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ABSTRACT 

 

Islet transplantation is today a well-established treatment modality for selected patients with type 

1 Diabetes mellitus. The procedure has experienced notable refinements over the decades due the 

continuous efforts of clinicians and scientists to make islet isolation a reality, with a resulting 

final product to the highest standards, capable of safely treating patients against this autoimmune 

disease responsible for impaired insulin secretion and hypoglycemia unawareness. After the 

success of the University of Alberta group with a modified approach to the immune protection of 

islets, the international experience grew along with the numbers of transplants in highly 

specialized centers. Yet, long-term analysis of those initial results from the Edmonton group 

indicated that insulin-independence was not durable and most patients return to modest amounts 

of insulin around the fifth year, without recurrent hypoglycemia events. This thesis presents the 

results from multiple projects aimed to improve some of those limiting factors for prolonged islet 

survival. We provide sufficient background for the reader to learn about the historical 

perspective, along with the latest efforts to improve islet engraftment, immune protection and 

ultimately, long-term graft survival. We present our efforts to enhance beta cell viability and 

potency in vitro through added protection using the Mangano-metalloporphyrin BMX-010 

during the isolation and culture process. This molecule has been reported to provide anti-

inflammatory and antioxidant effects in pre-clinical transplant models. We here present an 

assessment of this metalloporphyrin in clinical islet transplantation. Another area of research is 

the avoidance of immunosuppression toxicity, which is one of the contributing factors for graft 

loss overtime. We specifically explored the potential cytoprotective effect of Anti-aging 

Glycopeptide (AAGP), a synthetic analogue of anti-freeze proteins, and demonstrated significant 
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impairment of islets treated with high dose tacrolimus and effective protective effect from 

culture supplementation with the AAGP. Clinical results of islet transplantation are discussed 

and new immunosuppressive strategies are presented, along with quality assurance elements for 

the human islet preparation. In particular, we explore the possibility of microbial contamination 

of the preparation. Shifting focus to alternative sources for islet transplantation, we present 

developmental experimental studies towards the implementation of the subcutaneous space for 

islet and insulin-producing stem cells, which is a promising avenue of research with the potential 

to provide an unlimited supply for transplantation and a personalized approach to transplant 

medicine. Various alternatives are tested for prevascularized Cell Transplant under the skin, in 

experimental and clinical setting to accommodate the future implementation of stem Cell 

Transplant in humans. Complementary information is provided in appendices with systematic 

reviews on the advances of immunosuppression in islet transplantation towards the improvement 

of engraftment and graft durability. Moreover, a special case reports provides an opportunity to 

debate the practice of islet autotransplantation after total pancreatectomy. In this case, a new 

indication is presented in a patient with metastatic renal cell carcinoma, prompting for a new 

view of indication expansion when conditions allow for it. Many phenomena have been 

identified as limiting factor for the islet engraftment and survival, and today all efforts are aimed 

to improve the quality of islets and their engrafting process, as well as more optimized 

immunosuppression to facilitate tolerance and ultimately, better long-term survival. As the field 

of islet transplantation continues to progress, it is foreseeable that a cure for type 1 diabetes 

mellitus is obtainable in the near future. 
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PREFACE 

 

Dear Reader, 

 

This thesis, titled “Advancing Engraftment and Cell Survival in Experimental and Clinical Islet 

Transplantation” is submitted in partial fulfillment of the requirements for the degree of Doctor 

of Philosophy in Experimental Surgery at the University of Alberta, Department of Surgery. The 

document is a compendium of various research projects aimed to improve multiples aspects of 

islet transplantation, providing a more comprehensive treatment modality for type 1 diabetes 

mellitus.  

 

The thesis is organized in chapters containing individual pre-clinical and clinical projects where 

the author had a leading role within a team of collaborators. Chapters are presented in a logical 

order to provide better understanding for the rationale, the history, current results and future 

perspectives of islet transplantation. The document also includes complementary literature 

reviews contained in appendices to provide background information for the reader or to present 

the most updated clinical outcomes. The information presented in this thesis is especially 

prepared for publication. Most the chapters are currently published in journal articles or book 

chapters relevant to field of islet transplantation. Others are currently submitted and under 

revision for final dissemination. 

 

Chapter 1 provides a general introduction to the topic of diabetes, its associated risks and the 

role of islet transplantation in the current treatment algorithm. The chapter includes a first 
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introductory section, followed by a general review on islet transplantation, published as a Special 

Review in the Juntendo Medical Journal (Gala-Lopez BL, Kawahara T, Pepper AR, and 

Shapiro AMJ. Islet Transplantation for Type 1 Diabetes. Juntendo Med J 2015, 61(2) reproduced 

here with permission from the publishers. My role for this publication was designing and 

performing the bibliographic review and writing 80% of the manuscript. TK, ARP wrote the 

remaining 20% of the manuscript and provided revisions. AMJS performed final edits as senior 

author. This section presents overall information on the history of islet transplantation, a 

summarized description of the process and information on the current results, the main 

limitations and the future directions of this therapeutic modality. 

 

Chapter 2 approaches the islet isolation process and discusses a potential method to avoid islet 

attrition due to inflammation and oxidative stress. The chapter examines the impact of 

supplementing the isolation and culture phase with BMX-010, a metalloporphyrin with 

antioxidative properties. This experimental work was aimed to enhance islet viability and to 

improve engraftment and long-lasting islet function after transplant in a first-in-human pilot 

clinical trial performed within the University of Alberta Clinical Islet Transplantation program. 

Permission for that study was obtained from the Health Research Ethics Board of the University 

of Alberta, Edmonton, Alberta, Canada (protocol number: Pro00045961) and Health Canada 

(HC Control No.185631). The work included in this chapter was recently accepted for 

publication in Cell R
4
, the official journal of the Cure Alliance (Gala-Lopez BL, Kin T, 

O’Gorman D, Malcolm A, Pepper AR, Pawlick RL, Bruni A, Abualhassn N, Bral M, Jones C, 

Piganelli J, Crapo J and Shapiro AMJ. The metalloporphyrin BMX-010 in human islet isolation 

and clinical transplantation. CellR4 2016; 4(3): e2066). My contribution in this research project 
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was to participate in performing approximately 50% of the characterization of control and treated 

islets (recovery, viability and insulin release), performing approximately 70% of the transplant 

procedures, performing all data analysis and writing 90% of the manuscript. TK, DO and AM 

performed all islet isolations, culture, participated in all transplant procedures and wrote the rest 

of the manuscript. ARP, RLP, AB, NA and MB collaborated during 50% of in vitro testing, 

including oxygen consumption rate assay. CJ, JP and JC are collaborators from BioMimetix. 

They provided the BMX-010 for this trial, supporting data from previous studies and quality 

tests for the BMX-010 lot used in this study. All coauthors reviewed the manuscript and 

provided corrections. AMJS designed and led the study, participated in all transplant procedures 

and performed final edits to the manuscript. 

 

Chapter 3 continues the trail of enhancing islet viability in vitro to improve engraftment. New 

research is presented evaluating the benefits of treating islets with an Anti-aging Glycopeptide 

(AAGP), a synthetic anti-freeze protein with proven cytoprotective capabilities. The drug is used 

here specifically to prevent injury from tacrolimus, a calcineurin-inhibitor widely used in 

transplantation. AAGP was successful in protecting islets both, mouse and human, in vitro and in 

vivo, from the dysfunctional toxic effect of tacrolimus. Results from this experimental work were 

published in Diabetes (Gala-Lopez BL, Pepper AR, Pawlick RL, O’Gorman D, Kin T, Bruni A, 

Abualhassan N, Bral M, Bautista A, Manning-Fox JE, Young LG, MacDonald PE, and Shapiro 

AMJ. Antiaging Glycopeptide protects human islets against tacrolimus-related injury and 

facilitates engraftment in mice. Diabetes 2016; 65:451-462; reproduced here with permission 

from the publishers) and has now initiated a planned clinical trial to be launched at University of 

Alberta within the next months. My role in this project was to design 80% of the experiments, to 
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perform 70% of the in vitro characterization of islets (recovery, viability, insulin release, mixed 

lymphocyte reaction), to perform 50% of transplant procedures with human and mouse islets 

with subsequent monitoring, to prepare and study 80% of histology samples, to complete 80% of 

the data analysis and to write all the manuscript. ARP also participated in the design of the 

experiments, performed 30% of mouse islet isolations, 25% of transplant procedures, contributed 

in TUNEL assay and completed 20% of the data analysis. RLP performed 70% of mouse 

isolations, 25% of transplant procedures, contributed to most in vitro testing and animal 

monitoring. DO and TK performed all human islet isolations and contributed to dynamic insulin 

release testing. An.Br. performed Redox in vitro testing and, with NA and MB, contributed to 

mice monitoring. Au.Ba., JMF and PM performed intracellular calcium imaging and membrane 

capacitance studies. JGY represents ProtoKinetics, helped designing the studies, and provided 

the AAGP for these experiments. All coauthors reviewed the manuscript and provided 

corrections. AMJS supervised the study design and all experimental studies, and performed final 

edits to the manuscript. 

 

Chapter 4 examines the potential influence of microbial contamination in islet transplantation. 

This chapter reports the results of a clinical investigation towards quality assurance of the islet 

preparation as a therapeutic biological agent. Despite islets being processed under current Good 

Manufacturing Practice, undiagnosed microbial contamination may be present at the time of 

infusion. The inherited risk of systemic infection in the presence of potent immunosuppression is 

explored, along with potential influence upon short and long-term graft function. The results 

from our investigation were published in Diabetes Technology & Therapeutics (Gala-Lopez BL, 

Kin T, O’Gorman D, Pepper AR, Senior PA, Humar A, and Shapiro AMJ. Microbial 
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contamination of clinical islet transplant preparations is associated with very low risk of 

infection. Diabetes Technol Ther 2013; 15(4): 323 – 27; reproduced here with permission from 

the publishers). My role in this clinical investigation was to design the research protocol, to 

perform some of the transplant procedures, to create 50% of databases and complete all data 

analysis and to write the manuscript. TK and DO performed all islet isolations, islet culture and 

participated in most transplant procedures. AH participated in the study design and interpreted all 

microbiology testing. PS participated in most of the transplant procedures. Al coauthors 

reviewed the manuscript and provided corrections. AMJS designed the experiments, participated 

in all transplant procedures and performed final edits to the manuscript. 

 

Chapter 5 shifts focus to the potential influence of anatomic site in islet transplantation. We 

argue the need for an alternative site to intraportal transplant to safely accommodate co-

transplantation for infusion of surrogate insulin-producing cells. This chapter discusses the 

subcutaneous space as a convenient location for this purpose and defines the need for 

prevascularization to allow islet engraftment. In this chapter, we evaluated the Sernova Cell 

Pouch
TM

 as a potential technology to allow islet engraftment and function, implanted under the 

skin. This device had been extensively tested in pre-clinical in vivo models. We herein report our 

first in-human phase I/II clinical trial performed at the University of Alberta’s Clinical Islet 

Transplantation Program, to evaluate safety and efficacy of this device in type I diabetic patients 

(Clinical Trials.gov NCT01652911). This trial was authorized by the Health Research Ethics 

Board of the University of Alberta (Protocol number PRO00028097). Results from this clinical 

investigation are now under review for publication with the American Journal of 

Transplantation (Gala-Lopez BL, Pepper AR, Senior PA, Dinyari Parastoo, Malcolm A, Kin T, 
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Pawlick RL and Shapiro AMJ. Clinical subcutaneous islet transplantation into a pre-vascularized 

subcutaneous device – Experience in the first three cases. Am J Transplant May 2016). My role 

in this clinical investigation was to participate in the design of the research protocol, to 

participate in all the transplant procedures, to complete the data analysis and to write 80% of the 

manuscript. ARP provided supporting information for this technology and participated in the 

transplant procedures. PD and AM performed regulatory tasks for the trial and facilitated patient 

clinical information. RLP performed tissue sample preparation for histology analysis. PAS 

performed patient evaluations. All coauthors reviewed the manuscript and provided corrections. 

AMJS designed and led the trial, performed all transplant procedures and edited the final 

manuscript. 

 

Following the analysis on alternative sites for islet transplantation, Chapter 6 presents our works 

towards the development of a proprietary methodology to infuse and allow engraftment of 

different types of cells (including islets) in the subcutaneous space. We herein report our 

methodology to perform a prevascularized subcutaneous “device-less” transplantation, primarily 

validated with islets in a mouse model, but now extended to embryonic stem cells and cancer 

cells for personalized chemotherapy. This work was published in Nature Biotechnology (Pepper 

AR, Gala-Lopez BL, Pawlick RL, Merani S, Kin T, and Shapiro AMJ. A prevascularized 

subcutaneous device-less site for islet and cellular transplantation. Nature Biotechnol 2015; 

33(5): 518 – 23; reproduced here with permission from the publishers).  

This chapter presents the developmental phases and all in vivo testing where Dr. Andrew Pepper 

and I had leading roles in the design of the experiments (40% and 20%), performing material 

testing (60% and 20%), performing transplant procedures (60% and 20%), providing animal care 
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and monitoring (60% and 40%), and completing data analysis (80% and 20%). ARP performed 

all histology analysis and wrote the manuscript. I contributed to 20% of the bibliographic review 

to prepare the manuscript and review the manuscript at various stages. RLP performed mouse 

islet isolations, participated in 20% of transplant procedures and contributed to animal 

monitoring. SM participated in initial material testing (10%). TK performed all human islet 

isolations. AMJS designed and supervised the studies and performed final edits to the 

manuscript. Despite being second author in this publication, the experiments associated with this 

project became an important component of my PhD work. 

 

Chapter 7 evaluates the “device-less” technique presented in the previous chapter as an 

adequate milieu to facilitate engraftment of pancreatic endoderm cells derived from embryonic 

stem cells. The pre-vascularized subcutaneous space allowed successful engraftment of these 

cells and permitted maturation into endocrine multihormonal cells after more than 20 weeks. The 

resulting collagen wall from the device-less technique was also able to contain benign cysts 

arising during histogenesis. Results from these exciting experiments were submitted and 

accepted for publication in the Journal of Stem Cell and Transplantation Biology (Gala-Lopez 

BL, Pepper AR, Pawlick RL, Bruni A, Abualhassan N, Kin T, Keller G, Nostro MC, and Shapiro 

AMJ. A novel pre-vascularized subcutaneous site safely accommodates stem cell derived 

therapies for treating diabetes J Stem Cell Transplant Biol March 2016). My contribution to this 

investigation was to participate in the design the experiments, to perform 60% of the transplant 

procedures with pancreatic endoderm cells and human islets, with subsequent monitoring, to 

provide 70% of animal care and monitoring, to perform 80% of blood C-peptide measurements, 

to prepare and study histology samples, to complete 80% of the data analysis and to write the 



 xi 

manuscript. ARP and RLP contributed in performing 40% of transplant procedures and 

providing animal care in 30%, AB and NA contributed in performing 20% of the blood C-

peptide measuring and helped in histology analysis. TK performed all human islet isolations, GK 

and MCN helped in planning experiments and provided PE cells. All coauthors reviewed the 

manuscript and performed corrections. AMJS designed and supervised all experiments and 

performed final edits to the manuscript. 

 

Chapter 8 provides a general overview of the topics discussed throughout. This section is 

followed by a personal analysis of new strategies to empower durable islet survival after 

transplantation, discussing some of the most recent contributions to improve islet isolation and 

post-transplant management. This section is followed by a brief analysis of the current status of 

stem cell transplantation and the feasibility to be fully implemented in clinical practice. Finally, a 

closing section provides general conclusions to this thesis highlighting potential future direction 

of this therapy. 

 

Complementary information is provided as appendices related to the body of the thesis but not 

necessarily linked to a particular chapter. These appendix chapters represent major academic 

contributions of published manuscripts first-authored by myself with the collaboration of 

colleagues, and of specific relevance to both experimental and clinical islet transplantation. I 

have included them in the Appendix for their direct relevance to the experimental studies of my 

PhD thesis, and they further serve to place my academic contributions within a larger clinical 

context of knowledge in the islet transplantation, immunosuppression and patient management 

fields. 
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Appendix A - shifts focus to clinical outcomes of islet transplantation. In this section, I provide 

an extensive literature review of the role of immunity in preventing islets to last long-term, along 

with new strategies using more efficient immunosuppressants to avoid decline of islet function. 

This review will be published as a book chapter (Gala-Lopez BL, Pepper AR and Shapiro AMJ) 

named New Immunosuppression Therapies in: Islets, Biology, Immunology and Clinical 

Transplantation, edited by F. Kandeel in April 2016. My role was to design the chapter structure 

and perform 60% of the bibliographic review, to write 60% of the chapter. ARP performed 40% 

of the bibliographic review and wrote 30% of the chapter. AMJS was the senior author and 

edited the final manuscript. The information from this book chapter is reproduced with 

permission from the publishers. 

 

Appendix B - continues the debate on new immunosuppression strategies to prolong graft 

function after islet transplantation. Herein, the discussion focuses upon the evolution of 

biological agents and their role in preventing allo- and autoimmunity, and their contribution to 

improve current clinical outcomes in selected highly specialized centers. New, more potent 

biological agents are also presented as potential candidates to selectively avoid immune response 

to allografts and eventually allow durable single donor islet transplant. The information in this 

appendix was published as a literature review in Current Diabetes Report (Gala-Lopez BL, 

Pepper AR and Shapiro AMJ. Biologic agents in islet transplantation. Curr Diab Rep 2013 Oct; 

13(5): 713 – 22; reproduced here with permission from the publishers). My role was to design 

the chapter structure and perform 60% of the bibliographic review, to write 60% of the chapter. 
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ARP performed 40% of the bibliographic review and wrote 30% of the chapter. AMJS was the 

senior author and edited the final manuscript. 

 

Appendix C - focuses in islet autotransplantation as treatment modality after total 

pancreatectomy. This type of islet transplant was practiced early in the history of the procedure 

and popularized for patients undergoing surgery due to chronic pancreatitis. In this occasion, we 

revive the debate of expanding the indication of islet autotransplantation in the presence of 

malignancies, by exploring the brief reported cases and by presenting our own clinical 

experience with a first case of metastatic renal cell carcinoma. Results from this clinical 

experience were published in the American Journal of Transplantation (Gala-Lopez BL, 

Semlacher E, Manoucheri N, Kin T and Shapiro AMJ. Am J Transplant 2013; 13(9):2487-91; 

reproduced here with permission from the publishers. My contribution for this case report was to 

participate in the clinical evaluation of the patient, participate in the pancreatectomy and 

transplant procedure, to perform 100% of the bibliographic review and to write 100% of the 

manuscript. ES participated in the patient clinical evaluation. NM participated in the surgical 

procedure and prepared intraoperative photographs. TK participated in the surgical procedure 

and performed the islet isolation. AMJS was the main surgeon of the procedure and edited the 

final manuscript. 

 

Appendix D – Provides supporting information for Chapter 2. The specific BMX-010 lot used 

in this clinical trial was further tested to assure that the study molecule was stable and functional.  

This supporting information includes a copy of the Certificate of Analysis with multiple stability 

tests for this specific lot, released by Ricerca Biosciences (Concord, OH, USA). We also report 
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the results from in-house experimental work measuring protective capabilities of this molecule 

against oxidative stress in human islets, and immunomodulatory characteristics demonstrated by 

Jon Piganelli and collaborators, at University of Pittsburgh. 

 

It is my most sincere desire that you find this work of interest and valuable for the practice of 

islet transplantation. 

 

 

 

Boris L. Gala-Lopez. 
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“…If there ever was a solid-organ transplant that could be replaced by a cellular transplant, 

pancreas for islet transplantation was it. If there was ever an indication for a wholesale transfer 

from major to minimally invasive surgery, this is it.” 

 

David E. R. Sutherland, MD, PhD. 

Foreword in Islet Transplantation and Beta Cell Replacement Therapy.  
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INTRODUCTION  
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1. - INTRODUCTION 
 

1.1 - GENERAL INTRODUCTION 

 

Islet transplantation (IT) is today one of the most rapidly evolving fields within transplant 

medicine. It went from being a distant dream more than a century ago to be a very valuable 

treatment option for diabetic patients by compiling the continuous efforts from scientists all over 

the world, the courage of patients and the dedication of entire teams to turn an experimental 

treatment into an established therapy. 

The principles of IT were born in the minds of pioneers like Watson Williams and Paul E. Lacy 

but decades went by before a viable islet isolation method was developed by Camillo Ricordi (1). 

Extensive experimentation was required to successfully extract the precious islets from 

pancreases to make them available for cell therapy, in times where cell therapy was not even a 

standard procedure.  

Significant efforts resulted in well-established transplant models and soon the goal was to 

translate all this knowledge into acceptable clinical practice. Once islets were successfully 

transplanted in humans, the main objective was to keep cells alive and functional for longer 

periods. Many factors were soon identified as potential obstacles for engraftment and immunity 

was definitely one of the greatest adversaries. Clinicians used the available anti-rejection drugs 

and results slowly improved over time but it was not until the year 2000 when a significant 

sustained long-term graft function was achieved by introducing a new and more efficient 

protocol to select patients, along with a novel combination of immunosuppressants (2).     

The Edmonton Protocol was also a tool to disseminate this treatment modality in countries all 

over the world. Soon, more patients were benefiting from this new approach and the attention 
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was then focused in prolonging graft function, reducing the diabetes-related complications and 

avoiding multiple donor procedures. Despite the growing success with IT, results have not been 

durable in time and many patients return to insulin therapy and require further transplants to 

attain normoglycemia (3). 

Multiple studies are now being conducted to understand the mechanisms for graft function 

decline over time and potential strategies are continuously being examined to overcome this 

limitation by decreasing islet attrition after transplantation (3). Some of these strategies include 

the addition of promising molecules to the isolation and culture phase, the use of especially 

designed treatments to decrease immediate inflammatory response after transplant, the use of 

new and more potent immunosuppressive agents to decrease allo- and autoimmunity, as well as 

new strategies to protect beta cells from the adverse effects of anti-rejection drugs. 

Islet transplantation like other transplant modalities suffers from the disparity between the 

number of available donors and the ever-growing number of type 1 diabetic patients potentially 

suitable for the procedure. This is one of the main reasons scientists have been chasing 

alternative sources to human pancreases. Potential ways to substitute human islets include 

utilizing of animal islets, reprograming other pancreatic cells to produce insulin and the use of 

human induced pluripotent or embryonic stem cells to mature into beta cells (4). The feasibility 

and the outcomes with each of these variants have evolved in time and today, new scientific 

breakthroughs have made these treatments a reality for the imminent future.  

This thesis presents a compendium of history, principles and current outcomes of IT, along with 

some of our strategies to improve the long-term results with this procedure at the Edmonton 

Clinical Islet Transplant Program. We hypothesize that the inclusion of some or all of these 

strategies during the process of isolation, culture or immediately after transplant may result in 
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significant graft preservation and ultimately, in long-term diabetes reversal. These strategies 

specifically refer to supplementing the islets with potent antioxidants like metalloporphyrins. 

Another hypothesis we evaluated is that islets are severely impaired when exposed to tacrolimus 

at a therapeutic dose, and the Antiaging Glycopeptide is able to protect beta cell in vitro and in 

vivo from this deleterious effect. We also believe that implementing transplantation of surrogate 

insulin-producing stem cells provides a safe and viable alternative to traditional IT, with 

comparable results, using newly designed transplant sites more adequate for this treatment 

technique. 

The document comprises of various chapters describing our view from the IT process exposed in 

the form of manuscripts published or being considered for publication in journals or books, 

relevant to this field. 
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1.2.1. - ABSTRACT 

 
Decades of research have brought islet transplantation from the dream of few to the reality of 

many. This procedure started as an experimental method to treat type 1 diabetes mellitus, which 

features -cell dysfunction due to auto immunity. The burden of complication in these patients is 

cumulative and has become a major health problem, despite the availability of insulin therapy. 

The procedure relies on a sequence of finely orchestrated procedures starting in the donor and 

followed by several steps to isolate high quality islets. Extensive research is nowadays focussed 

in improving islet engraftment by providing a more beneficial environment to newly transplanted 

cells, coupled by more effective immunosuppressive drugs to avoid allo- and auto immunity. 

Excellent results are now a reality in the most specialized centers. Yet, further steps are required 

to transform this low-risk treatment in a widely available and long-lasting therapy for diabetics 

worldwide. 
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1.2.2. – introduction 

 

Type 1 diabetes Mellitus (T1DM) is a chronic, autoimmune disease resulting from the 

destruction of the insulin-producing β-cells within the pancreatic islets. This disease is 

characterized by impaired glucose metabolism leading to chronic micro and macrovascular 

complications (1, 2). Despite ongoing advances in monitoring and treatment of diabetes, 

morbidity and mortality remains increased when compared with non-diabetic populations (1, 2). 

Current treatment for T1DM mainly relies on the use of insulin replacement to attain 

normoglycemia. However, the metabolic control resulting from insulin therapy may not be 

accurate and is not sufficient to prevent long-term complications (3). Transplants have therefore 

become a valid alternative for these patients given the current results and despite the risk 

associated with the procedure and the long-term immunosuppression (4, 5).  

Significant progress has occurred in the outcomes of clinical islet transplantation, due to 

significant developments in immunosuppression and availability of high quality of islet 

preparations for transplantation. Since the introduction of the Edmonton Protocol, when 

sustained c-peptide production and successful insulin independence was reported after solitary 

islet transplantation, this procedure has become an accepted modality to stabilize frequent 

hypoglycemia or severe glycemic lability in highly selected subjects with poor diabetic control 

(6-8). This new breakthrough was possible with the avoidance of corticosteroids, and high-

quality islet preparations. This mini-review presents the important role of islet transplantation, 

some of the challenges it faces and potential improvements for the future. 
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1.2.3. - Historical Perspective 

 

Clinical islet transplant was first attempted in the XIX century when early and rudimentary 

experimental treatments were performed by Dr. Watson-Williams and colleagues, consisting of 

subcutaneous implantation of a sheep’s pancreas (9, 10). Several years later (1960) the vision 

changed to isolating cells rather than transplanting pancreas fragments. Paul E. Lacy pioneered 

experiments in mice, later refined by mechanical enzymatic digestion and by the use of dialyzed 

Ficoll for more efficient islet separation (9, 11, 12).  

Various research groups were working on improving techniques that allow a larger yield and the 

intraductal injection of collagenase proved to be the most effective method for the successful 

isolation of islets from large animals, including humans (13). The introduction of a semi-

automated dissociation chamber originally developed by Camillo Ricordi et al. in 1988 was 

definitely a major revolution in the process of obtaining high quality cells (14). The Ricordi
®
 

Chamber along with the COBE 2991 refrigerated centrifuge and a highly purified enzyme blend 

are today key elements to consistently achieve clinically relevant islet yield, with improved 

viability and function (9). 

These studies allowed the establishment of successful transplantation in diabetic rodents and 

paved the way to eventually allow reversal of diabetes in the first human patient in 1989, 

followed by significant improvement when enhanced immunosuppression was introduced (15-

17).  

The Edmonton Protocol was definitely a milestone in the ultimate implementation of previous 

findings into a more efficient method to achieve lasting normoglycemia in a human cohort. 

James Shapiro and collaborators combined the use of sufficient islet mass (~11,500 islet 
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equivalent/kg) with a steroid-free immunosuppressive regime. Induction was achieved with 

daclizumab, followed by a combination of sirolimus and low-dose tacrolimus (6). This new 

protocol resulted in 100% insulin independence at 1 year in the first 7 treated patients, and was 

rapidly implemented in all existing islet transplant centers. 

Figure 1.2-1 summarizes the most important milestones from this initial era in the development 

of islet transplantation from experimental to clinical therapy. 

 

1.2.4. -The Process of Islet Transplantation 

 

The process to obtain high quality islets for transplantation starts with the adequate selection of 

donors. Previous studies have identified various donor-related variables affecting islet isolation 

outcome; including donor age, cause of death, body mass index (BMI), cold ischemia time, 

length of hospitalization, use of vasopressors, and blood glucose levels (18, 19).  

Preserved pancreases are then put through the digestion process via injection of an enzyme 

preparation to distend the main duct and elicit tissue separation (Figure 1.2-2) (20). To facilitate 

the isolation of the islets, enzyme blends are delivered to the islet-exocrine interface of which 

collagen is the major structural protein. (21, 22). As such, collagenase is a key component of the 

enzyme product for isolating islets. However, the use of collagenase alone results in inadequate 

tissue digestion (23, 24). Today, enzyme blends are used to allow efficient and gentle digestion 

the pancreatic tissue.  
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Figure 1.2-1 Timeline with the most important milestones in the transition of islet transplantation from experimental 

to clinical therapy. 
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The Ricordi
®
 Chamber (Biorep Technologies, Miami Lakes, FL, USA) is an automated method 

for islet isolation developed by Dr. Camillo Ricordi in 1988. It’s a crucial element for this step 

and allows a more optimal digestion through a combination of enzymatic and mechanical 

separation, with precise temperature control to allow proper preservation of the endocrine cell 

cluster integrity (Figure 1.2-3) (14). High purity islet fractions are then obtained after using 

Ficoll gradients, being this density dependent separation of islets from exocrine tissue is the 

simplest and most effective approach for islet purification (12, 20).  The methodology is based 

on the principle that, during centrifugation, tissue will migrate and settle to the density that is 

equal to its own density (20).  The use of COBE 2991 refrigerated centrifuge (COBE 

Laboratories Inc., Lakewood, CO, USA) has largely revolutionized this process, allowing highly 

improved yields (Figure 1.2-4). The COBE 2991 cell processor, originally developed for 

producing blood cell concentrates, is indispensable equipment in human islet processing 

facilities.  It allows processing of a large volume of tissue in an enclosed sterile system.  

Moreover, it offers decreased operating time with an ease of generating continuous density 

gradients in conjunction with a two-chamber gradient maker. The final islet preparation is kept in 

culture until an adequate ABO-compatible recipient is identified (Figure 1.2-5).  

