin release
(Dulong and Legallais, 2005). In some cases, most of the implanted islets were necrosed, because their
density in the implant was too high. In contrast, implementing a lower number of well oxygenated islets
may lead to a better response in term of insulin release. We concluded that about 500,000 islets (i.e. 5x10°
IEQ/kg) would be enough for human scale supply, if they maintain their functions.



Concerning primary human cells, it is reported that 2/3 of the endocrine tissue is lost in the purification
stage during the pancreatic islet isolation process (Hwang et al., 2016; Ryan et al., 2001; Schweicher,
2014; Shapiro et al., 2016). Therefore, the actual availability of human donor pancreases can never fulfill
the requirements for treating more than a small fraction of patients who need islet transplantation
(Kepsutlu et al., 2014). Actually, the insufficient number of human donors is the major motives for
scientists to focus on exploration of other cell sources to replace the function of insulin secreting beta
cells. Table 2 summarizes the advantages and limitations of different types of cells employed up to now
in BAP.

The immunoisolation provided by encapsulation within semipermeable membrane indeed enabled
investigation into the use of other sources of insulin-secreting cells. In the past, the use of xenogeneic
porcine islets represented an interesting alternative because the close homology between porcine and
human insulin (O’Sullivan et al., 2011; Song et al., 2017; Sykes et al., 2006). Several porcine islets
transplantation demonstrated efficacy (Dufrane et al., 2010, 2006a, 2006¢; Dufrane and Gianello, 2012).
Studies by Dufrane et al. showed survival and function of encapsulated adult pig islets after implantation
without immunosuppression into non-human primates. Diabetes was corrected up 6 months post-
transplant in diabetic primates (Dufrane et al., 2010, 2006d, 2006b). However, adult pig islets are
expensive, fragile and difficult to maintain in culture after isolation. Alternatively, neonatal porcine islets
represent an attractive source of cell for transplantation because of their ability for proliferation and
differentiation, ease of isolation/purification and low cost (Nagaraju et al., 2015). Survival and function of
encapsulated neonatal porcine islets after transplantation into human and animals were reported by Elliott
et al., Matsumoto et al. and Valdés-Gonzalez et al. (Elliott et al., 2007, 2005b, 2005a; Matsumoto et al.,
2014; Valdes-Gonzalez et al., 2005). Despite the encouraging results provided by encapsulated pig islets,
new regulations, in Europe, prevent the use of such cells to avoid the risk of zoonosis (Hwang et al.,
2016; Lima et al., 2016).

Several autologous alternatives are thus being investigated: differentiation of induced pluripotent stem
cells (iPSCs) and embryonic stem cells (ESCs) into beta cells (Espes et al., 2017; lacovacci et al., 2016),
and genetic modification of the exocrine pancreatic tissue in insulin-secreting cells (lacovacci et al., 2016;
Skrzypek et al., 2018). Some of these strategies are in advanced preclinical stages.

The differentiation of stem cells to insulin secreting cells represents an attractive alternative to human
islets. Stem cells are able to self-renew and differentiate into specialized cell types, allowing the
generation of all cell types of the human body (Chhabra and Brayman, 2013). Among stem cells, ESCs
and iPSCs are the most commonly studied for differentiation in pancreatic islets (Amer et al., 2014;
Millman et al., 2016). The ideal source to obtain beta cells would be iPSCs since the tissue generated in
vitro would be genetically identical to the pancreatic endocrine tissue of the patient. In the last years,
several studies reporting insulin-secreting cells production from ESCs (Cavelti-Weder et al., 2017;
D’Amour et al., 2006; Kirk et al., 2014; Li et al., 2014; Pepper et al., 2017; Rezania et al., 2014) and
iPSCs (Bruin et al., 2015; Chang et al., 2017; Motté et al., 2014; Robert et al., 2018) have been published.
Rezania et al. reported the normalization of blood glucose levels in diabetic mice after 120 days of human
embryonic stem cells (hESCs) transplantation in vivo (Rezania et al., 2012). After transplantation, the
differentiation of hESCs cells was similar to human fetal pancreas development, with similar gene and
protein expression profiles. Normalization of hyperglycemia in diabetic mice by hESCS, human induced
pluripotent stem cells (hiPSCs) and mouse iPSCs-derived B cells was also demonstrated by Pagliuca et al.
(Pagliuca et al., 2014), Yabe et al. (Yabe et al., 2017) and Alipo et al. (Alipio et al., 2010), respectively.
However, there are still concerns regarding the ability of p-cells generated from stem cells to regulate
insulin physiological levels in response to glucose (lacovacci et al., 2016).

Exocrine pancreatic tissue is the main part of the pancreas. This tissue, about 95% of total mass of
pancreas, is discarded following each islet isolation procedure. Recently, scientists have been interested in
a new approach based on reprogramming of exocrine acinar and ductal cells into insulin-secreting pB-cells



(Shen et al., 2013). Exocrine cells are close of B-cells and have similar epigenetic profiles since they arise
from the same progenitor common for all pancreatic cells (Pdx1” cells) (Bonal and Herrera, 2008).
Moreover, pancreatic exocrine cells are known by plasticity of their phenotype. Therefore,
interconversion of exocrine cells in B-cells is easily possible (Minami et al., 2011). Reprogramming of
exocrine cells can occur through manipulation of pancreatic transcription factors (Pdx1, Ngn3, MafA,
and Pax4), in combination with growth factors (betacellulin, exendin-4 and nicotinamide) (Lima et al.,
2016) . In vitro and in vivo generation of insulin-secreting B-cells from pancreatic exocrine cells has been
widely studied and reported in literature (Lemper et al., 2015; Lima et al., 2016; Minami et al., 2011;
Zhou et al., 2008). Nevertheless, further developments are needed to guarantee high efficacy and safety of
[-cells derived from exocrine cells (O’Sullivan et al., 2011).

In addition to stem, exocrine and xenogenic cells, several other strategies of B cells generation were/are
studied. Among these strategies, the most studied are the use of immortalized human pancreatic cell lines
and the reprogramming of cells from other organs such as liver cells and gastrointestinal cells
(Benthuysen et al., 2016; Cito et al., 2018; lacovacci et al., 2016).

Table 2 here

3.2 Mass transfer issues in BAP and implantation site

As previously described, islets of Langerhans in a native pancreas are highly vascularized, providing the
cells with glucose signal (from systemic circulation), oxygen (local PO2) and releasing insulin directly
in the portal system to reach the liver. In addition, in the situation of hyperglycemia, the flow rate can be
multiplied by six to improve the response kinetics.

3.2.1 Intravascular systems combining convection and diffusion

Ideally, the BAP should be located at the same position as in the native pancreas, i.e., as a shunt between
arterial and venous circulation in the portal area. In such situation, both convective and diffusive
bidirectional mass transfer would occur between the blood and the isolated islets.

Local mass transfer (Js) combining diffusion and convection can be described by the following equation:

Js=Jfx Sx Cs+ Dsxgrad (Cs)

With:

Jsinkg.m?s?

Jf: local solvent convective flux (m.s™) : Jf = UFR x AP, with AP the local transmembrane pressure and
UFR the membrane ultrafiltration rate

S: membrane sieving coefficient for the solute of interest

Cs (kg.m™): solute concentration in the compartment from which convection process is issued

Ds (m.s™): diffusive coefficient of the solute between both compartments (NB: this coefficient takes into
account resistance in the fluids but also across the scaffold/membrane)

Grad (Cs): concentration gradient between compartments

Design and limits of perfusion chambers

The Figure 6A illustrates in a simple way the exchanges that can take place between the host and the
islets isolated in a perfusion chamber, and the associated governing factors. Such chambers, with various



designs, have been investigated since the mid-seventies employing either flat or hollow fiber membrane,
inspired from artificial kidney devices (Chick et al., 1975; Reach and Jaffrin, 1990.; Scharp et al., 1984;
Sunetal., 1977).

Based on the kinetic modelling of glucose and insulin transfer through the porous structure, the group of
Reach designed a system optimizing convective fluxes across the membrane, and yielded excellent
kinetics in vitro (Reach et al., 1984) and in vivo in rats (Reach et al., 1986) and in dogs (Lepeintre et al.,
1990). The correction of hyperglycaemia in diabetic rats with this system was demonstrated over a few
hours (Reach and Jaffrin, 1987). However, the system was unable to avoid blood clotting inside the fiber.
Another major effort in this field was made by the group working with Chick, who used a radically
opposite approach. They focused on the haemocompatibility of the system, and reported the successful
graft of a vascular device in dogs over several months in the absence of any heparinization of the animals,
which only received aspirin (Monaco et al., 1991; Sullivan et al., 1991). Hyperglycemia was corrected,
but the authors recognize that improvements in the kinetics of insulin release by this device were still
required. Last results showed that a device seeded with xenogeneic porcine islets implanted into
pancreatectomized dogs allowed to reduce exogeneous insulin requirement for up to 9 months (Maki et
al., 1996). This work led to an FDA authorization to initiate clinical studies. During one of the last pre-
clinical transplants, the device failed leading to the death of the animals and the program was cancelled.

A similar system was proposed by Calafiore et al., who implanted micro-encapsulated islets inside the
wall of a Dacron-based prosthesis connected to an arterial bypass. Plasma crossed the Dacron meshes and
perfused the islets, which were immunoprotected by the membrane of the microcapsules, and which
released insulin into the bloodstream. This system was investigated in a small number of dogs (Calafiore
etal., 1992) and in two diabetic patients (Calafiore, 1992).

It is obvious that the development of these systems was hindered by the need for vascular access and by
its thrombotic risk: indefinite prevention of clotting represents a formidable challenge. This may be one
reason why the intravenous route for insulin delivery by implantable pumps has been almost abandoned
in the late 90’s. More recently, Prochorov et al. revisited the concept using an intravascular device that
contains around 6000 IEQ/kg isolated from fetal rabbit (Prochorov et al., 2008). 19 patients with TLDM
received a nylon microporous device into the arteria profunda femoris (APF) using autovenous
angioplastics (Prochorov et al., 2008). After 18 months, the patients showed no complications related to
the transplantation. Although insulin secreted was not enough to reestablish normoglycemia, it helps to
reduce the insulin dose injected per day and protect against episodes of hyperglycemia or hypoglycemia.

