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Abstract 

Islet transplantation has proven to be a viable treatment for individuals suffering from both 

Type 1 Diabetes Mellitus (T1D) and chronic pancreatitis. However, a variety of challenges 

limit the effectiveness of this procedure by reducing the number of islets that survive the 

harvesting and transplantation processes. Increasing islet survival would increase the long-

term effectiveness of the procedure and allow this technique to be used in more patients. A 

number of factors have been shown to improve the outcomes of pancreatic islet 

transplantation, including immunological suppression and prevention of coagulation. In this 

review, we will discuss various chemical strategies reported in the literature for the 

preservation of islet graft function after transplantation, including islet encapsulation, the 

adoption of anti-inflammatory and immune suppressing molecules, and islet surface 

modification. 
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1. Introduction 

The transplantation of pancreatic islets of Langerhans is an exciting approach to the treatment 

of brittle diabetes as a result of type 1 diabetes mellitus or type 3c diabetes mellitus (also known 

as pancreatogenic diabetes). Islet transplantation involves the isolation of islets from a donor 

pancreas followed by transfer of the isolated islets into a compatible compartment in the recipient. 

In the first successful clinical islet allotransplant, insulin independence was achieved for only one 

month before the cells were rejected due to inadequate immunosuppression [1]. In the 445 

attempted islet allotransplantations that occurred between 1974 and 2000, 11% of recipients 

maintained insulin independence for more than a year [2], showing a clear need for improved 

procedures. By comparison, islet autotransplantation following surgical pancreatectomy typically 

has higher rates of sustained insulin independence due to the lack of autoimmunity [3, 4]. Since 

2000, the Edmonton Protocol has been accepted as the clinical standard after it was reported that 

100% of the first seven patients to receive this treatment maintained insulin independence 

through the first year [5]. This success has been attributed to multiple factors including the use of 

corticosteroid-free immunosuppression and the delivery of a sufficient number of islets from 

multiple donors. As of September 30, 2015, the Collaborative Islet Transplant Registry had 1,086 

allograft and 827 autologous islet transplant recipients registered internationally, with a 7% 

increase in the number of recipients since the 2013 [6]. In Canada, Australia, Japan, the United 

Kingdom, France, and other parts of Europe, islet allotransplantation is currently a ‘non-research’ 

therapeutic option, while in the United States it is an experimental therapy, with clinical trial 

results recently published by the Consortium in Islet Transplantation in pursuit of a Food and Drug 

Administration Biological License [7]. 

 

Figure 1 General procedure of intrahepatic islet transplantation. 
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Although islet transplantation can be successful in returning the patients to normoglycemia, as 

many as half of the islets die within the first 48 hours after transplantation [8, 9]. As a result of this 

extensive islet death, multiple donors are often required to achieve insulin independence in a 

recipient, with an average since 2002 of 2.4 donors per recipient [6]. Improvements in islet 

survival, short-term as well as long-term, will make this life-changing treatment available to more 

patients worldwide. 

A primary factor of islet death is the instant blood-mediated inflammatory response (IBMIR), 

which involves multiple pathways that results in the destruction of islet allografts, including 

complement activation and blood clot formation surrounding the islets as well as innate 

inflammation [10-15]. This inflammatory response was originally identified through the use of an 

assay that detected a thrombotic reaction between human islets and heterologous, ABO-

compatible blood [16]. Further investigation of this response showed that islets naturally express 

tissue factor, which initiates coagulation and the formation of a fibrin capsule around the islet [11, 

17-19]. Platelet activation is one of the primary contributing factors in the generation of an acute 

inflammatory response, which is followed by macrophage-mediated islet destruction and 

enhancement of alloantigen-driven immunological attack [17, 20]. Similarly, significant numbers of 

grafted cells undergo apoptosis during the days or weeks following portal infusion [21, 22], which 

may lead to further immune activation.  

Another important factor in islet destruction is hypoxia, which is experienced by the islets 

during isolation, culturing, and after implantation [23, 33]. Studies have shown that insufficient 

oxygen levels lead to cell apoptosis, especially in highly metabolic cells such as β-cells [24-28]. The 

islet environment within an intact pancreas allows the islets to be highly perfused. For example, in 

rabbits, islets are located no more than one cell away from capillaries directly leading to arterial 

circulation [29]. This close proximity to blood flow is necessary for a rapid islet response to 

glycemic levels, but the consequence is that β-cells only survive optimally when they are exposed 

to highly oxygenated blood [30, 31]. Unfortunately, during isolation and purification the islet 

capillary network is destroyed [32, 33]. Revascularization occurs 10-14 days after intraportal 

transplantation, when the islets are embolized, settling into the hepatic presinusoidal capillaries 

[34].  

In addition to the complication of maintaining oxygen delivery to transplanted islets, the islets 

require protection from reactive oxygen species (ROS). These species include nitric oxide, 

superoxide, peroxynitrite and hydrogen peroxide [35]. Islets are known to have especially high 

sensitivity toward ROS due to unusually low levels of several antioxidant enzymes, such as 

superoxide dismutase, glutathione peroxidase, and catalase [36, 37]. Although the complete 

impact of ROS has not been extensively investigated in regard to islet transplantation, it is 

suspected that reperfusion injury may play a major role in islet graft survival [38-40].  

New methods to overcome these challenges are currently under investigation, and some of 

these strategies include the use of a variety of drugs administered directly to the islets pre-

transplantation or systemically post-transplantation, in an attempt to address various pathways 

known to play a part in IBMIR, apoptosis, or coagulation [41]. Alternatively, physical barriers have 

been employed to prevent the contact of transplanted islet surfaces with immune cells, thus 

preventing immune activation [42]. These physical barriers include materials for islet 

encapsulation as well as simple surface modification, and these barriers may also be used in 

combination with free compounds. Each of these strategies presents unique advantages and 
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disadvantages, and many studies utilize a combination of these approaches. In this review, we will 

summarize the targets, mechanisms, and advantages and disadvantages of a wide assortment of 

chemical strategies that have been shown to improve the outcomes of islet transplantation. 

2. Molecular Therapeutics 

Since the introduction of the Edmonton Protocol, pancreatic islet transplantation has become 

one of the most promising therapeutic strategies for glycemic control in patients with T1D [5, 43]. 