The transplant procedure has evolved in time to allow current results. Today the intraportal 

access has become gold standard with minimal risk for the patients and the best engraftment 

possibility for diabetic patients (25). However, despite the latest refinements in the procedure 

and enhanced immunosuppression, islets must overcome significant obstacles to engraft, survive 

and function for a long time. 
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Figure 1.2-2 Pancreatic intraductal distension during the process of islet isolation. Photograph kindly provided by 

Dr. Tatsuya Kin from the University of Alberta Clinical Islet Laboratory. Reproduced with permission. 
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Figure 1.2-3 Pancreatic digestion using the Ricordi
®
 Chamber during the process of islet isolation. Photograph 

kindly provided by Dr. Tatsuya Kin from the University of Alberta Clinical Islet Laboratory. Reproduced with 

permission. 
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Figure 1.2-4 Pancreatic purification using the COBE 2991 during the process of islet isolation. Photograph kindly 

provided by Dr. T. Kin from the University of Alberta Clinical Islet Laboratory. Reproduced with permission.  
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Figure 1.2-5 Microphotograph of isolated mouse islets. A. Islets stained with dithizone (DTZ, Sigma) under bright 

field microscopy (200X). Fluorescent microscopy of islets dually stained for insulin (red) and nuclei (4',6-

diamidino-2-phenylindole, DAPI - blue) (400X magnification). 
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1.2.5. - Sites for transplantation 

 
Success in islet engraftment is very much dependent on the availability of abundant vessels to 

allow a proper exchange between islets and the surrounding tissues (26). Multiple sites for 

transplantation have been studied with clear differences in performance and efficiency. These 

sites include the intraportal site, the kidney subscapular space, the splenic pulp, the omentum, 

testes, epididymal fat, the eye chamber, gastric submucosa, the subcutaneous space, vein sacs 

and small bowel, among others (26).  

Intraportal infusion has been recognized as the most clinically efficient site for implantation 

given its high vascularity, the proximity to nutrient factors, and the physiological first pass 

insulin delivery to the liver (9). However, this site also carries potential risk for the recipient, 

including post-procedural hemorrhage or thrombosis, acute portal hypertension and 

arteriovenous fistula (25). 

 

1.2.6. - The Main Obstacles 

 

Islet transplantation through the portal vein is minimally invasive but results in islet entrapment 

within the sinusoids. This space provides an opportunity to acquire oxygen and nutritional 

support. However, the appropriate vascular connections are only formed around two weeks after 

infusion, leaving a large portion of the graft in ischemic conditions (26).  The presence of tissue 

factor associated with the instant blood-mediated inflammatory reaction (IBMIR) and subsequent 

platelet activation, clot formation, and lymphocyte recruitment, may also negatively influence 

initial islet survival and overall transplant outcome (27, 28). 
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There are immunological challenges to islet survival too. Alloimmune rejection is a very 

important factor characterized by a full-blown response upon transplantation. However, 

autoimmune destruction is also present due to the inner nature of the disease featuring β-cell 

autoantibodies and β-cell-specific autoreactive T-cells. This type of response demands biological 

strategies to overcome immune response and eventually elicit tolerance in the host (26). The 

agents used vary in nature and are permanently needed after transplantation.  

This continuous exposure to immunosuppressants may have an adverse impact on islet function 

and revascularization (29). Tacrolimus and sirolimus are two well-known and widely used drugs 

in the settings of transplant in general and also in islet transplantation, with proven deleterious 

(diabetogenic) effects on β-cell mass over time (30-33). 

 

1.2.7. - Graft function monitoring  

 
The overall results of clinical islet transplantation have significantly improved over the years 

reaching up to 50% graft survival after 5 years for selected centers. Yet, the profile of β-cell 

function of these individuals does not compare to healthy counterparts (4, 34). Multiple factors 

still account for the loss of islet mass, including immunological events, islet exhaustion and drug 

cytotoxicity. Thus, continuous monitoring of the graft function is paramount to secure long-term 

success.  

The main tools to positively confirm islet health are relatively frequent clinical indicators. Levels 

of blood glucose stimulated C-peptide, glycated hemoglobin (Hb1AC) and insulin requirements 

are among the parameters evaluated in recipients. These variables may be analyzed individually 

or combined as scoring systems such as: the Beta Score, the Mean Amplitude Glycemic 

Excursions (MAGE), Lability Index, Hypo Score, Arginine Stimulation Score, the Secretory 
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Unit of Islet Transplant Object (SUITO) Index, etc. They all provide objective and quantitative 

information about the graft function and serve as important decision-making tools for the 

clinician (9, 35-37). 

Complementary imaging studies may also be used to visualize the islets, with a high value when 

correlated with scoring systems. Techniques like optical imaging, magnetic resonance imaging 

and positron emission tomography are currently evaluated experimentally and have demonstrated 

potential for clinical application in the near future (38, 39).  

 

1.2.8. - Future directions for islet transplantation 

 

Islet transplant has evolved in time and today is performed in various centers with long-term 

results comparable to whole organ transplant. However, a significant number of patient 

undergoing this procedure still require multiple infusions to achieve normoglycemia and at some 

point some of them return to insulin supplementation. Yet, being insulin-dependent again does 

not necessarily equate with complete loss of graft function, as many of these patients remain C-

peptide positive. 

Several pre-clinical and clinical projects are now focused in finding improved results in islet 

transplantation by introducing tolerance-inducing medication. New potent biological agents like 

humanized anti-CD154, anti–CD28 or anti–CD52, among others have shown very encouraging 

results in solid organ transplant and are expected to produce enhanced islet survival after 

transplant (26).  

Another stream of investigation is co-transplantation of islets with cells providing immune-

protection and/or anti-inflammatory effects; such as Sertoli cells and mesenchymal stem cells. 
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An important alternative is the use of surrogate insulin-producing stem cells or 

xenotransplantation as a source of unlimited supply of islets (4). 

 

1.2.9. – Conclusion 

 
Islet transplantation is a treatment option for patients with type I diabetes, allowing glucose 

homeostasis without exogenous insulin administration. The procedure is very safe and currently 

provides extensive protection from hypoglycemic episodes for as much as 5 years. However, 

approximately 60% of the graft is lost soon after infusion due to various mechanisms (40). 

Preventing this significant post-transplant cell death is strategic and would have an immediate 

impact on the procedure. 

Opportunities for intervention are endless to diminish the damage associated with the isolation, 

preservation, engraftment and immune-protection. These strategies would reduce the amount of 

islets required per patient to attain normoglycemia and would open up the avenue for using 

surrogate cells in clinical practice.  

Preventing allo- and auto-immunity in islet transplantation demands lifelong 

immunosuppression. Many of the new developments in the field are devoted to 

immunoprotection and to induction of tolerance with new and more potent biological agents. 

Other technologies, like the use of bio-engineered devices or encapsulation are also used, 

looking to avoid the need for immunosuppression altogether. 

Evidence shows that success may come from the combination of different approaches to achieve 

a synergistic solution to the current limitations of islet transplantation.  
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2. - The metalloporphyrin BMX-010 in human islet isolation and clinical transplantation 

 
 

 

Note: A version of this section was published as an Original Manuscript in Cell R4, June 2016; 4(3): e2066 
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2.1. – ABSTRACT 

 

Despite the success of islet transplantation, islet loss during isolation and culture remains an 

enduring obstacle. Islets are known to have poor innate defense mechanisms against the 

accumulation of free radicals. The use of antioxidants has proven to be beneficial for improving 

islet viability and function during culture. This pilot study evaluates the benefits of the 

metalloporphyrin BMX-010 for clinical islet transplantation. Islets were isolated from 6 human 

pancreases in the presences of BMX-010 (34 mol/L) supplementation. Treatment isolations 

were matched with 14 comparable non-research clinical isolation controls. All islet preparations 

were assessed in vitro for viability and function and subsequently transplanted into patients. Both 

groups showed similar yield (BMX: 511,581 IEQ vs. Controls: 395,021 IEQ, p=0.28) and 

comparable insulin release (stimulation index 4.48 ± 1.8 vs. 3.3 ± 0.7, p=0.45) after a median 

culture period of 33 hours. Oxygen consumption rate and fractional viability were also similar 

before transplant (p=0.14 and p=0.68, respectively). Isolations were more likely to be used in 

transplant when supplemented with BMX-010 (5/6; 83% vs. 8/14; 57%, p=0.26). Post-transplant 

graft function was also similar for both groups. BMX-010 did not impair human islet function 

but did not provide detectable benefit to cell yield or transplant efficacy compared to controls. 

Conversely, pre-clinical studies were encouraging. This may suggest that contrary to prior 

studies, cell death activation pathways may be less activated in clinical islet transplantation than 

previously estimated; alternatively, dose delivery or other parameters may be suboptimal. We 

demonstrate herein that addition of a potent metalloporphyrin, BMX-010 across the islet 

isolation process does not affect human islet yield, post culture survival or beta cell function.  
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2.2. – INTRODUCTION 

 

Islet transplantation has evolved substantially as a treatment modality for control of brittle type 1 

diabetes complicated by frequent hypoglycemia. Since its introduction in the late 1990’s there 

have been major modifications in islet isolation techniques, infusion procedures, post-transplant 

immunosuppression and medical care, resulting in substantial improvements in clinical outcomes 

(1, 2). However, there still remain critical steps in the isolation, culture and transplant process 

that result in islet cell death (3-5). These deleterious events may be associated with increased 

oxidative stress and triggered pro-inflammatory cascade resulting  in cellular dysfunction and 

death, impaired clinical islet function and potential need for repeated transplants to achieve 

sustained insulin-independent normoglycemia (2).  

Oxidative stress normally occurs when the balance between free radical production and 

elimination is disrupted. Islets are especially sensitive to hypoxia due to decreased innate 

antioxidant capacity, and the antioxidant gene MnSOD was previously shown to be under 

expressed in islets (6). Islets are therefore prone to dysfunction and death. As a consequence, 

antioxidant approaches have generated considerable interest including therapeutic agents such as 

metabolites, vitamins, trace elements, herbal products and enzymatic antioxidants that could 

potentially improve islet survival and function (7-9). 

Metalloporphyrins are one potent approach that has been applied successfully to enhance 

superoxide dismutase (SOD) function. These compounds have demonstrated beta cell protection 

against diabetogenic agents with marked protection against autoimmune-mediated diabetes in 

mice (6). Furthermore, the metalloporphyrin analogue BMX-010 (AEOL10113) has markedly 
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enhanced islet preservation during culture through mitigation of reactive oxygen species (ROS)-

induced damage and modulated inflammatory response (8, 10). 

Despite overwhelming evidence associated with use of antioxidants to preserve beta cells 

experimentally, limited information is available reflecting clinical application in islet 

transplantation.  The aim of this study was to assess whether supplementation with BMX-010, a 

metalloporphyrin analogue derived from the group of Mangano Porphyrin Antioxidant Mimetics, 

is safe and beneficial in clinical islet transplantation. 

 

2.3. - MATERIALS AND METHODS  

 

A non-randomized prospective, open label, pilot study (Clinical Trials.gov NCT02457858) 

was performed at the University of Alberta Clinical Islet Transplantation program with 

permission from Health Research Ethics Board of the University of Alberta, Edmonton, Alberta, 

Canada (protocol number: Pro00045961) and Health Canada (HC Control No.185631). Only 

donation after brain death was considered for this trial and study cases were subsequently age-

matched to standard of care control donors at a ratio of 1:2. 

 

2.3.1. - Islet isolation and BMX-010 supplementation 

 

Human pancreata were procured from consenting multi-organ deceased donors and flushed via 

superior mesenteric and splenic artery with 500 mL of University of Wisconsin solution (SPS-1; 

Organ Recovery Systems. Itasca, IL, USA) containing BMX-010 (BioMimetix, Greenwood 
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Village, CO, USA), at 34 mol/L, followed by pancreatic duct distension with a collagenase 

blend supplemented with BMX-010 at the same concentration.  

Islets were isolated as previously described using the modified Ricordi chamber, and purified 

with refrigerated centrifugation and continuous gradient density separation (11). All islet 

preparations were cultured on Connaught Medical Research Laboratories (CMRL) media 

supplemented with 34 mol/L of BMX-010 for a median period of 33 hours (range 14.2 – 53.7) 

before infusion in patients, to allow for administration of the corresponding immunosuppressive 

protocol.  

 

2.3.2. - In vitro recovery and functional assessment 

 

Islets were assessed in vitro for recovery, insulin release, fractional viability and oxygen 

consumption rate (OCR). Recovery rate was calculated as the proportion of live islets after 

culture compared to the initial count. The secretory function was evaluated by both static 

glucose-stimulated insulin secretion (s-GSIS) performed at low (2.8 mmol/L) and high (28 

mmol/L) glucose concentrations, followed by measurement of insulin concentration in 

supernatants using ELISA (Mercodia, Uppsala, Sweden). A stimulation index (SI) was 

subsequently calculated as the ratio of stimulated to basal insulin secretion. In another 

experiment triplicate samples were taken from one isolation and cultured with or without BMX 

supplementation. s-GSIS was performed after culture to evaluate functional differences in paired 

samples. 
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2.3.3. - Fractional beta cell viability 

 

Beta cell viability was assessed as previously reported (12, 13). Briefly, dissociated islets were 

incubated with 3 mM Newport Green (NG; Molecular Probes, Eugene, OR, USA) and 0.2 nM of 

Tetramethylrhodamine ethyl ester (TMRE; Molecular Probes) for 45 min at 37ºC in PBS. After 

washing, 1 mg/ml of 7-aminoactinomycin D (7-AAD; Molecular Probes) was added. Cell 

suspension was analyzed by flow cytometry using a BD Laser Scanning Cytometer II (LSR II; 

BD Biosciences, Missisauga ON, Canada). Data were analyzed using the FCS Express 3 

software (DeNovo Software, Los Angeles CA, USA). Results are expressed as a proportion of 

live and non-apoptotic beta cells within the cell population. 

 

2.3.4. - Oxygen consumption rate  

 

To further characterize the islet preparations before transplantation, OCR was measured (before 

and after culture) as an indirect indicator of cell potency and a predictor of post-transplant 

function (14). In vitro OCR was performed as previously reported (14, 15). Aliquots of 3,000 

IEQ were split into triplicate samples and introduced into pre-calibrated, water-jacketed, titanium 

chambers outfitted with fiber optic patches (175 μl FOL oxygen monitoring system, Instech 

Laboratories Inc., Plymouth Meeting, PA, USA). Crude OCR measurements were normalized to 

the islet DNA content per chamber, assessed using a dsDNA fluorescent dye (Quant-

iTPicoGreendsDNA Assay Kit, Invitrogen, Life Technologies Corporation, Grand Island, NY, 

USA). Results are expressed as OCR/DNA (nmol O2/min•mg DNA). 
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2.3.5. - Transplant procedures 

 

Islet preparations were used for clinical transplantation when release criteria were met (16). 

Recipients were adult patients listed for islet infusion at the University of Alberta Hospital. 

Immunosuppressive induction therapy was accomplished with a combination of alemtuzumab 

(MabCampath, Genzyme Corp., Mississauga, ON, Canada), anakinra (Kineret; Amgen Canada 

Inc., Mississauga, ON, Canada) and etanercept (Enbrel; Amgen Canada Inc., Mississauga, ON, 

Canada), followed by a maintenance immunomodulation with tacrolimus (Prograf; Astellas 

Pharma Canada Inc., Markham, ON, Canada) and mycophenolate mofetil (CellCept; Hoffmann-

La Roche Ltd., Mississauga, ON, Canada) 

Patients were followed post-transplant, according to our standard clinical protocol and graft 

function was evaluated periodically with various tests including blood concentrations of C-

peptide before and after standard mix meal stimulation, as well as daily insulin requirements 

(17).    

 

2.3.6. - Statistical analysis 

 

Data are represented as means ± standard error of the mean (SEM). Differences between groups 

were analyzed using unpaired t-test and Z-score test was used to compare proportions between 

groups. All comparisons between groups were performed with a 95% confidence interval and a 

two-tailed p-value <0.05 was considered significant. Analysis was performed using GraphPad 

Prism (GraphPad Software, La Jolla, CA, USA). 
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Table 2.1 Baseline characteristics of donors allocated to BMX-010 and control group. Data shows comparable 

donor age and pancreas weight resulting in similar isolation yield and islet preparation purity. There is a slight 

superiority for isolation success in the BMX-010 group, although differences are not statistically significant 

(p=0.26). Variables expressed as means (95% confidence interval). 

 

 BMX-010 Controls p-value 

Sample size 6 14 - 

Mean donor age (years) 51.3 ± 7 46.8 ± 14 0.47 

Mean pancreas weight (g) 93.7 ± 43 89.8 ± 18 0.77 

Mean cold ischemia time 

(h) 

9.7 ± 4 10.1 ± 4 0.76 

Mean isolation yield (IEQ)  511,580 ± 220,939 395,021 ± 213,405 0.28 

Preparation purity (%) 57.5 ± 20 51.0 ± 14 0.43 

Mean culture time (h) 33.5 ± 17 34.3 ± 10 0.92 

Isolation Success 5/6 (83.3%) 8/14 (57.1%) 0.26 
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2.4. – RESULTS 

 

Six human islet isolations were performed with BMX-010 supplementation within this pilot 

study and 14 non-research clinical islet isolations served as controls. Table 2.1 summarizes the 

baseline characteristics for both groups, comparable for donor age, pancreas weight and cold 

ischemia time. 

The isolation and purification process resulted in a slightly higher absolute islet yields for the 

treatment group although not significant compared to controls (BMX: 511,581 ± 220,939 IEQ 

vs. Controls: 395,021 ± 213,405 IEQ, p=0.28). Similarly, islet yield adjusted per pancreas weight 

was slightly better for the BMX group (BMX: 5,614 ± 554 IEQ/g vs. Controls: 4,357 ± 551 

IEQ/g, p=0.19) with comparable preparation purity (BMX: 57% ± 20 vs. Controls: 51% ± 14, 

p=0.43) (Figure 2.1A and B).  

Islets were maintained in culture with or without BMX-010 for similar duration (BMX: 33.5h ± 

17 vs. Controls: 34.3h ± 10, p=0.92) while the transplant was allocated to the corresponding 

recipient and immunosuppressive induction was given. Recovery after culture was higher in the 

BMX group, although differences were not statistically significant (BMX: 87% ± 6 vs. 86% ± 4, 

p=0.78) (Figure 2.1C). 

The functional assessment of islets in both groups showed a slightly higher stimulation index in 

the BMX group (4.5 ± 1.8) compared to controls (3.3 ± 0.7, p=0.45) (Figure 2.2A). There was 

also a trend in improved insulin secretion comparing stimulation indices of paired samples after 

culture with or without antioxidant, but were non-significant (p=0.19) (Figure 2.2B).  
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Figure 2.1. Human islet isolation with addition of BMX-010. A. Similar total islet mass resulting from isolation 

with or without BMX supplementation (p=0.28). B. Yield is also similar for both groups when islet mass is adjusted 

by initial pancreas weight (p=0.19). C. Islet recovery refers to the number of surviving islets after culture. No 

statistically significant difference is seen between groups. Data expressed as means ± SEM (95% confidence 

interval). 
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OCR was measured in islet preparations from both groups. Pre and post culture measurements 

were considered adequate and similar for both groups with no significant variations before 

(BMX: 112 ± 14nmol/min*mgDNA vs. Controls: 94.5 ± 7.7nmol/min*mgDNA, p=0.25) and 

after culture period (BMX: 89.5 ± 10.6nmol/min*mgDNA vs. 112.3 ± 9.1nmol/min*mgDNA, 

p=0.14) (Figure 2.2C and D). 

Fractional viability of islets was assessed immediately before transplantation. Both groups 

exhibited similar viability profiles with comparable percentages of live beta cells (BMX: 54% ± 

4 vs. Controls: 57% ± 6.1, p=0.68) as well as proportions of live non-apoptotic beta cells (BMX: 

26% ± 3.6 vs. Controls: 41% ± 5.5, p=0.08) (Figure 2.2E and F). 

Of the BMX-supplemented islet preparations, 5 of 6 (83%) were successfully used for 

transplantation, whereas only 8 of 14 (57%) were utilized in the control group (p=0.26). The islet 

dose was similar for both groups of recipients (BMX: 6,562 ± 830 IEQ/Kg vs. Controls: 6,989 ± 

571 IEQ/Kg, p=0.67) (Figure 2.3A) and the 45-day follow up assessment showed adequate graft 

function in both groups, with significant decrease in recipient’s daily insulin requirement post-

transplant (BMX: 0.55 ± 0.08 units/Kg vs. 0.08 ± 0.03 units/Kg, p<0.0001; Controls: 0.61 ± 0.06 

units/Kg vs. 0.03 ± 0.02 units/Kg, p<0.0001) paired with a significant increase in the blood 

concentration of C-peptide after high glucose stimuli (BMX: 0.02 ± 0.004 nmol/L vs. 1.71 ± 0.13 

nmol/L, p<0.0001. Controls: 0.02 ± 0.004 nmol/L vs. 1.79 ± 0.16 nmol/L, p<0.0001) (Figure 

2.3B and C). Further stability and functional testing for this specific lot of BMX-010 is provided 

in Appendix D 
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Figure 2.2 Function and viability of human islets treated with BMX-010 during isolation and culture. A. Static Glucose-

stimulated insulin secretion (s-GSIS) is similar for both groups after culture (p=0.19). B. Post-culture s-GSIS analysis in paired 

samples of islets cultured with or without BMX-010 showing little variation in insulin secretion, expressed as Stimulation Index 

(SI) (p=0.45). C and D. Oxygen consumption rate (OCR) was measured as a direct indicator of cell viability and a predictor of 

function. C. Pre-culture measurements showing no inter-group differences (p=0.25). D. Similarly, no significant difference is 

found after the culture period (p=0.14). Data expressed as means ± SEM (95% confidence interval). CMRL: Connaught Medical 

Research Laboratories media. E and F. Fractional beta cell viability of human islets after BMX-010 supplementation. The 

proportion of live beta cells and non-apoptotic beta cells remains unchanged in both groups despite the use of the catalytic 

antioxidant (p=0.68 and p=0.08, respectively). Data expressed as means ± SEM (95% confidence interval). 
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Figure 2.3 Transplant efficacy of human islets treated with or without BMX-010. (A). The islet dose was 

similar for both groups (p=0.67) and within our clinical protocol. Early graft function is similar for both groups, 

expressed as significant reduction on daily insulin requirements (B), as well as a significant increase in blood 

concentrations of C-peptide after a high glucose stimulus (C). Data expressed as means ± SEM (95% confidence 

interval). 
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2.5. – DISCUSSION 

 

Previous studies have demonstrated that beta cells are especially susceptible to oxidative stress 

and to injuries resulting from accumulation of free radicals. Pancreatic islets contain low 

concentrations of antioxidant enzymes (catalases, superoxide dismutase and glutathione 

peroxidase) and respond weakly to increasing levels of ROS (7, 8). The natural mechanism for 

cells to neutralize harmful ROS include combinations of enzymes, minerals and vitamins, which 

are found in lower concentration in islets. Antioxidants supplementation during the islet 

transplant process has been shown to be beneficial through scavenging of locally generated ROS, 

thereby improving islet engraftment (6).  

In the current study, we evaluated the potential benefits of BMX-010 for clinical islet 

transplantation. This compound is a synthetic member of the Mangano Porphyrin Antioxidant 

Mimetics group, which have been extensively studied and previously characterized (10). BMX-

010 has clearly demonstrated immunomodulatory effects, as well as cytoprotective effects in the 

field of experimental islet transplantation (18-21). BMX-010 supplementation in vitro has been 

associated with a significant decrease of NF-κB activation with subsequent protection of islets 

against oxidative stress (18). 

We incorporated BMX-010 into the vascular flush of human pancreata immediately prior to 

isolation, with the goal being to deliver this drug to the intact islet microcirculation before islets 

are disrupted from their basement membranes. Furthermore, we supplemented the enzymatic 

digestion media and culture media, to ensure active compound was present during critical steps 

of potential injury. In vitro viability and functional measurements exhibited similar outcomes for 

BMX-010 and control groups, suggesting no overt added benefit for this therapy. However, these 
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results also imply that the reagent is non-toxic at least when delivered at a local concentration of 

34 mol/L.  

Furthermore, we observed a higher islet utilization ratio for clinical transplantation was observed 

when BMX-010 treatment was used. However, the sample size was underpowered to reflect a 

clear advantage.  Post-transplant graft function was equally comparable in both groups 

importantly indicating no harm in use of this compound when exposed to human islets. 

A possible explanation for lack of potent effect in the clinical setting compared to small animal 

supportive studies published previously may relate to the design of pre-clinical experiments, 

which may have inadequately replicated the more complex human islet isolation process. The 

findings may further highlight the limited translatability of preclinical catalytic antioxidant 

studies for human experimentation.  

Another explanation may be that the dose used in our experiments was suboptimal for clinical 

settings. We used BMX-010 at a concentration of 34 mol/L, which corresponds to the 

physiologic levels of SOD in most cells (8). Previous experimental work with this drug has 

demonstrated that this concentration is sufficient to successfully protect islets against oxidative 

stress (10). However, other studies have used doses as high as 68 µM without toxic events (8). 

Finally, we cannot discount the possibility that given the fact that we did deliver a potent 

antioxidant compound directly to the islet microvasculature before isolation, that in fact 

oxidative stress may not be the dominant pathway leading to obligate islet demise in the clinical 

setting. 

Despite the overall results of no added benefit by supplementing islet isolation and culture with 

BMX-010, the important observation that BMX-010 was non-toxic to human islets should not be 

discounted, and therefore does not preclude further work utilizing SOD mimetics in experimental 
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or clinical islet isolation and transplantation. Further evidence demonstrating functional and 

structural integrity of the BMX-010 lot used in this study is now included in Appendix D. We 

are now designing a more dose-efficient study in humans to explore the full capabilities of this 

BMX family molecules, including its latest addition, BMX-001, which has shown a more potent 

antioxidant effect at lower doses (22).  
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CHAPTER 3.  

ANTIAGING GLYCOPEPTIDE 

PROTECTS HUMAN ISLETS AGAINST 

TACROLIMUS-RELATED INJURY AND 

FACILITATES ENGRAFTMENT IN MICE 
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3. - Antiaging Glycopeptide Protects Human Islets against Tacrolimus-Related Injury and 

Facilitates Engraftment in Mice 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Note: A version of this section was published as an Original Manuscript in Diabetes 2016; 65: 451 - 462. 
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3.1. – ABSTRACT 

 

Clinical islet transplantation has become an established treatment modality for selected patients 

with Type 1 diabetes. However, a large proportion of transplanted islets is lost through multiple 

factors including immunosuppressant-related toxicity, often requiring more than one donor to 

achieve insulin independence. Based on the cytoprotective capabilities of antifreeze proteins 

(AFP) we hypothesize that supplementation of islets with synthetic AFP analogue, Anti-aging 

Glycopeptide (AAGP) would enhance post-transplant engraftment and function, and would 

protect against tacrolimus (Tac) toxicity. In vitro and in vivo islet Tac exposure elicited 

significant but reversible reduction in insulin secretion in both mouse and human islets. 

Supplementation with AAGP resulted in improvement of islet survival (Tac+ vs. Tac+AAGP, 

31.6 vs. 67.7, p<0.001) coupled with better insulin secretion (AUC: Tac+ vs. Tac+AAGP, 8.2 vs. 

129.3, p<0.01). The addition of AAGP reduced oxidative stress, enhanced insulin exocytosis and 

improved engraftment in mice by decreasing expression of IL-1β, IL-6 and keratinocyte 

chemokine in Tac+AAGP, resulting in less graft apoptosis. Finally, transplant efficacy was 

superior in the Tac+AAGP group, and was similar to islets not exposed to tacrolimus, despite 

receiving continuous treatment. Thus, supplementation with AAGP during culture improves islet 

potency and attenuates long-term tacrolimus induced graft dysfunction.    
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3.2. – INTRODUCTION 

 

Islet transplantation outcomes have improved significantly in highly specialized centers, with 5-

year insulin-independence rate exceeding 50% (1). However, a proportion of patients require 

reintroduction of insulin at delayed time-points (2). Numerous factors contribute to limited 

durability of glycemic control both acutely and chronically. Exposure to diabetogenic 

immunosuppressive agents is associated with islet functional impairment and graft loss, 

especially linked to corticosteroid exposure or use of calcineurin-inhibitors (CNI), including 

tacrolimus (Tac) (3, 4). Tac is used as the most potent mainstay immunosuppressant in most 

clinical protocols, although diabetogenicity is well documented, accounting for increased 

incidence of post-transplant diabetes mellitus (PTDM) (5-8). Early peak tacrolimus levels in 

portal blood after islet transplantation after oral administration may further increase islet-

exposure thereby magnifying toxicity (9, 10). Tacrolimus has become ‘a necessary evil’ to 

prevent rejection and autoimmune recurrence after islet transplantation, but may in part be 

responsible for limited islet durability, and need for multiple donors for each recipient (11). 

Anti-freeze proteins (AFPs) have generated considerable interest for their ability to protect cells 

under a variety of conditions. They naturally occur in Arctic and Antarctic fish as well as other 

cold-climate dwelling invertebrates, and are responsible for maintaining cell and tissue function 

at sub-zero temperatures (12, 13). AFPs were successfully isolated in the 1950s and have 

demonstrated an ability to non-colligatively lower the freezing temperature of body fluids by 

binding to ice crystals (12, 14).  Early experiments with AFP in the field of organ and tissue 

transplantation showed promising results, making them attractive therapeutic candidates to 

protect cells against harmful conditions associated with the process of procurement-preservation-
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reperfusion (14). Moreover, benefits have also been demonstrated during cryopreservation of 

different cells, including islets of Langerhans, with significant improvements in their viability 

and function when supplemented with AFP during cryostasis (15, 16).  

Anti-Aging Glycopeptide (AAGP) is a 580 dalton synthetic AFP analog initially developed by 

Dr. Geraldine Castelot-Deliencourt-Godefroy (Rouen, France) and later manufactured by 

ProtoKinetix Inc. (Vancouver, Canada). This new compound has improved stability, is water 

soluble and has proven to be more potent in terms of cytoprotective capabilities under extreme 

conditions (pH variations, sudden temperature changes, nutrient deprivation, oxidative stress, 

UV radiation and inflammation) (17).  