Direct perfusion of encapsulated islets implanted in vascularized organs

This approach is inspired from the first transplantation of pancreatic islets into the portal vein of the liver
which had been carried out successfully in the 90s (Scharp et al., 1990). Choosing the liver as a site of
implantation of the BAP is driven by physiology, since liver is the first organ through which the
hormones secreted by the pancreas pass. In addition, liver is a major site for glucose storage
(glycogenesis) and release (gluconeogenesis). Finally, thanks to the last advances in minimally invasive
surgery, BAP implantation could be carried out easily by percutaneous transhepatic portal embolization
technique (Goss et al., 2002; Ryan et al., 2001; Scharp et al., 1991). This site required to deploy
microencapsulation of the islets, due to the size of the vessels. To overcome mass transfer limitations
leading to cell necrosis, several groups even attempted to reduce the thickness of the encapsulating
material by surface treatment of the islets directly instead of creating a continuous barrier around them
(antibodies, heparin, cells...) (Arifin et al., 2016; Cabric et al., 2007; Giraldo et al., 2017; Lau et al.,
2015; Teramura and Iwata, 2010) or by using new improved biomaterials (Mooranian et al., 2016;
Teramura and Iwata, 2011, 2009), leading to so-called nano-encapsulation.



The coating or superficial treatment of the islets presents some very promising results after its
implantation in rodents. The superficial treatment significantly reduces the size of the implant, allowing
its insertion in highly vascularized organs as well as increasing postoperative survival up to 78% (Fotino
et al., 2015; Teramura et al., 2013; Teramura and Iwata, 2010, 2009; Tomei et al., 2014). But despite the
good glycemic control obtained in diabetic subjects, the long-term stability of this encapsulation
technique is quite questionable (Arifin et al., 2016). The deterioration of the protective layer exposes the
islets to the attack of the immune system (Giraldo et al., 2017).

However, the liver as an implantation site presents some drawbacks. First, the space available is rather
small for the size of the graft; it is necessary to consider that the microencapsulated islets in spheres of
material containing one or two islets have a diameter of 400 um each one. Secondly, microspheres
hosting pancreatic islets generate problems of embolization and thrombosis of the small blood vessels
around the implantation site induced by the instant blood-mediated inflammatory responses (IBMIR). The
third drawback of the intraportal implantation is the partial pressure of oxygen to which the pancreatic
islets will be exposed (Zhu et al., 2018). The partial pressure of oxygen in the liver portal system is
considerably lower than in the pancreas (5-10 against 40 mmHg) (Carlsson et al., 2001; Olsson et al.,
2011; Zhu et al., 2018): the islets are permanently in hypoxia, which affect significantly their viability.
Usually, a large amount of IEQ islet per kilogram is needed for the pancreatic islets transplantation,
considering that half of them die in a few hours after the intervention (Shapiro et al., 2016).

At first sight, the spleen could be also a good candidate as a BAP implantation site. It is a very
vascularized organ with similar characteristics to the portal vein without the risk of hypertension induced
after intraportal transplantation. The limited number of publications about intrasplenic transplantation in
rodents and dogs shows that it is safe and feasible as a procedure. However, there are not enough studies
to corroborate the suitability of the site for the BAP. The lake of studies is due to the small space
available to place the majority of the devices, the risk of hemorrhage during surgery, the concentration of
the immune system cells that could activate easily the IBMIR and the difficulty to remove the graft in
case of failure (Aoki et al., 2005; Gores and Sutherland, 1993; Itoh et al., 2017).

Figure 6 here

3.2.2 Diffusion based extravascular systems

If perfusion cannot be considered, the alternative option is to enhance/promote diffusion, since the
substances to exchange present relatively low molecular weight. In this case, the limiting parameter is the
diffusion capacity of the solute, which is mostly governed by the diffusivity within the scaffold (Figure
6B). Mass transfer can thus be enhanced either by increasing the porosity of the structure, or by reducing
the diffusion length. The diffusion length can be defined as the mean distance between islets and
surrounding blood: it can thus be decreased either by decreasing the scaffold/device thickness, or by
promoting neovascularization of the implant.

We will see in the following subchapter that these different strategies have been investigated in various
implantation sites.

Omental pouch and intraperitoneal transplantation
Intraperitoneal transplantation is the most common site for the BAP in the clinical setting (Basta et al.,

2011; Calafiore et al., 2006; Jacobs-Tulleneers-Thevissen et al., 2013a; Soon-Shiong et al., 1994; Tuch et
al., 2009). One major advantage is the ease and safety of implantation through minimally invasive surgery



and accessibility to the graft. It is an ideal choice for macroencapsulation systems due to the space
available for the placement of the device. It benefits from appropriate environment considering that the
encapsulated cells are in contact with the surrounding fluids allowing the exchange of insulin and
nutrients.

Takeuchi and his group succeeded in restoring blood glucose level of diabetic rodents by the
transplantation of different hydrogel-based microfibers (Onoe et al., 2013; Ozawa et al., 2017a, 2017b;
Sugimoto et al., 2011). Hollow fiber devices have been explored since early in the 80’s. They give a good
responsiveness to changes in glucose blood levels (Jun et al., 2013). However, they had some drawbacks
such the little amount of tissue that could be encapsulated in a fiber, requesting to consider significant
lengths to be implanted (Lacy et al., 1991). Takeuchi’s group proposed an innovative technique based on
microtechnology to produce fibers with small diameters without compromising the viability of the tissue
(Ozawa et al., 2017b).

Alginate beads as a microencapsulated device seems to be more suitable device for intraperitoneal
transplantation than macrodevices in terms of long term viability and performance (Elliott et al., 2007,
2005h, 2005a, Matsumoto et al., 2016, 2014; Ryan et al., 2001; Valdes-Gonzalez et al., 2005). However,
microbeads injected in the peritoneal cavity move from their original implantation site and end up in the
lower part of the pelvis due to the upright position adopted by human and non-human primates (Dufrane
et al., 2006a; Jacobs-Tulleneers-Thevissen et al., 2013; Lanza et al., 1993; Omer et al., 2003; Sun et al.,
1996; Vegas et al., 2016; ClinicalTrials.gov NCT01739829).

The peritoneal cavity has also certain drawbacks that do not fully meet to the requirements of the BAP.
On the one hand, due tots anatomy and physiology, it has small or null revascularization capacity around
the implant, which hinders the exchange of oxygen and nutrients and submits the encapsulated islets to
hypoxia. On the other hand, not being in direct contact with the bloodstream limits the ability of the
implanted device to respond to changes in glucose concentration is slow and delayed, which subjects the
body constantly to hypoglycemia or hyperglycemia.

To mitigate the hypoxia, polydimethylsiloxane (PDMS) based materials with high oxygen permeability
have been used for the graft encapsulation (Coronel et al., 2017; McQuilling and Opara, 2017; Pedraza et
al., 2012). But the most representative device with an effective mechanism to improve the oxygen supply
for islets survival is the B-air (Barkai et al., 2013; Ludwig et al., 2013b, 2012; Neufeld et al., 2013) or its
new version beta-O, (Ludwig et al., 2017). B-air is a disk diffusion chamber where the islets are loaded in
an alginate-based core and a polytetrafluoroethylene (PTFE) based semipermeable membrane. But the
most important characteristic is the central oxygen module connected with the outside of the host body
that provides more O, than the blood transporters.

To improve the neovascularization of the graft, devices in development like Sernova cell pouch (Kriz et
al., 2012; ClinicalTrials.gov NCT01652911) and Viacyte (ClinicalTrials.gov NCT02239354) have made
interesting progresses in recent years. Both devices are currently in phases | or Il of the clinical study.
Sernova cell pouch has shown that omental transplantation with a subcutaneous access point (for the
subsequent replacement of the islets) can induce a good neovascularization of the device thanks to the
close position of the portal vein and the microenvironment that provides the great omentum. The omental
pouch can be stimulated by neoangiogenic factors to create new blood vessels in a short time. 70% of the
rodents involved in Kriz et al. study have shown long-term normoglycemia (Kriz et al., 2012). Several
studies corroborated the suitability of the omentum as a site for the transplantation of encapsulated
pancreatic islets (Harrington et al., 2017; Opara et al., 2010; Pareta et al., 2014).

Kidney capsule

The renal subcapsular site is the most widely used for islet transplantation in experimental studies,
especially in rodents. Islet transplantation into the kidney is easy and has been reported to restore



normoglycemia (Zhu et al., 2018). Kidney subcapsular space offers good vascular network and desirable
growth conditions for islets (Kepsutlu et al., 2014). Previous studies reported that mice and human islets
transplanted in kidney subcapsular present better morphology and function, compared with islets
implanted in liver, lung and spleen of mice (Hayek and Beattie, 1997; Mellgren et al., 1986). In
comparative study between intraportal and kidney subcapsular transplantation in mice, Sakata et al.,
demonstrated that two hundred islets yielded normoglycemia in renal subcapsular grafts, while minimum
800 islets are required for normoglycemia with intraportal transplantation (Sakata et al., 2009).

Transplantations of encapsulated islets with different shapes into kidney subcapsular space were also
studied and have shown their ability to correct glycemia. Dufrane et al. investigated transplantation of pig
islets microencapsulated with alginates into Kidney subcapsular space of monkey. The results
demonstrated the functionality of alginate microcapsules and the absence of capsule fibrosis (Dufrane et
al., 2006a). In other study, the same group has shown that alginate microcapsules transplanted under
kidney capsule of rat demonstrate better biocompatibility than capsules transplanted in the peritoneum. In
addition, due to restricted mobility of the grafts, alginate microcapsules integrity was preserved to a
greater extent in the kidney, compared to peritoneal cavity (Dufrane et al., 2006d). Rat islet cells
encapsulated within alginate microfibers and mice islets protected by PEGylation were also transplanted
in kidney subcapsular of mice. Islets into alginate microfibers normalized blood glucose concentrations
for two weeks in diabetic mice (Onoe et al., 2013). Concerning PEGylated islets, the transplanted diabetic
mice exhibited long term normoglycemia (>100 days) (Giraldo et al., 2017).

Despite the promising results observed in animal experiments, clinical transplantation into renal
subcapsular would be difficult given the limited space within this site. It is impossible to implant devices
with the islets number necessary to correct human glycemia. In addition, renal cortex has an oxygen
tension of 15 mmHg, which represents an hypoxic environment for islets (the oxygen partial pressure in
pancreas is about 40 mmHg).