This protocol originally required the infusion of islets within two hours after isolation [44]; 

however, following the results Froud et al., transplant centers have adopted a period of culturing 

of the isolated islets prior to transplantation [45]. This culturing allows for quality control testing 

of the isolated islets, as well as an opportunity to initiate immunosuppression with a variety of 

drugs, ranging from small, organic molecules (less than 500 Da) to antibodies [46, 47]. Transplants 

performed prior to the implementation of the Edmonton protocol used primarily a combination of 

azathioprine, cyclosporine, and glucocorticoids, but methods have since evolved to address the 

limitations of these drugs [5, 41].  

Current standard protocols for islet transplantation at several transplantation centers focus on 

preventing activation of T and B cells through inhibition of the mammalian target of rapamycin 

(mTOR), which is a receptor that plays a role in the regulation of cell growth, cell proliferation, cell 

motility, cell survival, and protein synthesis [48, 49]. The compound rapamycin, also known as 

sirolimus, has been widely used as a systemic immunosuppressant for use following islet 

transplantation [50-54]. One of the primary shortcomings of rapamycin is receptor mTORC2 

inhibition, which may result in diabetes like symptoms, including decreased glucose tolerance and 

insensitivity to insulin [55]. Commonly used with sirolimus is tacrolimus [50, 53, 54, 56], also 

known as FK506, an immunosuppressive drug typically used for allogeneic organ transplant that 

inhibits the production of interleukin-2 [57], causing suppression of the development and 

proliferation of T cells and further adaptive immune responses. Unfortunately, this compound has 

also been found to significantly decrease glucose-induced insulin release even under lower than 

recommended trough concentrations in murine models [58]. Additionally, when used in 

combination with sirolimus, even low-dose tacrolimus regiments have been associated with 

decreased kidney function and kidney failure in some patients [59, 60]. Early studies based on the 

Edmonton protocol also introduced the use of anti-IL-2 antibodies, and two of these antibodies, 

basiliximab (chimeric) and daclizumab (humanized), have been evaluated in clinical trials [61-64]. 

In these trials, the antibodies were well tolerated, and daclizumab was shown to promote a 

tolerogenic environment promoting graft survival without depletion of Tregs [63]. 

There has also been interest in preventing downstream activation of the tumor necrosis factor-

α (TNF-α) pathway as suggested by Hering et al [65, 66]. Inhibiting this pathway in the 

peritransplant period has been shown to be a promising strategy for facilitating autoimmune 

regulation and tolerance [7, 67, 68]. One of the most commonly used TNF-α inhibitors in clinical 

trials is the biopharmaceutical etanercept, which is typically used in combination with other drugs 

[69]. Matsumoto et al. reported on the clinical evaluation of combinations of immunosuppressive 

drugs including etanercept as well as small molecules and antibodies [70]. This study used two 

different protocols to investigate thymoglobulin induction for improving islet viability by blocking 

IL-1β and TNF-α. One protocol utilized daclizumab as the induction drug followed by sirolimus and 
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tacrolimus to prolong immunosuppression. The second protocol was a sirolimus-free procedure 

using a thymoglobulin induction followed by tacrolimus and mycophenolate mofetil, an inhibitor 

of inosine monophosphate dehydrogenase. The anti-inflammatory drugs used were etanercept, 

which was used in both protocols, and the anti-IL-1-β antibody, anakinra, which was only used for 

the second protocol. Islet functionality was determined by both hemoglobin A1c test and the 

average secretory unit of islet transplant objects index. It was reported that subjects in both 

protocols were able to achieve euglycemia, although the first method required two islet infusions 

to achieve the same results as the second method.  

Another pathway for immunosuppression in islet transplants is inhibiting the activation of 

members of the Toll-like Receptor family. These receptors [71] are involved in inflammation via 

the NF-κB pathway [72]. The TLR family in humans consists of ten transmembrane proteins which 

act as pattern recognition receptors that bind to specific pathogen-associated molecular patterns 

(PAMPs) [73]. Some of these receptors also bind endogenous ligands released by damaged cells, 

known as damage-associated molecular patterns (DAMPs) [74]. TLR4 is the most thoroughly 

studied member of the TLR family and is most commonly identified as a receptor for bacterial 

lipopolysaccharide (LPS). However, TLR4 is also a DAMP receptor that has been shown to be 

activated by high-mobility group box protein 1 (HMGB1), heparan sulfate, hyaluronan fragments, 

and fibronectin [75]. More recently, TLR4 has been identified as a major contributor to sterile 

inflammation, acute graft dysfunction and allograft rejection, and autoimmune disease due to its 

role in the activation of NF-κB [76-79]. For this reason, several groups have studied the effects of 

TLR4 inhibition on islet graft survival [80, 81].  

Dong et al. synthesized a cell-permeable peptide consisting of the protein transfer domain of 

Hph-1 virus and a fragment of the intracellular domain of TLR4 found in D3h/HeJ mice [82]. It was 

found that this peptide penetrates cell membranes rapidly, allowing for TLR4 signaling inhibition. 

The activity of this peptide was studied in the Raw264.7 macrophage line, in isolated islets, and in 

βTC3 cells. Raw264.7 cells cultured in the presence of the peptide showed lower LPS-induced 

production of the proinflammatory cytokines IL-1β, TNF-α, iNOS, and IL-6, as well as a reduction in 

the LPS-induced NF-κB activation. Furthermore, in both isolated islets and β cells the peptide 

suppressed LPS-induced TNF-α expression through NF-κB inhibition. In murine studies transplant 

studies it was found that BalB/c (H-2d) islets treated with the peptide had a significantly longer 

survival rate, with 2 of the 7 grafts surviving past the 100-day mark. The expression of TNF-α and 

iNOS as well as macrophage infiltration were also reduced by peptide treatment.  

Other inhibitors of the NF-κB pathway that have been studied in islet transplantation include 

Withaferin A, CAY10512, and the TLR4 antagonist TAK-242 [83, 84]. Withaferin A inhibits NF-κB 

kinase beta which prevents phosphorylation of inhibitor of κB (IκB) [85]. Withaferin A and 

CAY10512, another known NF-κB inhibitor and analog of resveratrol, have been reported to 

significantly preserve islet viability and decrease tissue factor expression when compared to 

untreated controls after 48 hours in a miniaturized in vitro tube model of IBMIR [83]. TAK-242, a 

TLR4 antagonist first reported by Yamada et al. for use as an anti-sepsis agent [86], has more 

recently been shown to be useful for suppression of the TLR4-stimulated NF-κB pathway in islet 

transplants [84].  