In light of this evidence, significant attention is now being directed towards AFP and their 

potential use in reparative and regenerative medicine, particularly in the field of transplantation. 

We herein evaluate the cytoprotective capacity of AAGP to protect against the diabetogenic 

effect of tacrolimus resulting in improved islet engraftment. 

 

3.3. - RESEARCH DESIGN AND METHODS 

 

3.3.1. - Human islet isolation, purification and culture 

 

Human islet preparations were isolated from consenting multi-organ deceased donors, as 

previously described (18) with intent for clinical transplantation, and were only made available 

for research when the islet yield fell below that of the minimal mass required. Permission for 

these studies was granted by the Health Research Ethics Board of the University of Alberta, 

Edmonton, Alberta, Canada, and after written permission was obtained from donor families. 
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3.3.2. - In vitro evaluation of AAGP 

 

3.3.2.1. - Islet recovery, viability and secretory function 

 

Experiments with human islets in vitro included four groups: a. Control (islets cultured in 

medium alone) (Tac
-
); b. Islets cultured in medium containing AAGP (AAGP); c. Islets cultured 

in medium containing tacrolimus (Prograf, Astellas Pharma Canada Inc., Markham, ON, 

Canada) (Tac
+
), and; d. Islets cultured in medium supplemented with AAGP (ProtoKinetix) and 

tacrolimus (Tac+AAGP). Islets were cultured for 24 hours with ± 3 mg/mL AAGP before 

addition of tacrolimus at clinically relevant concentration of 10ng/mL. All four groups were then 

cultured for an additional 24 hours.  

Islets were assessed for recovery, viability, insulin release, oxidative stress and cell death. 

Recovery rate was calculated as the percentage of surviving islets after culture in comparison to 

the initial count for each condition. Viability was assessed using a fluorescent membrane 

integrity assay with counter-stains using SYTO® 13 Green and Ethidium bromide (Life 

Technologies, Burlington, ON, and Sigma-Aldrich, ON) (19-22). 

Hormonal islet secretory function was assessed by both static glucose-stimulated insulin 

secretion (s-GSIS), sequentially performed at low (2.8 mmol/L) and high (16.7 mmol/L) glucose 

concentrations, and with dynamic islet perifusion (d-IP), as described by Cabrera et al (23). D-IP 

was performed at 16 min intervals using low (2.8 mmol/L), high x 2 (28 mmol/L), followed by 

low glucose concentration. Glucose was infused at 100μL/min and results are expressed as fold-

change of insulin secretion compared to the low glucose stimulation baseline, normalized for 100 

IEQ. For s-GSIS, insulin concentrations in supernatants were measured by ELISA (Mercodia, 
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Uppsala, Sweden). A stimulation index was calculated as the ratio of stimulated to basal insulin 

secretion normalized by DNA. These insulin secretion studies were always performed in vitro, 

on cultured human islets. 

Apoptosis was assayed by determining quantity of cleaved caspase-3 in the frozen lysates from 

fixed islets cultured under the above mentioned conditions using a spectrophotometric assay 

(EMD Millipore. Billerica, MA, USA). Results are expressed as fold-change increase compared 

to controls. 

Islet apoptosis was also examined by terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL) staining (DeadEnd Apoptosis Detection System, Promega, Madison, WI), 

following formalin fixation, processing and paraffin-embedded. Co-staining with insulin (1:200 

concentration of anti-insulin antibody (Dako, Mississauga, ON) and DAPI (Invitrogen Molecular 

Probes. Eugene, Oregon) was performed to identify graft and nuclei present, respectively. Islet 

apoptosis was quantified by percentage of positive TUNEL stained area using ImageJ software 

(freeware ImageJ v1.33 and Cell Counter plug-in, [http://rsb.info.nih.gov/ij]). 

 

3.3.2.2. - Reactive oxygen species analysis 

 

Frozen samples from the study groups were assayed for reactive oxygen species (ROS) released 

into the culture medium, using the Acridan Luminogen PS-3 assay (Amershan ECL Plus kit, 

Fisher Scientific Inc. Ottawa, ON, Canada) (24). Acridan Luminogen PS-3 is excited by reactive 

oxygen and nitrogen species in the presence of hydrogen peroxide, producing 

chemiluminescense at 430 nm. Media samples were flash-frozen in liquid nitrogen and stored 
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until analyzed. CMRL culture medium alone served as a control, and results were expressed as 

fold-change increase compared to control. 

 

3.3.2.3. - Mixed Lymphocyte Reaction (MLR) 

 

To rule out direct drug inhibition of AAGP and tacrolimus a one-way MLR assay was performed 

to assess proliferation of responder T-cells against antigens present on allogeneic stimulator 

cells. Briefly, BALB/c (stimulators) and C57BL/6 (responders) mice were euthanized and 

spleens were removed through midline incision for tissue homogenization and filtration (70μm) 

on ice. Red blood cells were removed from the homogenate using lysis buffer and the remaining 

cells were washed and resuspended in 0.3% BSA/Dulbecco’s phosphate buffered saline mix.  

Proliferation was measured by loss of fluorescence intensity using fluorochrome 5,6-

carboxyfluorescein diacetate succinimidyl ester (CFSE, Invitrogen. Eugene, OR), which 

spontaneously binds to intracellular proteins shared between daughter cells. Responder cells 

were stained with 5 μM of CFSE and cultured in complete RPMI (RPMI+10%FBS+1%L-

glutamine+1%HEPES+1%Pen/Strep) in the presence of gamma-irradiated (3000 cGy) stimulator 

cells. Cultured cells were allocated into three different study groups by supplementing medium 

with tacrolimus at 10 ng/mL (Tac
+
), AAGP 3 mg/mL (AAGP), tacrolimus at 10 ng/mL and 

AAGP at 3 mg/mL (Tac+AAGP) or no supplementation (Control), 

After 7 days of culture, cells were washed and stained for cell surface antibody with anti-mouse 

TCR-beta eFluor450, CD4 APC and CD8a APC-eFluor780 (eBioscience, San Diego, CA, USA) 

to characterize different subpopulations and acquisition was performed on a BD LSR II flow 
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cytometer (BD Biosciences, San Jose, CA, USA), followed by analysis with FCS Express Data 

software (De Novo Software, Los Angeles, CA). 

 

3.3.2.4. - Calcium imaging 

 

Measurements of intracellular calcium concentration ([Ca
2+

]i) for individual human islets from 

the different treatment groups were carried out by previously described methods (25, 26) at 

glucose concentrations of 2.5 mmol/L and 25 mmol/L. Glucose-stimulated increase in [Ca
2+

]i 

was expressed as area under the curve. 

 

3.3.2.5. - Capacitance studies 

 

Measurement of membrane capacitance was performed on islets according to our previously 

established method (27, 28) to determine the effect of Tac and AGPP on β-cell exocytotic 

responses. Cells were stimulated with a series of ten depolarizations to activate voltage-

dependent Ca
2+

–channels. Whole-cell capacitance responses were normalized to initial cell size 

and expressed as femtofarad per picofarad (fF/pF). 

 

3.3.3. - In vivo evaluation 

 

All mice were housed under conventional conditions with access to food and water ad 

libitum.  The care for mice was in accordance with guidelines approved by the Canadian Council 

on Animal Care. 
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3.3.3.1. - Transplants with human islets and inflammation analysis 

 

Diabetes was induced chemically on 8-12 week immunodeficient B6.129S7-Rag1
tm1Mom

 

recipient mice (Jackson Laboratory, Bar Harbor, ME, USA) by intraperitoneal injection of 

180mg/kg streptozotocin (STZ, Sigma-Aldrich, ON, Canada). Mice were considered diabetic 

after two consecutive blood glucose measurements ≥11.3 mmol/L (350 mg/dL).  Recipients 

(n=10 per group) received approximately 1,000 IEQ human islets from 3 different isolations. 

Islets from each isolation were randomly allocated to each group (Tac
-
, AAGP, Tac

+
, 

Tac+AAGP), to control for potential differences in each islet preparation. Islets were 

transplanted under the kidney capsule as described previously (29). A minimal islet dose was 

utilized to stress the model and maximize covert toxicity (30-32).  

Three mice per group underwent acute graft explantation and were euthanized on day 1 and 7 

post-transplant to determine proinflammatory cytokine concentrations (at both time points), 

cleaved caspase-3 and TUNEL (24h) within the graft. For cytokine and cleaved caspase-3 

quantification the islet grafts were excised from the kidney, bisectioned, with one section flash 

frozen in liquid nitrogen and stored at -80°C, while the other was formalin fixed and processed 

for TUNEL quantification. Tissue samples were subsequently lysed in acid buffer as reported 

previously (30). Cytokine and cleaved caspase-3 determination was adjusted per gram of tissue. 

 

3.3.3.2. - Pro-inflammatory cytokines and chemokines 

 

Relevant cytokines and chemokines (IFN-, IL-1, IL-6, IL-10, IL-12, Keratinocyte-derived 

Chemokine (KC), and TNF-) were measured using a Multi-Spot Mouse ProInflammatory 7-
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Plex Ultra-Sensitive kit and analyzed on a SECTOR Imager (Meso Scale Discovery, 

Gaithersburg, MD, USA). Results are expressed as absolute values (pg/mL), and normal renal 

tissue lysate samples from a mouse receiving a sham operation are used as control. 

 

3.3.3.4. – Apoptosis 

 

Apoptosis was determined in the excised grafts 24h post-transplant by quantifying cleaved 

caspase-3 and analyzing percentage of dead cells (TUNEL) within the graft. Caspase-3 

concentration was expressed as fold-change increase compared to normal renal tissue lysate 

samples from a naive mouse.  

 

3.3.3.5. - Long-term human islet graft function after transplantation in immunodeficient 

mice 

 

Non-fasting blood glucose was monitored in the remaining animals three times a week using a 

portable glucometer (OneTouch Ultra 2, LifeScan, Canada) over 60 days. Normoglycemia was 

defined as two consecutive readings <11.3 mmol/L. 

Intraperitoneal glucose-tolerance tests (IPGTT) were conducted 60 days post-transplant to 

evaluate the capacity of islets to respond to a glucose bolus (3 g/kg) after overnight fast. Blood 

glucose levels were monitored at baseline time 0, 15, 30, 60, 90 and 120 minutes post-injection. 

All results were compared to blood glucose profiles of naive control non-diabetic mice. 

Recovery islet-bearing nephrectomies were performed on day 65 to demonstrate graft-dependent 

euglycemia. Both cultured islets and recovered grafts were stored at -80°C and processed to 
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measure intracellular insulin content by acid-ethanol homogenization and ultrasonic lysis.  The 

extract was neutralized and insulin measured with ELISA (30). 

 

3.3.3.6. - Transplants with mouse islets under continuous treatment with tacrolimus 

 

3.3.3.6.1. - Mouse islet isolation 

 

Pancreatic islets were isolated from 8 to 12 week male BALB/c mice (Jackson Laboratories, 

Canada) as reported previously (18). Islets were counted and divided in three groups (Tac
-
, Tac

+
 

and Tac+AAGP). All islets were incubated for 1h in conditions described above and Tac+AAGP 

islets were additionally supplemented with AAGP at 3 mg/mL during the incubation period. 

Recipient syngeneic BALB/c mice were also rendered diabetic with STZ and transplanted 

incubated with 500 ± 10 IEQ of 90% purity, under the renal capsule (18).  

 

3.3.3.6.2. - Transplant Procedures 

 

Subcutaneous Micro-Osmotic Pumps (Model 1002, Alzet, Cupertino, CA) were implanted in all 

mice at the time of islet transplantation to provide continuous delivery of tacrolimus. A first 

group (short duration) received a pump delivering Tac for 7 days, at a dose of 1mg/kg/day to the 

relevant groups (Tac
+
, n=6 and Tac+AAGP, n=8), and a second group (long duration) received 

pumps delivering the CNI for 28 days (Tac
+
, n=6 and Tac+AAGP, n=6). Tac

-
 group (n=10) 

received pumps loaded with normal saline as placebo. Steady state Tac levels were monitored 

selectively from the dorsal tail vein at day 5, and ranged from 10-20 ng/ml (clinically relevant 
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range, tandem liquid chromatography-mass spectroscopy, for continuously administered drug) 

(33).  

Animals underwent IPGTT on day 7 (short duration), day 14 (long duration) during treatment 

course, and again, on day 30 and 40, respectively after CNI treatment cessation.  Transplant islet-

bearing nephrectomies were performed after tolerance tests to prove graft-dependent function. 

 

3.3.4. - Statistical analysis 

 

Data are represented as means ± standard error of the mean (SEM). Area under the curve was 

calculated for GSIS and D-IP, calcium imaging, capacitance measurements and IPGTT, and 

differences between groups were analyzed with one-way ANOVA with Tukey’s post-hoc test. A 

p-value <0.05 was considered significant and all the analysis was performed using GraphPad 

Prism (GraphPad Software, La Jolla, CA, USA). 

 

3.4. - RESULTS 

 

3.4.1. - AAGP enhances human islet potency in culture and protects islets against 

acute exposure to tacrolimus 

 

Isolated human islets from 6 different preparations were cultured in medium supplemented with 

or without AAGP and tacrolimus, as described above. After 48 hours of culture, all groups were 

characterized for in vitro survival, viability, function, oxidative stress and apoptosis. 
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After the study period, cells were counted resulting in a greater number of surviving islets in the 

AAGP supplemented group (71.1%). Exposure to tacrolimus clearly decreased survival, but 

islets were significantly protected when simultaneously supplemented with AAGP (Tac
+
 vs. 

Tac+AAGP, 31.5% vs. 67.6%, p<0.01) (Figure 3.1A). There was no difference in cell viability 

by membrane integrity stain (Figure 3.1B). When comparing in-vitro function by D-IP, insulin 

release was completely suppressed after tacrolimus exposure (AUC: Tac
-
 vs. Tac

+
, 131 vs. 7.3 

mmol/L/60min, p<0.001). However, islet function was fully maintained after supplementation 

with AAGP and comparable to the other culture conditions (Tac
+
 vs. Tac+AAGP, 7.3 vs. 129.2 

mmol/L/60 min, p<0.001) (Figure 3.1C). 

 

3.4.2. - Acute exposure to tacrolimus decreases insulin secretion but not biosynthesis 

 

Aliquots of 100 IEQ human islets were collected for each group for s-GSIS assay and 

intracellular insulin content. The Tac+ group showed significant impairment of insulin secretion, 

which was not observed in the Tac+AAGP group (stimulation index 1.4 vs. 10.7, p<0.01) 

(Figure 3.1D). However, intracellular insulin content remained stable and comparable 

throughout groups (Figure 3.1E). 

 

3.4.3. - AAGP reduces oxidative stress but does not inhibit tacrolimus function 

 

Oxidative stress was observed in all groups, but Tac exposure resulted in substantial increase in 

ROS, which was ameliorated in the presence of AAGP (Figure 3.2A, n=6, p<0.05). 
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 To confirm that AAGP did not inhibit Tac suppression of T cell proliferation, MLRs were 

completed with donor splenocytes.  The assay measured T cell proliferative response by CFSE 

staining. As expected, T cell proliferation was significantly decreased in the Tac
+
 group 

compared to the control (n=4, p<0.001). Proliferation of CD8+ and CD4+ positive T cells was 

equally decreased in the presence of Tac alone or in combination with AAGP (n=4, p<0.001 in 

both cases), with no impediment to MLR suppression in the presence of AAGP (Figure 3.2B, C 

and D).  
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Figure 3.1 AAGP improves human islet potency in culture and protects against acute exposure to tacrolimus. In vitro 

assessment of human islets in culture with or without AAGP supplementation showed (A) significantly higher islet recovery rate 

after culture in the presence of AAGP. (B) No significant changes in cell viability were found after study period. (C) Perifusion 

curves comparing glucose-stimulated insulin secretion (GSIS) after stimulation with variable glucose concentrations (low=2.8 

and high=28 mM),showing severely impaired islet function for the Tac+ group and significantly better response for groups treated 

with AAGP, also seen in the corresponding area under the curve (inset) (n=6).  

Tacrolimus impairs insulin secretion without affecting insulin content. 

GSIS static assay and intracellular insulin content were simultaneously measured on human islets kept in culture. (D) Stimulation 

index (SI) for group Tac+ is significantly decreased in comparison with controls. However, a significant improvement was 

observed in insulin secretion of Tac+AAGP islets (p<0.01), while no changes were seen in the intracellular content of insulin 

across the different groups (E). Data points represent mean ± SEM, triplicates from four different preparations. *P<0.05, 

**p<0.01, ***p<0.001 and ****p<0.0001. 
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Figure 3.2.A Islets treated with AAGP have decreased oxidative stress. Human islets in culture had increased 

concentration of reactive oxygen species when treated with Tac. However, supplementation with AAGP 

significantly decreases this effect (p<0.05). Oxidative stress was measured by fold-increase in extracellular ROS 

analyzed with the Acridan Luminogen PS-3 assay. Data points represent mean ± SEM, n=5. 
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Figure 3.2.B-D. AAGP effect is not the result of direct drug inhibition with tacrolimus. Allogeneic mixed 

lymphocyte reaction (MLR) was used to evaluate direct drug inhibition. Results show a significant decrease of T 

cell proliferation in the presence of tacrolimus, AAGP and the combination of both. Hence, no direct inhibition of 

tacrolimus by AAGP. Data points represent mean ± SEM, n=6, ***p<0.001 and ****p<0.0001. 
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3.4.4. - Tacrolimus effect on islet intracellular calcium responses and exocytosis. 

 

Various studies were performed on human islets to elucidate a potential mechanism of action for 

the AAGP by characterizing CNI-related injury and its minimization. Intracellular calcium  

concentrations were measured to determine possible influence of AAGP on glucose-stimulated 

calcium influx (34). No significant differences in calcium influx were observed between groups 

(AUC: Tac
-
 209.4, Tac

+
 221.6, Tac+AAGP 208.7 fF/Treatment/2s. p>0.05), suggesting that the 

protective effect of AAGP was further downstream in the secretory pathway (data not shown).  

Complementary membrane capacitance studies were performed under similar conditions as an 

indirect indicator of insulin exocytosis. There was a decreased cumulative capacitance response 

for the Tac
+
 group compared to other groups (Figure 3.3A), corresponding to a significantly 

lower area under the curve (AUC; Tac
+
: 2.9 vs. Tac+AAGP: 10.5 fF/pF/treatment, p<0.001, 

Figure 3.3B). 

 

3.4.5. - AAGP prevents islet apoptosis resulting from in-vitro exposure to tacrolimus 

 

Exposure to tacrolimus during culture resulted in increased concentration of intracellular cleaved 

caspase-3 (fold change Tac- 1.9 vs Tac+ 4.3, p<0.05), which corresponded with increased 

percentage of apoptotic islets (Tac- 18.9% vs. Tac+ 48.6%, p<0.01). Conversely, pre-treatment 

with AAGP prevented tac-induced cell death, showing reduced levels of caspase-3 (Tac+ 4.3 vs. 

Tac+AAGP 2.2, p<0.05) and fewer number of apoptotic cells (Tac+ 48.6% vs. Tac+AAGP 26%, 

p<0.05) (Figure 3.4A and B). Representative slides from TUNEL histology are shown in 

Figure 3.3C. 



 68 

 

 

 

 

 

Figure 3.3 AAGP preserves insulin release by maintaining islet exocytosis. Human islets were cultured and 

treated accordingly with and without Tac/AAGP. (A) Insulin secretion impairment for Tac
+
 group was also met by a 

lower normalized membrane capacitance measurements (blue), indicating impaired exocytosis, whereas 

measurements were superior and comparable in the Tac
-
 (red) and Tac+AAGP groups (black). (B) Represents 

corresponding area under the curve  (p<0.01 and p<0.001). Data points represent mean ± SEM, triplicates from two 

isolations. 
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Figure 3.4 AAGP decreases islet loss in culture due to apoptosis, even in the presence of tacrolimus. Human 

islets were cultured and treated with Tac/AAGP, accordingly. Cell death due to apoptosis was significantly higher in 

Tac
+
 by quantification of intracellular cleaved caspase-3 (A) and by analysis of TUNEL staining (B). 

Supplementation of medium with AAGP was able to prevent loss of viability and significantly decrease cell death 

(p<0.05). (C) Representative microphotographs of TUNEL slides of fixed islets from different study groups. Green 

arrow points to TUNEL positive nuclei. 
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3.4.6. - AAGP ameliorates inflammatory response immediately post-transplant 

 

Minimal mass (1,000 IEQ) human islet transplants were performed in diabetic immunodeficient 

mice. Grafts from three animals per group (day 1 and day 7 post-transplant) were homogenized 

and characterized for proinflammatory cytokines and chemokines.  

Acute levels of IL-1β were significantly increased in Tac
+
 with respect to those in the sham 

group (163.1 vs. 18.9 pg/g-tissue, p<0.001). Cytokine concentration was however considerably 

dampened in the Tac+AAGP group (163.1 vs 44.9, p<0.001), with similar excretion behavior on 

day 7 (269.5 vs. 121 pg /g-tissue, n=3, p<0.001) (Figure 3.5A and B). Similarly, IL-6 was 

significantly increased in the Tac
+
 group (1414 vs. 804.7 pg/ g-tissue, n=3, p<0.001) but 

differences were no longer apparent at later time points (Figure 3.5C - D).  

Among the chemokines measured acutely post-transplant, KC secretion, involved in neutrophil 

recruitment, was significantly overexpressed in Tac
+
 and again, significantly reduced in the 

presence of AAGP (85.4 vs. 32 pg/ g-tissue, p<0.001, n=3). By day 7 the cytokine was clearing 

and differences were no longer evident (Figure 3.5E and F). 

Tumor necrosis factor levels on the other hand, were not significantly increased on day 1, but 

became notably different on day 7 (Tac
-
, 33.9 pg/g-tissue; Tac

+
,76.7

 
pg/g-tissue and Tac+AAGP, 

48.7 pg/g-tissue. P<0.001) (Figure 3.5G and H). 

 

3.4.6. - Post-transplant apoptosis 

 

Intra-graft apoptosis showed an increasing trend in cleaved caspase-3 concentration and TUNEL 

positive cells in Tac
+
 group, when compared to the rest of the groups, suggesting increased in-
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vivo cell death after CNI treatment and subsequent AAGP protective effect. However, 

differences did reach statistical significance (Tac
+
 vs Tac+AAGP: Fold-change in Caspase-3, 2.9 

vs. 1.9, N.S.; TUNEL positive cells: 35.3 ± 26.7% vs 7.9 ± 8%, N.S.) (Data not shown).  

 

3.4.7. - AAGP-supplementation improves human islet transplant function despite 

tacrolimus exposure 

 

The remaining transplanted mice (n=7 per group) were followed beyond 60 days. Delayed 

engraftment was observed as expected in this marginal islet mass model. Blood glucose 

improved over time in Tac
-
 and Tac+AAGP groups, with the proportion of euglycemic animals 

being significantly higher when compared to the Tac
+
 where all mice demonstrated poor function 

(p<0.05) (Figure 3.6A and B).  

Thirty days post-transplant mice underwent IPGTT to evaluate transplant function. Tac
-
 and 

Tac+AAGP groups both responded appropriately, but Tac
+
 remained hyperglycemic at 120 min 

(AUC: Tac
-
 vs. Tac+AAGP, 92.6 vs. 91.2, p>0.05.; Tac

-
 vs. naïve, 92.6 vs. 71.4, p>0.05.; 

Tac+AAGP vs. naïve, 91.2 vs. 71.4, p>0.05, and Tac
+
 vs. Tac+AAGP, 149.8 vs. 91.2, p<0.05, 

Figure 3.6C). All mice reverted to their previous diabetic state following islet-bearing 

nephrectomy. Insulin content was assessed as a measure of residual islet mass after 30 days. 

Figure 3.6D shows significant differences between groups with reduced insulin content in grafts 

exposed to tacrolimus. Again, presence of AAGP was beneficial in islet protection despite 

exposure to tacrolimus (Tac
+
 vs. Tac+AAGP, 30.9 vs. 100.8 ng/mL, p<0.01). 
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Figure 3.5 AAGP ameliorates inflammatory response immediately post-transplant. Proinflammatory cytokines 

and chemokines locally expressed (1 and 7 days after transplantation. (A) Concentrations of IL-1β, IL-6, 

Keratinocyte chemokine (KC/GRO) and Tumor Necrosis Factor (TNF) were significantly lower in the engrafted 

islets previously treated with AAGP. Cytokines were measured 24h and 7 days after transplantation, locally to the 

graft by homogenization (normalized per gram of tissue, n=3). Data points represent mean ± SEM adjusted per gram 

of tissue, n=3, *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
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3.4.8. - AAGP-supplementation improves islet transplant function despite 

continuous recipient treatment with tacrolimus 

 

In further support of the above findings, syngeneic diabetic mice were implanted with mini-

osmotic pumps to model continuous post-transplant Tac treatment to resemble clinical practice. 

As with the in vitro findings, transplanted islets exposed to Tac were unable to effectively secrete 

insulin nor return mice to euglycemia during the treatment course. The additional presence of 

AAGP, however, prevented toxicity and mantained normal islet function despite Tac exposure, 

similar to controls (Figure 3.7A and B, p<0.001).  

Similar findings were observed when utilizing subcutaneous pumps providing Tac treatment for 

a longer duration (28 days). Again, AAGP-supplemented islets functioned normally and 

rendered normoglycemia for all animals, despite a single 1h AAGP treatment to islets prior to 

transplant (Figure 3.7E and F, p<0.01) 

Results were corroborated by IPGTTs performed in both treatment modalities (short and long 

duration). Tolerance tests performed under Tac treatment showed impaired glucose control in 

Tac+ group, whereas Tac+AAGP behaved similar to controls (Figure 3.7C and G, p<0.001).  

Tacrolimus treatment cessation resulted in normalization of graft function and euglycemia in all 

animals. Repeat IPGTTs at this stage (30 and 45 days, respectively) showed no residual 

differences between groups (Figure 3.7D and H). 

 

  



 74 

 

 

Figure 3.6. AAGP-supplementation improves islets transplant function despite tacrolimus exposure. Post-

transplant graft function in immunodeficient mice receiving minimal human islet mass (1,000 IEQ). Islets were 

previously treated with or without AAGP and tacrolimus accordingly. Horizontal continuous line at 11 mM 

indicates the normoglycemia limit. (A) Pooled blood glucose profiles and (B) percent of mice reaching euglycemia, 

demonstrating long-term graft function (60 days) with a non-functioning graft for the Tac
+
 group. Graft-bearing 

nephrectomy was performed on day 60 to demonstrate graft-dependent euglycemia. (C) Intraperitoneal glucose 

tolerance test (IPGTT) to evaluate metabolic response after receiving a glucose bolus. Tac
+
 group mice were 

intolerant to high glucose corresponding also to less residual insulin content (D) when grafts were removed after 60 

days of transplant. Data points represent mean ± SEM adjusted per gram of tissue, (Tac
-
 n=6, Tac

+
 n=3 and 

Tac+AAGP n=7), *p<0.05, **p<0.01 and ***p<0.001. 
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Figure 3.7 AAGP-supplementation improves islets transplant function despite continuous (short and long 

duration) tacrolimus treatment. Post-transplant graft function in mice receiving syngeneic full mass (500 islets) 

islet transplant. AAGP was added to the culture media 1 hour prior to transplant and tacrolimus was administered 

via a subcutaneous osmotic pump (implanted during the same procedure) at a continuous rate of 1mg/kg/day. (A) 

Pooled blood glucose profiles of animal over 40 days with clear dysfunction for Tac
+
 islets during the presence of 

Tac. Vertical dotted line indicates tacrolimus treatment cessation at day 7 and marks a gradual recovery of Tac
+
 

grafts. Horizontal continuous line at 11 mM indicates the normoglycemia limit. Graft recovery nephrectomy was 

again performed on day 30. (B) Mean time-to-euglycemia after transplant showing Tac+AAGP mice reversing 

diabetes earlier (p<0.001, log-rank, Mantel-cox test). Finally, glucose tolerance tests showed a significant difference 

in graft response for Tac
+
 when mice were receiving tacrolimus (7 days) and when recipient were CNI free. These 

differences were not observed in the Tac+AAGP group. (C) Glucose tolerance tests of mice receiving continuous 

treatment with tacrolimus showing impairment for Tac+ group, which is fully reversed once the CNI treatment is 

ceased (D).  (E – H) A similar experiment was conducted with long duration subcutaneous pumps providing 

tacrolimus during 28 days. Results show a consistent and significant difference in immediate post-transplant 

function for mice receiving AAGP supplemented islets 
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3.5. - DISCUSSION 

 

We demonstrate herein that addition of a potent anti-freeze protein, AAGP only to the islet 

culture media for a 48-hour exposure affords considerable protection of human islet survival and 

in vitro function. This protective effect is especially pronounced when used to prevent Tac-

induced islet toxicity.  

Tacrolimus is currently regarded as a mainstay, potent immunosuppressant given to prevent both 

auto- and alloimmunity after clinical islet transplantation (35). Prolonged exposure to CNI-class 

immunosuppressants is strongly associated with nephrotoxicity and PTDM in all organ 

transplants (4).  

Tacrolimus is known to impair insulin secretion in the native pancreas, after pancreas and 

especially after islet transplantation, and is characterized by impairment of early secretion and by 

decreased biosynthesis. Several associated mechanisms have been defined, including 

calcineurin/nuclear factor of activated T-cells signaling inhibition (36), insulin gene suppression 

(37), mitochondrial arrest (38) and decreased post-transplant vascularization (39). In our 

experimental model, the addition of Tac resulted in striking inhibition of insulin secretion and 

cell death in vitro, and impaired islet engraftment and function in vivo. 

Furthermore, we confirmed islet function impairment after Tac exposure in vitro and we found 

that AAGP was able to re-establish insulin release despite acute exposure to high-dose Tac.  