Subcutaneous tissues

The first clinical trial of subcutaneous transplantation of a BAP has been carried out by Scharp et al. in
1994. The islets has been encapsulated by semi-permeable membrane in the form of hollow fiber (Scharp
et al., 1994). In an attempt to verify the biocompatibility and survival of human pancreatic islets, the
results were quite promising. Although not surprisingly, the response time to the stimulus of insulin
secretion was slow.

Subcutaneous transplantation is usually carried out for the macroencapsulated devices in the form of
hollow fiber, planar or when an external oxygenation mechanism is integrated, like in the B-Air device
(Barkai et al., 2013; Ludwig et al., 2017, 2013a, 2012; Neufeld et al., 2013). The advantages of the
subcutaneous transplantation are the easy access and monitoring of the graft, the good biocompatibility
and the high viability of the islets in the postoperative period (Pepper et al., 2015). However, the
difficulty of neovascularization of the macrodevices and the low partial pressure of oxygen remain the
major drawbacks in the subucutaneous transplantation.

The most representative device of subcutaneous transplantation is the Theracyte System ™ or its new
generations Viacyte and Encaptra® (Robert et al., 2018). The first was initiated by Baxter Healthcare in
the late 1990's as a planar device of two composite membranes sealed at all sides with a loading port or
ports (Cafiibano-Hernandez et al., 2018). The outside of the device is designed for strength and to
encourage host tissue to incorporate into its outer portions. The other sections are a teflon-based
membrane (PTFE) to encourage capillary ingrowth and a hydrogel semipermeable membrane (alginate
based) for allograft immune protection. Theracyte has evolved in parallel with the safety level of
experiments, from rodents to large animals implementing different cell sources including human cells
(Bruin et al., 2013; Elliott et al., 2007; Kirk et al., 2014; Kumagai-Braesch et al., 2013; Motté et al.,



2014).The latest innovation provided by the manufacturers of Viacyte is the device-less character in its
new trials thanks to the implemented prevascularization technique whose objective is the preparation of a
suitable microenvironment for grafting before the cells implantation to improve the viability and the
sensibility of the graft (Kroon et al., 2008; Pepper et al., 2017, 2015).

Another original approach has been described by Farina et al. They implemented a prevascularized
polylactic acid (PLA) scaffold printed in 3D (Farina et al., 2017). The porous biomaterial was tested in
nude mice with human pancreatic islets. The islets were injected into the device 4 weeks after its
transplantation. The angiogenesis of the islets was demonstrated, but it was necessary a second injection
of islets to get the same amount of insulin secreted in the positive because of the slow neovascularization.

Subcutaneous transplantation remains controversial regardless the problem of angiogenesis and the
mechanical requirements of the BAP. The superficial location of a graft so sensitive and so important for
the control of metabolism can suffer irreversible damage due to temperature variations or physical trauma
(Zhu et al., 2018).

4 Porous Scaffolds — Membranes

Table 3 here

Different materials have been employed as “membrane” structure. In intravascular devices, islets are
encapsulated within hollow semipermeable tubes or fibers made of polymeric materials such as
polyacrylonitrile-polyvinylchloride copolymer, polyethylene-vinyl alcohol, polycarbonate and nylon (de
Vos et al.,, 2002; Skrzypek et al., 2018; Song and Roy, 2016). In extravascular devices, two main
geometries are used: tubular and planar devices. Various polymeric or inorganic biomaterials have been
investigated. However, polymeric materials are the most commonly used. These include alginate, 2-
hydroxy-ethyl methacrylate (HEMA), nitro-cellulose acetate, acrylonitrile, sodium-methallylsulfonate,
and PTFE (de Vos et al., 2002).

Micro or macroencapsulation using alginate as basic material is probably the best response to
biocompatibility since alginate is an inert polysaccharide. However, as material from natural origin, it
may contain impurities promoting fibrosis. Alginate, when jellified with calcium or other divalent cations,
is also not very stable over time and might lose its polymeric state. Therefore, crosslinking agents or
additional layers have been added, changing the overall mass transfer and interactions with the host tissue
(Basta et al., 2011; Calafiore et al., 2006; Jacobs-Tulleneers-Thevissen et al., 2013; Soon-Shiong et al.,
1994; Tuch et al., 2009; Veiseh et al., 2015). Strand et al. reviewed the progress that have been made in
alginate encapsulated pancreatic islets (Strand et al., 2017). The lack of long-term trials and cohort studies
plus the fibrosis of the alginate-based capsules are the most important drawbacks to overcome.

According to the BAP requirements, all the scaffolds/membranes entrapping the insulin secreting cells or
the islets are designed with the same objectives in term of sieving: allow the exchange of oxygen,
nutrients, insulin and waste products and prevent immune response from the host (Fotino et al., 2015).

If this second point is fulfilled by the membrane-based devices, there is no need for immunosuppressive
therapy after the implantation. Describing in detail the rejection process of a graft and the factors
involved is far beyond the scope of this review. Briefly, this immune response, in the case of type |
diabetic patients, can be of two different types : i) allogenic or xenogenic response of the host to the
transplanted tissue, leading to the activation of the innate immune system due the detection of foreign
cells by the host; ii) auto-immunity (following the same mechanisms than those inducing the pathology



in the native pancreas (Scharp and Marchetti, 2014). The first response is mainly supported by cells
(lymphocytes B and T) but can also be mediated by immunoglobulins.

As indicated in Table 3, most of the synthetic polymer based membranes/scaffolds present pore size
average 0.2-0.4 pm (Colton, 1995; Schweicher, 2014), which is a sieve for cells only and not
immunoglobulins. So far, immune rejection seems to be effective on relatively short-term basis. In these
cases, the membrane demonstrated a very high porosity, and the diffusive transport is not hindered. Only
the thickness of the device and the seeding density of the islets/cells influenced the mass transfer. In such
case, Dulong and Legallais (Dulong and Legallais, 2007) demonstrated that a too high density may lead
to islet necrosis in case of implantation in poorly oxygenated sites.

Besides the sieving effect, in most of the case, one has to consider that the membrane is in contact with
the host tissues. One major problem in biocompatibility for implanted device is the development of a
fibrous and inert structure around the device. It represents an additional resistance to mass transfer and
increases the risk of islets’ necrosis due to oxygen starvation. A way to circumvent this issue would be to
use materials that can promote neovascularization.

5 Conclusions and Future Trends

Pancreatic islet transplantation can successfully controls glucose levels and has been validated as a
treatment for type 1 diabetes on short periods. The development of BAP that consists of islets
encapsulation within semi-permeable membrane is considered as a promising strategy to overcome some
obstacles of classical islet transplantation. Despite the significant progress in the lab, clinical applications
of BAP are few. To increase the impact of the BAP translation from the bench to the bed side, it appears
necessary to combine the progress made in different disciplines such as nanotechnology, biomaterials,
immunology and tissue engineering.

Hypoxia adversely affects the functionality of encapsulated islets and represents a major limitation in the
development of efficient BAP devices. Limited oxygen supply causes apoptosis and reduces the capacity
of islets to secrete insulin (Barkai et al., 2013). In the last years, different strategies including
prevascularization and in situ oxygen supply have been investigated to improve encapsulated islet
oxygenation. The combination of conformal coating and extravascular microencapsulation has shown
some promising results. Other studies reported the use of proangiogenic factors (vascular endothelial
growth factor (VEGF)) to induce BAP prevascularization (Pileggi et al., 2006; Trivedi et al., 2000).
Several researchers are working on the co-encapsulation of insulin-secreting cells with another cell type
in order to improve viability and stimulate graft neovascularization without compromising immunological
safety (Valdes-Gonzalez et al., 2005; Vériter et al., 2014). Johansson et al. provided evidence that the
coculture of MSCs and endothelial cells with human islets in vitro before transplantation initiated the
formation of vessel-like structures that may promote further neovascularization (Johansson et al., 2008).
In other approach, Barkai et al. developed a device that can be refueled with oxygen via subdermally
implanted access ports. The transplantation of this device normalized glucose levels in diabetic rats for 6
months. The authors demonstrated that the functionality of the device was dependent on oxygen supply
(Barkai et al., 2013).

In recent years, microfluidic technology has emerged as a valuable tool for a wide range of applications
such as biotechnology, tissue engineering and analytical applications. This technology has been used to
generate precise micro-scaled encapsulation. Onoe et al. developed microfibers encapsulating ECM
proteins and islets cells using microfluidic device (Onoe et al., 2013). The fabricated microfibres
reconstitute intrinsic morphologies and functions of living tissues. In other study, Tomei et al. developed
an encapsulation method that allows conformal coating of islets through microfluidics and minimizes
capsule size, capsule thickness and graft volume. The reduction of capsule thickness improves oxygen
and insulin exchange (Tomei et al., 2014). Microfluidic devices can be used in differentiation of stem



cells, which can be alternative sources of islets for transplantation to solve the critical problem of the
shortage of human islet donors. Indeed, the destiny of stem cells is highly regulated by
microenvironment. Such devices provide a new support of cells culture with unique advantages to mimic
complex physiological microenvironments in vivo (Zhang et al., 2017): high oxygenation, 3D tissue
reorganisation, dynamic stimulation, continuous nutrient supply and waste removal. Microsystems can be
also used to assess islets or beta cells functionality before transplantation, in an environment close to in
vivo conditions.

In conclusion, the interactions between the graft and its microenvironment still remain a huge challenge
for the BAP. It is well known that the structural organization of the pancreatic beta cells and its
interaction with the host cells influences the amount of insulin secreted (Desai and Shea, 2017).

List of symbols

Cs solute concentration

Ds diffusion coefficient of the solute

Jf local convective flux of the solvent
Js local mass transfer
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Ngn3 neurogenin 3

P pressure

AP local transmembrane pressure
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S sieving coefficient of the membrane
UFR membrane ultrafiltration rate
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BAP bioatificial pancreas
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ESCs embryonic stem cells

FDA food and drug administration
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hESCs human embryonic stem cells

hiPSCs human induced pluripotent stem cells
IBMIR instant blood-mediated inflammatory responses
IDF international diabetes federation

IEQ islets equivalent

IPN interpenetrating network

IPSCs induced pluripotent stem cells

LFA-1 function-associated Antigen-1

PDMS polydimethylsiloxane
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PEG polyethylene glycol
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References

Alipio, Z., Liao, W., Roemer, E.J., Waner, M., Fink, L.M., Ward, D.C., Ma, Y., 2010. Reversal of
hyperglycemia in diabetic mouse models using induced-pluripotent stem (iPS)-derived pancreatic
beta-like cells. Proc. Natl. Acad. Sci. U. S. A. 107, 13426-13431.