Dexamethasone, an immunosuppressive glucocorticoid, is another small molecule currently 

being studied for its ability to polarize human blood-derived monocytes toward the anti-

inflammatory (M2) phenotype [87, 88]. Dexamethasone has also been demonstrated to inhibit the 
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activation of various kinases related to inflammatory gene expression, resulting in suppression of 

the NF-κB pathway [89]. In mice, this drug has been shown to have a beneficial effect on islet 

engraftment when incorporated into a polydimethylsiloxane-based, three-dimensional scaffold 

[90]. The precise dosage is critical when utilizing dexamethasone, as high doses have also been 

shown to inhibit proper engraftment by preventing healthy host remodeling [91].  

Researchers have also targeted pathways of islet apoptosis. The c-Jun NH2-terminal kinases 

(JNK) are enzymes in the mitogen activated protein kinase (MAPK) family that can be activated by 

cytokines and environmental stress [92, 93]. While the JNK pathway aids in cellular differentiation 

and proliferation, it also can promote apoptosis by aiding in the transcription of pro-apoptotic 

genes or activating the caspase signaling cascade leading to mitochondria-mediated cell death [94]. 

Improper function of the JNK pathway can cause a tolerance towards insulin to develop [95-100], 

and it is believed that the JNK pathway in involved in the onset of type 2 diabetes [95, 101]. The 

JNK pathway is also increasingly activated during the harvest and isolation of islets, peaking after 

islet digestion and returning to baseline levels after overnight culture [102]. It has been suggested 

that the JNK pathway causes an aproximate 50% reduction of viable islets during the pancreatic 

preservation procedure, significantly limiting the number of islets available for transplant post-

isolation [103-105].  

The JNK pathway can be ultimately activated through a signaling cascade originating from 

various TLR pathways, the most notable being TLR4, as well as by various pro-inflammatory 

cytokines such as lymphotoxin-β (LT-β), TNF-α, and interleukin 1β (IL-1β) [93]. Several JNK 

inhibitors (JNKI) have been identified that attenuate islet death during pancreas preservation and 

islet isolation [106, 107]. The peptide 11 arginine JNKI (11R-JNKI), is a cell-permeable JNKI with a 

chain of 11 arginine that assists with the uptake of the inhibitor into mammalian cells [108]. 

Noguchi et al. report an improvement of islet graft viability after the introduction of 11R-JNKI 

during various steps of murine islet transplantation. Transplants of murine islets treated with 11R-

JNKI during the preservation, incubation, and transplantation steps resulted in approximately 80% 

of mice achieving normoglycemia, compared to less than 20% of the three groups not treated with 

11RJNKI [105]. Another inhibitor, SP600125, has been shown to inhibit JNK activity via hydrogen 

bonding at the ATP binding site of JNK [109, 110]. Noguchi et al. tested the ability of SP600125 to 

ameliorate cell death during porcine pancreas isolation. Transplantation of islets isolated from 

pancreata where SP600125 was introduced into the ductal preservation solution prior to islet 

isolation resulted in more than 80% of the treatment group achieving normoglycemia, while less 

than 20% of the non-treated group returned to a normal blood glucose level [102].  

Abdelli et al. tested the effects of introducing a peptide consisting of only D-amino acids (D-JNKI) 

[107]. This inhibitor was injected into the murine pancreatic duct prior to islet isolation, and JNK 

activity was measured in the isolated islets over the course of two days, after which the islets were 

stimulated with IL-1β. Kinase assays demonstrated that D-JNKI inhibited JNK activity during the 

isolation of the islets, and this protection was sustained even after exposure of the islets in culture 

to IL-1β. D-JNKI also reduced apoptosis in islets exposed to IL-1β [111].  

In the early 2000s, Glucagon-like Peptide 1 (GLP-1) was proposed as an antiapoptotic factor and 

promoter of glucose-dependent insulin production for use in islet transplantation [112]. A study 

published by Farilla et al. demonstrated the antiapoptotic properties of this peptide in human 

islets in vitro [113]. In that study, islets were cultured for up to 5 days in the presence of GLP-1 and 

the expression of caspase-3, B-cell lymphoma-2 (bcl-2), β-actin, and insulin determined via PCR 
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and immunofluorescence. Furthermore, cell apoptosis was quantified through the use of 4’,6-

diamidino-phenylindole (DAPI) staining. The GLP-1 treatment afforded a significant reduction in 

the number of apoptotic cells in GLP-1 treated islets after 3 days, with a 9% decrease in apoptotic 

nuclei in the treated cultures versus untreated controls. Similarly, the GLP-1 receptor agonist, 

Exendin-4, has been studied for the enhancement of insulin secretion and overall improvement of 

clinical outcomes in islet transplantation [114-116]. Exendin-4 is an analogue of GLP-1 with a 

longer half-life, making it more suitable for clinical usage [117]. In a study by Miki et al., this 

peptide was used in combination with the glucocorticoid methylprednisolone in order to reduce 

cytokine and chemokine production by human islets in vitro, and produced an 86% increase in the 

isolated viable beta cell mass versus the untreated control [118]. 

 

Figure 2 Biochemical pathways associated with apoptosis including TLR4, TNF-α, IκB, 

NF-κB, JNK, and caspase. 



OBM Transplantation 2018; 2(4), doi:10.21926/obm.transplant.1804036 

 

Page 8/36 

Caspases have also been targeted for inhibition in islet transplantation in order to reduce 

apoptosis. The majority of post-transplant β-cell apoptosis occurs within the first week following 

portal infusion, and the caspase family of enzymes is central to this response [21, 119]. A number 

of synthetic peptidyl caspase inhibitors have been explored to limit islet apoptosis, including the 

pan-caspase inhibitors N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone (zVAD-FMK) [120] 

and N-benzyloxycarbonyl-Val-Asp-fluoromethyl ketone (zVD-FMK) [121], and the caspase-3 

specific inhibitor Ac-Asp-Glu-Val-Asp-chloromethylketone (DEVD-CMK) [122]. In murine transplant 

models using both murine syngeneic islets and human islets, the Shapiro group has shown that 

zVD-FMK can significantly inhibit engraftment-phase islet cell death and facilitate the use of 

suboptimal yield islet preparations. Doses as low as 1-3 mg/kg were sufficient to improve the 

survival of transplanted islets resulting in functional grafts, resulting in the attainment of 

normoglycemia in recipients even with an 80-90% reduction in the number of transplanted islets 

[121]. However, the toxicity of some caspase inhibitors may limit the long-term clinical use of 

these molecules, as their use may lead to increased necrotic cell death [123, 124].  