Increased loss of islets during culture associated with apoptosis was observed after in vitro 

exposure to tacrolimus. Increase in cleaved caspase-3 and TUNEL staining indicated 

significantly higher cell death in Tac
+
 group, however this was diminished with AAGP 

supplementation.  
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Islets are highly susceptible to hypoxia throughout all stages of cell procurement, preparation and 

intraportal transplantation, and relates to their intrinsic oxygen demand and size, especially 

related to islet seeding density in culture (40). Islets are prone to oxidative stress due to 

decreased antioxidant capacity (41). These elements contribute to islet loss during culture and 

post-transplant. Our findings confirm increase in oxidative stress after Tac exposure, with 

increased extracellular ROS. AAGP supplementation reduced oxidative stress in this model. 

Similar redox modulation findings have also been noted when using AAGP with other cell lines 

(17). 

In vivo studies complemented all in vitro findings, which clearly demonstrated that AAGP 

supplementation suppressed early inflammation and improved islet engraftment with long-term 

efficacy. AAGP-supplemented islets showed significantly reduced expression of IL-1β and IL-6, 

along with decreased secretion of KC and TNF, despite exposure to Tac in culture. These 

cytokines and chemokines are key participants in the post-transplant inflammatory response and 

subsequent adaptive immunity activation (42), and a vital element in the early clinical post-

transplant phase (30). These findings are consistent with previous experiments showing reduced 

expression of cyclooxygenase-2 expression in HeLa cells exposed to increasing concentrations 

of IL-1β, in the presence of AAGP (17).  

Tac exposure was provided by continuous mini-osmotic pump for 7 and 28 days in syngeneic 

mice. We chose this approach in selected experiments, as twice-daily oral gavage of Tac would 

have been too stressful, but wished to maintain sustained clinically relevant drug exposure for 

transplanted islets. We observed marked impairment of transplanted islets occurred immediately 

following Tac exposure, which lasted throughout Tac exposure, but was reversible after 

withdrawal of Tac. Islets treated with AAGP however, were protected from Tac toxicity, and 



 79 

functioned similar to controls both, in short and long duration treatment groups. Potentially, 

since a marked and prolonged post-transplant engraftment and functional benefit was observed 

consistently when AAGP treatment was confined only to the in vitro culture period, this 

treatment could be readily applied in clinical studies to enhance islet engraftment and function in 

patients receiving tacrolimus immunosuppression.  

In exploring potential mechanisms of action of AAGP, we found no beneficial effect upon 

insulin synthesis or storage. Furthermore, we did not find an interactive impact of AAGP upon 

the immunosuppressive properties of Tac. We found that neither Tac nor AAGP affected 

glucose-stimulated calcium-influx in islets, which is a key element in the insulin secretion 

mechanism of beta cells. This information is supportive of recently published evidence pointing 

to a potential tacrolimus mechanistic site further downstream in the secretory pathway (43). 

Conversely, islet capacitance measurements in the current studies revealed significant 

differences between Tac
+
 and TAC+AAGP, findings suggestive of impaired insulin exocytosis in 

the presence of Tac, which was reversed by AAGP.  

In conclusion, supplementation of islets with AAGP during culture enhanced both the quality 

and yield of post-culture human islets, which translated into improved engraftment, despite the 

presence of Tac. AAGP also protected islets continuously exposed to Tac post-transplant, with 

improved efficacy and decreased inflammatory response. Clinical translation of these findings 

could potentially offer a means to protect islets both in vitro, and in vivo from diabetogenic 

immunosuppression after transplantation, as a means to enhance single donor islet engraftment 

and durable long-term function.  
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4. - Microbial Contamination of Clinical Islet Transplant Preparations is Associated with 

Very Low Risk 
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4.1. - ABSTRACT 

 

Several published studies have analyzed microbial contamination rates of islet products, ranging 

from 0 – 16%. However, few studies refer to potential clinical consequences for transplant 

recipients and possible impact on islet survival. The current study defines rates of 

microbiological contamination of islet products under good manufacturing practice conditions in 

164 patients receiving 343 transplants at a single institution. Nineteen (5.5%) islet preparations 

showed positive microbial growth with a majority (79.4%) due to Gram-positive organisms. The 

most frequently identified microorganism was coagulase-negative Staphylococcus (9/19; 47.3%) 

followed by polymicrobial organisms (8/19; 42.1%). No patient developed signs of clinical 

infection, and there were no hepatic abscesses evident on imaging by ultrasound or magnetic 

resonance imaging (0/19, 0%), despite the use of potent T-depletional induction. Finally, we 

could not demonstrate any negative impact of microbiological contamination upon long-term 

islet graft survival. Microbiological contamination of the final islet preparation appears to have 

little or no effect on patients or on islet survival when appropriate antibiotics are given.  

However, preparation sterility should be guaranteed at all cost in order maximize patient safety 

and avoid potential complications in immunosuppressed patients. 
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4.2. - INTRODUCTION 

 

Clinical islet transplantation is an accepted treatment modality to stabilize frequent 

hypoglycemia or severe glycemic lability in highly selected subjects with type 1 diabetes and 

poor glycemic control that cannot be stabilized by other means.(1, 2) Established final islet 

product release criteria must be met prior to clinical transplantation, and include adequate islet 

yield, purity, tissue volume, viability, negative Gram stain, and post hoc confirmation of 

microbiological sterility, an important consideration in the setting of immunodepletion and 

immunosuppression for transplant recipients (3). 

Several studies have reported microbial contamination rates of islet products, ranging from 0% – 

16% during pancreatic retrieval, in transport media, islet isolation and during islet culture (4-8). 

It is generally believed that the major source of bacterial contamination arises from the retrieved 

duodenal segment of small bowel attached to the pancreas. However, few studies have explored 

the potential clinical consequences for transplant recipients or the potential impact on islet 

survival. The objective of the study was to monitor the rate of microbiological contamination of 

islet products under current good manufacturing practice (cGMP) conditions at a large volume 

transplant center and the clinical consequences for patients, both in terms of infectious 

complications and graft function. 
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4.3. - MATERIALS AND METHODS 

 

4.3.1. – Patients 

 

Between March 1999 and July 2012, the clinical islet transplant program in Edmonton, AB, 

Canada, has carried out 358 islet transplants procedures in 171 subjects with type 1 diabetes 

mellitus under a series of evolving induction and maintenance immunosuppressive protocols. 

Patients received a median of two procedures (range, one to four). Seven subjects participating in 

an NIH trial (CIT-04) using belatacept (Nulojix
®

; Bristol-Myer Squibb, Devens, MA, USA) 

induction were excluded from the current analysis. Thus, the study population consisted of 164 

subjects receiving 343 IT procedures, with a female:male ratio of 88:76 and a mean age of 46.3 

years. All subjects underwent complete pre-transplant evaluation. Informed consent was 

obtained, and ethical approval for this study was covered under protocol 1120, approved by the 

Health Research Ethics Board at the University of Alberta, and by Health Canada under Clinical 

Trial Agreements NCT00014911, NCT00175253, NCT00175266, NCT00434811 and 

NCT00468403, as registered with ClinicalTrials.gov. 

 

4.3.2. - Transplant procedures 

 

Islets were prepared as previously described, using a modified Ricordi protocol (9-12). In brief, 

human cadaveric pancreata were recovered from deceased donors and transported to the cGMP-

grade clinical islet isolation laboratory. Upon arrival, the pancreatic duct was cannulated and 

collagenase blend enzyme solution was perfused transductally (Serva Collagenase NB1, 
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Crescent Pharmaceuticals, Islandia NY) with Liberase HI, or more recently Mammalian Tissue-

free (MTF) enzyme, (Roche Diagnostics Corp., Indianapolis, IN, USA) (13). The pancreas was 

enzymatically and mechanically dissociated in a Ricordi
®
 Chamber and then purified on a 

refrigerated centrifuge (model Cobe 2991; Cobe BCT, Lakewood, CO, USA) with continuous 

density gradient separation with Ficoll
TM

 (Sigma-Aldrich, St. Louis, MO) or, more recently 

Biocoll
TM

 (Biochrom AG, Cederlane, Burlinton, ON, Canada) separating solution (14). The 

majority of the islet preparations were placed in culture (median 13.0 h; range 6.4–23.0 h) before 

infusion to facilitate timing of islet infusion or as part of the immunosuppressive protocol. 

Subjects then underwent percutaneous transhepatic portal access in the Radiology Department 

under local anesthesia and with fluoroscopic and ultrasonic guidance, and islets were infused 

under gravity pressure from a 100 ml of medium-containing intravenous islet bag (15). Portal 

pressure was monitored during and after infusion and afterwards the catheter tract was ablated to 

minimize the risk of bleeding.  

 

4.3.3. - Microbiological testing 

 

The majority of clinical islet preparations were placed in culture containing ciprofloxacin 

(Cipro
®
, Bayer A.G. Toronto, ON, Canada) at a concentration of 20 mg/ml. Samples for Gram 

stain and microbiological culture were taken immediately before transferring islets to the final 

container for transplant and evaluated at the Provincial Laboratory of Public Health at the 

University of Alberta Hospital.  Both a negative Gram stain and endotoxin content less than 5 

endotoxin units (EU)/kg of recipient’s body weight are mandatory requirements prior to islet 

release for transplantation. Results of samples undergoing microbiological culture for aerobic 
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and anaerobic bacterial, fungal, mycoplasma and mycobacterial contamination were made 

available from 2 - 7 weeks post-transplant and did not constitute product release testing.  

 

4.3.4. - Antibiotic coverage 

 

All patients undergoing islet transplantation in Edmonton routinely receive prophylactic 

antibiotic treatment consisting of a single dose of cefazolin (Baxter Co. Missisauga, ON, 

Canada) 1g IV pre-procedure, or clindamycin (Sandoz Canada Inc., Boucherville, QC, Canada) 

600mg IV if known allergy to cephalosporins or severe penicillin allergy.  

In the rare case of contaminated islet preparation discovered after transplantation, consultations 

from transplant infectious diseases were made to design treatment strategy. Imaging studies 

(ultrasound, computed tomography, and magnetic resonance), as clinically indicated, was used to 

rule out development of intrahepatic abscess and directed antibiotic therapy was given according 

to microbiological culture results. In the absence of symptoms, normal liver imaging and absence 

of abscess, patients received a minimum of 7 days of broad-spectrum (culture-sensitive) 

antibiotic or antifungal treatment by peroral route if appropriate, or intravenous where peroral 

was judged to be inadequate. 

 

4.3.5. - Immunosuppression protocols 

 

Induction and maintenance immunosuppressive protocols have evolved in our program over 

time. Initially our practice was to induce with an IL-2 receptor monoclonal antibody (daclizumab 

[Zenapax
®
; Hoffman-La Roche Ltd., Missisauga, ON, Canada]) 2 mg/kg intravenously at 
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transplant and at 5 days post-transplant), combined with tacrolimus (Prograf
®
; Astellas Pharma 

Canada Inc. Markham, ON, Canada) for a target trough level of 3–6 ng/ml and sirolimus 

(Rapamune
®
; Pfizer Canada Inc., Kirkland, QC, Canada) for target trough levels of 12–15 ng/ml 

for the first 90 days and 8–10 ng/ml thereafter (the ‘Edmonton Protocol’) (2, 12). Subsequently, 

basiliximab (Simulect
®

. Novartis Pharmaceuticals Canada Inc., Dorval, QC, Canada) (20mg 

intravenous on day 0 and 4) has been used in place of daclizumab, with the combination of 

tacrolimus (target trough level of 8 – 10 ng/ml) and mycophenolate mofetil (CellCept
®
; 

Hoffman-La Roche Ltd., Missisauga, ON, Canada)  (up to 2g daily in divided dose as tolerated). 

Before 2003, daclizumab was given at a dose of 1 mg/kg every 2 weeks for five doses (10).  

Other protocols included the use of infliximab (10 mg/kg) given at the time of transplant, 

combined with daclizumab; alternative use of basiliximab (two doses of 20 mg), etanercept 

(embrel
®
; Amgen Canada Inc., Missisauga, ON, Canada) (50mg weekly) or most recently potent 

lymphocyte depletion protocols based on alemtuzumab (Mabcampath
®
; Genzyme Canada, 

Missisauga, ON, Canada) or Anti-thymocyte globulin (Rabbit) (Thymoglobulin
®
; Genzyme 

Canada Mississauga, ON, Canada). 

 

4.3.6. - Management of patients receiving contaminated islet preparation 

 

When a positive culture was obtained from the islet product, a personalized management was 

designed based on the patient’s characteristics, the immunosuppression regimen, the transplant 

interval and the identity of the organism(s) isolated in culture. Routine abdominal ultrasound and 

abdominal CT or magnetic resonance imaging were also performed to rule out liver abscess 

when a positive culture was received and complementary antimicrobial treatment was ordered 
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depending on the particular microorganism growing in the culture media and its sensitivity 

profile. Further measures were also available upon clinical evidence of infection.  

 

4.3.7. - Graft function 

 

In addition to standing graft function determination based on insulin requirement, glycemic 

control, hemoglobin A1C, protection from hypoglycemia, and fasting C-peptide testing, more 

definitive stimulated C-peptide levels were obtained at the time of mixed meal tolerance testing 

scheduled at intervals post-transplant (3 monthly for one year, then 6 monthly thereafter). Loss 

of C-peptide production was defined by stimulated C-peptide levels below 0.2 nmol/L after 

mixed meal tolerance test or in the presence of a fasting glucose >15mmol/l. 

 

4.3.8. - Statistical analysis 

 

Results are expressed as means ± SE values or the median (25
th

 – 75
th

 percentile) as appropriate. 

Comparisons were made with a two-tailed Student’s t test, paired or unpaired as appropriate. 

Graft survival analysis was performed using Kaplan-Meier with log-rank test to compare 

differences between groups. All statistical analyses were performed using SPSS version 12.0 

(SPSS Inc., Chicago, IL, USA). Significance was considered when P< 0.05.  
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4.4. – RESULTS 

 

After more than 358 procedures, no single islet preparation showed a positive gram stain or 

endotoxin level greater than 5 EU/kg. Of those 343 islet transplants included in this study, 19 

(5.5%) showed positive microbial growth in the final islet preparation. This prevalence is well 

within the incidence previously reported by centers worldwide.(4, 5, 8, 16) Thus, two groups of 

patients are reported: those with contamination (n=18) (one patient received two contaminated 

islet preparations) and those without (n=146). Among the contaminated islet preparations, the 

most common isolates were gram-positive organisms (79.4%), followed by Candida sp. (11.7%) 

and Gram-negative organisms (8.8%) (Table 4.1). The most frequently identified 

microorganisms were coagulase-negative Staphylococcus (nine of 19 [47.3%]), followed by 

Enterococcus and Candida albicans (four of 19 [21%] for each). Eight islet preparations had 

polymicrobial contamination (42.1%). Other microorganisms also cultured in lesser frequency 

were Pseudomonas sp., Streptococcal sp., Aerobic spore-bearing bacilli and Mycoplasma sp. 

All patients in whom islet cultures were positive received appropriate antimicrobial prophylaxis 

usually of 1-2 weeks duration. No patient in our series experienced clinical features of infection 

related to the procedure regardless of the induction immunosuppression utilized and blood 

cultures sent in those patients resulted in no growth (Table 4.2).  

We also analyzed the possible impact of contaminated preparations on short and long-term islet 

graft function assessed by various post-transplant tests over a mean follow up of 134.6 months. 

The analysis did not demonstrate any significant difference between the two groups in terms of 

measurable or stimulated C-peptide peak values at one moth post-transplant and onwards. 

Insulin-independence rates were similar among both study groups and finally, the mixed meal  
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Table 4.1 - Microbial species cultured from 19 contaminated human islet preparations 
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Table 4.2 Summary of 18 patients receiving islet transplant with microbial contamination in the 

final preparation. Asterisk marks patient No.8 who received contaminated preparations on two 

occasions. 
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tolerance test (Ensure® [Abbot Nutrition Canada; Saint-Laurent, QC, Canada] test) and other 

metabolic monitoring tools (intravenous glucose tolerance test, oral glucose tolerance test and 

arginine stimulation test) also failed to demonstrate any differences in graft function after 

receiving non-contaminated/contaminated islet preparations. Moreover, we could not 

demonstrate any negative impact of microbiological contamination upon long-term islet graft 

survival, with loss of stimulated C-peptide over time (Figure 4.1). Mean C-peptide survival was 

112.4 months in subjects with no contamination (n=146) vs 112.7 months in those receiving 

contaminated preparations (n=18), (Log-rank p=0.39). 

 

4.5. – DISCUSSION 

 

We herein report on the largest single center series of intraportal islet transplantation, with 

respect to risk of transplantation of microbiologically contaminated islet preparations in 

immunocompromised recipients.  Importantly, despite a 5.5% risk of transplantation of a 

contaminated product, there were no clinical sequelae and no negative impact upon islet function 

in any of the 18 recipients. Clearly, despite the introduction of rigorous cGMP manufacturing 

conditions and strict protocols for handling of biological tissues, there is still a potential risk for 

transmission of microbiological contaminants (3-5, 8, 16). Since all of the materials, reagents 

and media are strictly quarantined and monitored, and full aseptic technique used throughout the 

processing, it seems most likely that the greatest source of microbiological contamination 

originates from the donor pancreas and in the retrieved segment of donor duodenum. Previous 

studies addressing contamination of the pancreas preservation solution (University of Wisconsin  
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Figure 4.1 Kaplan Meier Graft survival curves comparing the maintenance of stimulated C-peptide levels in 

subjects who did or did not receive contaminated islet preparations. Mean C-peptide survival was 112.4 months in 

subjects with no contamination (B, n=115) vs 112.7 months in those receiving contaminated preparations (A, n=18) 

(Log-rank p=0.39). 
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solution or Histidine-Tryptophan-Ketoglutarate) both in whole pancreas and in islet isolation 

suggest that the donor duodenal segment provides the greatest source of contamination (4, 8).  

Our study reports a contamination rate of 5.5% with absolutely no influence of harvesting 

techniques or preservation solutions as previously reported by our center (8). In fact, previous 

studies on microbial contamination during islet isolation have suggested that a majority of 

microorganisms are washed, diluted or eliminated during pancreas processing. However, de novo 

contamination during the last stages of the process is still reported in various centers (4, 8). 

Previous reports on this topic make minimal reference to the consequences of patients receiving 

these contaminated islets in the presence of potent T-directed immunodepletion and 

immunosuppression regimes (121 of 358 [33.8%]). To our knowledge, previous reports have not 

addressed clinical risk, impact and potential negative effects upon islet engraftment and survival. 

In the current study, we looked for possible infectious complications in 18 subjects receiving 

positive-culture islet preparations. Our current series expands on previous findings, and clearly 

demonstrates exceedingly low risk of clinical sequelae provided the initial microbiological load 

is low (negative Gram stain and low endotoxin content) and appropriate antimicrobial 

prophylaxis is used. Furthermore, the intrahepatic site for islet delivery may provide an 

especially protective environment for a potentially contaminated islet product, due to the 

excellent intrahepatic blood flow, exposure to prophylactic and treatment directed antibiotics 

where indicated, and most likely due to the presence of large numbers of phagocytic Kupffer 

cells (17). 

When looking into the possible long-term effects of this contamination we could not find any 

significant differences in islet survival between the two groups. This finding is similar to another 

study recently published by our group when analyzing the influence of cytomegalovirus infection 
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in clinical islet transplanted patients (18). In that analysis, we reported an association between 

the use of T-depletion immunosuppressant and the occurrence of cytomegalovirus transmission.  

The sterile technique during islet isolation continues to be of paramount importance in line with 

the continual improvement in islet transplantation safety. The use of cGMP conditions remains 

standard and an integral part of the safety of clinical grade islet manufacture. Despite these 

standards, microbiological contamination of islet products may still occur on rare occasions, but 

is only identified after the transplant procedure. Fortunately, it appears to have little or no effect 

on patient health or on islet survival. Nonetheless, utilization of sterile preparations should 

remain a priority in order to maximize patient safety and avoid potential complications in 

immunosuppressed patients. Microbial surveillance remains an important element in clinical islet 

transplantation, and where found the risks can be negligible provided appropriate directed 

antimicrobial therapies are given (4). 
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5. - Clinical Subcutaneous Islet Transplantation into a Pre-Vascularized Subcutaneous 

Device
 
- Experience in the First Three Cases 

 

 

Note: A version of this section has been submitted as A Brief Communication to the Am J Transplant May 2016. 
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5.1. – ABSTRACT 

 

Despite advances in clinical islet transplantation, intraportal islet delivery is limited by 

engraftment, neovascularization, immune protection and functional survival. An alternative pre-

vascularized, subcutaneous device could solve these issues and be relevant for future 

transplantation of insulin-producing stem cells. We herein report a first-in-human trial with a 

newly developed pre-vascularized subcutaneously placed pouch as an innovative approach for 

human islet implantation. Three longstanding type-1 diabetes subjects underwent subcutaneous 

implantation of therapeutic and sentinel pouches. After a median delay of 53 days (range 22 – 

130), inner rods were removed and voids filled with purified human islets. In this preliminary 

experience, the primary endpoint of safety was met, and surviving, vascularized human islets 

were visualized on histological examination after pouch explantation by 6 weeks post-transplant. 

Islets retained macro-structure of beta and alpha cells in all cases, and demonstrated 

neovascularization. The early secondary endpoint of efficacy was not met, as no functional islet 

engraftment was detectible despite transplantation of a substantial islet mass in each case. Early 

peak C-peptide at 24 hours followed by absence subsequently suggested early engraftment 

failure. This pre-vascularized subcutaneous device offers potential for human islet or stem cell 

engraftment in a superficial retrievable site, but requires further refinement. 
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5.2. - INTRODUCTION 

 

Clinical islet transplantation has advanced beyond ‘proof-of-concept’ demonstrating that cellular 

replacement therapy can effectively treat type 1 diabetes mellitus (T1DM) (1). Currently, islet 

transplantation into the portal ‘black-box’ of the liver has clear limitations for engraftment, 

functional survival, immune protection, monitoring and imaging of grafts, and many subjects 

require more than one islet infusion to achieve and maintain protection from hypoglycemia or 

insulin independence (2, 3). The elements of any future widespread cell-based approach to 

restore beta-cell mass through transplantation beyond cadaveric donation will require a vast 

supply of compatible and safe insulin-producing cells. If these cells are derived from embryonic 

or adult stem cell lines, the potential for unregulated growth, teratoma or malignant 

transformation, will likely dictate a need for graft retrievability, at least in the early phase safety 

trials (4). The hepatic portal system is therefore likely unsuitable for infusion of stem cell-

derived therapies, as a major hepatectomy or liver transplantation would be required if graft 

retrieval is needed. 

Numerous studies have explored alternative suitable sites for islet engraftment (5). Empirically, 

the intraportal site is used routinely for clinical islet transplantation, and is currently the only site 

that has consistently provided protection from hypoglycemia and insulin-independence. 

Intramuscular (6-8) and bone marrow (9) implantation have generated interest, but no patients 

have achieved insulin independence with such an approach to date. The subcutaneous site for 

surrogate beta-cell implantation remains attractive, but has previously failed to offer an adequate 

milieu for vascularity, oxygen, hormonal and metabolite exchange (10-12). Furthermore, 
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placement of non-encapsulated islets or stem cell derived insulin producing cells within the 

unmodified subcutaneous space has met with limited success (13). 

Over the past six years, Sernova Corp. (London, ON) developed and refined a proprietary, 

scalable, implantable polymer chambered medical device (Cell Pouch™) designed for human 

cellular replacement therapies (14). A scaled down Cell Pouch™ prototype for small animal 

testing demonstrated long-term insulin independence in a marginal mass islet transplant model 

(15, 16). Initial results suggested the device could provide a critical, unmet need in development 

of the subcutaneous space for islet, and especially for alternate stem cell derived therapeutic Cell 

Transplant. The pouch is contract-manufactured from medical-grade materials, under ISO13485, 

US FDA Quality System Regulations (QSR) 21 CFR 820 standards, and sterilized according to 

ANSI/AAMI/ISO 11135-1: 2007. The device previously demonstrated a favorable safety profile 

in multiple animal models and met ISO10993 biocompatibility studies. This human-scaled 

device is approximately 60mm x 60mm and is placed in the deep subcutaneous space, in a 

minimally-invasive surgical procedure (Figure 5.1). 

Based on safety and efficacy validation in small and large animal islet transplant models 

(isograft, autograft and allograft), the University of Alberta’s Clinical Islet Transplantation 

Program initiated a pilot phase I/II clinical trial to evaluate safety and efficacy of this device in a 

planned recruitment of 20 subjects with type I diabetes (Clinical Trials.gov NCT01652911). This 

study was authorized by the Health Research Ethics Board of the University of Alberta (Protocol 

number PRO00028097), Data and Safety Monitoring Board and by Health Canada. Therapeutic 

cells are regulated by the Biologic and Genetic Therapies Directorate and the Cell Pouch™ is 

regulated by the Therapeutic Products Directorate - Medical Devices Bureau of Health Canada. 

This paper presents our preliminary experience in the first three enrolled  
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Figure 5.1 . Illustration of the Sernova Cell Pouch™. (A) Plugs in situ within the Cell Pouch™. (B) Illustration of 

islet infusion within the chambers of the Cell Pouch™. 
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subjects and the lessons learned from a first-in-human assessment of the Cell Pouch™ using 

human islets. 

 

5.3. - CASE 1 

 

A 60-year-old male subject with longstanding T1DM of 35 years was listed for clinical islet 

transplantation based on frequent recurrent hypoglycemia and glycemic lability (Clark score of 

5/7, Lability Index 530, Hypo score of 2,704) (17). Baseline characteristics and glycemic control 

are shown in Table 5.1. At the time of device implantation, 1g cefazolin (Ancef, SmithKline 

Beecham, Mississauga, ON.) was administered intravenously, and implantation was 

accomplished under local anesthesia. Two 10-plug pouches were implanted in the abdominal 

wall through 2 limited transverse incisions. The devices were positioned lying flat in the deep 

subcutaneous space. A third small 2-plug pouch, designed as a sentinel, was placed in the volar 

forearm.  

Approximately 13 days post-implant this subject experienced a minor wound seroma, which was 

aspirated percutaneously. The cultured seroma fluid was initially sterile, but 7 days later ongoing 

wound discharge was culture positive for propionibacterium acnes, a likely skin contaminant. 

The seroma resolved completely on clinical inspection, and confirmed by superficial ultrasound 

interrogation 28 days later.  

On day 53 post-implant, and under general anesthesia, the devices were accessed, the inner rods 

removed, and 448,612 islet equivalents (IEQ) distributed evenly across all channels (Table 5.1 

and Figure 5.1). Immunosuppression consisted of our local standard alemtuzumab 

(MabCampath, Genzyme Corp.) 30 mg intravenously induction, etanercept (Enbrel; Amgen  
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Table 5.1 Summarized demographic, glycemic and transplant characteristics of three subjects receiving 

subcutaneous Cell Pouch
TM

 islet transplantation. Islet channel density was estimated by dividing the total islet mass 

infused (in IEQ) by the total number of therapeutic channels used.  Subject 3 received a combination of two islet 

preparations; a. Right-sided therapeutic pouch islet density for subject 3 (first donor); b. Left-sided therapeutic 

pouch islet density for subject 3 (second simultaneous donor);  c. Only sentinel devices were explanted in Subject 3. 

Therapeutic devices remain in place. 
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Canada Inc., Mississauga, ON.) 50 mg IV on day 0, and 25 mg subcutaneously on days 3, 7 and 

10 post-transplant, and anakinra (Kineret, Amgen Canada Inc., Mississauga, On.) 100 mg 

subcutaneously on day 0 and daily for 7 days. Maintenance twice daily tacrolimus (Prograf, 

Astellas Pharma Canada Inc., Markham, ON.)  was adjusted to provide target trough levels of 10 

– 12 µg/L, together with mycophenolate mofetil (CellCept®, Hoffmann-La Roche Ltd., 

Mississauga, ON.) up to 2 g per day in divided dose, as tolerated. Cephalexin (Keflex, Eli Lilly 

Canada Inc. Toronto, ON.) was given at a dose of 500 mg 4 times daily, orally for 10 days. 

The early post-transplant period was uneventful. In this subject, systemic evidence of graft 

function was not observed at early time points (negative C-peptide on day 7, 14 and 21, with no 

change of insulin requirement).  On day 14 post-transplant, a sterile local wound discharge was 

observed from the right and left abdominal incision sites, and cultures were positive for 

anaerobic non-spore forming Gram-positive bacilli, a possible skin contaminant. The patient was 

prescribed cephalexin 500 mg q6h for 14 days and by post-transplant day 23 the discharge was 

resolving.  

On post-transplant day 30, accommodating patient request, all devices were explanted under 

general anesthesia. The integrity of the pouches was confirmed, and appeared to be vascularized 

and integrated with surrounding tissues. Tissue fluid from each of the incisions was cultured and 

demonstrated no bacterial or fungal growth. 

Histology and immunohistochemistry of the excised devices confirmed the devices to be well-

integrated with neovascularization (positive staining for von Willebrand factor) and intact, viable 

islets were present in limited sections with β-cells stained positive for insulin (Figure 5.2A,B). 

α-cells, staining positive for glucagon, and δ-cells staining positive for somatostatin were also 

observed (images not shown).  
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Figure 5.2 Histology showing surviving islets surrounded new blood vessels in areas of the therapeutic devices 

explanted from Subjects 1 and 2 (paraffin embedded, 5 micron sections). White arrows (1) highlight strong von 

Willebrand Factor (vWF) staining in green; White arrows (2) demonstrate insulin staining (red) and cell nuclei (3) 

staining blue with 4',6-diamidino-2-phenylindole (DAPI). 2A. Selected section of therapeutic Cell Pouch™ 

explanted at day 30 post-transplant from Subject 1, at 100x magnification to show overview of surrounding large 

vessels in the graft perimeter together with intra-islet micro vessels; 2B.  Similar section as 2A, but magnified to 

200x; 2C.Selected section of therapeutic Cell Pouch™ explanted at day 14 post-transplant from Subject 2, at 200x 

magnification. 
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Where islets were identified, their presence was low volume and the distribution was patchy. No 

evidence of acute cellular rejection or autoimmune infiltrates was seen, without foreign body 

reaction and no macrophage or monocytic infiltration. 