Amer, L.D., Mahoney, M.J., Bryant, S.J., 2014. Tissue engineering approaches to cell-based type 1
diabetes therapy. Tissue Eng. Part B. Rev. 20, 455-467.

Aoki, T., Hui, H., Umehara, Y., LiCalzi, S., Demetriou, A.A., Rozga, J., Perfettit, R., 2005. Intrasplenic
transplantation of encapsulated genetically engineered mouse insulinoma cells reverses
streptozotocin-induced diabetes in rats. Cell Transplant. 14, 411-421.

Arifin, D.R., Valdeig, S., Anders, R.A., Bulte, JW.M., Weiss, C.R., 2016. Magnetoencapsulated human
islets xenotransplanted into swine: a comparison of different transplantation sites.
Xenotransplantation 23, 211-221.

Barkai, U., Weir, G.C., Colton, C.K., Ludwig, B., Bornstein, S.R., Brendel, M.D., Neufeld, T., Bremer,
C., Leon, A,, Evron, Y., Yavriyants, K., Azarov, D., Zimermann, B., Maimon, S., Shabtay, N.,
Balyura, M., Rozenshtein, T., Vardi, P., Bloch, K., De Vos, P., Rotem, A., 2013. Enhanced oxygen
supply improves islet viability in a new bioartificial pancreas. Cell Transplant. 22, 1463-1476.

Basta, G., Montanucci, P., Luca, G., Boselli, C., Noya, G., Barbaro, B., Qi, M., Kinzer, K.P., Oberholzer,
J., Calafiore, R., 2011. Long-term metabolic and immunological follow-up of nonimmunosuppressed
patients with type 1 diabetes treated with microencapsulated islet allografts: Four cases. Diabetes
Care 34, 2406-24009.

Benthuysen, J.R., Carrano, A.C., Sander, M., 2016. Advances in B cell replacement and regeneration
strategies for treating diabetes. J. Clin. Invest. 126, 3651-3660.

Bertuzzi, F., De Carlis, L., Marazzi, M., Rampoldi, A.G., Bonomo, M., Antonioli, B., Tosca, M.C.,
Galuzzi, M., Lauterio, A., Fava, D., Dorighet, P., De Gasperi, A., Colussi, G., 2018. Long-term
effect of islet transplantation on glycemic variability. Cell Transplant. 27, 840-846.

Bonal, C., Herrera, P.L., 2008. Genes controlling pancreas ontogeny. Int. J. Dev. Biol. 52, 823-835.

Bruin, J.E., Asadi, A., Fox, J.K., Erener, S., Rezania, A., Kieffer, T.J., 2015. Accelerated Maturation of
Human Stem Cell-Derived Pancreatic progenitor cells into insulin-secreting cells in
immunodeficient rats relative to mice. Stem cell reports 5, 1081-1096.

Bruin, J.E., Rezania, A., Xu, J., Narayan, K., Fox, J.K., O’Neil, J.J., Kieffer, T.J., 2013. Maturation and
function of human embryonic stem cell-derived pancreatic progenitors in macroencapsulation
devices following transplant into mice. Diabetologia 56, 1987-1998.

Bruttomesso, D., Costa, S., Baritussio, A., 2009. Continuous subcutaneous insulin infusion (CSII) 30
years later: still the best option for insulin therapy. Diabetes. Metab. Res. Rev. 25, 99-111.

Cabric, S., Sanchez, J., Lundgren, T., Foss, A., Felldin, M., Kéllen, R., Salmela, K., Tibell, A., Tufveson,



G., Larsson, R., Korsgren, O., Nilsson, B., 2007. Islet surface heparinization prevents the instant
blood-mediated inflammatory reaction in islet transplantation. Diabetes 56, 2008-2015.

Calafiore, R., Basta, G., Falorni, A., Ciabattoni, P., Brotzu, G., Cortesini R., Brunetti, P., 1992.
Intravascular transplantation of microencapsulated islets in diabetic dogs. Transpl. Proc. 24: 935-
936.

Calafiore, R., 1992. Transplantation of microencapsulated pancreatic human islets for therapy of diabetes
mellitus. A preliminary report. ASAIO J. 38, 34-37.

Calafiore, R., Basta, G., Luca, G., Lemmi, A., Montanucci, M.P., Calabrese, G., Racanicchi, L., Mancuso,
F., Brunetti, P., 2006. Microencapsulated pancreatic islet allografts into nonimmunosuppressed
patients with type 1 diabetes: first two cases. Diabetes Care 29, 137-138.

Cafiibano-Hernandez, A., Séenz del Burgo, L., Espona-Noguera, A., Ciriza, J., Pedraz, J.L., 2018. Current
advanced therapy cell-based medicinal products for type-1-diabetes treatment. Int. J. Pharm. 543,
107-120.

Carlsson, P.O., Palm, F., Andersson, A., Liss, P., 2001. Markedly decreased oxygen tension in
transplanted rat pancreatic islets irrespective of the implantation site. Diabetes 50, 489—495.

Cavelti-Weder, C., Zumsteg, A., Li, W., Zhou, Q., 2017. Reprogramming of pancreatic acinar cells to
functional beta cells by in vivo transduction of a polycistronic construct containing Pdx1, Ngn3,
MafA in Mice. Curr. Protoc. Stem. Cell Biol. 40, 4A.10.1-4A.10.12.

Chang, C.A., Lawrence, M.C., Naziruddin, B., 2017. Current issues in allogeneic islet transplantation.
Curr. Opin. Organ Transplant. 22, 437—443.

Chang, R., Faleo, G., Russ, H.A., Parent, A. V., Elledge, S.K., Bernards, D.A., Allen, J.L., Villanueva,
K., Hebrok, M., Tang, Q., Desai, T.A., 2017. Nanoporous immunoprotective device for stem-Cell-
derived B-cell replacement therapy. ACS Nano 11, 7747-7757.

Chhabra, P., Brayman, K.L., 2013. Stem cell therapy to cure type 1 diabetes: From hype to hope. Stem
Cells Transl. Med. 2, 328-336.

Chick, W.L., Like, A.A., Lauris, V., Galletti, P.M., Richardson, P.D., Panol, G., Mix, T.W., Colton, C.K.,
1975. A hybird artifical pancreas. Trans. Am. Soc. Artif. Intern. Organs 21, 8-15.

Cito, M., Pellegrini, S., Piemonti, L., Sordi, V., 2018. The potential and challenges of alternative sources
of B cells for the cure of type 1 diabetes. Endocr. Connect. 7, R114-R125.

Colton, C.K., 1995. Implantable biohybrid artificial organs. Cell Transplant. 4, 415-436.

Coronel, M.M., Geusz, R., Stabler, C.L., 2017. Mitigating hypoxic stress on pancreatic islets via in situ
oxygen generating biomaterial. Biomaterials 129, 139-151.

D’Amour, K.A., Bang, A.G., Eliazer, S., Kelly, O.G., Agulnick, A.D., Smart, N.G., Moorman, M.A.,
Kroon, E., Carpenter, M.K., Baetge, E.E., 2006. Production of pancreatic hormone—expressing
endocrine cells from human embryonic stem cells. Nat. Biotechnol. 24, 1392-1401.

Desai, T., Shea, L.D., 2017. Advances in islet encapsulation technologies. Nat Rev Drug Discov. 16,
338-350.

de Vos, P.,, Faas, M.M., Strand, B., Calafiore, R., 2006. Alginate-based microcapsules for
immunoisolation of pancreatic islets. Biomaterials 27, 5603-5617.

de Vos, P., Hamel, A.F., Tatarkiewicz, K., 2002. Considerations for successful transplantation of


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5821133/

encapsulated pancreatic islets. Diabetologia 45, 159-173.

Dufrane, D., Gianello, P., 2012. Macro- or microencapsulation of pig islets to cure type 1 diabetes. World
J. Gastroenterol. 18, 6885-6893.

Dufrane, D., Goebbels, R.-M., Gianello, P., 2010. Alginate macroencapsulation of pig islets allows
correction of streptozotocin-induced diabetes in primates up to 6 months without
immunosuppression. Transplantation 90, 1054-1062.

Dufrane, D., Goebbels, R.-M., Saliez, A., Guiot, Y., Gianello, P., 2006a. Six month survival of
microencapsulated pig islets and alginate biocompatibility in primates: Proof of concept.
Transplantation 81, 1345-1353.

Dufrane, D., Steenberghe, M. van, Goebbels, R.-M., Saliez, A., Guiot, Y., Gianello, P., 2006b. The
influence of implantation site on the biocompatibility and survival of alginate encapsulated pig islets
in rats. Biomaterials 27, 3201-3208.

Dulong, J.-L., Legallais, C., 2007. A theoretical study of oxygen transfer including cell necrosis for the
design of a bioartificial pancreas. Biotechnol. Bioeng. 96, 990-998.

Dulong, J.-L., Legallais, C., 2005. What are the relevant parameters for the geometrical optimization of
an implantable bioartificial pancreas? J. Biomech. Eng. 127, 1054-1061.

El-Khatib, F.H., Balliro, C., Hillard, M.A., Magyar, K.L., Ekhlaspour, L., Sinha, M., Mondesir, D.,
Esmaeili, A., Hartigan, C., Thompson, M.J., Malkani, S., Lock, J.P., Harlan, D.M., Clinton, P.,
Frank, E., Wilson, D.M., DeSalvo, D., Norlander, L., Ly, T., Buckingham, B.A., Diner, J., Dezube,
M., Young, L.A., Goley, A., Kirkman, M.S., Buse, J.B., Zheng, H., Selagamsetty, R.R., Damiano,
E.R., Russell, S.J., 2017. Home use of a bihormonal bionic pancreas versus insulin pump therapy in
adults with type 1 diabetes: a multicentre randomised crossover trial. Lancet 389, 369-380.

Elliott, R.B., Escobar, L., Calafiore, R., Basta, G., Garkavenko, O., Vasconcellos, A., Bambra, C., 2005a.
Transplantation of micro- and macroencapsulated piglet islets into mice and monkeys. Transplant.
Proc. 37, 466-469.