Antibodies have also been used to modulate post-transplantation graft survival. In the 2003 

paper, Baker et al. [125] utilized an antibody blockade to prevent activation of the chemokine 

receptor CXCR3 by blocking interaction with the ligand IP-10. Both wild-type islets and CXCR3 

knockout islets were prepared and tested in the presence of the inhibitor αIP-10 to determine 

whether it would delay or prevent rejection by impairing the movement of leukocytes. It was 

found that treated islets survived longer and had reduced lymphocytic infiltration. Untreated wild-

type islets were shown to survive for approximately 13 days, versus the 20 days for both the 

CXCR3-/- islets and the antibody treated islets. Chemokine expression was statistically similar 

between the three tested species with both CXCR3-/- and αIP-10 showing 50% reduction of 

chemokines in the presence of CD8, CD19, and CD4 leukocytes. Other antibodies that have been 

used for immunosuppression in islet transplantation include the anti-LFA-1 antibody, Efalizumab 

[126], and the aforementioned anti-IL-1-β antibody, anakinra [69, 127], and these antibodies are 

currently being used in clinical trials [52, 56].  

The prevention of coagulation is another mechanistic approach to improving islet 

transplantation success, due to links between coagulation and IBMIR [128]. Antithrombin has 

been explored for this application [128-130]. While alternative thrombin inhibitors such as heparin 

and hirudin are available, these drugs are limited in terms of efficacy and safety in transplantation 

[131, 132]. Melagatran is an alternative anti-coagulant that was developed to have a high affinity 

for thrombin with a wide therapeutic window and minimal bleeding complications [133, 134]. 

Ö zmen et al. have utilized Melagatran in a human islet in vitro model, and these studies 

demonstrated that thrombin plays an important role in IBMIR and that anti-coagulant drugs like 

melagatran may be effective in reducing the effects of IBMIR in transplantation [19]. A prodrug for 

Melagatran, Ximelagatran, was removed from the marked in 2006 due to hepatoxicity [135]. 

In 2012, Shapiro reported a compilation of seven islet transplant centers worldwide that had 

achieved a 50% or greater rate of 5-year insulin independence (Table 2). This data was based on a 

combination of publications, oral presentations, and personal communication and validates the 

efforts made to improve islet transplant outcomes via the use of molecular therapeutics during 

the isolation and culturing of islets as well as systemically after transplantation [50]. 
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Table 1 Free compounds that have been used in islet transplantation studies. 

Drug Name Mechanism of 

Action 

Structure Reference 

Cyclosporine A Calcineurin inhibitor 

[136] 

 

[137] 

Tacrolimus Calcineurin inhibitor 

[138] 

 

[139] 

Sirolimus mTOR inhibitor [45] 

 

[140] 

Mycophenolate 

Mofetil 

IMPDH inhibitor 

[141] 

 

[142] 

Daclizumab  Anti-IL-2 [143] 

 

[5] 

SP600125  JNK inhibitor [109] 

 

[109] 

JNKI peptides JNK inhibitor [107] Peptide [107] 
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Dexamethasone Glucocorticoid 

agonist [87] 

 

[144] 

Melagatran Thrombin inhibitor 

[134] 

 

[19] 

zVAD-FMK  Caspase inhibitor 

[120] 

 

[145] 

zVD-FMK Caspase inhibitor 

[146] 

 

[121] 

Etanercept  TNF-α inhibitor [147] 

 

[65] 

Anakinra Anti-IL-1-β [148] 

 

[149] 

Withaferin A NF-κB kinase beta 

inhibitor [150] 

 

[151] 

TAK-242  TLR4 Antagonist [86] 

 

[152] 
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Table 2 Centers with five-year insulin independence rates of 50% or greater [50]. 

Center Approach 5-year rate Year 

Minnesota [67] Anti-CD3 + etanercept 70% (at 7 yr)* 2011 

Minnesota CITR [66] T cell depletion + anti-TNF 50% 2012 

Edmonton [56] 
Alemtuzumab + Tac + MMF +anakinra + 

etanercept 
60% 2012 

UCSF [52] ATG + efalizumab/belatacept + SRL or MMF 80% (at 4 yr)* 2012 

UIC [53] Tac/SRL or MMF + exenatide + etanercept 60%* 2012 

Lille, France [50] Tac/SRL 50%* 2012 

Geneva, GRACIL [54] ATG + Tac/SRL 60% 2015 

* 5-year insulin independence data updated from previous publications in oral presentation or 

by personal communication. Abbreviations: ATG – antithymocyte globulin, CITR – Collaborative 

Islet Transplant Registry, MMR- mycophenolate mofetil, SRL-sirolimus, Tac – tacrolimus, TNF – 

tumor necrosis factor alpha, UCSF – University of California San Fransisco, UIC – University of 

Illinois at Chicago. 

3. Islet Encapsulation 

Utilization of encapsulation technology to provide a physical barrier between transplanted β-

cells and the immune cells of the recipients has provided a promising strategy to reduce or 

eliminate the need for immunosuppression in islet transplantation [42, 153, 154]. An ideal 

encapsulation allows for a normal insulin secretion response to increased blood glucose levels 

while maintaining cell viability and efficient nutrient and waste exchange. Each encapsulation 

strategy has unique challenges, such as controlling membrane coating thickness and decreased 

nutrient and oxygen diffusion [155]. Unfortunately, encapsulation strategies require an increased 

graft volume, which necessitates the use of larger spaces for the graft, such as the intraperitoneal 

cavity. In human trials, intraperitoneal infusions of islets have demonstrated microcapsule 

adhesion to parietal peritoneum, spleen, kidney, and omentum, leading to concerns about the 

long-term safety of intraperitoneal capsule delivery [156]. 

Most forms of islet encapsulation are generalized into three categories: macro- ,micro-, and 

nanoencapsulation, which will be discussed in the next section. The distinction between macro- 

and microencapsulation is a matter of scale, where macroencapsulation consists of many islets 

being enclosed within one membrane while microencapsulation consists of a small number, or 

even individual islets, enclosed within each membrane. These two methods also differ in the 

surface area to volume ratios, as well as membrane thickness and pore size [42]. Many methods of 

encapsulation currently being explored include groups of islets contained within a porous material, 

which may consist of alginate [157], polyacrylate [158, 159], silica [160], collagen [161], chitosan 

[157, 162], gelatin [163], agarose [164], or a combination of these materials. The most significant 

challenge of encapsulation is finding a material that can simultaneously achieve biocompatibility 

and immunoisolation, while maintaining islet function. It is also important that the islets retain 

their relative microenvironment as pancreatic β-cell function is highly dependent on the 

surrounding matrix environment [165]. 
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Figure 3 Ideal properties of islet encapsulation. 