 

5.4. - CASE 2 

 

A 58-year-old female was enrolled with T1DM of 45 years duration (Clark score 7, Lability 

Index 592, Hypo score 671 (Table 5.1).  The Cell Pouch™ implants were carried out under local 

anesthesia similar to Case 1 (two 10-plug pouches placed in the lower abdominal wall and one 2-

plug sentinel pouch in the volar left forearm). 

There were no local wound complications after device implantation. On day 22 post-implant, 

under local anesthesia, 506,844 IEQ islets were infused evenly within the left-sided 10-plug 

pouch and sentinel (Table 5.1). Since the preparation was very pure, the remaining right-sided 

device was left in situ. Similar immunosuppression was given, and cephalexin prescribed 

(500mg 4 times daily orally for 10 days).  

The patient did well initially, but subsequently developed superficial cellulitis of the left forearm 

at day 10 post-transplant, which responded to intravenous ceftriaxone (Sandoz Pharmaceuticals, 

Sandoz, Boucherville, QC) 2 g daily.  

Again, upon patient request, all devices were explanted on day 14 post-transplant. In this patient, 

no detectable C-peptide was evident and no meaningful reduction in insulin requirement was 

detected at this day 10 early time point. She did not reach the protocol defined 3-month post-

transplant first efficacy assessment, nor was she offered a second transplant.  
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Staphylococcus aureus was isolated from the left upper quadrant abdominal site on delayed 

cultures. Immunohistochemistry of the explanted devices showed extensive vessel ingrowth by 

von Willebrand factor staining, and viable islets were identified with patchy distribution, with β-

cells staining positive for insulin (Figure 5.2B), α-cells positive for glucagon, and δ-cells 

positive for somatostatin (images not shown). There was no evidence of acute cellular rejection 

or autoimmune infiltrates, foreign body reaction and no macrophage or monocytic infiltration. 

 

5.5. - CASE 3 

 

Based on our preliminary experience above, we minimized the use of electrocautery during 

implantation, prolonged prophylactic oral antibiotics, and extended the period from device to cell 

implantation to 4 months to ensure mature device incorporation. A 29-year-old female with 25 

years of T1DM was then enrolled (Clark score 4, Lability Index 610, Hypo Score 501) (Table 

5.1).  In this case we doubled the initial device implant numbers, placing four 8-plug pouches in 

the deep subcutaneous space of the lower abdominal wall, with two 2-plug sentinel devices 

placed laterally (Figure 5.3). The rationale for the increased device number and configuration 

was to limit exposure to repeated surgeries, and to potentially accommodate simultaneous 

transplantation of two clinical islet preparations from separate donors. At 3 weeks post 

implantation, a large sterile fluctuant seroma developed, extending bilaterally across the 

dependent lower abdominal wall. There was no pain or discomfort, and no evidence of infection, 

cellulitis or discharge, and we chose to allow the seroma to resolve fully and spontaneously 

before proceeding with islet implantation. Complete resolution was confirmed subsequently by 

superficial ultrasound examination at 3 months. 
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Figure 5.3 (A) Illustrative diagram showing surgical sites for implantation of Cell Pouch
TM

 devices in subject three. 

1. Site of the lateral sentinel pouches placed above the iliac crests. 2. A total of four therapeutic pouches placed in 

pairs above and below each transverse incision on the lower anterior right and left abdominal wall. Note: Cell 

Pouches
TM

 are not scaled to size. (B) 2-year post-transplant photograph of the anterior abdominal wall of subject 3.  
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This subject was transplanted 130 days after pouch implantation, when extensive device 

incorporation and vascularization was observed. Two donor islet preparations become available 

simultaneously with cumulative islet mass of 1,294,900 IEQ and these were distributed evenly 

across all four major pouches, with a small fraction allocated to the two laterally placed sentinel 

devices. Approximate comparison of islet density per plug channel is outlined in Table 5.1. Post-

transplant immunosuppression was similar to the previous cases, but antibiotic prophylaxis was 

extended to 7 days. The transplant procedure concluded without complications. 

The two sentinel pouches were excised as per protocol, for histological assessment 6 weeks after 

transplantation. Histologic and immunohistochemical analysis of the sentinel pouches confirmed 

neo-angiogenesis and patchy islet fragments present within the device, staining positively for 

insulin and glucagon (Figure 5.4A-C) and no evidence of immune cell infiltration by CD3 

staining (Figure 5.5). The examination also identified that exocrine tissue (as identified by 

pancreatic amylase and CK-19 staining) was abundant to a variable degree (Figure 5.6). 

 

5.6. - SERIAL C-PEPTIDE MONITORING AND SUBSEQUENT COURSE 

 

All three subjects experienced acute, short-lived peaks in serum C-peptide levels within the 

initial 24h post-transplant, most evident in subject 3 that received the largest islet mass (Figure 

5.7A,B). All three subjects remained C-peptide negative after post-transplant day 2.  

The three subjects made a complete recovery without long-term sequelae, and the second and 

third subject were relisted for ‘standard-of-care’ intraportal islet transplantation outside of this 

research protocol. Subject 1 chose not to participate in further islet transplants, remained C-

peptide negative, and has not been followed actively (Figure 5.8A,B).   
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Figure 5.4 Selected histology and immunohistochemistry from the sentinel devices explanted at 30 days post-

transplant in subject 3, showing surviving islets surrounded by tissue and new blood vessels within the device. A. 

Masson’s trichrome stain at 50x magnification showing location of the transplanted cells within the channel lumen; 

B. Positive immunofluorescence staining for insulin/vWF/DAPI at 200x magnification (insulin red (INS), von 

Willebrand Factor green (vWF), 4',6-diamidino-2-phenylindole blue; C. Glucagon green (GLUC), INS (red) and 

DAPI (blue) at 200x magnification. /DAPI antibodies. 

 

  

50x 

200x 

200x 
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Figure 5.5 A. Masson’s trichrome stain of a selected histology image of a Cell Pouch™ explanted after day 30 post-

transplant from Subject 3, showing outer device tines (large white voids in upper portion of slide) with a portion of 

an islet graft seen centrally (50x magnification); B. Immunofluorescence staining for CD3 (green); insulin (INS, red) 

and DAPI (blue), demonstrating no evident T-cell infiltrate (200x magnification). White circles highlight occasional 

CD3 positive cells.  

  

50x 

 

200x 
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Figure 5.6 Evidence for survival of pancreatic exocrine tissue and ductal elements (CK19 positive) within the 

sentinel devices explanted from Subject 3.  A. Masson’s trichrome stain of a selected histology image of a Cell 

Pouch™ explanted after day 30 post-transplant from Subject 3 (200x magnification); B. Selected section stained by 

immunofluorescence for CK-19 (green), insulin (INS, red) and DAPI (blue) (200x magnification); C. 

Immunostaining for Amylase (Amy (green), insulin (INS, red) and DAPI (blue) (200x magnification). 

  

 

200x 

200x 

200x 
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Subject 2 received a first intraportal islet transplant 11 months after the subcutaneous procedure 

and promptly attained positive C-peptide status with marked reduction in exogenous insulin 

requirement and correction of HbA1C. A second intraportal islet infusion was given at 16 

months, which rendered her insulin free (Figure 5.8C,D). Subject 3 was the only patient in the 

study to reach the 3-month efficacy assessment. Evidence of graft function was not observed at 

any time point up to and beyond 4 months post-transplant in this subject, as determined by serial 

measurement of mixed meal stimulated C-peptide (Ensure
TM

), decrease in insulin requirement, 

or protection from hypoglycemia. While a decrement in HbA1C was noted, in the absence of C-

peptide this likely reflects more optimized glycemic and insulin monitoring rather than graft 

function per se (Figure 5.8E,F). 

Subject 3 underwent two subsequent intraportal islet infusions on day 131 and 202 after the 

subcutaneous intervention, and promptly achieved attained C-peptide status, correction of 

HbA1C and periods of insulin independence (Figure 5.8E, F).  

All subjects remained non-sensitized with negative panel reactive antibody (PRA) following 

device transplantation, and there were no donor-specific antibodies identified directed against 

any of the subcutaneous donors.  

Finally, other than minor superficial scars, no major aesthetic concerns were apparent as a 

consequence of the pouch implantation, cell transplants or sentinel retrievals. Indeed, subject 3 

still has four 8-plug pouches in situ at 24 months post-surgery with no safety sequelae (Figure 

5.3B). 
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Figure 5.7 Early post-transplant basal levels of C-peptide.  A. Post-transplant levels of C-peptide for all three 

subjects showing peak increase within the first 24h, most substantial in Subject 3 who received a larger transplant 

dose; B. Corresponding fold-change in basal C-peptide levels for all subjects seen within the initial 24h post-

transplant. 
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Figure 5.8 Pre and post-transplant function of the 3 study subjects as determined by stimulated C-peptide response 

to a mixed meal challenge (Ensure
TM

), daily insulin requirement and glycated hemoglobin over time. There was no 

detectible function of islets contained within any of the Cell Pouches
TM

 in any of three subjects, but Subjects 2 and 3 

subsequently received two intraportal islet infusions and both became promptly C-peptide positive, insulin 

independent for a period, and corrected hemoglobin A1C (HbA1C).  A, B. Data from Subject 1; C, D. Data from 

Subject 2; E, F. Data from Subject 3.  CP: Cell Pouch
TM

; IP#1: first intraportal transplant; IP#2: second intraportal 

transplant. HbA1C: hemoglobin A1C. 
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5.7. – DISCUSSION 

 

We herein report our initial first-in-human experience with a pre-vascularized subcutaneous islet 

transplant device, Sernova’s Cell Pouch™, in a single center phase I/II study. The results clearly 

show the device and surgical approach to be relatively safe. Minor wound complications 

occurred in all 3 cases, including cellulitis and seroma, and either resolved spontaneously over 

time (third subject) or following device explantation (first and second subject). An important 

observation was the clear histologic identification of human islets staining positively for insulin, 

glucagon and somatostatin within the pouch, with incorporated neovascular ingrowth in all cases 

at different time points. Although the human islet distribution was patchy and found only in 

limited sections, where present, cells were surrounded by viable stroma and demonstrated no 

features of immune rejection or infection.  

While the device materials have been shown by the manufacturer to be biocompatible in small 

and large animal models, the occurrence of seroma in human subjects was not predicted in 

previous studies, perhaps suggesting attenuated foreign-body reaction responses in human 

subjects with longstanding diabetes (18). Based on our preliminary observations especially in 

subject 3, we would advocate delaying implantation of viable cellular material until the devices 

have become fully incorporated. 

The lack of demonstrable graft functionality in this preliminary experience, an important 

secondary endpoint, is disappointing. We have closed enrollment of further subjects based on 

this finding. In our own preclinical studies with a sentinel-sized Cell Pouch
TM

, it took 

approximately 20 days with full islet mass, and 40 days with a marginal mass to fully reverse 

diabetes in mice (16). However a steady improvement in glycemic control was observed within 
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the initial 5-10 days of transplantation in these mice (16). These findings contrast with our 

routine clinical experience with intraportal islet transplantation in diabetic patients, where 

measurable C-peptide function, marked decrease in insulin requirement or insulin independence 

with stabilization of hypoglycemic events occur within days of transplantation (Figure 5.8). Due 

to pre-emptive device explantation within 15 and 30 days in the first 2 cases, insulin 

independence was not expected, but a decrement in insulin requirement and the presence of 

detectable C-peptide should have occurred. Further developmental work will be required to 

determine the functional utility of this approach. Subject 3 maintained therapeutic Cell 

Pouches™ containing a substantial islet mass for 131 days before intraportal islet transplantation 

intervened (Figure 5.8). The presence of measurable C-peptide in all 3 subjects within the initial 

24 hours, and the high peak observed in subject 3 (Figure 5.7), is consistent with substantial 

acute islet demise during the initial engraftment period, with passive insulin and C-peptide 

release. 

The contrast between lack of detectable function and histologic survival suggests, especially in 

the light of the acute C-peptide release at 24 hours, that the vast majority of the transplanted 

islets failed to survive the engraftment process. The patchy finding of occasional islets is 

consistent.  The study was not designed to assess precise, longitudinal, histological quantification 

of islet cell survival, but there was clearly a marked discrepancy between the number 

transplanted and number surviving. The optimal islet density per device channel still remains to 

be defined for human islets in patients, and it seems likely that in three cases we may have 

overwhelmed the capacity of the Cell Pouch to provide oxygen and nutrient exchange (Table 

5.1).  
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The presence of contaminating exocrine and ductal components may be an important 

differentiating factor between Cell Pouch™ studies in mice and patients. The human islet 

preparations selected for Subjects 1 and 2 were of high purity. The third subject received a larger 

islet mass distributed across almost twice as many channels, but also contained more substantial 

exocrine pancreatic tissue (Table 5.1). While such a preparation is generally accommodated 

within the intraportal space, this may have further contributed to cellular hypoxia and demise 

within the limited confines of the device. Of interest, Subject 3 was found to have surviving 

exocrine tissue in the sentinel Cell Pouch™ (Figure 5.6), in contrast to intraportal islet 

transplantation where exocrine tissue is not routinely found (19).  

 

The pre-vascularized subcutaneous Sernova Cell Pouch™ approach offers a potentially 

retrievable site for human islet implantation, and future application of embryonic or adult stem 

cell-derived expanded beta cells in diabetes. Based on our limited preliminary experience, and 

acknowledging technical challenges in our early learning curve, the current device and surgical 

techniques likely require further modification to optimize accommodation of functional cells. 

Prevascularization of the subcutaneous site through a variety of approaches may transform a 

non-favorable site for therapeutic cellular engraftment, thereby broadening future potential cell 

transplant approaches in regenerative medicine. 
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CHAPTER 6.  

A PREVASCULARIZED 

SUBCUTANEOUS DEVICE-LESS SITE 

FOR ISLET AND CELLULAR 

TRANSPLANTATION 
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6. - A prevascularized subcutaneous device-less site for islet and cellular transplantation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Note: A version of this section was published as an Original Paper in Nature Biotechnol 2015 May; 33(5): 518 - 23. 

  



 136 

ORIGINAL PAPER 

 

A Prevascularized Subcutaneous Device-Less Site for Islet and Cellular 

Transplantation  

Andrew R. Pepper,
1 

Boris Gala-Lopez,
1
 Rena Pawlick,

1 
Shaheed Merani,

1 
Tatsuya Kin, 

1, 2
 A. M. 

James Shapiro
1, 2

 

1
 Clinical Islet Transplant Program, Alberta Diabetes Institute, University of Alberta, Edmonton, 

AB, Canada 

2
 Department of Surgery, University of Alberta, Edmonton, AB, Canada 

 

 

Correspondence to: A.M. James Shapiro, MD, PhD, Professor, Director of Clinical Islet and 

Living Donor Liver Transplant Programs, Clinical Islet Transplant Program, University of 

Alberta. 2000 College Plaza, 8215-112th St, Edmonton T6G 2C8, Alberta, Canada. 

amjs@islet.ca 

Telephone: +1-780-4077330, Fax: +1-780-4078259 

 

 

Note: The current chapter is the result of combined efforts of our entire team where Dr. Andrew 

Pepper and I had leading roles in the design of the experiments, execution of transplant 

procedures and the final writing of this manuscript, under the supervision of Dr. James Shapiro. 

Despite being second author in this publication, the experiments associated with this project 

became an important component of my PhD work. 

  



 137 

6.1. – ABSTRACT 

 

Transplantation of donor-derived islets into the liver is a successful cellular replacement therapy 

for individuals with diabetes. However, the hepatic vasculature is not an optimal transplant site 

for several reasons, including graft attrition and the inability to retrieve or image the islets. Here 

we describe islet transplantation into a prevascularized, subcutaneous site created by temporary 

placement of a medically approved vascular access catheter. In mice with streptozotocin (STZ)-

induced diabetes, transplantation of ~500 syngeneic islets into the resulting ‘device-less’ space 

reversed diabetes in 91% of mice and maintained normoglycemia for >100 days. The approach 

was also effective in mice with pre-existing diabetes, in another mouse strain that mounts a more 

vigorous inflammatory response, and across an allogeneic barrier. These results demonstrate that 

transient priming of a subcutaneous site supports diabetes-reversing islet transplantation in 

mouse models without the need for a permanent cell-encapsulation device. 
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6.2. – INTRODUCTION 

 

Cellular transplantation is an attractive and growing treatment strategy for a variety of disease 

processes, including diabetes, Parkinson’s disease, myocardial ischemia, stroke, metabolic liver 

disease and hemophilia. A prototypic example of cellular replacement therapy is intrahepatic 

transplantation of donor-derived pancreatic islets of Langerhans in individuals with type 1 

diabetes mellitus who have unstable glucose control. The ‘Edmonton protocol’ for administering 

this therapy achieved high rates of insulin independence (1). Initial long-term analysis indicated 

that insulin independence was not durable, as most patients eventually returned to requiring 

moderate amounts of insulin, although they remained protected from recurrent hypoglycemia (2). 

Recent results from six islet centers suggest marked improvement in durable graft function, with 

insulin independence now seen in more than half of recipients at five years after transplantation 

(3). In addition to the possible occurrence of acute or gradual graft attrition, the procedure carries 

risks of bleeding and thrombosis, and of localized steatosis. These considerations suggest that the 

liver may not be the optimal site for transplanting insulin-secreting cells (4, 5). For successful 

intrahepatic transplantation, islets must receive nutritional and physical support from the hepatic 

vascular space, as they are devoid of their natural vascularized and specialized extracellular 

matrix (6, 7). To regain proper islet function, new blood vessels must form around and within the 

graft, however, the density of newly formed vessels is much lower than in native islets (8, 9), 

irrespective of whether islets are transplanted into the human liver, the kidney or the spleen (9). 

Moreover, intrahepatic transplantation does not permit graft retrieval, an important requirement 

when transplanting stem-cell derived insulin-secreting cell populations, which could lead to 

unwanted effects such as teratoma formation.  
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For these reasons, and as new, alternative stem cell derived insulin-secreting cells become 

available, substantial research efforts have been dedicated to the pursuit of alternative transplant 

sites as retrievability becomes an imperative requirement,  (9-11) (Tables 6.1 and 6.2).  

It has been suggested that an optimal site should: 1) have an adequate tissue volume capacity, 2) 

be in close proximity to vascular networks, ensuring a sufficient oxygen supply to the graft 

before revascularization, 3) allow for dynamic communication between the graft and the 

systemic circulation in a physiologically relevant manner, 4) facilitate minimally invasive means 

to transplant, biopsy and retrieve the graft, and 5) elicit minimal inflammation to reduce 

immunogenicity and promote long-term graft survival (11). In theory, subcutaneous 

transplantation should be superior to portal vein infusion as it provides ready access to the graft 

and the possibility of monitoring function through imaging (12-14).  However, transplantation of 

islets into an unmodified subcutaneous site has universally failed to reverse diabetes in animal 

models or in humans owing to poor oxygen tension and inadequate vascularization (15). 

Stimulation of angiogenesis is critical to successful subcutaneous islet transplantation (9, 11, 14, 

16). Oxygen generators, polymers, meshes, encapsulation devices, matrices, growth factors 

(including fibroblast growth factor, hepatocyte growth factor and vascular endothelial growth 

factor) and co-transplantation of mesenchymal stem cells have all been explored with variable 

success (Table 6.1). 

Strategies for subcutaneous transplantation that rely on biomaterials often fail because of the 

foreign-body and inflammatory reaction, a complex, dynamic process that can persist for the 

lifetime of the implant (17). Physical contact of the implant with host blood, lymph, exudate or 

other fluids triggers an instant inflammatory response that leads to spontaneous adsorption to the 

biomaterial of host blood proteins, including albumin, fibrinogen, complement, fibronectin and 



 140 

γ-globulin (17-19). Host cells responsible for wound healing encounter this layer and release 

cytokines, chemokines, reactive oxygen species and other enzyme products that recruit tissue-

resident macrophages and undifferentiated monocytes to the wound site (17-19).  

As macrophages engage the biomaterial, they form foreign-body giant cells. These cells secrete 

signaling molecules (e.g., IL-1, IL-6, IL-10, IL-12, TNF-α, TGF-β), attracting fibroblasts, which 

secrete collagen during cellular proliferation and neovascularization (17, 20). It has been 

theorized that in the early stages of the foreign body reaction, cellular infiltrates are confronted 

with a reduced oxygen tension environment, stimulating macrophages to activate hypoxia-

inducible factors and in turn induces the expression of pro-angiogenic factors including vascular 

endothelial growth factors and platelet-derived growth factors driving the neovascularization 

process (21). 
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Table 6.1 Translation of subcutaneous islet transplantation therapies. Summary of experimental approaches 

used to optimize the subcutaneous space for experimental transplantation. 
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Table 6.2 Islet transplantation sites. Summary comparison of advantages and disadvantages of alternative sites for 

islet implantation. 
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Table 6.2 Islet transplantation sites. Continued 
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Within several weeks, a dense collagenous fibrotic capsule forms around the implant, isolating it 

from the host (17, 22). The fibrotic capsule hinders metabolic exchange, cell signaling, healing, 

tissue-device integration, and increases the risk of bacterial infection (17, 22).  

Here we report a subcutaneous device-less (DL) transplant technique that enables successful 

transplantation of mouse or human islets in mice. The approach was designed to harness the 

innate foreign-body response in a controlled manner to induce local neovascularization favorable 

to islet survival and function. A hollow nylon catheter is implanted subcutaneously, inducing a 

foreign-body response, and withdrawn after one month. Removal promptly extinguishes the 

foreign-body response, leaving a transplant space lined with neovessels (Figure 6.1 and Figure 

6.2). Transplantation of islets into this space facilitates reversal of diabetes without the need for a 

permanent device or exogenous growth factors.  

 

6.3. – METHODS 

 

6.3.1. - Creation of the DL subcutaneous transplant site 

 

A common ability of all cellular transplant based devices or transplant strategies is the formation 

of a vascularized scaffold to house the transplanted tissue (11). We aimed to harness the natural 

foreign-body response elicited by medically approved vascular catheters, as a means to develop a 

DL transplant site. This technique transforms the tissue under the skin from a hypoxic and 

avascular space, into a densely vascularized cellular graft-supporting matrix.  

Three to six weeks prior to islet transplant, 2 cm segments of a 5-French (Fr.) textured nylon 

radiopaque angiographic catheter (Torcon NB
®
 Advantage Beacon

® 
tip

 
Cook Medical, Indiana,  
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Figure 6.1 Design and characteristics of the subcutaneous DL cellular transplant site. Artwork by Hayato Tanaka. 
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USA) or a 6.5-French smooth silicone catheter (Cook Medical, Indiana, USA) were implanted 

subcutaneously into the lower left quadrant of 20-25 gram male BALB/c or C57BL/6 mice 

(Jackson Laboratories, Canada) for mouse syngeneic islet transplantation, (Figure 7.2A) or 

B6.129S7-Rag1
tm1Mom

 immunodeficient mice for human islet transplantation. A 4 mm lateral 

transverse incision was made caudal to the rib cage allowing for a small pocket to be created 

inferior to the incision line using blunt dissection. An adequate void (1 cm by 3 cm) was created. 

The catheter segment was implanted into the space such that the catheter laid parallel to the 

midline. The incision was closed with a surgical staple (Autoclip, Becton Dickinson, Sparks, 

MD) (Figure 6.2B). Once implanted, the catheter became adherent with blood proteins, leading 

to the formation of densely vascularized tissue, which exhibited a minimally visible profile 

(Figure 6.2C - 6.2F). At the time of transplant, removal of the catheter revealed a vascularized 

lumen allowing for cellular transplant infusion (Figure 6.1 and Figure 6.3A).  

 

6.3.2. - Proinflammatory cytokine and chemokines measurements 

 

A one-centimeter segment from either source catheter material was placed subcutaneously into 

the left lower quadrant of 20-25 gram male BALB/c mice. Implanted catheters with surrounding 

skin and muscle tissue margins were explanted 24 hours, 1 week and 2 weeks post-implantation. 

Similarly, tissue dissections were retrieved from the abdomen of non-implanted mice, serving as 

background cytokine and chemokine control specimens. The respective catheter segments were 

carefully removed from the surrounding tissue, yielding a hollow void encompassed by a 

vascularized matrix. Tissue samples were immediately placed in pre-weighed microcentrifuge 

tubes. The tissue weights were recorded, then subsequently flash frozen with liquid nitrogen and  
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Figure 6.2 Overview of the subcutaneous, ‘device-less’ transplant approach. To create the ‘device-less’ 

transplant site, a 5-French textured nylon radiopaque angiographic catheter (Torcon NB® Advantage Beacon® tip 

Cook Medical, Indiana, USA) is: (a) Implanted beneath the skin; (b,c,d) Left for a period of 3-6 weeks; (e) 

Removed; (f) Subsequent to the implant period, the angiocatheter is removed (e) creating a vascularized void where 

the islet transplant is infused; (f) Islets are then infused via PE50 tubing (Instech Laboratories, Boston USA); (g) 

Incision site closed with a single surgical clip; and (h) The islet graft exhibited no visible profile post-transplant up 

to 100 days post-transplant. 
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Figure 6.3 Histological analysis of islets transplanted long-term into the DL space. (a) Masson’s trichrome 

staining of the cross-section of the DL site after removal of a catheter that had been implanted for 4 weeks. Islets 

were infused into the resulting lumen (*). Collagen (blue), smooth muscle and erythrocytes (red) at 20×. (b,c) 

Masson’s trichrome staining at 100× (b) and 400× (c) of an islet graft in the DL site at >100 days after transplant, 

surrounded by collagen and blood vessels. Arrows indicate engrafted islets in a vascularized collagen scaffold. (d) 

Macroscopic image of the neovascularization penetrating the length of an islet graft in the DL site, >100 days after 

transplant. Arrow indicates islets within vascularized graft. (e) Hematoxylin and eosin staining of an islet graft 

cross-section, 100 days after transplant at 100×. Arrow indicates islets with the DL transplant site. (f) Fluorescent 

staining of the same cross-section stained for insulin (red), blood vessels (green) and nuclei (blue) at 100×. Scale 

bars, 100 μm. 
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stored at -80C prior to conducting the cytokine and chemokine proinflammatory analysis. Once 

all tissue samples from respective implantation period were collected and frozen, 1 mL of lysis 

buffer (0.15 M NaCl, 1 mM Tris-HCl, 0.1% SDS, 0.1% Triton X-100, 20 mM Sodium 

deoxycholate, 5 mM EDTA) per 200 mg of tissue was added to the tissue containing 

microcentrifuge tube.  Each tissue sample was homogenized (PowerGen, Fisher Scientific, 

Ontario, Canada) on ice for 30 sec x 2 replications. Samples were then sonicated (VirSonic, 

VirTis, NY, USA) with 10 quick pulses while on ice. Lysed tissue samples were centrifuged at 

18,300 g (RCF) for 10 min at 4C to remove cellular debris. The resulting supernatant was 

collected and placed in a microcentrifuge tube containing 10 L of a protease inhibitor cocktail 

(Sigma-Aldrich Canada Co., Oakville, ON, Canada) per 1 mL of lysate (1:100). Peri-implant 

cytokine and chemokine (IL-1, IL-12p70, IFN-, IL-6, KC/GRO, IL-10 and TNF-) 

measurements were conducted using a Multi-Spot Mouse ProInflammatory 7-Plex Ultra-

Sensitive kit (Meso Scale Discovery, Gaithersburg, MD, USA) requiring 25 L of 

lysate/replicate and analyzed on a SECTOR Imager (Meso Scale Discovery, Gaithersburg, 

MD, USA).  

 

6.3.3. - Mouse pancreatectomy and islet isolation 

 

Pancreatic islets were isolated from 8 to 12 week old male BALB/c or C57BL/6 mice. Animals 

were housed under conventional conditions having access to food and water ad libitum. The care 

for all mice within the study was in accordance with the guidelines approved by the Canadian 

Council on Animal Care. Before pancreatectomy, the common bile duct was cannulated with a 

27 G needle and the pancreas distended with 0.125 mg/mL cold Liberase TL Research Grade 
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enzyme (Roche Diagnostics, Laval, QC, Canada) in Hanks’ balanced salt solution (Sigma-

Aldrich Canada Co., Oakville, ON, Canada). Islets were isolated by digesting the pancreata in a 

50 mL tube placed in a 37°C water bath for 14 minutes with gentle shaking. Subsequent to 

digestion, islets were purified on histopaque-density gradients (1.108, 1.083 and 1.069 g/mL, 

Sigma-Aldrich Canada Co., Oakville, ON, Canada). 

 

6.3.4. - Human islet isolation 

 

Pancreata from multi-organ deceased donors were procured post-aortic cross-clamp and infused 

with preservation solutions. Consent for islet isolation was obtained in all cases. Islets from two 

separate human islet preparations were isolated implementing a modified Ricordi technique (23, 

24). In short, the pancreas was distended with collagenase blend solution and digested in a 

Ricordi
®
 Chamber. When islets were adequately dissociated from surrounding acinar tissue, the 

pancreatic digest was collected. Islets were purified using a continuous density gradient on a cell 

processor centrifuge (Model 2991, Cobe, Lakewood, Co, USA). All human islet preparations 

were processed with intent for clinical transplantation, and were only made available for research 

when the islet yield fell below that of the minimal mass required for clinical transplantation. 