Elliott, R.B., Escobar, L., Tan, P.L.J., Garkavenko, O., Calafiore, R., Basta, P., Vasconcellos, A.V.,
Emerich, D.F., Thanos, C., Bambra, C., 2005b. Intraperitoneal alginate encapsulated neonatal
porcine islets in a placebo controlled study with 16 diabetic cynomolgus primates. Transplant. Proc.
37, 3505-3508.

Elliott, R.B., Escobar, L., Tan, P.L.J., Muzina, M., Zwain, S., Buchanan, C., 2007. Live encapsulated
porcine islets from a type 1 diabetic patient 9.5 yr after xenotransplantation. Xenotransplantation
14, 157-161.

Espes, D., Lau, J., Carlsson, P.O., 2017. MECHANISMS IN ENDOCRINOLOGY': Towards the clinical
translation of stem cell therapy for type 1 diabetes. Eur. Soc. Endocrinol. 177, R159-R168.

Farina, M., Ballerini, A., Fraga, D.W., Nicolov, E., Hogan, M., Demarchi, D., Scaglione, F., Sabek, O.M.,
Horner, P., Thekkedath, U., Gaber, O.A., Grattoni, A., 2017. 3D printed vascularized device for
subcutaneous transplantation of human islets. Biotechnol. J. 12,

Fotino, N., Fotino, C., Pileggi, A., 2015. Re-engineering islet cell transplantation. Pharmacol. Res. 98,
76-85.

Galderisi, A., Schlissel, E., Cengiz, E., 2017. Keeping up with the diabetes technology: 2016 endocrine
society guidelines of insulin pump therapy and continuous glucose monitor management of diabetes.
Curr. Diab. Rep. 17, 111.



Giraldo, J.A., Molano, R.D., Rengifo, H.R., Fotino, C., Gattas-Asfura, K.M., Pileggi, A., Stabler, C.L.,
2017. The impact of cell surface PEGylation and short-course immunotherapy on islet graft survival
in an allogeneic murine model. Acta Biomater. 49, 272—-283.

Gores, P.F., Sutherland, D.E.R., 1993. Pancreatic islet transplantation: Is purification necessary? Am. J.
Surg. 166, 538-542.

Goss, J.A., Schock, A.P., Brunicardi, F.C., Goodpastor, S.E., Garber, A.J., Soltes, G., Barth, M., Froud,
T., Alejandro, R., Ricordi, C., 2002. Achievement of insulin independence in three consecutive type-
1 diabetic patients via pancreatic islet transplantation using islets isolated at a remote islet isolation
center. Transplantation 74, 1761-1766.

Harrington, S., Williams, J., Rawal, S., Ramachandran, K., Stehno-Bittel, L., 2017. Hyaluronic
acid/collagen hydrogel as an alternative to alginate for long-term immunoprotected islet
transplantation. Tissue Eng. Part A 23, 1088-1099.

Hayek, A., Beattie, G.M., 1997. Experimental transplantation of human fetal and adult pancreatic islets. J.
Clin. Endocrinol. Metab. 82, 2471-2475.

Hwang, P.T.J., Shah, D.K., Garcia, J.A., Bae, C.Y., Lim, D.-J., Huiszoon, R.C., Alexander, G.C., Jun, H.-
W., 2016. Progress and challenges of the bioartificial pancreas. Nano Converg. 3, 28.

lacovacci, V., Ricotti, L., Menciassi, A., Dario, P., 2016. The bioartificial pancreas (BAP): Biological,
chemical and engineering challenges. Biochem. Pharmacol. 100, 12-27.

International Diabetes Federation official web site: https://www.idf.org/.

Itoh, T., Nishinakamura, H., Kumano, K., Takahashi, H., Kodama, S., 2017. The spleen is an ideal site for
inducing transplanted islet graft expansion in mice. PLoS One 12, e0170899.

Jacobs-Tulleneers-Thevissen, D., Chintinne, M., Ling, Z., Gillard, P., Schoonjans, L., Delvaux, G.,
Strand, B.L., Gorus, F., Keymeulen, B., Pipeleers, D., Beta Cell Therapy Consortium EU-FP7, 2013.
Sustained function of alginate-encapsulated human islet cell implants in the peritoneal cavity of mice
leading to a pilot study in a type 1 diabetic patient. Diabetologia 56, 1605-1614.

Jansson, L., Barbu, A., Bodin, B., Drott, C.J., Espes, D., Gao, X., Grapensparr, L., Kallskog, O., Lau, J.,
Liljeback, H., Palm, F., Quach, M., Sandberg, M., Stromberg, V., Ullsten, S., Carlsson, P.O., 2016.
Pancreatic islet blood flow and its measurement. Ups. J. Med. Sci. 121, 81-95.

Johansson, U., Rasmusson, I., Niclou, S.P., Forslund, N., Gustavsson, L., Nilsson, B., Korsgren, O.,
Magnusson, P.U., 2008. Formation of composite endothelial cell-mesenchymal stem cell islets: A
novel approach to promote islet revascularization. Diabetes 57, 2393-2401.

Jouvet, N., Estall, J.L., 2017. The pancreas: Bandmaster of glucose homeostasis. Exp. Cell Res. 360, 19—
23.

Jun, Y., Kang, A.R., Lee, J.S., Park, SJ., Lee, D.Y., Moon, S.H., Lee, S.H., 2014. Microchip-based
engineering of super-pancreatic islets supported by adipose-derived stem cells. Biomaterials 35,
4815-4826.

Jun, Y., Kim, M.J., Hwang, Y.H., Jeon, E.A., Kang, A.R., Lee, S.-H., Lee, D.Y., 2013. Microfluidics-
generated pancreatic islet microfibers for enhanced immunoprotection. Biomaterials 34, 8122-8130.

Kepsutlu, B., Nazli, C., Bal, T., Kizilel, S., 2014. Design of bioartificial pancreas with functional
micro/nano-based encapsulation of islets. Curr. Pharm. Biotechnol. 15, 590-608.

Kim E. Barrett, Susan M. Barman, Scott Boitano, H.L.B., 2015. Ganong’s Review of Medical



Physiology, 25th ed.

Kirk, K., Hao, E., Lahmy, R., ltkin-Ansari, P., 2014. Human embryonic stem cell derived islet
progenitors mature inside an encapsulation device without evidence of increased biomass or cell
escape. Stem Cell Res. 12, 807-814.

Klonoff, D.C., Ahn, D., Drincic, A., 2017. Continuous glucose monitoring: A review of the technology
and clinical use. Diabetes Res. Clin. Pract. 133, 178-192.

Kriz, J., Vilk, G., Mazzuca, D.M., Toleikis, P.M., Foster, P.J., White, D.J.G., 2012. A novel technique for
the transplantation of pancreatic islets within a vascularized device into the greater omentum to
achieve insulin independence. Am. J. Surg. 203, 793-797.

Kroon, E., Martinson, L.A., Kadoya, K., Bang, A.G., Kelly, O.G., Eliazer, S., Young, H., Richardson, M.,
Smart, N.G., Cunningham, J., Agulnick, A.D., D’Amour, K.A., Carpenter, M.K., Baetge, E.E., 2008.
Pancreatic endoderm derived from human embryonic stem cells generates glucose-responsive
insulin-secreting cells in vivo. Nat. Biotechnol. 26, 443-452.

Kumagai-Braesch, M., Jacobson, S., Mori, H., Jia, X., Takahashi, T., Wernerson, A., Flodstrom-Tullberg,
M., Tibell, A., 2013. The TheraCyte™ device protects against islet allograft rejection in immunized
hosts. Cell Transplant. 22, 1137-1146.

Kumar, M., Melton, D., 2003. Pancreas specification: a budding question. Curr. Opin. Genet. Dev. 13,
401-407.

Lacy, P.E., Hegre, O.D., Gerasimidi-Vazeou, A., Gentile, F.T., Dionne, K.E., 1991. Maintenance of
normoglycemia in diabetic mice by subcutaneous xenografts of encapsulated islets. Science 254,
1782-1784.

Lanza, R.P., Beyer, A.M., Staruk, J.E., Chick, W.L., 1993. Biohybrid artificial pancreas. Long-term
function of discordant islet xenografts in streptozotocin diabetic rats. Transplantation 56, 1067—
1072.

Lau, J., Vasylovska, S., Kozlova, E.N., Carlsson, P.-O., 2015. Surface coating of pancreatic islets with
neural crest stem cells improves engraftment and function after intraportal transplantation. Cell
Transplant. 24, 2263-2272.

Lemper, M., Leuckx, G., Heremans, Y., German, M.S., Heimberg, H., Bouwens, L., Baeyens, L., 2015.
Reprogramming of human pancreatic exocrine cells to B-like cells. Cell Death Differ. 22, 1117—
1130.

Lepeintre, J., Briandet, H., Moussy, F., Chicheportiche, D., Darquy, S., Rouchette, J., Imbaud, P., Duron,
J.J., Reach, G., 1990. Ex vivo evaluation in normal dogs of insulin released by a bioartificial
pancreas containing isolated rat islets of Langerhans. Artif. Organs 14, 20-27.

Li, W., Nakanishi, M., Zumsteg, A., Shear, M., Wright, C., Melton, D.A., Zhou, Q., 2014. In vivo
reprogramming of pancreatic acinar cells to three islet endocrine subtypes. Elife 3, e01846.

Lima, M.J., Muir, K.R., Docherty, H.M., McGowan, N.W.A., Forbes, S., Heremans, Y., Heimberg, H.,
Casey, J., Docherty, K., 2016. Generation of functional beta-like cells from human exocrine
pancreas. PLoS One 11, e0156204.

Ludwig, B., Ludwig, S., 2015. Transplantable bioartificial pancreas devices: Current status and future
prospects. Langenbeck’s Arch. Surg. 400, 531-540.

Ludwig, B., Ludwig, S., Steffen, A., Knauf, Y., Zimerman, B., Heinke, S., Lehmann, S., Schubert, U.,
Schmid, J., Bleyer, M., Schénmann, U., Colton, C.K., Bonifacio, E., Solimena, M., Reichel, A,



Schally, A. V., Rotem, A., Barkai, U., Grinberg-Rashi, H., Kaup, F.-J., Avni, Y., Jones, P.,
Bornstein, S.R., 2017. Favorable outcome of experimental islet xenotransplantation without
immunosuppression in a nonhuman primate model of diabetes. Proc. Natl. Acad. Sci. 114, 11745—
11750.