 

Figure 4 Visual representation of graft volume versus nutrient diffusion. 

The first macroencapsulation strategies, which consisted of transplanted tissue within a porous 

membrane of either cellulose or nitrocellulose, were first developed by Algire, Prehn, and Weaver 

in the 1950s [155, 166, 167]. These encapsulation devices typically had membranes with pore sizes 

of 450 nm, which was found to be sufficient for preventing direct contact between the 
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transplanted tissue and immune cells. Further studies by Algire and colleagues demonstrated that 

encapsulation increased graft mass and median graft survival times [168, 169]. It was also found 

that many of these initial experimental transplants eventually failed, despite encapsulation efforts, 

due to fibroblastic overgrowth of the graft and chamber. Macroencapsulation has been studied 

using a variety of materials, including polymers such as polytetrafluoroethylene (PTFE) [170] and 

polycaprolactone (PCL) [171], and inorganic materials such as titania and silicon [172]. Inorganic 

membranes have the advantages of smaller distribution in pore size and more easily controlled 

membrane thickness. However, studies have shown that unmodified, rigid materials such as these 

are more prone to fibrotic encapsulation [173, 174], and thus may be more prone to an 

inflammatory response. In comparison, both PTFE and PCL have demonstrated limited induction of 

fibrosis, while allowing for revascularization and improved cell viability [170, 171].  

Alginate encapsulation has been studied as an encapsulation material due to the alginate in 

vivo biocompatibility, as well as the low cost and ease of production. In the 1980s, the first 

examples of islet microencapsulation were reported, demonstrating prolonged murine isograft 

islet survival using alginate-polylysine-polyethyleneimine microcapsules [175]. These early 

microencapsulation methods showed increased sustainability of normoglycemia in streptozotocin-

induced diabetic mice after transplantation into the intraperitoneal space. This strategy was 

further improved by O’Shea et al. [176], who removed the polyethyleneimine component from 

the encapsulation material. With this new alginate encapsulation, a murine study was conducted 

which showed that microencapsulated islets could remain viable for up to 365 days in the 

intraperitoneal space, as shown by histological studies and glucose challenge. Further efforts to 

improve the biocompatibility of alginate microcapsules has involved decreasing the impurities and 

increasing the guluronic acid to mannuronic acid ratio [177, 178].  

However, variability in alginate production has led to inconsistency in endotoxin content and 

purity, and, as shown by Rokstad et al. [179], polycation-containing microcapsules, made with 

materials such as polylysine or poly(methylene-co-guanidine) hydrochloride, may trigger 

complement and leukocyte activation, while encapsulation with an alginate-divalent cation 

formula does not. For this reason, the chemical constituents of microcapsules must be closely 

monitored. Large-scale evaluations, involving thousands of formulations for determining the 

optimal combinations of polyanions and polycations, have been performed to enable independent 

control of capsule size, wall thickness, mechanical strength, and permeability. A study conducted 

by Wang et al. reported over a thousand combinations of polymer constructs and found that a 

combination of sodium alginate, cellulose sulfate, poly(methylene-co-guanidine) hydrochloride, 

calcium chloride, and sodium chloride was the most promising for islet protection [180].  

Poly(ethylene glycol) (PEG)-based gels, another commonly used encapsulation material, are less 

immunogenic, non-ionic polymers, and are stable at physiological conditions [181]. Variation in 

the molecular weight of the PEG polymer can be used to control protein adsorption and 

permeability of the membrane by adjusting the porosity [182]. One process for the formation of 

PEG hydrogel is through the use of a photoinitiated, free-radical polymerization, in which the 

molecular weight of the PEG can affect the cross-link density. This concentration of free radicals is 

significant for controlling the number of cross-linkable double bonds and for limiting the rate of 

diffusion across the membrane [183]. In vitro studies by Weber et al. have shown that the insulin 

secretion observed from murine islets during glucose stimulation was at the same level as 

unmodified islets when the PEG encapsulation was less than 1 mm in thickness [183, 184]. 
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Additionally, Tomei et al. have reported the use of conformal coating to produce a PEG hydrogel 

coating over islet surfaces [185]. Utilizing a microfluidics technique, conformal coating affords a 

uniformly thin capsule and minimizes the total graft volume.  

In addition to immuno-isolation and prevention of fibrosis, another challenge of islet 

encapsulation is maintaining adequate oxygen supply for cell functionality [186]. This challenge is 

especially relevant in the design of macroencapsulation devices, which contain many islets within 

a robust structure. Studies have shown that insufficient oxygen levels lead to cell apoptosis, 

especially in highly metabolic cells such as β-cells [24, 25]. The delivery of oxygen depends on the 

diffusion of oxygen from the surrounding blood vessels, to the device, then to the islets within, 

which requires crossing the immunobarrier membrane. This requirement for proper oxygenation 

limits the volume of cells that may occupy the device, and thus the geometry of the device. As 

suggested by the Papas group [187, 188], the maximum number of cells is 1,000 IEQ per 1 cm2 

surface area for a given encapsulation device. Targeted methods for improved oxygenation 

include rapid vascularization through the delivery of growth factors [189, 190] and the in situ 

generation of oxygen [191, 192]. Early efforts at designing of macroencapsulation devices led to a 

series of murine transplant studies conducted by Baxter Healthcare, which used a device that 

contained two membranes sealed at all sides with a loading port [170, 193]. This device consisted 

of PTFE membranes that were specifically designed to encourage host vascularization and allograft 

immune protection and had pore sizes large enough to allow complete penetration by host cells. 

The results of these studies demonstrated that vascularization of the membrane-tissue interface 

was found to be 80-100-fold more effective when the pore size was 5 µm versus when the pore 

size was 0.02 µm. This significantly higher level of vascularization was maintained for one year in 

the subcutaneous site in rats. 

Localized generation of oxygen has recently been reported through the use of calcium peroxide 

within polydimethylsiloxane disks [194]. The encapsulation of solid peroxide within a highly 

hydrophobic material creates a diffusional barrier which can modulate the release of oxygen for 

more than 40 days. Control of the oxygen release kinetics is achieved through adjustments in the 

calcium peroxide loading, as well as the size of the disk. Localized delivery of angiogenic factors 

has also been shown to increase vascularization and enhance islet engraftment and function when 

utilized with an encapsulation device currently in development by ViaCyte [195]. Interestingly, 

recruitment of anti-inflammatory monocytes at the site of implantation has also been shown to 

promote effective vascularization [196].  