Permission for these studies was granted by the Health Research Ethics Board of the University 

of Alberta, Edmonton, Alberta Canada. Human islets were cultured overnight in CMRL-1066 

media supplemented with insulin selenium-transferrin and insulin-like growth factor-1 at 22°C 

before transfer to the laboratory for experimentation.  
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6.3.5. - Diabetes induction and islet transplantation 

 

Three to five days before transplantation, implanted mice were rendered diabetic through 

administration of an intraperitoneal injection of STZ at 185 mg/kg in acetate phosphate buffer, 

pH 4.5 (Sigma-Aldrich Canada Co., Oakville, ON, Canada). Animals were considered diabetic 

when their blood glucose levels exceeded a pre-established value of 15 mmol/L (350 mg/dL) for 

two consecutive daily readings. At the time of transplantation, ~500 mouse islets ± 10% with 

purity of 90% ± 5% or 2000 human islet equivalents (IEQ) were aspirated into polyethylene (PE-

50) tubing using a micro-syringe, and centrifuged into a pellet suitable for transplantation. Islet 

preparations were distributed randomly to all three transplant recipient groups: Device-less, 

kidney capsule or subcutaneous alone. DL recipient mice were maintained under anesthesia with 

inhalant isoflurane, and placed in a supine position. A field surrounding the implanted catheter 

was prepared by shaving and surface disinfected with soap scrub, povidone-iodine (Betadine, 

Purdue Pharma, Oakville, ON, Canada) and isopropyl alcohol. Cranial to the superior edge of the 

implanted catheter, a small (4mm) incision was made to gain access to the catheter. The tissue 

matrix surrounding the superior margin of the catheter was dissected to withdraw and remove the 

catheter (Figure 6.1 and Figure 6.2E). The PE-50 tubing and islet preparation was delivered 

within the vascularized lumen, and islets expelled into the void using a micro-syringe (Figure 

6.1, Figure 6.3 and Figure 6.3F). The incision was closed with a surgical staple (Autoclip, 

Becton Dickinson, Sparks, MD) (Figure 6.2G). Prior to recovery, recipients received a 0.1 

mg/kg subcutaneous bolus of buprenorphine. Control animals were rendered diabetic and 

transplanted with ~500 mouse islets/recipient as described above, however the islets were 

infused into the subcutaneous space alone (no prevascularization or catheter implant). In 
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addition, a subset of diabetic animals was transplanted with ~500 mouse islets/recipient under 

the kidney capsule (KC), the standard site for rodent islet transplantation.  For all experiments, 

islets were pooled, batched and transplanted in random allocation to either the DL or KC sites. 

To facilitate the KC transplants, a left lateral paralumbar subcostal incision was made and the left 

kidney was delivered into the wound. The renal capsule was incised and space was made under 

the capsule to allow transplantation of the islets using PE-50 tubing (Instech Laboratories, 

Boston USA). The subcostal incision was closed in two layers. The efficacy of mouse islets 

transplanted into the DL site to reverse diabetes was compared to the engraftment efficacy of 

islets transplanted in the unmodified subcutaneous site or under the renal subcapsule.   

 

6.3.6. - Evaluation of islet graft function 

  

Islet graft function was assessed through non-fasting blood glucose measurements, using a 

portable glucometer (OneTouch Ultra 2, LifeScan, Canada) three times per week following islet 

transplantation, in all groups transplanted. Reversal of diabetes was defined as two consecutive 

readings <11.1 mmol/L (in accordance with the American Diabetes Association) and maintained 

until study completion.  

In addition, glucose tolerance tests were conducted at 60 or 100 days post-transplant, as a means 

to further assess metabolic capacity in response to a glucose bolus, mimicking postprandial 

stimulus. Animals were fasted overnight prior to receiving an intraperitoneal glucose bolus (3 

g/kg). Blood glucose levels were monitored at 0, 15, 30, 60, 90 and 120 minutes post injection, 

allowing for area under the curve (AUC-blood glucose) to be calculated and analyzed between 

transplant groups.  
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6.3.7. - Long-term islet graft retrieval 

 

To confirm graft dependent euglycemia, and to eliminate residual or regenerative native 

pancreatic beta cell function, animals with functional grafts had their islet transplants explanted 

either by nephrectomy or subcutaneous graft excision. Renal sub-capsular islet transplant 

recipients were placed under anesthesia, and the graft-bearing kidney exposed. A LT200 Ligaclip 

(Johnson & Johnson, Inc., Ville St-Laurent, QC, CA) was used to occlude the renal vessels and 

the ureter at the pedicle. The left kidney was dissected and the explanted graft preserved for 

immunohistochemistry in 10% formalin. Likewise, the subcutaneous islet grafts within the DL 

transplanted animals, which exhibited no visible profile post-transplant (Figure 6.2H), were 

excised with a margin of surrounding abdominal skin containing the islet graft. Following islet-

graft removal non-fasting blood glucose measurements were monitored for the subsequent 7 days 

to observe a return to hyperglycemia, confirming post-transplant graft function.  

 

6.3.8. - Histological assessment  

 

Immunofluorescence was used to identify endothelial cells for assessment of vascularization 

using anti-von Willebrand factor (vWF) antibody and anti-insulin and anti-glucagon antibodies 

to identify the presence of pancreatic β-cells and α-cells, respectively. Briefly, following 

deparaffinization and antigen heat retrieval, the graft sections were washed with phosphate 

buffered saline supplemented (PBS) with 1% goat serum, followed by blocking with 20% goat 

serum in PBS for 30 minutes. The sections were treated with a primary antibody of guinea pig 

anti-pig insulin (Dako A0564) diluted 1:100 (PBS with 1% goat serum), rabbit anti-pig von 
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Willebrand factor (Dako A0082) diluted 1:400 (PBS with 1% goat Serum) and or rabbit anti-

glucagon (Abcam) diluted 1:200 (PBS with 1% goat serum) for 2 hours at 4ºC. Samples were 

rinsed with PBS with 1% goat serum followed by secondary antibody treatment consisting of 

goat anti-guinea pig (Alexa 568) diluted 1:500 (PBS with 1% goat serum), and goat anti-rabbit 

(Vector Fl-1000) diluted 1:500 (PBS with 1% goat serum) for 30 minutes at room temperature. 

Samples were rinsed with PBS and counter stained with DAPI in anti-fade mounting medium 

(ProLong®, LifeTechnologies). Using a fluorescent microscope, the resulting microphotographs 

were taken using the appropriate filter with AxioVision imaging software. Vascular density was 

quantified by ImageJ software (National Institute of Health, Bethesda MD), and reported as the 

percentage of the islet graft staining positive for von Willebrand staining. In addition, to assess 

the incorporation of vascularized collagen tissue into surrounding the DL islet-grafts, 

representative sections were stained with hematoxylin/eosin and Masson’s trichrome. 

 

6.3.9. - Statistical analysis  

 

Non-fasting blood glucose and proinflammatory data are represented as the mean ± standard 

error of mean (s.e.m.). Sample size calculations were based on reversal of glycemia rates in 

control mice with islets placed subcutaneously (0%) vs. a projected estimate of 60% engraftment 

in the DL site (Sample size n=20 or more per group; alpha 5%, power 100%). Blood glucose 

AUC analysis for glucose tolerance test data was conducted through parametric one-way 

ANOVA using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). Newman-Keuls post-

hoc tests were used following the analysis of variances for multiple comparisons between study 
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groups. Kaplan-Meyer survival function curves were compared using the log-rank statistical 

method. P<0.05 was considered significant. 

 

6.4. – RESULTS 

 

6.4.1. - Design and testing of the subcutaneous DL site  

 

Initial studies summarized in Table 6.3 describe how we chose the biomaterial used in the 

present study. Briefly, we compared a range of hydrophilic and hydrophobic catheters of 

different diameters for their ability to create a space that supported transplantation of syngeneic  

BALB/c mouse islets. Reversal of diabetes rates and intraperitoneal glucose tolerance tests 

(IPGTT) were measured (Figure 6.4 and 6.5). Of the catheters tested, the 5-French (Fr.) nylon 

catheter induced the most optimal, thin supporting collagen matrix (Figure 6.3A) and led to 

extensive neovascularization of transplanted islets (Figure 6.3B – 6.3F). We also compared 

implant periods of 2-4 weeks. We selected a 4-week period, as vascularized collagen space 

appeared to be more favorable histologically for neovascularization (data not shown). These 

results suggested that a time-limited induction of the foreign-body response converts the 

subcutaneous space into a favorable site for islet engraftment, although direct causality was not 

proven. 

We observed extensive differences in tissue cytokine expression, in BALB/c mice, represented 

as mean pg/g tissue ± standard error of mean (s.e.m.), in response to the nylon catheter compared 

to the silicone catheter and unmodified subcutaneous controls (Figure 6.6A – 6.6R). Both nylon 

and silicone elicited strong interleukin (IL-) IL-1β, IL-10 and keratinocyte growth factor 
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(KC/GRO) responses, but the responses to nylon were much faster (24 hours vs 1 week). IL-6 

expression was elevated within 24 hours, and remained mildly elevated during the 2 week 

experiment in both groups. In contrast, tumor necrosis factor α (TNF-α) expression became 

elevated in both groups by one week post implant. IFN-γ was analyzed but was not detected in 

any samples. 

These data suggest that the temporary presence of the nylon catheter induces strong cytokine and 

chemokine responses that contribute to host inflammatory cell recruitment (e.g. neutrophils, 

macrophages, fibroblasts) and neovascularization. We do not, however, have causative data 

demonstrating that the degree of inflammatory marker response relates directly to the degree of 

diabetes reversal. 

We compared the efficacy of the subcutaneous space generated by various biomaterials 

supporting islet engraftment, in BALB/c recipients (Table 6.3). The nylon and silicone based-

catheters appeared to be most effective and were studies in more depth. Glycemic control was 

monitored over time, and intraperitoneal glucose tolerance testing (IPGTT) was conducted at 60 

days. In kidney capsule (KC) controls, by 3 weeks 95% of mice (19/20) became euglycemic and 

remained so for >60 days (Figure 6.4). 

In controls using unmodified subcutaneous transplantation (SubQ), no mice (0 of 10) showed 

diabetes reversal. In the silicone-DL group, 35% of the mice (6/17) became normoglycemic by 3 

weeks, and by Day 60 65% (11/17) were normoglycemic. In contrast, in the nylon-DL group, 

57% of the mice (12/21) became normoglycemic by 3 weeks, and by Day 60 91% (19/21) were 

normoglycemic, similar to the KC control group (Figure 6.4). 
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Figure 6.4 Rate of diabetes reversal, defined as percent euglycemic, in mouse recipients of syngeneic BALB/c 

islet grafts. Glycemic control, measured by twice weekly non-fasting blood glucose levels, was monitored for 60 

days post-islet transplant in chemically induced (STZ) diabetic mice. Reversal of diabetes was defined as a 

maintained non-fasting blood glucose level of <11.1 mM. Recipients received 500 BALC/c islets. Islet transplant 

groups: Kidney Capsule (KC – green, n=20), subcutaneous alone (SubQ –red, n=10), ‘device-less’ silicone (Silicone 

– purple, n=17) and ‘device-less’ nylon (Nylon – blue, n=21). Data points represent blood glucose mean ± s.e.m. 

Islets transplanted were from 10 separate isolations (n=20 pancreata per isolation). 
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Figure 6.5 Intraperitoneal glucose tolerance tests in syngeneic BALB/c islet recipients. Intraperitoneal glucose 

tolerance tests in syngeneic BALB/c islet recipients under the Kidney Capsule (KC) or subcutaneous ‘device-less’ 

(DL) site, at 60 days post-transplant. (a) Blood glucose post-dextrose bolus (b) area under the curve (AUC) analysis 

did not differ between the KC (green, n=14) and nylon-DL (blue, n=15) recipients (p NS, one-way Anova- 

Newman-keuls post-hoc). Nylon-DL profiles were significantly improved compared to silicone-DL (pink, n=13), 

(**p<0.01 one-way Anova-Newman-keuls post-hoc). Islets transplanted beneath the skin without 

prevascularization, (SubQ – red, n=5), demonstrated diabetic profiles (***p<0.001) compared with Nylon-DL). 

Naïve were normal, non-diabetic control BALB/c mice (black, n=16), and showed most optimal glycemic profiles 

(**p<0.01 and ***p<0.001) compared with Nylon-DL and KC respectively. Blood glucose was measured at 0, 15, 

30, 60, 90 and 120 minutes. Data points represent blood glucose mean ± s.e.m. Islets transplanted were from 10 

separate isolations (n=20 pancreata per isolation). 
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IPGTT showed that mice in the KC (n=14) and nylon DL (n=15) groups rapidly returned to 

normoglycemia (Figure 6.5A). There was no difference as measured by mean area under the 

curve (AUC) ± s.e.m. (AUC KC: 2101 ± 168 mmol/L/120min vs. nylon DL: 2219 ± 93 

mmol/L/120min, p>0.05, ANOVA, Figure 6.5B). Silicone-DL mice (n=13) were more glucose 

intolerant than nylon-DL mice (AUC silicone-DL: 2764 ± 149 mmol/L/120 min vs. nylon-DL, 

p<0.01, ANOVA, Figure 6.5B), and all mice in the unmodified subcutaneous group (n=5) had 

diabetic profiles (AUC SubQ 3635 ± 95 mmol/L/120 min, compared to nylon-DL, p<0.001, 

ANOVA, Figure 6.5B). These data demonstrate that the choice of biomaterial affects the rates of 

islet engraftment in vivo and further support the superiority of nylon over silicone.  

  

6.4.2. - Long-term function and vascularization of DL islet grafts 

 

We followed graft function for >100 days to measure long-term performance. Grafts were 

subsequently retrieved to confirm prompt reversion to hyperglycemia. Recipient BALB/c mice 

were rendered diabetic with STZ and ~500 syngeneic mouse islets were transplanted in the DL 

space, under the KC, or in the unmodified subcutaneous space. In addition, ~2000 human islet 

equivalents (IEQ) were transplanted in the DL space in diabetic Rag
-/- 

mice to test compatibility 

of the DL approach with clinical-grade human islets. Syngeneic islets transplanted under the KC 

reversed diabetes in 100% of recipients (10/10) (Figure 6.7Aa) within 11.5 ± 2.9 days (Figure 

6.7B). Transplants in the unmodified subcutaneous space did not reverse diabetes (0%; 0 of 10) 

at any time point (Figure 6.7A and 6.7B). Transplants in the DL space reversed diabetes in 

91.3% of the mice (21/23) (Figure 6.7A), with marked improvement compared with the 

unmodified subcutaneous group  
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Figure 6.6 The proinflammatory response elicited by angiocatheters composed of nylon (blue) or silicone (red) 

when implanted subcutaneously for 24 h, 1 week and 2 weeks. (a–r) The peri-implant concentrations of IL-1β (a–c), 

IL-6 (d–f), IL-10 (g–i), TNF-α (j–l), KC/GRO (m–o) and IL-12p70 (p–r). Data points represent mean ± s.e.m. for 

pg/g tissue, *P < 0.05, **P < 0.01, ***P < 0.001 (n = 3/time point). One-way ANOVA was calculated with 

Newman-Keuls post-hoc testing for multiple comparisons between controls and individual biomaterials tested. Y 

Axis labels for all graphs indicated in left margin. 
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Figure 6.7 Long-term function of syngeneic islet grafts transplanted into the DL space. (a) The proportion of 

animals that achieved euglycemia was similar in KC recipients (n = 10) and DL space recipients (n = 21) 100 days 

after transplant, with KC recipients reversing diabetes earlier (P = 0.001, log-rank, Mantel-cox test). (b) Nonfasting 

blood glucose measurements showed that both KC and DL space recipients maintained normoglycemia until the 

graft was retrieved (arrow), at which point they reverted to their pre-transplant hyperglycemic state. Islets 

transplanted in the unmodified subcutaneous space did not provide glycemic control (SubQ-red, n = 10). Shaded 

area represents a nonfasting physiological range (<11.1 mM). Data points represent blood glucose mean ± s.e.m. 

Islets transplanted were from ten separate islet isolations (n = 20 pancreata per isolation). 
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 (p<0.0001, log-rank). Engraftment in the DL space was delayed, with mean diabetes reversal at 

35.4 ± 6.0 days post-transplant (p<0.05, t-test), compared to KC engraftment (Figure 6.7B). 

After 100 days, we conducted IPGTT (Figure 6.8A). Both KC (n=10) and DL (n=15) groups 

had well-preserved glucose clearance profiles that were not significantly different. AUCs ± 

s.e.m. for glucose clearance (Figure 6.8B) were similar (KC: 1771 ± 212 mmol/L/120min vs. 

DL: 2095 ± 138 mmol/L/120min, p>0.05, ANOVA) (Figure 6.8B). By contrast, glucose profiles 

in the unmodified subcutaneous group were significantly worse (AUC 3635 ±95 

mmol/L/120min, p<0.001, ANOVA) (Figure 6.8A and 6.8B). Normal, non-diabetic, non-

transplanted BALB/c mice demonstrated the best glycemic profiles (AUC naïve:  1375 ± 62 

mmol/L/120min, vs. DL recipients, p<0.01, ANOVA) (Figure 6.8B). The glycemic profiles of 

Rag
-/- 

diabetic mice that received human islets in the DL space were similar to those of BALB/c 

mice that received syngeneic islets (Figure 6.9A). To confirm graft-dependent euglycemia, we 

explanted the grafts and in all cases saw prompt return of diabetes (Figure 6.7B and 6.9A). 

Histological analysis of explanted grafts from the DL site revealed islets enveloped in a 

vascularized collagen scaffold between skin and musculature (Figure 6.3B-6.3F and 6.9B-

6.9G). Extensive vascular networks were visible macroscopically and penetrated the islet tract 

created by the nylon catheter (Figure 6.3D). Of note, capillary networks were localized to the 

DL area, whereas outside of the tract margins, planes were relatively avascular. Grafts in the DL 

space stained positive for insulin, glucagon and for the presence of endothelial cells in new intra-

islet microvessels (Figure 6.3E-6.3F and 6.9B-6.9G). In contrast, islets transplanted into the 

unmodified subcutaneous space underwent extensive necrosis and a destructive inflammatory 

response, resulting in graft failure (Figure 6.10A and 6.10B). 
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Figure 6.8 IPGTTs of syngeneic mouse islets transplanted under the KC or into the DL site, 100 days after 

transplant. (a,b) Blood glucose after dextrose bolus (a) AUC analysis (b) did not differ between the KC (n = 10) 

and DL space (n = 15) recipients (P > 0.05, one-way ANOVA with Newman-Keuls post-hoc testing for multiple 

comparison between transplant groups). Naive represents nondiabetic, nontransplanted BALB/c mice (black, n = 

14), which were more tolerant to the metabolic test than the DL space recipients (**P < 0.01, P > 0.05, one-way 

ANOVA with Newman-Keuls post-hoc testing for multiple comparison to naive controls). Animals receiving islets 

in the unmodified SubQ (n = 5), were intolerant to the glucose challenge compared to DL space recipients (***P < 

0.001 one-way ANOVA with Newman-Keuls post-hoc testing for multiple comparison between transplant groups). 

Mice were administered 3 g/kg 50% dextrose i.p. Blood glucose measurements were monitored at t = 0, 15, 30, 60, 

90 and 120 min. Data points represent blood glucose mean ± s.e.m. Islets transplanted were from ten separate islet 

isolations (n = 20 pancreata per isolation). n.s., not significant.  



 167 

 

Figure 6.9 Long-term function of human islets transplanted into the DL space. (a) Nonfasting blood glucose 

measurements showed maintenance of normoglycemia until the time of graft retrieval (arrow), at which point 

recipients reverted to the pre-transplant hyperglycemic state (n = 2 human donors). (b–f) 20× (b,e) and 200× (c,f) 

Masson’s trichrome staining of a long-term (>100 days) human islet graft in the DL site, surrounded with collagen 

and blood vessels. (d,g) Fluorescent staining of the same cross-section staining for insulin, glucagon and nuclei at 

200×. Scale bars, 100 μm.  
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Figure 6.10 Immunohistochemistry of representative syngeneic (BALB/c) islet grafts transplanted beneath the skin 

without prevascularization. Immunohistochemistry of representative syngeneic (BALB/c) islet grafts transplanted 

beneath the skin without prevascularization, at 40 days post-transplant. Mason trichrome staining of cross-section of 

a subcutaneous islet graft (a) at 30x and (b) 100x magnification. Without prevascularization, islet necrosis and 

inflammatory destructive response ensued, resulting in graft loss.  

30x 100x 
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We compared vascular density in DL and unmodified subcutaneous islet grafts at 100 days post-

transplant (Figure 6.11A-6.11C). DL grafts showed a marked increase in neovascularization as 

measured by the percentage of the graft staining positive for von Willebrand (vWF) ± s.e.m. 

(2.30 ± 0.38% of the entire graft vWF+ in DL grafts vs. 0.56 ± 0.07% vWF+ in SubQ controls, 

p<0.01, t-test).  

 

6.4.3. - Efficacy of DL transplantation in additional mouse models 

  

To confirm that the potential of the prevascularized DL space is not unique to BALB/c mice, we 

studied C57BL/6 mice, a strain that, unlike BALB/c mice, has a vigorous foreign-body response. 

Transplantation of ~500 syngeneic islets in the DL space reversed diabetes more quickly in  

C57BL/6 mice than in BALB/c mice, as calculated by mean days post-transplant ± s.e.m. (11.3 ± 

3.1 days vs. 35.5 ± 6.1 days, p<0.05, t-test) (Figure 6.12). Proportional rates of diabetes reversal 

were similar in the two strains by Day 50 post-transplant (C57BL/6: 75% (9/12) vs. BALB/c: 

62% (13/21), p>0.05, t-test). 

As diabetes may be associated with impaired wound healing, we studied mice with pre-existing 

diabetes. BALB/c and C57BL/6 mice were rendered diabetic with STZ one week before 

placement of the DL catheter and compared with similar mice that were not diabetic at the time 

of catheter placement. All mice were maintained for four weeks before catheter withdrawal and 

transplantation of syngeneic islets in the DL space. The pre-diabetic state did not inhibit diabetes 

reversal, as similar rates were observed in the two groups by Day 50 (78% (7/9) pre-diabetic 

versus 62% (13/21) non-diabetic at time of catheter placement (p>0.05, t-test)) (Figure 6.13).  
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Figure 6.11 Vascular density of islet grafts post-transplantation. (a) Islets transplanted into the unmodified 

subcutaneous space (red: SubQ Tx, n=8) had markedly less graft neovascularization compared to islets transplanted 

into the prevascularized DL site (blue: DL Tx, n=18) (p<0.01, unpaired t-test). Vascular density was quantified by 

measuring percentage of islet grafts staining positive for the vascular wall marker, von Willebrand (vWF) (green), 

using ImageJ software (ImageJ, National Institutes of Health, Bethesda MD). Representative images of vWF 

positive staining within (b) subcutaneous and (c) DL islet grafts. Scale bar represents 100μm. Values represent mean 

percentage of graft staining positive for vWF ± s.e.m. 
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 To determine whether the DL transplant technique is efficacious across an alloimmune barrier, 

we transplanted ~500 BALB/c islets into the DL space of C57BL/6 recipients, rendered diabetic 

post-DL site formation. Rejection occurred within 7 days in mice that did not receive 

immunosuppression, whereas tacrolimus therapy (0.5 mg/kg for 28 days) led to prolonged 

allograft survival (Figure 6.14). These results show that the DL space is not immunoprotective 

but can still provide an effective microenvironment that supports allogeneic islet survival, 

despite the presence of calcineurin inhibition (Figure 6.14). 
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Figure 6.12 Time to normoglycemia in C57BL/6 vs. BALB/c mouse strains. Time to normoglycemia in C57BL/6 

(n=12) vs. BALB/c (n=21) mouse strains, using the device-less (DL) subcutaneous approach. Glycemic control was 

measured three times per week with non-fasting glucose levels, and reversal of diabetes defined as glucose 

<11.1mM. C57BL/6 mice reversed diabetes at a more rapid rate than BALB/c mice (11.3 ± 3.1 vs. 35.5 ± 6.1 days, 

p<0.05, unpaired t-test). Data points represent mean days post-transplant ± s.e.m. C57BL/6 transplants were 

conducted from 5 separate isolations. BALB/c transplants were conducted from 10 separate islet isolations (n=20 

pancreata per isolation). 
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Figure 6.13 Impact of pre-existing diabetes before placement of the device-less (DL) catheter upon subsequent 

islet engraftment. Mice were rendered diabetic 7 days ahead of DL catheter placement, and remained diabetic for a 

further 4 weeks before transplantation of 500 syngeneic islets. Glycemic control, measured by three times per week, 

was monitored for 50 days post-islet transplant in chemically induced streptozotocin (STZ) diabetic mice. Reversal 

of diabetes was defined as glucose <11.1 mM. No significant difference was found between pre-existing diabetic 

state (n=9) vs. post DL catheter placement diabetic state (n=25), upon subsequent islet engraftment (p NS, log-rank, 

Kaplan-Meier). Islets were transplanted from 15 separate islet isolations (n=20 pancreata per isolation). 
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Figure 6.14 Impact of an allogeneic barrier upon diabetes reversal using the device-less (DL) subcutaneous 

site. 500 BALB/c islets were transplanted within the DL space of streptozotocin-diabetic C57BL/6 mice, in the 

presence or absence of immunosuppression (I.S.). Control mice (n=9) initially reversed diabetes, but then rapidly 

rejected allogeneic islet grafts. By contrast, with tacrolimus-based immunosuppression (0.5mg/kg/day for 28 days, 

n=3, subcutaneously via Alzet® mini-osmotic pump, (Alzet Cupertino, CA), rejection was delayed, and a proportion 

of grafts continued to function > 60 days. Hyperglycemia occurred promptly upon graft explantation. Kidney 

subcapsular allogeneic grafts (data not shown) rejected in a similar time-course. Insert depicts a representative islet 

allograft showing robust neovascularization, of similar response to that found in syngeneic grafts. Dashed lines 

indicate margins of prevascularized tract. 
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6.5. - DISCUSSION 

 

Our results indicate that a controlled foreign-body response can be used to generate a 

prevascularized subcutaneous site that supports islet engraftment. Withdrawal of an implanted 

catheter after one month terminates the foreign-body reaction at a stage where a rich vascularized 

collagen network has formed but before permanent fibrosis and mature scar formation occur. An 

advantage of the DL approach is that it avoids the need for a permanent encapsulation device, 

which often generates an avascular fibrotic granular capsule(17, 19, 22, 25-27) and a chronic 

inflammatory response that contribute to graft failure. We showed that the neovascularization 

response and successful islet engraftment occurred in different mouse strains, in the presence of 

pre-existing STZ-induced diabetes, and with islet allografts. Notably, human islets transplanted 

into immunodeficient Rag
-/- 

mice reversed diabetes to the limited extent tested. As Rag
-/- 

mice 

have intact innate immunity, the foreign-body neovascularization response was preserved. 

To discover conditions for generating a favorable DL site, we compared inflammatory responses 

to a selection of catheter materials with different surface properties and diameters and tested 

implant periods of 2-4 weeks. We chose catheter materials that are in routine clinical practice so 

that off-label clinical application would be relatively straightforward. Hydrophilic nylon induced 

stronger pro-inflammatory responses compared to silicone, which translated into more effective 

diabetes reversal. Four-week implantation of a 5-Fr. nylon catheter was used in subsequent 

studies. We were concerned that longer catheter implantation times could promote an excess 

collagen scar response but did not test these. Although the tempo of the inflammatory response 

and therefore the period of catheter indwell may vary between species, our observations are 

consistent with previous studies of subcutaneous devices in rodents (28). We did not test pro-
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inflammatory markers in tissue immediately before or after islet transplantation, but measured 

these at 24 hours, 1 and 2 weeks after catheter implantation. Clearly, biomaterials could be 

engineered to further improve neovascularization responses in a DL subcutaneous site while 

minimizing fibrotic capsule formation. For example, zwitterionic polymers hinder the foreign-

body response and increase vessel density around an implanted biosensor (22, 29).  

Withdrawal of the catheter fragment after prevascularization could potentially impose 

mechanical or other stress responses at the time of islet implantation. We did not observe tract 

adhesion, bleeding or apparent tissue trauma after catheter withdrawal, immediately before islet 

transplantation. 

We further acknowledge that the ~500 mouse islets used here represents a non-marginal graft. 

Had we transplanted fewer islets, we may have uncovered differences in engraftment efficiency 

between the KC and DL sites. Although the KC site has a track record of efficacy in mouse islet 

transplantation, it has not routinely afforded insulin independence in large animals or humans. 

KC transplantation of fetal pig islets in human type 1 diabetic patients undergoing kidney 

transplantation led to persistent urinary C-peptide excretion for >300 days (30), but the relevance 

of this approach to clinical cellular transplantation remains to be determined. 

After intraportal transplantation, islets are initially avascular, denervated and isolated from 

contact with endogenous cells or extracellular matrix, resulting in delayed engraftment (31). 

Neovascularization initiates within the first two weeks and remodels extensively over months 

(32-34). Several previous studies have shown that islet neovessels are chimeric, consisting of 

both donor and host cells (35). Although we did not address this question here, we expect a 

similar chimeric vascular ingrowth/outgrowth response in the DL site. 
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The DL approach may be useful when transplanting islet cells derived from stem cells as the 

graft could be easily retrieved in the event of a local complication such as a teratoma, malignant 

transformation or unchecked hormone release. Islet progenitor cells may be more tolerant of 

hypoxia than are islets, and may induce local neovascularization during maturation. The DL site 

could provide a favorable environment and facilitate engraftment of both islets and insulin 

producing stem cells, especially in cases where intraportal delivery is contraindicated. Indeed, 

we have demonstrated herein return to the diabetic state in all cases promptly following excision 

of the subcutaneous implant tract, indicating graft depend euglycemia and a safe return to a pre-

transplant state. Transplantation into the DL site also opens up the possibility of real-time, non-

invasive imaging, including extra-hepatic labeling or techniques such as photoacoustic 

ultrasound(36), to monitor graft survival and immunological response. This is a clear limitation 

of clinical intraportal islet transplantation as practiced currently.  