Ludwig, B., Reichel, A., Steffen, A., Zimerman, B., Schally, A. V., Block, N.L., Colton, C.K., Ludwig,
S., Kersting, S., Bonifacio, E., Solimena, M., Gendler, Z., Rotem, A., Barkai, U., Bornstein, S.R.,
2013a. Transplantation of human islets without immunosuppression. Proc. Natl. Acad. Sci. 110,
19054-19058.

Ludwig, B., Reichel, A., Steffen, A., Zimerman, B., Schally, A. V., Block, N.L., Colton, C.K., Ludwig,
S., Kersting, S., Bonifacio, E., Solimena, M., Gendler, Z., Rotem, A., Barkai, U., Bornstein, S.R.,
2013b. Transplantation of human islets without immunosuppression. Proc. Natl. Acad. Sci. 110,
19054-19058.

Ludwig, B., Rotem, A., Schmid, J., Weir, G.C., Colton, C.K., Brendel, M.D., Neufeld, T., Block, N.L.,
Yavriyants, K., Steffen, A., Ludwig, S., Chavakis, T., Reichel, A., Azarov, D., Zimermann, B.,
Maimon, S., Balyura, M., Rozenshtein, T., Shabtay, N., Vardi, P., Bloch, K., de Vos, P., Schally, A.
V, Bornstein, S.R., Barkai, U., 2012. Improvement of islet function in a bioartificial pancreas by
enhanced oxygen supply and growth hormone releasing hormone agonist. Proc. Natl. Acad. Sci. U.
S. A. 109, 5022-5027.

Mahadevan, V., 2016. Anatomy of the pancreas and spleen. Surg. 34, 261-265.

Maki, T., Otsu, 1., O’Neil, J.J., Dunleavy, K., Mullon, C.J., Solomon, B.A., Monaco, A.P., 1996.
Treatment of diabetes by xenogeneic islets without immunosuppression. Use of a vascularized
bioartificial pancreas. Diabetes 45, 342-347.

Malik, F.S., Taplin, C.E., 2014. Insulin therapy in children and adolescents with type 1 diabetes. Pediatr.
Drugs 16, 141-150.

Matsumoto, S., Abalovich, A., Wechsler, C., Wynyard, S., Elliott, R.B., 2016. Clinical benefit of islet
xenotransplantation for the treatment of type 1 diabetes. EBioMedicine 12, 255-262.

Matsumoto, S., Tan, P., Baker, J., Durbin, K., Tomiya, M., Azuma, K., Doi, M., Elliott, R.B., 2014.
Clinical porcine islet xenotransplantation under comprehensive regulation. Transplant. Proc. 46,
1992-1995.

McQuilling, J.P., Opara, E.C., 2017. Methods for incorporating oxygen-generating biomaterials into cell
culture and microcapsule systems. In: Opara E. (eds) Cell Microencapsulation. Methods in
Molecular Biology. vol 1479, pp. 135-141.

Mellgren, A., Schnell Landstrom, A.H., Petersson, B., Andersson, A., 1986. The renal subcapsular site
offers better growth conditions for transplanted mouse pancreatic islet cells than the liver or spleen.
Diabetologia 29, 670-672.

Miller, R.E., 1981. Pancreatic neuroendocrinology: Peripheral neural mechanisms in the regulation of the
islets of langerhans. Endocr. Rev. 2, 471-494.

Millman, J.R., Xie, C., Van Dervort, A., Girtler, M., Pagliuca, F.W., Melton, D.A., 2016. Generation of
stem cell-derived B-cells from patients with type 1 diabetes. Nat. Commun. 7.

Minami, K., Doi, R., Kawaguchi, Y., Nukaya, D., Hagiwara, Y., Noguchi, H., Matsumoto, S., Seino, S.,
2011. In vitro generation of insulin-secreting cells from human pancreatic exocrine cells. J.
Diabetes Investig. 2, 271-275.



Monaco, A.P., Maki, T., Ozato, H., Carretta, M., Sullivan, S.J., Borland, K.M., Mahoney, M.D., Chick,
W.L., Muller, T.E., Wolfrum, J., 1991. Transplantation of islet allografts and xenografts in totally
pancreatectomized diabetic dogs using the hybrid artificial pancreas. Ann. Surg. 214, 339-3612.

Mooranian, A., Negrulj, R., Arfuso, F., Al-Salami, H., 2016. Characterization of a novel bile acid-based
delivery platform for microencapsulated pancreatic B-cells. Artif. Cells, Nanomedicine, Biotechnol.
44, 194-200.

Motté, E., Szepessy, E., Suenens, K., Stangé, G., Bomans, M., Jacobs-Tulleneers-Thevissen, D., Ling, Z.,
Kroon, E., Pipeleers, D., Beta Cell Therapy Consortium EU-FP7, 2014. Composition and function of
macroencapsulated human embryonic stem cell-derived implants: comparison with clinical human
islet cell grafts. Am. J. Physiol. Metab. 307, E838-E846.

Nagaraju, S., Bottino, R., Wijkstrom, M., Trucco, M., Cooper, D.K.C., 2015. Islet xenotransplantation:
what is the optimal age of the islet-source pig? Xenotransplantation 22, 7-19.

Neufeld, T., Ludwig, B., Barkai, U., Weir, G.C., Colton, C.K., Evron, Y., Balyura, M., Yavriyants, K.,
Zimermann, B., Azarov, D., Maimon, S., Shabtay, N., Rozenshtein, T., Lorber, D., Steffen, A,,
Willenz, U., Bloch, K., Vardi, P., Taube, R., de Vos, P., Lewis, E.C., Bornstein, S.R., Rotem, A.,
2013. The efficacy of an immunoisolating membrane system for islet xenotransplantation in
minipigs. PLoS One 8, e70150.

Nourmohammadzadeh, M., Lo, J.F., Bochenek, M., Mendoza-Elias, J.E., Wang, Q., Li, Z., Zeng, L., Qi,
M., Eddington, D.T., Oberholzer, J., Wang, Y., 2013. Microfluidic array with integrated oxygenation
control for real-time live-cell imaging: Effect of hypoxia on physiology of microencapsulated
pancreatic islets. Anal. Chem. 85, 11240-11249.

O’Sullivan, E.S., Vegas, A., Anderson, D.G., Weir, G.C., 2011. Islets transplanted in immunoisolation
devices: A review of the progress and the challenges that remain. Endocr. Rev. 32, 827-844.

Olsson, R., Olerud, J., Pettersson, U., Carlsson, P.O., 2011. Increased numbers of low-oxygenated
pancreatic islets after intraportal islet transplantation. Diabetes 60, 2350-2353.

Omer, A., Keegan, M., Czismadia, E., De Vos, P., Van Rooijen, N., Bonner-Weir, S., Weir, G.C., 2003.
Macrophage depletion improves survival of porcine neonatal pancreatic cell clusters contained in
alginate macrocapsules transplanted into rats. Xenotransplantation 10, 240-251.

Onoe, H., Okitsu, T., Itou, A., Kato-Negishi, M., Gojo, R., Kiriya, D., Sato, K., Miura, S., Iwanaga, S.,
Kuribayashi-Shigetomi, K., Matsunaga, Y.T., Shimoyama, Y., Takeuchi, S., 2013. Metre-long cell-
laden microfibres exhibit tissue morphologies and functions. Nat. Mater. 12, 584-590.

Opara, E.C., Mirmalek-Sani, S.-H., Khanna, O., Moya, M.L., Brey, E.M., 2010. Design of a bioartificial
pancreas. J. Investig. Med. 58, 831-837.

Ozawa, F., Okitsu, T., Takeuchi, S., 2017a. Improvement in the mechanical properties of cell-laden
hydrogel microfibers using interpenetrating polymer networks. ACS Biomater. Sci. Eng. 3, 392-398.

Ozawa, F., Sawayama, J., Takeuchi, S., 2017b. Mechanical enhanced hydrogel fiber encapsulating cells
for long-term transplantation, in: Proceedings of the IEEE International Conference on Micro Electro
Mechanical Systems (MEMS).

Pagliuca, F.W., Millman, J.R., Glrtler, M., Segel, M., Van Dervort, A., Ryu, J.H., Peterson, Q.P.,
Greiner, D., Melton, D.A., 2014. Generation of functional human pancreatic  cells in vitro. Cell
159, 428-4309.

Pandolfi, V., Pereira, U., Dufresne, M., Legallais, C., 2017. Alginate-based cell microencapsulation for



tissue engineering and regenerative medicine. Curr. Pharm. Des. 23, 3833-3844.

Pareta, R., McQuilling, J.P., Sittadjody, S., Jenkins, R., Bowden, S., Orlando, G., Farney, A.C., Brey,
E.M., Opara, E.C., 2014. Long-term function of islets encapsulated in a redesigned alginate
microcapsule construct in omentum pouches of immune-competent diabetic rats. Pancreas 43, 605—
613.

Pedraza, E., Coronel, M.M., Fraker, C.A., Ricordi, C., Stabler, C.L., 2012. Preventing hypoxia-induced
cell death in beta cells and islets via hydrolytically activated, oxygen-generating biomaterials. Proc.
Natl. Acad. Sci. 109, 4245-4250.

Pepper, A.R., Gala-Lopez, B., Pawlick, R., Merani, S., Kin, T., Shapiro, A.M.J., 2015. A prevascularized
subcutaneous device-less site for islet and cellular transplantation. Nat. Biotechnol. 33, 518-523.

Pepper, A.R., Pawlick, R., Bruni, A., Wink, J., Rafiei, Y., O’Gorman, D., Yan-Do, R., Gala-Lopez, B.,
Kin, T., MacDonald, P.E., Shapiro, A.M.J., 2017. Transplantation of human pancreatic endoderm
cells reverses diabetes post transplantation in a prevascularized subcutaneous site. Stem cell reports
8, 1689-1700.

Pileggi, A., Molano, R.D., Ricordi, C., Zahr, E., Collins, J., Valdes, R., Inverardi, L., 2006. Reversal of
diabetes by pancreatic

islet transplantation into a subcutaneous, neovascularized device.
Transplantation 81, 1318-1324.