In order to overcome the obstacle of providing sufficient immunoisolation while providing an 

oxygen and nutrient-rich environment, Weaver et al. have reported a two-component synthetic 

PEG hydrogel encapsulation device [197]. This design consists of a hydrogel core that is cross-

linked with a non-degradable PEG dithiol and a vasculogenic outer layer cross-linked with a VEGF 

to promote degradation and enhance localized vascularization. By having a degradable outer layer, 

this device quickly vascularizes after transplantation to allow for oxygen and nutrient delivery, 

while the inner layer provides long-term immunoprotection. In a murine model, this macrodevice 

was implanted in the omentum, and the recipients were monitored for four weeks. After four 

weeks, the devices were explanted and sectioned to observe the islet viability and functionality, 

with the results indicating that increased surface vascularization has the capacity to improve 

encapsulated islet viability.  
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Materials which are used for encapsulation are also capable carriers for inhibitors of local 

inflammation [181]. The cytokine transforming growth factor-β (TGFβ) [198] and chemokine 

CXCL12 [199, 200] have been locally delivered in encapsulation materials to suppress the 

inflammatory response. CXCL12 has been locally delivered by alginate-encapsulated islets to 

support long-term allogeneic and xenogeneic islet transplantation without systemic immune 

suppression [201]. This chemokine repels effector T cells while recruiting regulatory T cells (Tregs) 

and endothelial progenitor cells [202], and serving as a prosurvival signal for beta-cells [203]. Chen 

et al. have reported that the use of an alginate incorporating CXCL12 as the encapsulation material 

resulted in a long-term (>300 days) site-specific, immune-protective, and pro-survival environment 

which protected allo- and xenoislet grafts in murine models [201].  

In addition, slow release of TGF-β1 from a poly-lactide-co-glycolide (PLG) islet encapsulation 

device has been shown to decrease expression of common inflammatory cytokines by 40%, 

resulting in a 60% decrease in leukocyte infiltration [198].  

Interleukin-1 receptor inhibitory peptide (IL-1RIP) has been incorporated into PEG hydrogel 

capsules as a method of inhibiting the interactions between cytokines and islets. When challenged 

with pro-inflammatory cytokines, islets which were protected with this peptide-hydrogel showed 

75% survival over 21 days while islets that were encapsulated in a standard hydrogel had a survival 

rate of less than 25% after 4 days [204]. This use of IL-1RIP showed a synergistic protective effect 

in combination with the hydrogel, and even slightly enhanced the insulin production of the 

encapsulated islets. It should also be mentioned that the hydrogels used in this study were formed 

by mixing 4-arm PEG-cysteine macromers and 4-arm PEG with thiol end groups. Thus, the formed 

hydrogel network exhibited mild reductive properties that provided protection from oxidative 

stress [205, 206].  

Of all the encapsulation strategies previously mentioned, a small number have been applied to 

clinical trials (Table 3). These methods/devices are currently being examined for their safety 

profiles and efficacy. These strategies include the βAir device developed by Beta-O2, which 

consists of two major components: an islet module and a gas chamber, which is separated from 

the islet module. This device is implanted in the subcutaneous tissue, with access ports placed on 

the dorsal side of the recipient between the scapulae, connected by short polyurethane tubes 

which allow for daily oxygen filling [207, 208]. Also included in the list of devices that are currently 

undergoing clinical trials are the previously mentioned Sernova Cell Pouch and Encaptra by 

ViaCyte, which aim to pre-vascularize a subcutaneous site before the addition of islets. 

Implantation of the Sernova Cell Pouch involves a 2-12 week pre-vascularization period, followed 

by transplantation of allogeneic islets into channels within the device that are created by removal 

of a series of rods. The Ecaptra device is an immunoisolating, two-membrane pouch, where the 

outer membrane has a 5 µm pore size to support cell infiltration and promote angiogenesis. The 

inner membrane, however, has a pore size of 0.4 µm, which is sufficient for immunoisolation. 

Another recent clinical trial has evaluated the safety and efficacy of transplanting allogeneic islets 

encapsulated within a plasma-thrombin scaffold into the omentum [209]. This strategy requires 

the use of systemic immunosuppression, but does provide the opportunity for successful 

transplantation into an extrahepatic site and the potential for modulation of the local 

microenvironment, which may be a crucial foundation for subsequent studies. 
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Table 3 Islet and β-cell encapsulation systems in recent or current clinical trials. 

Device or 

method 

Experimental intervention Properties Trial 

phase 

Sernova 

Cell Pouch 

[210] 

Implantation of allogeneic 

islets into the Sernova Cell 

Pouch following pre-

vascularization 

 Subcutaneous  

 2-12 weeks of pre-vascularization 

 Immunosuppression 

 Medical grade polymers 

I/II 

Diabecell 

[211] 

Laparoscopic delivery of 

alginate encapsulated 

porcine islets 

 Peritoneal cavity 

 No immunosuppression 

 2x10,000 IEQ per kg deliveries 12 

weeks apart; (total 20000 IEQ per kg) 

 Alginate 

II 

ViaCyte 

Encaptra 

[212] 

Encaptra containing 

allogeneic hESC*-derived 

pancreatic progenitors 

 Subcutaneous  

 2,4 or 6 Encaptra implants 

 PTFE 

I/II 

βAir 

artificial 

pancreas 

[208] 

Macroencapsulation of 

allogeneic islets in βAir 

that provides oxygen to 

the cells 

 Peritoneal cavity 

 No immunosuppression 

 Daily O2 

 Teflon/Alginate 

I/II 

Thrombin 

plasma gel 

[209, 213] 

Allogeneic islets are 

suspended in a gel formed 

from autologous plasma 

and recombinant thrombin 

 Omentum 

 Immunosuppression 

 5,000 IEQ per kg 

 Plasma-thrombin biologic scaffold 

I/II 

* hESC, human embryonic stem cell 

4. Covalent Surface Modification 

A relatively new method for suppressing immunological activation due to islet transplantation 

involves covalent modification of the islet surface, typically with long chains of polyethylene glycol 

(PEG) [51, 214-221]. This method of protection relies on the flexibility and hydrophilic properties 

of the PEG chains, which allows for the organization of water molecules to form a hydration shell 

around the islet and prevent interaction with immunological receptors [222]. Benefits of this anti-

inflammatory technique include reduced graft volume, inflammation prevention, and maximum 

delivery of nutrients for normal islet function. Studies have also shown that surfaces may be 

modified to tether anticoagulant molecules such as thrombomodulin [223, 224] or heparin [225, 

226], as well as tunable prodrugs which increase islet survivability [227].  