The relevance of our results to clinical transplantation remains to be determined. In BALB/c 

mice, which do not mount a strong foreign-body response, islet engraftment in the DL space was 

delayed compared with the KC site, but in C57BL/6 mice, which have a stronger foreign-body 

response, the time to normoglycemia was similar to that of the KC controls. By contrast, 

permanently implanted devices have traditionally failed in C57BL/6 mice but have worked well 

in alternative strains. We also showed that the DL site could support islet engraftment across a 

strong allogeneic barrier in mice, but only when tacrolimus immunosuppression is given to avert 

rejection. Thus, the DL site is not immunoprivileged. Notably, tacrolimus immunosuppression 

facilitated long-term islet engraftment despite the known diabetogenic side effects of this 

calcineurin inhibitor. Additionally, the DL site offers the possibility of co-transplanting 

immunoregulatory cells (e.g., mesenchymal stem cells or regulatory T cell cells) in a manner that 
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is not currently possible with a dispersed intrahepatic islet graft. Our results indicate that a 

stronger early inflammatory response actually favors rather than hinders neovascularization and 

islet engraftment in our model.  

We further showed that a pre-existing diabetic state does not interfere with diabetes reversal 

rates, at least in mice. We cannot infer that a neovascularization response will occur to a similar 

degree in humans with longstanding diabetes, but it is of note that neovascularization remains a 

hallmark response to ischemia in end-stage secondary complications of clinical diabetes (37) (38, 

39). Although we do not anticipate major limitations in neovascularization responses in humans 

with longstanding diabetes, this remains to be tested in first-in-human studies planned at the 

University of Alberta. 
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7. - A novel pre-vascularized subcutaneous site safely accommodates stem cell derived 

therapies for treating diabetes 

 

 

Note: A version of this section was published as an Original Paper in J Stem Trans Bio 2016; 2(1):107. 
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7.1. - ABSTRACT 

 

Islet transplantation has become an important treatment modality for type 1 diabetes mellitus; 

nonetheless, the procedure may be limited by donor availability. An alternative has been the 

increasing use of cellular therapies derived from human embryonic stem cells (hESC), showing 

very promising results in maturation, yield and ultimately, in insulin secretion in response to 

adequate stimuli. We recently developed a new technique for cellular transplantation under the 

skin. This manuscript evaluates the capabilities of the pre-vascularized Device-Less (DL) site to 

allow transplantation of pancreatic endoderm (PE) cells differentiated from hESC to treat 

diabetes mellitus. Fifty immunodeficient mice, n=25 diabetic and n=25 non-diabetic, were 

transplanted with PE cells. Animals were followed for 22 weeks and grafts were retrieved to 

evaluate engraftment and subsequent maturation. Diabetic mice showed slightly better 

engraftment (48% vs. 36%, p=0.19) and secreted higher concentration of human C-peptide upon 

glucose stimulation (0.32 ± 0.15 ng/mL vs. 0.13 ± 0.09 ng/mL, p=0.30), although differences 

were not significant. This maturation was not sufficient to successfully reverse diabetes. 

Monomorphic cystic changes were detected in 12% and 8%, respectively (diabetics vs. non-

diabetics, p=0.32) and all grafts seemed to be adequately contained by the surrounding collagen 

wall within the DL space. Our findings support the capabilities of the DL site to host PE cells 

and allow safe maturation as a new strategy to treat diabetes.  
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7.2. – INTRODUCTION 

 

The recent advances in immunotherapy have allowed islet transplantation (IT) to become a 

mainstay treatment for type 1 diabetes mellitus (T1DM). Today, the procedure is safer and long-

term graft survival is comparable to that of pancreas transplant alone, with a reduced risk for 

complications (1, 2). Nonetheless, the IT procedure is limited by donor availability and usage. 

This restriction certainly poses a significant variability to this treatment modality, given the 

many factors that may affect the successful utilization of a donated pancreas. In fact, the entire 

donation-transplant process depends upon many variables related to the donor clinical 

characteristics, the type of donation (living, brain death, cardiac death, etc.), the outcomes of islet 

isolation, and recipient characteristics. As a consequence, the process is not always efficient and 

like other transplant types, the demand may surpass the available donation pool. 

An alternative to IT may be to use renewable sources for insulin secretion from proliferative 

stem cell populations. In particular, research using insulin-producing cells derived from human 

embryonic stem cells (hESC) has shown very promising results in maturation yield and 

ultimately, in insulin secretion in response to adequate stimuli (3-6). The focus is now on 

optimizing the existing differentiation protocols to allow for a successful and stable diabetes 

reversal. However, finding the most efficient transplant site remains a dilemma given the 

infusion volume needed at the time of transplant and the possibility of retrieving the graft upon a 

potential tumor transformation (7, 8). These reasons are a deterrent to use the conventional 

intraportal route for this transplantation modality. 
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Our group recently described a novel pre-vascularized Device-Less (DL) technique for Cell 

Transplant in the subcutaneous space (9). This approach was successful in reversing diabetes 

with mouse and human islets and is currently being used for other cell therapies.  

We herein describe the use of the DL technique to safely allow engraftment and maturation of 

pancreatic endoderm (PE) cells derived from a hESC line in an experimental xenotransplant 

model of diabetes. 

 

7.3. - MATERIALS AND METHODS 

 

7.3.1. - Human Embryonic Stem Cells-derived Pancreatic Endoderm 

 

Pancreatic Endoderm (PE) cells derived from a human embryonic cell line were provided by 

Drs. M.C. Nostro and G. Keller at the McEwen Centre for Regenerative Medicine in Toronto. 

Their differentiation protocol uses a combination of cytokines and small molecules to simulate 

pancreatic development and produces multipotent pancreatic progenitor cells with the potential 

to differentiate into all pancreatic lineages (10, 11). At the time of transplant, cells were 

harvested and shipped overnight to Edmonton for immediate implantation.  

 

7.3.2. - Transplantation of PE cells 

 

Immunodeficient 8-12 week B6.129S7-Rag1
tm1Mom

 mice (Jackson Laboratory, Bar Harbor, ME, 

USA) were used for all experiments. Animals (n=50) were housed under conventional conditions 
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with access to food and water ad libitum and their care was in accordance with guidelines 

approved by the Canadian Council on Animal Care. 

The DL space was created as previously reported by inserting a nylon catheter subcutaneously in 

the left lower abdomen and left for 5 weeks before transplant (9).   

Diabetes was chemically induced by intraperitoneally injecting 180mg/kg of streptozotocin 

(STZ; Sigma-Aldrich, ON, Canada) in half of the recipients, one week prior to transplantation.  

Mice were considered diabetic after two consecutive blood glucose measurements ≥11.3 mmol/L 

(350 mg/dL). 

Two groups of mice (diabetics and non-diabetics, n=25/group) were transplanted with 

approximately 7x10
6
 PE cells using the DL technique. Animals in the diabetic group also 

received two consecutive insulin-releasing pellets (LinBit
®
; LinShin Canada Inc. Toronto, ON, 

Canada - ~0.1U insulin/24 h/30 d) to maintain health for the duration of the study (160 days). A 

separate group of four mice (2 diabetics and 2 non-diabetics) were transplanted with same 

amount of PE cells and sacrificed four weeks post-transplant for early assessment of the graft. 

All mice were continuously monitored for general health, weight gain and non-fasting blood 

glucose, as well as the occurrence of tumor formation.  

 

7.3.3. - C-peptide Measurements 

 

Blood samples were also obtained at post-transplant week 4, 8, 12, 16, 20 and 22 to quantify 

stimulated human C-peptide concentration in plasma. Mice from both groups were fasted 

overnight and whole blood was collected after intraperitoneal injection of glucose (2 g/kg). 
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Quantification of C-peptide was performed using human-specific ultrasensitive ELISA 

(Mercodia, Uppsala, Sweden. Detection range: 5 - 280 pmol/L (0.015 – 0.85 ng/mL). 

 

7.3.4. - Histology  

Engrafted cells were analyzed at early (4 weeks post-transplant) and at the end of the study. 

Hematoxylin and eosin (H&E) and Masson’s trichrome stains were used to visualize the grafts 

on abdominal wall sections and to assess tumor boundaries. Immunofluorescence was used to 

evaluate endocrine secretory function of long-term engrafted cells using anti-insulin (Dako 

A0082 – Alexa 568) and anti-glucagon (Abcam – Vector Fl-1000) antibodies. The procedure 

followed previously established methodology [9] and it included deparaffinization, primary and 

secondary antibody treatment and counter stain with DAPI (Invitrogen Molecular Probes. 

Eugene, Oregon). Slides were visualized using a fluorescent microscope with appropriate filters 

and AxioVision imaging software (Carl Zeiss Microscopy GmbH. Jena, Germany). 

 

7.3.5. - Transplantation of Human Islets 

 

In parallel, human islets were transplanted into 8-12 week B6.129S7-Rag1
tm1Mom

 diabetic mice 

and monitored for 22 weeks to compare human C-peptide secretion levels to those achieved by 

the study PE cells. The Clinical Islet Transplantation laboratory at the University of Alberta 

kindly provided human islets after the process of donation, isolation and culture, as reported in 

previous publications (12). Permission for these studies was granted by the Health Research 

Ethics Board of the University of Alberta, Edmonton, Alberta, Canada, and after written 

permission was obtained from donor families. 
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Mice were rendered diabetic by intraperitoneal injection of 180mg/kg streptozotocin (STZ, 

Sigma-Aldrich, ON, Canada). Animals were considered diabetic after two consecutive blood 

glucose measurements ≥11.3 mmol/L (350 mg/dL). Recipients (n=6 per group) received 0 IEQ 

(sham), 1,000 IEQ and 3,000 IEQ human islets from 3 different isolations. Islets from each 

isolation were randomly allocated to each group and transplanted under the kidney capsule as 

previously described (13). Mice in the Sham group were not diabetic and underwent the 

transplant procedure, but only received a saline solution under the kidney capsule. Animals in the 

STZ group were chemically induced diabetics and did not receive transplant, remaining diabetic 

throughout the entire study. 

Animals were periodically monitored for general health, weight and blood glucose until endpoint 

(22 weeks) when blood samples were taken to determine basal and stimulated human C-peptide 

levels.  

 

7.3.6. - Statistical Analysis 

 

Data are represented as means ± standard error of the mean (SEM). Differences between groups 

were analyzed using t-test and one-way ANOVA with Tukey’s post-hoc test. Z-score test was 

used to compare proportions between groups. All comparisons between groups were performed 

with a 95% confidence interval and a p-value <0.05 was considered significant. Analysis was 

performed using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). 
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Figure 7.1 Early (4 week) graft visualization with hematoxylin & eosin stain, demonstrating formation of ductal 

structures (arrows) in the DL space. Inset: higher magnification (200x) microphotograph for better visualization. 

100x 200x 
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7.4. – RESULTS 

 

A total of 50 mice received 7x10
6
 PE cells/mouse subcutaneously, using the DL technique. Four 

weeks after transplantation, a viable graft was found in all four sacrificed animals, showing clear 

features of ductal formations (Figure 7.1). However, all animals remained diabetic and no 

detectable human C-peptide was found at this early time point (data not shown). 

Twenty weeks after transplantation stimulated C-peptide was detected in both groups and  

continued to increase until the end of the study. Positive stimulated C-peptide was found in 12 of 

25 (48%) mice in the diabetic group vs. 9 of 25 (36%), in non-diabetic (p=0.19).  Mean 

stimulated C-peptide concentrations at 22 weeks were higher in the diabetic group although 

differences were not statistically significant (0.32 ± 0.15 ng/mL vs. 0.13 ± 0.09 ng/mL, p=0.30)  

(Figure 7.2A). 

As expected, transplants with human islets rapidly reduced blood glycemia in mice, reaching 

normoglycemia at 12 days (1,000 IEQ) and 2 days (3000 IEQ), respectively. Animals in the STZ 

group remained hyperglycemic throughout the study period (Figure 7.3). When PE transplanted 

animals were compared to mice receiving a minimal and full mass of human islets, their C-

peptide secretory profile was reduced (Figure 7.2B). PE transplanted in diabetic mice secreted 

on average 0.32 ng/mL, at 22 week of engraftment whereas mice receiving 1,000 IEQ and 3,000 

IEQ secreted on average 2.46 ng/mL and 102.7 ng/mL respectively, after the same period of 

engraftment (3000IEQ vs. PE: p<0.001). C-peptide levels in both, Sham and STZ groups were 

under the detection limit for the assay. 

By week 22 hESC were adequately engrafted and endocrine features were detected by 

immunofluorescence, with positive staining for glucagon and fewer cells containing insulin 
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(Figure 7.4A-D). Nonetheless, only one mouse in the diabetic group successfully achieved 

normoglycemia (1/25: 4%). The reduced amount of insulin in these cells contrasted with a 

significantly higher concentration in engrafted human islets, consistent with blood glucose 

normalization and positive stimulated C-peptide (Figure 7.5). 

Monomorphic cystic changes were clinically detected in 3 of 25 (12%) diabetic mice vs. 2 of 25 

(8%) non-diabetics (p=0.32). All cases presented with simple cysts without any clinical 

repercussion or malignant teratoma transformation. Upon microscopic examination, all cysts 

appeared fully surrounded and contained by the collagen wall delimiting the DL space and no 

ductal or endocrine structures were found outside the DL perimeter (Figure 7.6). 

Table 7.1 summarizes the outcomes of the two study groups marking their corresponding 

similarities and differences, in terms of secretory function and cyst formation.  
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Figure 7.2 Stimulated C-peptide secretion from transplanted mice. A. Secretory profile over time for diabetic 

(red) and non-diabetic mice (blue), showing detectable C-peptide beyond 20 weeks post-transplant. B. Comparison 

of C-peptide secretory capabilities of transplanted PE vs. human islets at minimal and full dose transplanted in 

immunodeficient mice.  Sham: non-diabetic mice with sham operation (n=6), STZ: diabetic animal with no 

transplant (n=6), PE: diabetic mice receiving hESC-derived PE cells (n=25). 1000 and 3000 IEQ: diabetic mice 

transplanted with minimal and full mas of human islets, respectively (n=6 each). Data represented as means ± s.e.m. 
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Figure 7.3 Blood glucose profiles from study groups. Day 0 represents time of transplant. Sham (black line, n=6) 

corresponds to non-diabetic animals receiving sham operation without transplant. STZ (red line, n=6) refers to 

chemically-induced diabetic mice with no transplant (shorter follow-up due to morbidity). PE (blue line, n=25) 

includes diabetic mice transplanted with PE cells. 1000 and 3000 IEQ (n=6 each, red and purple line, respectively) 

correspond to animals transplanted with human islets. Dotted line marked with X indicates the end of exogenous 

insulin (LinBit
®
) treatment for PE group. Data represented as means ± s.e.m.  
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Figure 7.4 Engrafted hESC after 22 weeks of transplantation using the pre-vascularized subcutaneous DL 

site (Masson’s Trichrome). A – C. Show islet-like cells around a ductal structure. D. Representative 

immunofluorescent slide staining the graft (arrows) for glucagon (GcG, green), insulin (red) and DAPI (blue). 
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Figure 7.5. Comparative endocrine staining of engrafted PE and human islets 22 weeks after transplant. A. 

Representative immunofluorescent slide of engrafted PE staining for glucagon (GcG, green), insulin (red) and DAPI 

(blue). B. Representative immunofluorescent slide of human islet graft staining for glucagon (GcG, green), insulin 

(red) and DAPI (blue). 
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Figure 7.6 Benign cystic formations in one of the study animals. A and B show developing graft and surrounding 

tissue in the abdominal wall section. Notice blue collagen wall (arrows) around the DL site perimeter containing 

cystic structures. C. Corresponding immunofluorescent image of this cyst showing poor staining for endocrine 

markers at 15 weeks post-transplant.   

A 

2x 

C 

10x 

Insulin 

GcG 

Nucleus 

B 

10x 

20x 

100x 

100x 



 201 

7.5. – DISCUSSION 

 

Our findings corroborate the utility of the DL technique to facilitate cell therapies. In this case, 

the aim was to engraft and mature PE cells derived from hESC, and measure indicators towards 

diabetes reversal. 

In our study design we evaluated the potential effect of underlying hyperglycemia for 

engraftment and maturation of PE cells based on published evidence for accelerated maturation 

under a chronic hyperglycemic environment (14). Results confirmed an increased trend in both, 

maturation and mean concentration of stimulated human C-peptide levels measured at 22 weeks 

in diabetic mice. Differences however, did not reach statistical significance. 

The process of effective differentiation of hESC is very complex and yet to be fully elucidated. 

Many authors agree on the multiple hurdles these cells encounter in the process of maturation 

and only recently, successful in vivo maturation have been reported with adequate glucose-

response and occasionally, diabetes reversal (15-19). 

Consistent with previous studies, the PE cells we tested in our experiments require a long (more 

than 5 months) in vivo maturation period (10, 17, 20, 21).  

Despite observing adequate engraftment in almost half of the animals, glucagon staining was 

predominant in most of the histology samples and positive insulin cells were only occasionally 

found, which is consistent with the low levels of stimulated c-peptide detected at week 22, as 

well as failure to correct hyperglycemia. We speculate that longer in vivo maturation or a higher 

number of hESC-derived PE cells at the time of transplantation may be required to normalize 

glucose control in diabetic mice, although a more prominent insulin staining has been previously  
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Table 7.1 Outcome summary of 50 animals transplanted with insulin-producing stem cells. Maturation seems 

to occur more rapidly in diabetic mice, although differences did not reach statistical significance (95% confidence 

interval). 
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reported when transplanting these cells in the kidney subcapsular space and mammary fat pad 

(10) (Figure 7.7). Further experimentation will definitely be required to fully understand the 

maturation process in this new transplant site. 

One of the main limitations for the use of hESC is the inherit risk for teratoma transformation 

(7). This is one of the rationales for using alternative transplant sites like the DL technique where 

a dysfunctional/transforming graft may be easily retrieved. Current differentiation protocols are 

now focused on producing hESC preparations with a high grade of purity to avoid residual 

undifferentiated cells, which could potentially lead to tumor formation (22). In our series of 

transplants benign monomorphic cystic formations were present in 8 - 12% of cases and no 

teratoma was detected.  

An interesting finding was that resulting cysts were successfully contained by the peripheral 

collagen wall present in the DL space during the 22-week observation period. This resulted in a 

restrictive effect similar to that present in other physical devices (14, 18). However, the real 

restraining capabilities in the settings of a true teratoma formation are still to be proven. 

In conclusion, our subcutaneous DL technique has proven to be an adequate host for these 

human embryonic stem cells-derived pancreatic endoderm, allowing effective engraftment, 

maturation and added protection against tumor formations. This is certainly an important field of 

application for this technique and a starting point for further experimentation with improved cell 

preparation and transplant protocols.  
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Figure 7.7 Engrafted pancreatic endoderm cells in the mammary fat pad at different time points. A. 1-month 

histology of the graft showing ductal structures. B. H&E stain of the graft, 5 month after transplantation, showing 

islet-like structure. C. Corresponding immunohistochemistry of the 5-month engrafted PE. Insulin (INS, green), CK-

19 (ductal structure, red) and DAPI (blue). (Courtesy of MC.Nostro. Reproduced with permission).
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CHAPTER 8 

CONCLUSIONS AND FUTURE 

DIRECTIONS 
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8.1. - OVERVIEW 

 

Type 1 diabetes is a chronic, progressive autoimmune disease that results from the immune-

mediated destruction of the insulin-producing β-cells within the pancreatic islets. Chronic micro 

and macrovascular complications are a major source of morbidity and mortality in diabetic 

patients, with data suggesting that better glucose management results in significant declines in 

renal failure and total mortality (1-4).  

Significant progress has occurred in the outcome of clinical islet transplantation, reflecting 

improvement in non-diabetogenic immunosuppression and preparation of sufficient quantities of 

highly viable islets for transplantation (5). Solitary islet transplantation has now become an 

accepted modality to stabilize frequent hypoglycemia or severe glycemic lability in highly 

selected subjects with poor diabetic control, resistant to standard, intensive or insulin-pump 

based therapies (3, 4). Sustained C-peptide production and successful insulin independence after 

pancreatic islet transplantation in type 1 diabetic patients was reported years ago by the 

Edmonton group (5). This reality became possible with the use of newer, more potent 

immunosuppressive agents, avoidance of corticosteroids, and high-quality islet preparations, 

although typically two islet infusions are still necessary to attain insulin independence on a 

routine basis. 

A decade of research working to improve intrahepatic islet delivery has identified multiple 

mechanisms that limit islet engraftment and long-term function. Intrahepatic transplantation is a 

minimally invasive portal infusion that results in islet entrapment within hepatic sinusoids. This 

vascular space provides nutritional and physical support for islets; an essential role given that 

isolation strips the islets of their dense vasculature and specialized extracellular matrix. 
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However, the hepatic portal vasculature may be considered as a hostile environment that limits 

islet engraftment and function (6). 

Since many more islets must be transplanted to reverse diabetes, a significant portion of the 

transplanted islets fail to engraft. It has been estimated that up to 70% of the transplanted β-cell 

mass may be destroyed in the early post-transplant period. The major factor that negatively 

influences islet survival likely reflects a nonimmune-mediated physiological stress, namely 

prolonged hypoxia during the revascularization process, which can take up to 2 weeks (7). This 

phenomenon is also seen in islet autotransplantation after total pancreatectomy as described in 

Appendix C, where there is a presumption that allo- and autoimmunity do not play a role in the 

demise of transplanted islets (8). Tissue factor expression and release in isolated islets may also 

negatively influence the engraftment of transplanted islets through the instant blood-mediated 

inflammatory reaction and subsequent platelet activation, clot formation, and lymphocyte 

recruitment (9).  

During this engraftment period, the islets are continuously exposed to immunosuppressive drugs, 

including tacrolimus and sirolimus, which are known to adversely impact β-cell survival and 

function (10, 11). These negative effects are likely compounded by the proximity of the 

transplanted islets and high concentrations of these drugs in the hepatoportal circulation, further 

contributing to loss in β-cell mass over time (12). 

Given the limited supply of cadaveric donor pancreata and the prevalence of type 1 diabetes, 

considerable efforts have been made to prevent the loss of islet mass in the immediate post-

transplant period. Many studies targeted at enhancing islet survival during the early post-

transplant period have been published, and a variety of different strategies have been tested (13, 

14). 
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An important contribution has come from participating centers in the Clinical Islet 

Transplantation Consortium (CIT), which is a scientific network to conduct studies on islet 

transplantation. This organization has performed studies to establish the IT as a valid therapeutic 

method to treat selected T1DM patients. In Europe and in Alberta, Canada, islet transplantation 

is covered by their federal health care systems. However, in the United States, clinical islet 

transplantation remains experimental and investigational. The Clinical Islet Transplant 

Consortium is conducting two pivotal Phase III clinical trials (CIT-06 & CIT-07, Clinical 

Trials.gov NCT00468117 and NCT00434811, respectively) in selected specialized islet 

transplantation centers (Universities of: Minnesota, Pennsylvania, Miami, Emory, Northwestern, 

Chicago, California San Francisco and Alberta), to support the FDA biological license 

application mandate (15). The anticipated results from these two trials should be published in the 

near future and will likely lead to successful licensure, allowing islet transplantation to be 

recognized as reimbursable therapy for patients with type 1 diabetes. The outcome of the 

biological licensing applications and in light of the significant advances that have been made in 

the new era of islet transplantation (2007-2010), which now demonstrated improved primary 

efficacy and safety outcomes with a 3 year insulin independent rate of 44%, with fewer islet 

infusions and adverse events per patient (1, 2, 16). 

Of importance is also the experience presented in Appendix C, where the option of islet 

autotransplantation after total pancreatectomy is expanded beyond the boundaries of chronic 

pancreatitis to enter the controversial field of cancer. This case report does not pretend to be 

evidence for changing clinical practice, but a great opportunity to engage in discussions to 

evaluate this indication in very selected patients. 
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This chapter presents my insight on the new strategies to overcome many of the factors currently 

limiting the success of islet transplantation, from isolation to engraftment, and the potential 

mechanisms interfering in their successful survival. The chapter also includes a personal analysis 

on the value of implementing many of the current scientific breakthroughs and successfully 

incorporating a safe clinical transplantation with surrogate insulin-producing cells. Finally, 

general conclusions are provided. 
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8.2. – EMPOWERING DURABLE ISLET SURVIVAL 

 

Successful islet transplantation relies on the ability to isolate healthy and durable islets, and in 

the availability of a well vascularized environment to allow engraftment and prolonged survival. 

Throughout this thesis, we have discussed the many phases of islet transplantation and the 

multiple hurdles islets endure along the process. New technologies and novel approaches allow 

the refinements of many of these steps to allow a significant improvement of beta cell health 

(Figure 8.1). I now present the most significant breakthroughs towards lasting islet engraftment 

and my personal view of the future directions of research to further improve transplantation.  

 

8.2.1. - Donor selection 

 

Identifying donor-based specific markers of islet isolation success may indeed provide a means 

of improving the success rates of the subsequent islet transplant.  Previous single-center 

retrospective studies have identified several donor-related variables affecting islet isolation 

outcome; including but not limited to donor age, cause of death, body mass index (BMI), cold 

ischemia time, length of hospitalization, use of vasopressors, and blood glucose levels (17-22).   

O’Gorman and colleagues developed a scoring system based on donor characteristics that can 

predict islet isolation outcomes (23).  This scoring system has proven to be effective in assessing 

whether a pancreas should be processed for islet isolation (21).   
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Figure 8.1 The evolution of pancreatic islet transplantation. Reproduced with permission from Piemonti L, Pileggi 

A. 25 Years of the Ricordi Automated Method for Islet Isolation. CellR4 2013; 1: e128.
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It also allows for better management of the islet processing facility, as the cost of islet isolations 

is high.  However, the actual impact of donor score on transplantation outcome is still unclear as 

it was developed solely based on islet isolation outcome.   

Donation after cardiac death (DCD) is now one of the new challenges for islet transplantation. In 

experimental settings, islet yield and function derived from DCD pancreases seem to be 

comparable with those from their brain dead counterparts (24).  However, in clinical settings, 

results are variable. Japan has one of the most extensive experiences using DCD donors for 

organ transplant. The Japanese groups have optimized retrieval in these type of donors, as well 

as the Kyoto preservation solution and the two-layer preservation method (25). Their most recent 

report for islet transplantation from this source shows that overall graft survival was 76.5%, 

47.1%, and 33.6% at 1, 2, and 3 years, respectively; whereas corresponding graft survival after 

multiple transplantations was 100%, 80.0%, and 57.1%, respectively. All recipients remained 

free of severe hypoglycemia while three achieved insulin independence for 14, 79, and 215 days 

(26).  

Our own experience at University of Alberta shows comparable results when using pancreases 

from both, neurological determination death donors and DCDs, with similar decrease in insulin 

requirements at 1 month post-transplant (64.8% vs. 60.2%, p=0.52, respectively) (24). 

This is a clear indication of the potential benefits of DCD as an alternative source if used under 

strict releasing criteria, particularly in countries where heart-beating donors may not be readily 

available. 

The long-term function of islets isolated from DCD however, remains unknown. Multiple 

experimental works report the significant injury resulting from the initial warm ischemia during 

withdrawal of support measures in those donors. This state promotes activation of different 



 216 

injury pathways including danger-associated molecular patterns, accumulation of free radicals, 

caspase activation and ultimately, cell death, directly proportional to the total warm ischemia 

time after cessation of ventilation (27, 28). Prolonged accumulation of damaging metabolites 

may be associated with organ dysfunction after transplantation. This is one of the main reasons 

to establish a threshold at 30 minutes to accept organs for transplant, including pancreases for 

islets. Our recent series of isolations using pancreata from 15 DCD donors showed no significant 

differences in isolation yield or graft performance immediately after transplant, when donors 

progressed to asystole before the 45 minute wait period (24). The most appropriate wait period 

for warm ischemia in islet-dedicated pancreas is still unknown. The question now is, if results do 

worsen when warm ischemia is prolonged to the point where other organs cannot longer be used. 

Our unpublished observations with a modified mouse DCD model showed significant structural 

damage to the pancreas beyond 30 minutes, with a corresponding decreased yield after digestion. 

Unfortunately, the mouse DCD model for islet isolation has proven to be peculiar and not 

completely translatable to large animal and human islet isolation. I therefore believe that 

standard preservation of the pancreas may not be sufficient to expand the use of more marginal 

cases. New and more dynamic strategies are needed to expand the donor pool in this direction, 

and the option of using continuous preservation systems seems to be very attractive for this 

purpose. 

 

  



 217 

8.2.2. - Pancreas preservation prior to islet isolation 

 

Organs and tissue for transplantation are normally preserved in cold solutions to maintain tissue 

viability until transplantation. Pancreases for whole-organ transplant were traditionally perfused 

and stored with University of Wisconsin (UW). With the advent of Histidine-Tryptophane-

Ketoglutarate (HTK) and Celsior solution for solid organ transplantation, multiple studies have 

compared their preservation outcomes, which are comparable for preservation periods under 12h 

- 15h. Above this period, HTK and Celsior are both associated with allograft edema, pancreatitis 

and vascular thrombosis (29-31). 

According to a report from the National Islet Cell Resource Center Consortium in the USA, UW 

solution is the standard preservation solution prior to islet isolation (32), but during the last 

years, more pancreata are being stored in HTK solution. At the present time, there is no evidence 

that HTK solution is superior to UW regarding islet isolation outcome.  However, cost 

advantages in utilization of HTK have granted popularity for this solution in organ preservation 

(29, 33-35).  

Other modalities of static preservation include the two-layer method (TLM) using pre-

oxygenated perfluorocarbon, which failed to demonstrate superiority to standard solutions in 

terms of pancreatic adenosine triphosphate level, islet yield, in vitro functional viability, and in 

vivo function after clinical transplantation (36) (20, 37). Another successful preservation agent is 

the Kyoto solution, originally developed by the Matsumoto group, containing trehalose and 

ulinastatin as distinct components, which are effective cytoprotective against again stress and 

inhibits trypsin, respectively (38). This solution has demonstrated favorable results in solid organ 
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transplantation and also in human islet isolation outcomes, such that it has become the standard 

preservation solution for Baylor’s clinical islet transplant program (39, 40). 