Prochorov, A. V., Tretjak, S.1., Goranov, V.A., Glinnik, A.A., Goltsev, M. V., 2008. Treatment of insulin

dependent diabetes mellitus with intravascular transplantation of pancreatic islet cells without
immunosuppressive therapy. Adv. Med. Sci. 53, 240-244.

Reach, G., Chenard, P. S., Darquy, S., Lepeintre, J., Desjeux, J. F., Cannon, R., Jaffrin, M.Y., 1986.
Kinetics of insulin delivery by a bioartificial pancreas: in vivo evaluation in conscious normal rats.
Prog. Artif Organs 1, 621-626.

Reach, G., Jaffrin, M.Y., 1990. Kinetic modelling as a tool for the design of a vascular bioartificial
pancreas: feedback between modelling and experimental validation. Comput. Methods Programs
Biomed. 32, 277-285.

Reach, G., Jaffrin, M.Y., Desjeux, J.F., 1984. A U-shaped bioartificial pancreas with rapid glucose-
insulin kinetics. In vitro evaluation and kinetic modelling. Diabetes 33, 752-761.

Reach G, Jaffrin, M.Y, 1987. Bioartificial pancreas as an approach to closed-loop insulin delivery. In:
Emsinger WD, Selam JL, eds. Drug Deliv. Syst. Mount Kisc, New York: Futura, 99-102.

Rezania, A., Bruin, J.E., Arora, P., Rubin, A., Batushansky, I., Asadi, A., O’Dwyer, S., Quiskamp, N.,
Mojibian, M., Albrecht, T., Yang, Y.H.C., Johnson, J.D., Kieffer, T.J., 2014. Reversal of diabetes
with insulin-producing cells derived in vitro from human pluripotent stem cells. Nat. Biotechnol. 32,
1121-1133.

Rezania, A., Bruin, J.E., Riedel, M.J., Mojibian, M., Asadi, A., Xu, J., Gauvin, R., Narayan, K., Karanu,
F., O’Neil, J.J., Ao, Z., Warnock, G.L., Kieffer, T.J., 2012. Maturation of human embryonic stem
cell-derived pancreatic progenitors into functional islets capable of treating pre-existing diabetes in
mice. Diabetes 61, 2016-2029.

Robert, T., De Mesmaeker, I., Stangé, G.M., Suenens, K.G., Ling, Z., Kroon, E.J., Pipeleers, D.G., 2018.

Functional Beta Cell Mass from Device-encapsulated hESC-derived pancreatic endoderm achieving
metabolic control. Stem Cell Reports 10, 739-750.

Ryan, E.A., Lakey, J.R., Rajotte, R. V, Korbutt, G.S., Kin, T., Imes, S., Rabinovitch, A., Elliott, J.F.,



Bigam, D., Kneteman, N.M., Warnock, G.L., Larsen, I., Shapiro, A.M., 2001. Clinical outcomes and
insulin secretion after islet transplantation with the Edmonton protocol. Diabetes 50, 710-719.

Sakata, N., Tan, A., Chan, N., Obenaus, A., Mace, J., Peverini, R., Sowers, L., Chinnock, R., Hathout, E.,
2009. Efficacy comparison between intraportal and subcapsular islet transplants in a murine diabetic
model. Transplant. Proc. 41, 346-349.

Scharp, D.W., Lacy, P.E., Santiago, J. V, McCullough, C.S., Weide, L.G., Boyle, P.J., Falqui, L.,
Marchetti, P., Ricordi, C., Gingerich, R.L., 1991. Results of our first nine intraportal islet allografts
in type 1, insulin-dependent diabetic patients. Transplantation 51, 76-85.

Scharp, D.W., Lacy, P.E., Santiago, J. V, McCullough, C.S., Weide, L.G., Falqui, L., Marchetti, P.,
Gingerich, R.L., Jaffe, A.S., Cryer, P.E., 1990. Insulin independence after islet transplantation into
type | diabetic patient. Diabetes 39, 515-518.

Scharp, D.W., Marchetti, P., 2014. Encapsulated islets for diabetes therapy: History, current progress, and
critical issues requiring solution. Adv. Drug Deliv. Rev. 67-68, 35-73.

Scharp, D.W., Mason, N.S., Sparks, R.E., 1984. Islet immuno-isolation: The use of hybrid artificial
organs to prevent islet tissue rejection. World J. Surg. 8, 221-229.

Scharp, D.W., Swanson, C.J., Olack, B.J., Latta, P.P., Hegre, O.D., Doherty, E.J., Gentile, F.T., Flavin,
K.S., Ansara, M.F., Lacy, P.E., 1994. Protection of encapsulated human islets implanted without
immunosuppression in patients with type | or type Il diabetes and in nondiabetic control subjects.
Diabetes 43, 1167-1170.

Schweicher, J., 2014. Membranes to achieve immunoprotection of transplanted islets, Frontiers in
Bioscience 19, 49-76

Shapiro, A.M.J., Pokrywczynska, M., Ricordi, C., 2016. Clinical pancreatic islet transplantation. Nat.
Rev. Endocrinol. 13, 268-277.

Shen, J., Cheng, Y., Han, Q., Mu, Y., Han, W., 2013. Generating insulin-producing cells for diabetic
therapy: Existing strategies and new development. Ageing Res. Rev. 12, 469-478.

Skrzypek, K., Nibbelink, M.G., Karperien, M., van Apeldoorn, A., Stamatialis, D., 2018. Membranes for
bioartificial pancreas: Macroencapsulation strategies, in: Biomedical Membranes and (Bio)Atrtificial
Organs. WORLD SCIENTIFIC, pp. 211-244.

Song, S., Blaha, C., Moses, W., Park, J., Wright, N., Groszek, J., Fissell, W., Vartanian, S., Posselt, A.M.,
Roy, S., 2017. An intravascular bioartificial pancreas device (iBAP) with silicon nanopore
membranes (SNM) for islet encapsulation under convective mass transport. Lab Chip 17, 1778—
1792.

Song, S., Roy, S., 2016. Progress and challenges in macroencapsulation approaches for type 1 diabetes
(T1D) treatment: Cells, biomaterials, and devices. Biotechnol. Bioeng. 113, 1381-1402.

Soon-Shiong, P., Heintz, R.E., Merideth, N., Yao, Q.X.,, Yao, Z., Zheng, T., Murphy, M., Moloney, M.K.,
Schmehl, M., Harris, M., 1994. Insulin independence in a type 1 diabetic patient after encapsulated
islet transplantation. Lancet 343, 950-951.

Stephens, E., 2015. Insulin therapy in type 1 diabetes. Med. Clin. North Am. 99, 145-156.

Storrs, R., Dorian, R., King, S.R., Lakey, J., Rilo, H., 2001. Preclinical development of the islet sheet.
Ann N Y Acad Sci. 944, 252-266.

Strand, B.L., Coron, A.E., Skjak-Braek, G., 2017. Current and future perspectives on alginate



encapsulated pancreatic islet. Stem Cells Transl. Med. 6, 1053—-1058.

Sugimoto, S., Heo, Y.J., Onoe, H., Okitsu, T., Kotera, H., Takeuchi, S., 2011. Implantable hydrogel
microfiber encapsulating pancreatic beta-cells for diabetes treatment, in: 15th International
Conference on Miniaturized Systems for Chemistry and Life Sciences 2011, MicroTAS 2011.

Sullivan, S.J., Maki, T., Borland, K.M., Mahoney, M.D., Solomon, B.A., Muller, T.E., Monaco, A.P.,
Chick, W.L., 1991. Biohybrid artificial pancreas: long-term implantation studies in diabetic,
pancreatectomized dogs. Science 252, 718-721.

Sun, A.M., Parisius, W., Healy, G.M., Vacek, I., Macmorine, H.G., 1977. The use, in diabetic rats and
monkeys, of artificial capillary units containing cultured islets of Langerhans (artificial endocrine
pancreas). Diabetes 26, 1136-1139.

Sun, Y., Ma, X., Zhou, D., Vacek, I., Sun, A.M., 1996. Normalization of diabetes in spontaneously
diabetic cynomologus monkeys by xenografts of microencapsulated porcine islets without
immunosuppression. J. Clin. Invest. 98, 1417-1422.

Sykes, M., Cozzi, E., d’Apice, A., Pierson, R., O’Connell, P., Cowan, P., Dorling, A., Hering, B.,
Leventhal, J., Rees, M., Sandrin, M., 2006. Clinical trial of islet xenotransplantation in Mexico.
Xenotransplantation 13, 371-372.

Tauschmann, M., Hovorka, R., 2014. Insulin pump therapy in youth with type 1 diabetes: toward closed-
loop systems. Expert Opin. Drug Deliv. 11, 943-955.

Teramura, Y., lwata, H., 2011. Improvement of graft survival by surface modification with poly(ethylene
glycol)-lipid and urokinase in intraportal islet transplantation. Transplantation 91, 271-278.

Teramura, Y., Ilwata, H., 2010. Bioartificial pancreas: Microencapsulation and conformal coating of islet
of Langerhans. Adv. Drug Deliv. Rev. 62, 827-840.

Teramura, Y., lwata, H., 2009. Surface modification of islets with PEG-lipid for improvement of graft
survival in intraportal transplantation. Transplantation 88, 624—630.

Teramura, Y., Oommen, O.P., Olerud, J., Hilborn, J., Nilsson, B., 2013. Microencapsulation of cells,
including islets, within stable ultra-thin membranes of maleimide-conjugated PEG-lipid with
multifunctional crosslinkers. Biomaterials 34, 2683-2693.

Tomei, A.A., Manzoli, V., Fraker, C.A., Giraldo, J., Velluto, D., Najjar, M., Pileggi, A., Molano, R.D.,
Ricordi, C., Stabler, C.L., Hubbell, J.A., 2014. Device design and materials optimization of
conformal coating for islets of Langerhans. Proc. Natl. Acad. Sci. 111, 10514-10519.

Tortora, G.J., Derrickson, B., 2013. Principles of Anatomy and Physiology, 14th edition. ed.

Trivedi, N., Steil, G.M., Colton, C.K., Bonner-Weir, S., Weir, G.C., 2000. Improved vascularization of
planar membrane diffusion devices following continuous infusion of vascular endothelial growth
factor. Cell Transplant. 9, 115-124.