The most common approach to islet surface modification is via PEG conjugation using N-

hydroxysuccinimide (NHS)-PEG molecules of various lengths [217, 218]. The NHS moiety reacts 

spontaneously under mild conditions with free amines found on the islet surface and has been 

shown to increase the half-life and reduce immunogenicity of exogenous proteins and blood cells 

without affecting their function [222]. This same concept has been applied to islet surfaces to 

mask graft recognition with a simple and efficient conjugation strategy that can be easily 

performed before transplantation without significant alteration to the transplant procedure. 
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PEGylation alone, however, has not shown significant results, but does show a synergistic effect 

when used in combination with low-dose immunosuppression [51, 216, 228].  

In a study by Giraldo et al., islet PEGylation in murine subjects was achieved through the 

exposure of methyl-PEG5000-NHS 48 hours after enzymatic isolation [229]. Groups of mice were 

then prepared to compare non-PEGylated islets to PEGylated islets in combination with a short-

course immunotherapy of anti-LFA-1 antibody for six days. These groups were observed for 100 

days to observe the differences in allograft function. It was found that roughly 50% of the 

recipients of unmodified islets with systemic anti-LFA-1 and those treated with PEGylated islets 

alone remained normoglycemic for the duration of the study. This was compared to approximately 

78% of recipients that remained normoglycemic when treated with a combination of PEGylated 

islets and immunotherapy. Furthermore, the average times of rejection for the PEGylation alone 

and immunotherapy alone were 11 days and 25 days respectively, while those who received both 

treatments had an average rejection time of 35 days. This study demonstrates the effectiveness of 

a combined approach of PEGylation and immunotherapy.  

In 2007 Teramura et al. introduced a new islet surface modification strategy in which Mal-

PEG5000-lipids were used to form an ultra-thin membrane of poly(vinyl alcohol) (PVA) anchored to 

a PEG-phospholipid conjugate [230]. This was done by first reacting Mal-PEG5000-NHS with DPPE 

phospholipid to synthesize Mal-PEG5000-lipid, which was then reacted with PVA-SH. The resulting 

PVA-PEG-lipid then introduced to Syrian hamster islets as micelles in aqueous solution. The lipid 

end of the PEG spacer was then incorporated into the cell membrane of the islets through 

hydrophobic interactions, while the hydrophilic PEG/PVA region remained outside of the cell 

membrane. The resulting membrane then underwent autoxidation of the thiol groups to form a 

multilayered PVA membrane, which did not interfere with the islet’s ability to respond to glucose 

stimulation. More recently, Haque et al. have reported the use of 6-arm PEG15000 dendrimers to 

create a multilayered surface modification of porcine islets [51]. This strategy involved the use of 

unsaturated phospholipids linked to terminal mPEG chains, which modified the islet surface 

through lipophilic interaction of the phospholipid. When used in combination with an immune 

suppressant cocktail of tacrolimus, sirolimus, anti-CD154 antibody, and andi-CD19 antibody, this 

strategy increased the median survival time of porcine islets by 550% in comparison to untreated 

islets transplanted into murine kidney capsules.  

Despite the number of studies conducted involving PEGylation of islets, relatively little has been 

reported to optimize PEG polymer length used in islet modification. Hashemi et al. has published 

an extensive comparison of different PEG polymers, showing in a murine model that the 

incorporation of a variety of polymer lengths was more effective than the use of a single polymer 

length [216]. The optimal composition for prevention of IL-2 secretion was 75:25% 10 kDa:5 kDa 

mPEG. Further exploration of PEG length optimization independent of additional 

immunosuppression would be useful for maximizing the efficiency of islet surface PEGylation.  

Aside from amine acylation via NHS-PEG molecules, several other surface bioconjugation 

strategies have also been shown by SoRelle et al. to successfully modify islet surfaces with biotin 

without causing significant cell death or inhibiting normal islet function [231]. These strategies 

include reduction of disulfide bonds followed by Michael additions to maleimide moieties and 

oxidation of sialic acid using sodium meta-periodate followed by condensation with hydrazide 

linkers. Surface modification using each of these strategies has been reported in mouse, porcine, 

and human islets and have resulted in varying amounts and retentions of the modifications. Cell 
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viability in this study was determined by Hoechst 33342/PI stain, and overall modification was 

determined via detection of biotinylation. The results of these comparisons in bioconjugation 

strategies across three different islet sources showed relative stability of modification of the 

human islets in comparison to murine and porcine. Further application of these modification 

strategies may allow for increased PEGylation density in future transplants, or even allow for 

multiple protection strategies on a single islet surface.  

Chang et al. have reported the use of a tunable prodrug which releases the TLR4 antagonist, 

TAK-242, under physiological conditions to inhibit production of NF-κB in murine studies [227]. 

The prodrug used in these studies was designed from a prior publication by Santi et al., in which 

several tunable sulfone linkers were synthesized to demonstrate varying stability based on the pKa 

of the carbon adjacent to the sulfone modulator [232]. Analysis of the tunable prodrugs from 

Chang showed a slow, sustained release of the active drug which resulted in a complete blockage 

of LPS-mediated inflammation in islets as demonstrated by gene and cytokine analysis. 

Interestingly, this study showed that 100% of the recipients of the modified islets achieved 

glycemic normalcy even with only half of the standard therapeutic number of islets. This suggests 

that this method may be used in clinical studies to reduce the dose of islets needed to achieve 

insulin independence and lead to single-donor transplant success.  

 

Figure 5 Representation of the utilization of immobilized prodrug protection. 