Tuch, B.E., Keogh, G.W., Williams, L.J., Wu, W., Foster, J.L., Vaithilingam, V., Philips, R., 2009. Safety
and viability of microencapsulated human islets transplanted into diabetic humans. Diabetes Care 32,
1887-1889.

U.S. National Library of Medicine, ClinicalTrials.gov: NCT01652911. A phase I/ll study of the safety
and efficacy of sernova’s cell pouchTM for therapeutic islet transplantation.

U.S. National Library of Medicine, ClinicalTrials.gov: NCT01739829. Open-label investigation of the
safety and effectiveness of DIABECELL® in patients with yype 1 diabetes mellitus.



U.S. National Library of Medicine, ClinicalTrials.gov: NCT02239354. A safety, tolerability, and efficacy
study of VC-01™ combination product in subjects with type I diabetes mellitus.

Valdes-Gonzalez, R.A., Dorantes, L.M., Garibay, G.N., Bracho-Blanchet, E., Mendez, A.J., Davila-Perez,
R., Elliott, R.B., Teran, L., White, D.J.G., 2005. Xenotransplantation of porcine neonatal islets of
Langerhans and Sertoli cells: a 4-year study. Eur. J. Endocrinol. 153, 419-427.

Vegas, A.J., Veiseh, O., Gurtler, M., Millman, J.R., Pagliuca, F.W., Bader, A.R., Doloff, J.C., Li, J.,
Chen, M., Olejnik, K., Tam, H.H., Jhunjhunwala, S., Langan, E., Aresta-Dasilva, S., Gandham, S.,
McGarrigle, J.J., Bochenek, M.A., Hollister-Lock, J., Oberholzer, J., Greiner, D.L., Weir, G.C.,
Melton, D.A., Langer, R., Anderson, D.G., 2016. Long-term glycemic control using polymer-
encapsulated human stem cell-derived beta cells in immune-competent mice. Nat. Med. 22, 306—
311.

Veiseh, O., Doloff, J.C., Ma, M., Vegas, A.J., Tam, H.H., Bader, A.R., Li, J., Langan, E., Wyckoff, J.,
Loo, W.S., Jhunjhunwala, S., Chiu, A., Siebert, S., Tang, K., Hollister-Lock, J., Aresta-Dasilva, S.,
Bochenek, M., Mendoza-Elias, J., Wang, Y., Qi, M., Lavin, D.M., Chen, M., Dholakia, N., Thakrar,
R., Lacik, I., Weir, G.C., Oberholzer, J., Greiner, D.L., Langer, R., Anderson, D.G., 2015. Size- and
shape-dependent foreign body immune response to materials implanted in rodents and non-human
primates. Nat. Mater. 14, 643-651.

Vériter, S., Gianello, P., lgarashi, Y., Beaurin, G., Ghyselinck, A., Aouassar, N., Jordan, B., Gallez, B.,
Dufrane, D., 2014. et al. Improvement of subcutaneous bioartificial pancreas vascularization and
function by coencapsulation of pig islets and mesenchymal stem cells in primates. Cell Transplant.
23, 1349-1364.

World Health Oorganization, Global report on diabetes, 2016, http://www.who.int/diabetes/global-
report/en/.

World Health Oorganization official web site: http://www.who.int/diabetes/en/.

Yabe, S.G., Fukuda, S., Takeda, F., Nashiro, K., Shimoda, M., Okochi, H., 2017. Efficient generation of
functional pancreatic -cells from human induced pluripotent stem cells. J. Diabetes 9, 168-179.

Zhang, J., Wei, X., Zeng, R., Xu, F., Li, X., 2017. Stem cell culture and differentiation in microfluidic
devices toward organ-on-a-chip. Futur Sci OA. 3, FSO187.

Zhou, Q., Brown, J., Kanarek, A., Rajagopal, J., Melton, D.A., 2008. In vivo reprogramming of adult
pancreatic exocrine cells to B-cells. Nature 455, 627—-632.

Zhu, H., Li, W., Liu, Z., Li, W., Chen, N., Lu, L., Zhang, W., Wang, Z., Wang, B., Pan, K., Zhang, X.,
Chen, G., 2018. Selection of implantation sites for transplantation of encapsulated pancreatic islets.
Tissue Eng. Part B Rev. 24, 191-214.



Figures

— Abdominal aorta

Pancreas

Pancreatic duct

Tail of pancreas

Body of pancreas

Head of pancreas

Islet of Langherans

Arterioles i
Delta cell Intralobular vein

Alpha cell } A RO
b e P - —> Portal vein
P e

e

Beta cell

s

sueleybueT Joja|s|
1
1
i
v

Exocrine acini

Gamma cell :

Blood capillary Intralobular artery Venules

Figure 1. Multiscale description of the systemic and local environment of islets of Langerhans.
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Tables

Table 1: Summary of the different treatment available for type | diabetic patients.

Treatment

Advantages

Disadvantages

Insulin injection

Closed-loop insulin delivery
(mechanical pump)

Pancreas transplantation

Clinical islets
transplantation

e Simple and relatively accessible
treatment

e Long-term durability in case of
T1DM

e Ergonomic for the patient

e Continuous control of blood
glucose levels (overnight)

e Telematic follow-up by the
therapist

e Durability

Full control of normoglycemia

Full control of normoglycemia

Minimally invasive surgery

e Difficult maintaining normoglycemia
overnight

e Requires user training

e It’s usually combined with a restrictive
diet control

e Fibrosis in the catheter implant site

e Slow response to sudden changes in
glucose levels

e Requires maintenance (battery and

insulin)

Quite complex surgery

Donor shortage

Requires immunosuppressants for life

Still in development

Requires two donors for one receiver

Loss of functionality in the long term

Requests as transplantation

immunosuppressive treatment




Table 2: Cells’ sources, pros and cons to be used in BAP.

Cells source

Advantages

Limitations

Porcine

Stem cells
hESCs and hiPSCs

Exocrine

Immortalized human
pancreatic cell lines

Homology between porcine and
human insulin

Low coast

Availability

Hypoxia tolerance

Sensitiveness as good as the original
pancreas

¢ Immunological safety

Unlimited source of human insulin-
producing cells

Available as a by-product of

islet transplantation (90% of the
pancreatic tissue).

Possibility of differentiation in situ
without a surgical intervention.
Full biocompatibility and
immunological safety

¢ Unlimited sources (easily proliferate)

Low cost
Easy to maintain

# Retroviral disease transmission
# Fragile during encapsulation
* Immune rejection caused by porcine

# Risk of mutagenesis due to vectors

proteins no identified by human
system
Risk of teratoma formation

used for reprogramming

Ethical preoccupation

Expansive

Reactivity to glucose

Limited source of cells

Difficult control of the differentiation
in a specific type of endocrine
pancreatic cells

Reactivity to glucose

Low insulin production

Low reactivity to glucose

Risk of metastasis

Risk of massive proliferation
MNeed of a effective encapsulation

Porcine

Porcine

Porcine

Porcine

Porcine

No Kidney

No Kidney

yes subcutaneous
autologous

yes Peritoneal cavity

yes

Peritoneal cavity

Table 3: in vivo studies of some bioartificial pancreas in development.

Fetal  porcine Partially. Groth MD
islet-like cell Presence et al.
clusters (ICC) of porcine 1994%
peptide-C
Fetal  porcine Yes Reinholt
islet et al. 1998
porcine Yes Valdés-
neonatal islets Gonzélez
of Langerhans et al. 2005
and Sertoli cells
neonatal Yes Matsumot
porcine islets o et al
2014
neonatal No, Elliott et

immuno-



Porcine

Porcine

Porcine

Porcine

Exocrine

Exocrine

Exocrine

Exocrine

Exocrine

human

embryonic

stem
cells

human

embryonic

stem
cells

Yes alginate

Yes alginate

Yes alginate

Yes agarose
and
polystyren
e sulfonic
acid
(PSSa)

No

No -

Yes Polytetrafl
uoroethyl
ene

(PTFE),

Kidney and
subcutaneous
Kidney and
subcutaneous
Peritoneal cavity,
Kidney and
subcutaneous

Peritoneal cavity

Kidney

In vitro

Subcutaneous

porcine islets

Adult pig islets
encapsulated in
alginate

Adult pig islets
encapsulated in
alginate

Adult pig islets
encapsulated in
alginate

Pig islets
encapsulated in
agarose and
polystyrene
sulfonic acid

In vivo
genetically

reprograming
mice pancreatic
cells

Genetically
reprograming
human
pancreatic cells

In vivo
genetically
reprograming
mice pancreatic
cells

In vivo
genetically
reprograming
mice pancreatic
cells

In vivo
genetically
reprograming
mice pancreatic
cells

The insulin
expression in
hES cell-derived
is like adult
islets

hESC in
Theracyte™
device

reactive
insulin

identified
as porcine

Yes

Yes,

Yes,

yes

yes

Partially

Yes

yes

yes

Yes

Partially

al. 2007

Dufrane et
al. 2006

Dufrane et
al. 2010

Dufrane et
al. 2006

Kin et al.
2002

Zhou et al.
2010

Lemper et
al. 2015*

Li et al
2014

Furuya et
al. 2013"

Cavelti-
Weder et
al. 2017%°

D’Amour
et al.
2006”"

Kirk et al.
20142



human
embryonic
stem (hES)
cells

human
embryonic
stem (hES)
cells

human
embryonic
stem (hES)
cells

Human
induced
pluripotent
stem (hiPS)
cells

Human
induced
pluripotent
stem  (hiPS)
cells

Human
induced
pluripotent
stem  (hiPS)

cells

ViaCyte
device

Polytetrafl
uoroethyl
ene
(PTFE);
alginate

Subcutaneous

Subcutaneous

Kidney and

Subcutaneous

In vitro

Kidney

Kidney

50 weeks of
metabolic
control by
insulin  release
in  Viacyte a
variant of the
Theracyte
device

20 weeks of
metabolic

control by
insulin  release
in the Theracyte
device  versus
alginate

Comparing 2
animal models
and 2
transplantation
sites

Functional beta
cells like

Normoglycemia
after
trgnsplantation

Normoglycemia
after
transplantation

Yes

Yes

Yes

Yes

Yes

Yes

Robert et
al. 2018*

Motté et
al. 2014*

Bruin et al.
2015%

Kimura et
al. 2017*°

Pagliuca et
al. 2014%

Yabe et al.
2017