Heparin and thrombomodulin have also been covalently attached to the surface of islets to 

limit coagulation during transplantation. Soluble anticoagulants, such as heparin, have been 

shown during clinical islet transplantation to only marginally counteract IBMIR [16]. However, 

Cabric et al. [225] and Jung et al. [233] have reported increased survival of heparin conjugated 

islets, with Cabric reporting the use of a water-soluble, macromolecular conjugate in which 

approximately 70 heparin molecules are covalently attached to a polyamine carrier chain via 

disulfide bonds [234]. This allows for recruitment of plasma proteins and growth factors that have 

also been found to be beneficial for graft survival, such as vascular endothelial growth factor and 
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fibroblast growth factor [235-237]. Bok-Hyeon et al. has reported the effects of heparin modified 

islets in combination with FK506. The result of this combination of anti-coagulation/anti-

inflammatory approaches was a greater than 4-fold increase in mean survival time over 

unmodified islets in a murine allograft model [226]. Wilson et al. and Stabler et al. reported 

surface re-engineered pancreatic islets with thrombomodulin and azido-thrombomodulin, 

respectively, which demonstrated significant increases in islet survivability [223, 224]. Wilson 

reported a threefold increase in the catalytic capacity of surface-bound thrombomodulin to 

activate the potent anticoagulant, activated protein C, due to a site-specific C-terminal 

biotinylation strategy. This strategy involved introduction of an azide at the thrombomodulin C-

terminus via site-directed mutagenesis, followed by a Stautinger ligation using a 

triphenylphosphine-PEG3400-biotin conjugate. Surface attachment of anticoagulant molecules 

offers an alternate method to mimic the protective characteristics of free heparin or 

thrombomodulin while reducing exposure of collagen and other extracellular matrix proteins, 

which could potentially reduce or prevent thrombosis and IBMIR.  

Other methods for immune suppression include immobilization of ligands to the surface of 

encapsulation devices. Yolcu et al. have reported the immobilization of a Fas ligand (FasL)-

streptavidin chimera to the surface of islets isolated from C57BL/6 mice [238]. This was achieved 

by first modifying the islet surfaces using sulfo-NHS-LC-biotin, which then bound to the chimera 

through the biotin-streptavidin interaction. Tolerance for the engrafted islets was maintained by 

CD4+CD25+Foxp3+ regulatory T cells, resulting in a robust localized tolerance in 100% of C57BL/6 

recipients when also treated with a short course of rapamycin. Similarly, Izadi et al. have reported 

the immobilization of the cell surface ligand jagged-1 (JAG-1) to the surface of murine islets 

through the use of NHS-PEG3000-Mal crosslinker [239]. Overexpression of JAG-1 in dendritic cells 

has been shown to induce peripheral tolerance through the support of the differentiation of Tregs 

[240]. The results of this in vivo study showed a significant increase in the production of anti-

inflammatory cytokines IL-10 and TGF-β, while showing a decrease in the pro-inflammatory 

cytokines IFN-γ and TNF-α. 

Hwang et al. have reported the use of a new type of MRI contrast agent with anticoagulant 

activity via heparin-immobilized superparamagnetic iron oxide (HSPIO) [241]. This HSPIO was 

chemically conjugated to the islet surface through the use of heterobifunctional PEG linkers, which 

had both NHS and maleimide moieties on either end of a 3400 Da PEG polymer. The NHS was 

allowed to react with the islet surface before the maleimide end was reacted with the HSPIO 

nanoparticles, which contained free thiols. These HSPIO-modified islets were then injected 

intrahepatically, and in vivo MRI was performed every week for 150 days. Coagulation time 

increased 6-fold after covalent modification with HSPIO in murine studies. Further 

experimentation showed that the nanoparticles were rapidly eliminated when not covalently 

attached, but could provide stable visualization of implanted islets for over 150 days once 

covalently bound. 

5. Conclusions 

In the roughly 40 years since islet transplantation was first successfully demonstrated, a 

number of clear improvements have been made. More than 1,000 patients have had islet 

transplantations since the introduction of the Edmonton Protocol series in 2000. Prior to that time, 
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1-year insulin independence rates were below 10% for most islet transplant centres, but these 

rates have since risen to more than 50% for as long as seven years post-transplant. While multiple 

transplant centers have achieved insulin independence in patients for more than five-years 

following islet transplantation, there is a clear need for both alternative islet sources as well as 

improved efficiency in islet engraftment/survival. A recent review from leading researchers 

remarks that once the clinical hurdles of “procedural availability, cost and most importantly 

sustainable reimbursement” are cleared, the development of safer and more reliable methods for 

generating immunological tolerance can be expected to result in an exponential expansion of the 

demand for islet transplantation [242].  

The critical need for the identification of clinical solutions to T1D, coupled with relatively 

accessible experimental models of islet transplantation, has resulted in the investigation of a large 

number of different interventions. Future experimentation will likely see combinations of multiple 

agents and strategies in order to achieve improved islet transplant effectiveness by affording 

better control of auto- and alloimmunity. It is also clear that clinical success will likely involve 

hybrid approaches involving simple biomaterials and/or complex devices, coupled with 

therapeutics (selected from a wide variety of compounds ranging from small organic drugs to 

antibodies) targeting multiple pathways. Islet transplantation also provides unique opportunities 

for the development and evaluation of novel drug delivery strategies, potentially opening the door 

to the reinvestigation of compounds that may be problematic when dosed systemically. Finally, 

every one of these strategies will benefit from the development of new islet sources (each of 

which will present its own unique challenges!). ALL of the approaches described in this review 

address important aspects of this challenging problem, and as the field evolves there will likely be 

multiple solutions that incorporate new discoveries coupled with previously described 

interventions. A recent review by leaders in the field delivers a similar perspective, highlighting the 

need to address neovascularization, inflammation and oxidative stress, to explore alternative cell 

sources, to embrace advances in microencapsulation devices, and to adopt effective strategies 

from recent developments in immune regulation [243]. 

Importantly, islet transplantation presents a significant opportunity for researchers in a broad 

array of ‘basic’ sciences to investigate novel pathways and strategies for the protection of 

transplanted tissue in relevant translational models. This direct link of basic researchers to 

‘translational’ research in transplantation is relatively novel, and will ultimately afford 

improvements in the success of islet transplants while also informing our basic understanding of 

biological pathways and challenges in transplantation. Ultimately, success in islet transplantation 

will come from cooperation between a diverse community of clinical and basic researchers and 

engineers, providing a great incentive for collaboration and cross-disciplinary thinking. This cross-

fertilization will undoubtedly have great benefits beyond islet transplantation.  

Numerous challenges, including especially the need for multiple donors and life-long, systemic 

immunosuppression are giving way to new clinical interventions that address the obstacles of 

IBMIR, apoptosis, and inflammation. Islet transplantation is one of the safest transplant 

procedures, and overcoming current obstacles will continue to make this an even more attractive 

therapy. Effective control of auto- and alloimmunity will lead to improved success in single-donor 

transplants and long-term islet function. Each of the previously discussed methods come with 

inherent limitations, but increasingly, studies are being published which combine these strategies 

to mitigate their limitations. Future clinical trials will continue to introduce new islet sources and 
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combinations of islet protection strategies and will further improve the effectiveness of this 

promising therapy. 
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