Recently, machine perfusion systems have been gaining increasing acceptance as a preservation 

method initially for kidneys from marginal donor and now is extended to every solid organ (41).  

Machine perfusion has several advantages over static cold storage.  First, preservation solution 

can be continuously supplied directly to all cells at pressures and flow rates similar to a 

physiologic state. In addition, machine perfusion systems also allow real-time assessment of 

graft quality can by analysis measuring vascular pressures and resistance, as well as by analyzing 

various injury biomarkers in the perfusate. Moreover, these systems permit ex vivo 

pharmacologic manipulation of the organ, opening infinite possibilities of organ improvement 

before transplantation (42-45). 

One of the main differences among the currently available systems is the temperature of 

preservation. The original works in machine perfusion were performed in hypothermic 

conditions based on lessons learned from static cold preservation and overwhelming evidence 

towards adequate tissue preservation when metabolic demands were significantly decreased. 

Early reports confirmed the value of this strategy with better islet yield and stimulation index 

compared to static preservation. Our center at the University of Alberta performed machine 

perfusion in 12 human pancreata using a LifePort
TM

 Kidney Transporter (Organ Recovery 

Systems, Des Plaines, IL, USA) (46).  The first 4 pancreata were placed on the machine, after 10 

hours of static preservation in UW, for up to 24 hours; metabolic and histologic changes of 

pancreata were assessed.  It was found that tissue energy charge was maintained during the first 

3 hours in the machine perfusion and thereafter it gradually decreased.  Histologic analysis 

revealed that tissue edema became evident at 24 hours.  The next eight pancreata were processed 
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for islet isolation after 6 hours of machine perfusion.  Islet recovery and viability tended to be 

higher in pancreata preserved with the machine perfusion than in matched pancreata stored in 

static UW.  These results are in accordance with the work of Leeser and colleagues who showed 

a feasibility of pump perfusion of human pancreata prior to islet isolation (47). 

More recent evidence indicates that preserving organs in normothermic or subnormothermic 

state may be more beneficial and new systems are now developed to allow prolonged 

preservation of solid organs with novel perfusates designed to cope with the metabolic demands 

of organs now kept at room temperature (42). Various research groups are elucidating the 

multiple events that occur during normothermic or sub-normothermic ex vivo organ perfusion 

and trying to understand the potential parameters that may serve as predictors of function after 

transplant.  

A very satisfying element is that many of these systems are now commercially available and are 

continuously being approved by regulatory agencies for human use. TransMedic, OrganOx and 

XVivo perfusion systems are one of the companies in the forefront for ex vivo organ perfusion 

systems. Our university is fully engaged in this exciting research within the scope of the CNTRP, 

launching multiple clinical trials in the field of liver, heart, lung, kidney and pancreas 

preservation. The preliminary results are indeed encouraging in terms of safety for patients. The 

next step would be to design strategies to treat those organs ex vivo with any or a combination of 

agents known to improve cell viability. A fully operational system for normothermic or 

subnormothermic preservation for pancreas is not commercially available yet. However, the 

current research will certainly result in a low-pressure system especially design for this gland, 

allowing longer periods for effective treatment with caspase inhibitors, antioxidants, AAGP or 

any other drug with proven benefits. The clear advantage is that pancreatic endocrine function 
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can be easily demonstrated while the organ is being perfused, allowing the clinical/technical 

team to choose the most appropriate time for transplantation or isolation depending on the 

purpose.  

Another recent advancement in organ preservation is the use of persufflation. This technique 

uses gaseous oxygen perfusion to augment oxygen diffusion through the pancreatic tissue (48-

53). In preclinical studies, this technique has demonstrated improved yields and viability (54).  

Based on this evidence we are currently evaluating the utility and efficacy of persufflation for 

clinical islet transplantation at the University of Alberta with the collaboration of McGill 

University and University of Toronto. Preliminary results are encouraging and should be 

reported in the coming months. 

 

8.2.3. – Islet culture 

 

Clinical islet transplantations rely on successful isolation of the human islets from donors 

followed by the in vitro culturing of the cells to maintain functionality until transplantation can 

be performed.  Preservation of human islets in culture provides many benefits to clinical islet 

transplantation.  First, it allows travel time for patients living away from transplant centers, as 

these procedures are conducted in specialized centers.  Moreover, pre-transplant culture can 

provide attainment of therapeutic levels of immunosuppression before islet infusion.  During the 

culture period, additional quality control testing can be undertaken, including microbiological 

and pyrogenic tests.  In addition to these practical advantages, modification or treatment of islets 

through culture provides a strategic opportunity to promote islet survival after transplantation.   
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A number of issues may affect culture conditions and the quality of the final preparation, being 

the type of medium and the culture temperature, the two main determinants to avoid the risk of 

islet loss. Connaught Medical Research Laboratory 1066, originally designed for use with 

fibroblasts and kidney epithelial cells, appears to be the most widely used base medium for islet 

culture. Other supplements and additives vary depending on each center’s preference and 

experience, and the final result should be a specific culture medium, which can adequately 

preserve islet quality. Examples of center-specific culture medium include: the Miami-Modified 

Medium-1 (MM1), Edmonton culture medium, the Memphis SFM medium (M-SFM) and the 

hCell OCZEM-SF/AF, among others (55, 56). 

Albumin is known to contain many components with beneficial effect on cell survival. Animal 

serum such as fetal calf serum is traditionally added to culture media in experimental settings.  

However, when islets are destined for clinical transplantation, use of animal sera has been 

considered unacceptable because of potential risk associated with viral or prion-related disease 

transmission (57).  Other potential problems of animal sera are evoking immune or inflammatory 

reactions in host against animal proteins (58-60), which cannot be diminished even by several 

washing steps (61).  Therefore adding human serum albumin as an alternative is the current 

standard in clinical islet culture. 

One of the major concerns with culturing islets is the uncertainty of islet recovery rate after 

culture.  There is ample evidence of a reduction in the islet mass during culture.  Bottino and 

colleagues reported that there was at most 80% reduction in DNA content in islet preparations 

following 24 hours culture (62).  A very important area of investigation is the use of compounds 

capable of preventing cell loss during culture by improving islet health and enhancing their 
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function after transplant. This topic will be expanded further ahead when cytoprotective 

strategies are discussed. 

Another area of investigation focuses in methods for reducing anoxia during culture. Isolated 

islets are especially susceptible to damage from anoxia due to their large size relative to single 

cells, high oxygen consumption rate, and low levels of enzymes necessary for energy production 

under anaerobic conditions (63). Islets cultured at high surface densities in standard T-flasks also 

exhibit low viable tissue recovery, viability, and potency, due to anoxic conditions. These effects 

have been prevented by culturing islets in gas-permeable devices, which increase oxygen 

availability to islets with clear benefits for clinical islet culture and shipment (63).  

We had the opportunity to work with various prototypes of gas-permeable containers for culture 

based on the mounting evidence of the benefits of improved oxygen diffusion during islet 

culture. We were able to witness first-hand the advantages of incorporating such devices to 

experimental and clinical islet transplantation. First, gas-permeable flasks allowed larger seeding 

densities, still maintaining same islet quality (Figure 8.2). This effect provides the ability to 

accommodate large preparations in fewer flask and storage. Second, this technology was found 

to be convenient for transporting islets between centers, while preserving their integrity and 

function after transplantation. These findings are very encouraging and will allow further 

exchange of islets and potentially insulin-producing stem cells from manufacturing to 

transplanting centers.  
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8.2.4. - Assessment of islet preparations 

 

In addition to the quantity of islets, the functional viability of an islet preparation is critical in 

predicting the success of islet transplantation. To date, there lacks a consensus within the islet 

transplantation field as to which assays accurately assess islet potency prior to transplantation 

and predicts their subsequent function post-transplant. The viability of an islet preparation is 

currently assessed with the use of fluorescent stains based on dye exclusion polarity.  For 

example, fluorescein diacetate (FDAc) is a non-polar dye and passes through the plasma 

membrane of living cells, whereas propidium iodide (PI) can only enter cells that have a 

compromised membrane.   
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Figure 8.2 Gas permeable G-Rex culture flasks (Wilson Wolf, New Brighton, MN, USA) used in experimental and 

clinical transplantation at the University of Alberta, with shipments to University of Arizona. Photograph kindly 

provided by Wilson Wolf, reproduced with permission. 
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Using these two dyes together, the proportion of viable (green, FDA-positive) versus dead (red, 

PI-positive) cells can be assessed.  FDA/PI is currently a widely used method for viability 

determination of the islet preparation prior to transplantation.  These tests can be rapidly 

performed and are less labor intensive, making them attractive for use just prior to 

transplantation.  However, there are several problems, making them of limited value.  The main 

problem is that membrane integrity tests cannot distinguish between islets and non-islets.  

Another problem with the tests is the difficulty in assessing live/dead cells within a three-

dimensional structure. In addition, these tests fail to measure the metabolic capacity of the islet 

preparation. Nevertheless, it is important to acknowledge that viability estimated by membrane 

integrity tests is predictive of some outcome measurements in clinical transplantation, according 

to an annual report from Collaborative Islet Transplant Registry (64). 

Another important method to assess the quality of the islet preparation is the fractional beta cell 

viability, first described by Ichii and colleagues (65). The assay uses dissociated islets stained 

with a zinc specific dye, Newport Green (Molecular Probes, Eugene, OR, USA), and a 

mitochondrial dye, tetramethylrhodamine ethyl ester. Double positive cells are quantified using 

flow cytometry after dead cells are excluded using a DNA-binding dye (7-Aminoactinomycin 

D). Original reports showed that the beta cell specific viability of human islet preparations was a 

useful marker of the outcome of a mouse transplant assay. However, no hard evidence has been 

produced to associate this measurement with outcomes in clinical transplantation. The major 

limitation of this method is that dispersed single cells are not likely representative of the original 

islets, and the dissociation of the islet also may contribute to beta cell death, resulting in a false 

negative outcome.  Moreover, necrotic cells or late-stage apoptotic cells are not counted as non-

viable cells, thereby leading to overestimation.   
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A potentially more efficacious marker to determine the islet functional capacity is assaying for 

mitochondrial activity. Mitochondrial integrity is central to islet quality because mitochondria 

play a crucial role for glucose stimulated insulin secretion (66) and islet cell apoptosis (67).  

Mitochondrial activity can be evaluated using a variety of methods.  These include OCR, 

detection of mitochondrial membrane potential using dyes, release of cytochrome c, and 

measurement of redox state.  Papas and colleagues assessed OCR of human islet preparations 

normalized per DNA content (68).  They were able to demonstrate that OCR/DNA assay predicts 

efficacy of human islets grafted into mice. A clear limitation for this assay however, is that it is 

not specific for islet, as all cells in the preparation will consume oxygen. Like membrane 

integrity test, the purity of the islet preparations significantly influences the assays precision.  To 

circumvent this limitation, Sweet and colleagues developed a flow culture system (69) that 

allows to measure the OCR response in human islets, against glucose stimulation.  They 

demonstrated that glucose stimulated changes in OCR were well correlated with in vivo function 

of human islet grafts, whereas glucose stimulation hardly increased OCR in non-islet tissue (70, 

71). 

Finally, an alternative approach for assessing islet preparation potency is to monitor the function 

of the engrafted beta cell mass. Matsumoto et al have developed the Secretory Unit of Islet 

Transplant Objects (SUITO) index using fasting C-peptide and fasting glucose, 1month post-

transplant. This index has been efficacious in evaluating hypoglycemia post-transplant, the 

differences in outcome after living donor vs. cadaveric donors, or fresh vs. cultured islets, as well 

as single donor success rates, and overall clinical outcome after auto- and allografts (72-78).  

Despite the multiple assays to evaluate the quality of islets in vitro, there is no specific test to 

adequately predict islet potency and durability after transplant. Perhaps, the reason lies on the 
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multifactorial nature of islet engraftment and survival in humans. A good approach could be a 

combination of the multiple indexes currently available for each of the phases of islet 

transplantation. A multivariate analysis using donor index, fractional viability, OCR/DNA and 

PRA, along with an in vitro determination of the potential magnitude of IBMIR by pre-mixing 

recipient’s blood with the islet preparation and measurement of: C-peptide released into the 

media (as an expression of cell death), thrombin-antithrombin complex, and a panel of pro-

inflammatory cytokines. By combining all factors into the regression model, we could reach a 

predictor of function and durability of islets, close to what actually is happening in the patient. 

Such information could be a powerful tool to modify strategies to allow better outcome. 

 

8.2.5. - Cytoprotective strategies during islet isolation 

 
During the isolation procedure, the islets are exposed to numerous types of stress induced by 

non-physiologic stimuli. These include ischemic stress during organ, procurement, preservation 

and islet isolation, mechanical and enzymatic stress during digestion, and osmotic stress during 

purification.  All these cumulative injury results in activation of various cellular damage 

pathways including danger-associated molecular patterns, accumulation of free radicals by 

oxidative stress and caspase activations, among others. These mechanisms will promote the 

release of a variety of pro-inflammatory cytokines, leading to a perpetuation of cellular damage 

and eventually, cell death.  

A number of investigators have explored strategies to confer islet resistance to stress-induced 

damage.  Most investigations have focused on modification to the isolation procedure, or treating 

islets during culture to protect the final product. Strategies are designed to modify some or 

various mechanisms of injury, while preserving islet viability and function ex vivo. Some of the 
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most interesting strategies include: the increased viability of dog islets when supplementing the 

isolation with beraprost sodium, a prostaglandin (PG) I2 analogue (79); the inactivation of 

endogenous pancreatic enzymes during digestion by using pefabloc, which is also known to have 

anti-apoptotic effect (80) (81-85).  Nicotinamide has been shown to protect islets from injury 

induced by cytokines (86).  Ichii and colleagues added nicotinamide into the processing medium 

during islet isolation (87).  They found nicotinamide supplementation increased human islet 

yields.  They also showed a significant increase in c-peptide levels in patients transplanted with 

nicotinamide treated islets. 

As mentioned in Chapter 2, the use of anti-oxidants during islet isolation to protect islets from 

oxidative cell injury is a rational approach, because islet cells harbor poor endogenous 

antioxidant defense systems (88). Oxidative stress is initiated by the excessive production of 

reactive oxygen species, which are potent inducers of pro-inflammatory stress responses often 

marked by proinflammatory cytokines (TNF- a, IL-1β, IL-6, and IFN-γ), and chemokine 

synthesis (89, 90).  

The current directions of using antioxidants in islet transplantation rely in treating islets with 

metabolites, vitamins, trace elements, herbal products and enzymatic antioxidants to ameliorate 

the aforementioned deleterious effects. Glutamine was found to reduce human islet cell apoptosis 

and to improve islet yield and function, when pancreata was treated via the duct prior to (91). 

Along these lines, our group recently published similar findings with glutathione-ethyl-ester, 

showing increased viability, protection for apoptosis and better engraftment (92). 

Similarly, mimetics of superoxide dismutase have demonstrated to be beneficial in improving 

islet survival in culture (62). Their ability to catalytically modulate oxidation-reduction reactions 

within a cell may control signaling cascades necessary for generating inflammation and provide 
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therapeutic benefit targeted at down regulation of the immune response. Within this group, 

metalloporphyrin-based antioxidants have been particularly successful in scavenging a broad 

range of oxidants (93-97). The utility of these antioxidants to ameliorate other inflammatory-

mediated disease processes has been demonstrated in a T1DM model of adoptive transfer, 

apoptosis, and blocking of hydrogen peroxide-induced mitochondrial DNA damage, and partial 

rescue of a lethal phenotype in a manganese superoxide dismutase knockout mouse (98, 99). 

Furthermore, Piganelli and collaborators have demonstrated that redox modulation protects islets 

from both the stresses involved in the isolation procedure as well as transplant related injury 

(100, 101). It is conceivable that islet-sparing agents, which decrease the production of free 

radicals and inflammatory cytokines, may have a positive impact on islet function post-transplant 

by reducing the prevalence of primary non-function and, potentially increase the incidence of 

insulin independence from single islet infusions.  

Based on this evidence and in close collaboration with BioMimetix Pharmaceutical Inc., we 

performed a series of pre-clinical experiments utilizing two mangano-metalloporphyrin 

formulations (BMX-001 and BMX-010) to evaluate potential benefits in islet transplantation. 

Our preliminary findings support the available evidence and those results prompted us to launch 

a clinical trial, initially with BMX-010 at a concentration of 34 mM. Our preliminary clinical 

results showed no toxicity to human islets, but fell short to provide significant improvement in 

yield, viability or functional parameters (OCR, insulin release). However, the percentage of islet 

utilization for transplantation was higher in the BMX group. We believe that our results may 

have been designed with a sub-optimal dose and as such, we are now modifying the trial to 

accommodate a higher dose and BMX-001, a more powerful metalloporphyrin formulation.  
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Another powerful injury mechanism for islets is the toxic effect resulting from exposure chronic 

immunosuppression. Anti-rejection medication is fundamental in preventing allo- and auto-

immunity after islet transplantation. The mere existence of immunosuppression protocols is the 

reason why organ transplantation is successful in treating organ dysfunctions for a long term. 

However, this protection comes with added side effects from some of the most important agents.   

Multiple reports have provided evidence of CNI-induced (in particular tacrolimus) islet toxicity 

(102-104). Our group had the opportunity to corroborate first-hand this effect when 

demonstrating nil insulin secretion in islets exposed to tacrolimus both, in vitro and in vivo. As 

such, we tested different strategies to overcome this limitation and experiments with Anti-aging 

Glycopeptide in particular resulted very promising. AAGP is a synthetic analogue of anti-freeze 

proteins, with notable cytoprotective capabilities. Our experimental design (Chapter 3) included 

treating islets in culture and the protective results were consistent in vitro and also in a syngeneic 

transplant model in mice. AAGP-supplemented islets were able to function similarly to control 

islets despite being treated with high dose tacrolimus (~20 ng/mL) (105).  

The specific pathways for tacrolimus-induced injury are still unclear. Mounting evidence 

suggests the inhibition of key nuclear factors and subsequent decrease in insulin synthesis (106), 

whereas other reports suggests that tacrolimus potentiates insulin resistance damage in beta cells 

(107) (Figure 8.3). Our own work provided evidence of decreased insulin release in islets treated 

with tacrolimus, probably due to membrane transport mechanisms, suggested by altered 

membrane capacitance, while insulin cellular content remained constant (105). Previous work 

has reported the CNIs may inhibit P-glycoprotein, a powerful efflux pump in cell membrane, 

responsible for avoiding cell toxicity mechanisms (108-111).  
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Figure 8.3 Schematic representation of pathways implicated in the effect of tacrolimus on islet cell function. 

Reproduced from Rostambeigi et al. Transplantation 2011 27; 91(6): 615-623, with permission. 
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We speculate AAGP may have a stabilizing effect by protecting P-glycoprotein from tacrolimus 

blockade or my mimicking its function. However, further experimentation will be required to 

accurately identify the mechanism for this protective effect. Applications for these findings are 

seemingly infinite and expand beyond the field of islet transplantation given that tacrolimus and 

CNIs in general are key immunossupressives for most transplant programs. 

 

8.2.6. – ISLET ENGRAFTMENT 

  

The site of transplantation of islets influences graft performance and eventually, graft survival 

(112). The various sites that have been evaluated for islet transplantation include the liver (113), 

spleen (114), abdominal cavity (in the omentum) (115), testes (116), and renal subcapsular space 

(117), the anterior eye chamber (118), the subcutaneous space (5), among others. The rationale 

for selecting different sites in experimental or clinical setting often depends on multiple factors 

including the type of donors, the volume of the islet preparation, and the need for close 

monitoring or eventual retrievability.  

Initial experience largely attempted the subcutaneous and the intraperitoneal site of animal 

models and humans. Although results were encouraging, this method soon proved to be 

inefficient and related to limited islet survival (119). Kemp and collaborators found and 

described the superiority of the intraportal injection of cells compared to these traditional sites 

(120, 121). Portal embolization was thus recognized to be the most efficient site for implantation, 

with the benefit of high vascularity, proximity to islet-specific nutrient factors, and physiological 

first pass insulin delivery to the liver (122). Today, intra-portal islet transplantation is by far the 

current standard for clinical transplantation. The method has been refined and improved over the 
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years with the introduction of modern medical technology, which necessarily results in safer 

practice.  

Various studies have proven the angiogenesis occurring after the islet intraportal implantation. In 

the mouse, capillary sprouts and arterioles arise within 2 to 4 days, interconnect by day 6, and the 

process is completed by day 10 to 14. These vessels are of host origin, pierce the islet, and 

branch into capillaries within the center of the graft (123). Once the islets are infused into the 

portal vein they are entrapped as a result of size restriction and promote the formation of an islet-

thrombus, which in time is incorporated in the vessel wall eventually receiving vascularization 

from the surrounding tissues (124).  

Even though the portal embolization has been universally embraced for its simplicity and good 

results, it is still far from perfect due to possible complications, e.g., portal thrombosis or 

subcapsular hematomas, and is hampered by a significant early loss of transplanted islets (125). 

Other studies in rodents have clearly shown that transplantation under the kidney capsule 

produce similar or superior long-term results compared with intraportal transplantation, and 

results in dogs have shown superior long-term outcomes after intrasplenic compared to 

intraportal transplantation (112). Other reports in the literature refer to experiences with islet 

transplantation on intramural small bowel site (126), gastric submucosa (127) and muscle (128), 

with different outcomes. 

Immediately after transplantation, islets depend on diffusion of oxygen and nutrients from the 

surrounding environment for their survival and function. In order to regain proper islet function, 

new capillaries and blood vessels have to form and basically rebuild their old capillary network. 

The new network derives from both, the recipient blood vessels but also from the remnant donor 

islet endothelium (124). This revascularization process may initiate as soon as 1 – 3 days post-
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transplant and may conclude round day (123). Multiple factors combine and contribute to 

apoptosis and cell death, resulting in islet tissue loss The most important factors related to early 

islet survival are (13): 

1. Donor-related factors  

2. Damage to islets during isolation and preservation  

3. Technical problems at transplantation  

4. Hypoxia following transplantation  

5. Instant blood mediated immune reaction (IBMIR) upon exposure of isolated islets to 

allogeneic blood  

6. immunogenicity in the implanted islets  

7. Toxic effects of immunosuppressive drugs  

Strategies to overcome these factors are diverse and often require synergy among them. A valid 

approach is to enhance revascularization by increasing the action of agents promoting 

angiogenesis or by inhibiting anti-angiogenic factors by using known and new therapeutic 

agents. More recently, co-culture and co-transplantation of islets with mesenchymal stem cells 

(MSC) has proven to be an effective tool to facilitate rapid re-oxygenation of islets shortly after 

transplant (129, 130). MSCs also contribute to modulate immediate inflammatory response 

eliciting a dual protective mechanism for newly-transplanted islets. Similarly, reduction of the 

deleterious effect of IBMIR is another area with potential benefits towards engraftment. Current 

experimental strategies to prevent IBMIR include using nicotidamine (131), low molecular 

weight dextran sulfate (132), thrombin inhibitor (133) and heparin coating islets (9). Despite 

these strategies, IBMIR remains a limiting factor on β cell function with the intra-portal site in 

addition to other vascular sites.  
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Recently, the subcutaneous space has been retaken as a candidate for islet and insulin producing 

stem Cell Transplant, based on the need to expand sources for islet transplantation and 

accommodate cells that may require a closer monitoring. The new approach demanded to create 

a vascularized space to allow cells to successfully engraft in a location known to have 

insufficient oxygen diffusion to harbor implanted cells (Table 8.1). Some of the new strategies to 

implement subcutaneous Cell Transplant include the use of devices to promote 

neovascularization resulting from foreign body reaction. In our pre-clinical and clinical 

laboratory we have worked with two device-based technologies to allow subcutaneous 

transplantation. The TheraCyte
TM 

and Sernova Cell Pouch
TM

 systems were specifically designed 

to achieve this purpose. 
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Table 8.1 Oxygen tension in different transplant sites and their ability to oxygenate transplanted islet. Modified 

from Moore SJ et al. World J Transplant 2015 March 24; 5(1): 1-10. Reproduced with permission. 

 

Site Oxygen tension of native 

tissue (mmHg) 

Oxygen tension of transplanted 

islets (mmHg) 

Pancreas Approximately 40 n/a 

Portal vein Approximately 40 Approximately 5 

Spleen n/a Approximately 5 

Kidney capsule 15 Approximately 5 

Peritoneal lining Approximately 50 n/a 

Intramuscular 

space 

15 25 

Subcutaneous  8 n/a 
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The first, providing a pre-loaded cell container with the possibility of immunoisolating features 

based on advanced design; the latter, a device designed to elicit vascularization and cell loading 

at a later point. Both systems have been successful in hosting islets in animal models, but their 

main purpose is to facilitate engraftment of insulin-producing stem cells in an accessible location 

under the skin.  

Chapter 5 describes the results of our pilot study using the Sernova Cell Pouch
TM

. Despite the 

observed biocompatibility in rodents and large animals of experimentation, we encountered 

seroma fluid collections in all our patients. Islets transplanted in these devices failed to decrease 

insulin requirements and produced a peak release of C-peptide in the first 24h after 

transplantation, consistent with beta cell death. At a later time point, devices were explanted and 

islets were found in patchy areas, not surrounded by immune cell infiltrates. A possible 

explanation for this behavior is that the resulting seeding density for islets infused inside Cell 

Pouch
TM

 chambers resulted in central ischemia and significant cell death. Moreover, the fact that 

all patients developed fluid collections may be an indicator of insufficient new vessel ingrowth 

and subsequent engraftment failure.  

Pre-clinical and clinical experimentation with the TheraCyte
TM

 system is ongoing and currently 

coupled with insulin-producing stem cells, which are known to be more resilient than islets. 

Long-term durability of these systems is however, unknown. The use of the device-based 

concept has an inherited risk of persistent foreign body reaction and eventually, a collagen wall 

formation around the device, defeating the purpose of free exchange of oxygen, hormones and 

nutrients (134). To overcome this important limitation, our group designed a system using 

foreign body reaction only for a limited period followed by infusion of cells in a device-free 

scenario. The “Device-Less” technique was successfully validated for islets in syngeneic, 
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allogeneic and xenogeneic transplant models (5), and the benefits of this approach are now been 

tested in stem cell and cancer research (unpublished data). The success of any subcutaneous 

transplant technology is obviously dependent in effective vascularization, optimal oxygen 

diffusion across the graft and controlled collagen formation. 

Other transplant sites are now being developed and tested in humans to attain engraftment of 

human islets in a site reachable by minimal invasive techniques, while providing direct 

monitoring capabilities. The University of Pittsburgh has recently published a new technique for 

endoscopic implantation of islets in the gastric submucosa. The technique is very simple and the 

risk for patients is almost non-existing (127). University of Alberta has now launched a clinical 

trial to evaluate the potential benefits of this technique. Another exiting breakthrough was the 

announcement of DRI BioHub, a novel concept to engraft islets in the omentum, by using a 

scaffold to provide a matrix for the cells in two variants, a biodegradable scaffold made of 

thrombin and the recipient’s own plasma or a bioengineered scaffold with a silicone base. 

Results in the first patient are very encouraging and prompt for further clinical testing. 

 

8.2.7. - IMMUNOSUPPRESSIVE STRATEGIES TOWARDS TOLERANCE 

 

One of the major impediments to the clinical success of islet transplantation is the immune 

destruction of transplanted islets. Immunological challenges to islet survival, engraftment, and 

function post-transplantation are 2-fold: alloimmune destruction and autoimmune rejection. 

Although the former is common to all organ and tissue transplantation situations, type I diabetes 

offers additional challenges because it is autoimmune in origin (14). 
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Among the biological strategies used to overcome immune rejection are the use of novel 

immunosuppressive agents and regimens, and donor-specific induction of immune tolerance in 

the host (Appendices A and B). Immunosuppressive agents are typically delivered systemically 

to address the underlying autoimmunity as well as the allo-immune responses to transplanted 

islets. These immunosuppressants are permanently needed following transplantation and have 

multiple unavoidable side effects, such as an increased vulnerability to infection for the patient 

and cytotoxicity to the transplanted islets (135). Many of these immunosuppressants are 

diabetogenic by producing either transient dysfunctional insulin synthesis or secretion, or by 

inducing beta-cell death (105). However, anti-rejection drugs are required to allow islets to last 

and avoid recipient sensitization. This paradox requires a continuous optimization of available 

drugs and individualized therapeutic schemes. Experimental strategies like using AAGP, as 

discussed in Chapter 3, may provide an alternative to use immunosuppressants safely, at 

effective doses without jeopardizing the survival of the graft (105).  

One of the requirements of immunosuppressive protocols in islet transplantation is the 

effectiveness in preventing any cytodestructive host immune response. This is critical taking into 

account that the marginal mass of engrafted islets has virtually no excess capacity to tolerate β-

cell injury without reaching the tipping point causing metabolic dysfunction (14). Although 

immunosuppressive therapy has improved over time, with the identification of new drugs and 

combinations, targeted modulation of the innate and adaptive immune response to transplanted 

islets may provide a pathway to reduce or eliminate systemic immunosuppression. An inspiration 

toward the possibility of avoiding immunosuppression of the recipient without accompanying 

graft loss came from early observations of selective graft acceptance of twin animals that share 

common placental circulation during gestation (136).  
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Immune tolerance to an allogeneic or xenogenic islet transplant can be achieved at various stages 

in immune system development. These approaches target the graft, the graft donor, or the host. A 

wide range of experimental studies are now focused in finding improved results in islet 

transplant by introducing tolerance-inducing medication. Immunologic tolerance is lack of 

response to a specific antigens prompted by previous exposure to the specific antigen. It is 

considered to be a “training” process for T cells and occurs centrally and peripherally (137, 138). 

Immune tolerance has been accomplished in animals of experimentation, but remains a dream for 

transplant clinicians. In the setting of organ transplantation, tolerance refers to lack of rejection 

without active immunosuppression.  

Early works in tolerance were based in observations of fewer or no events of rejection when 

transplants were performed between closely related animals, especially, between identical or 

fraternal twins. Further studies demonstrated that induction of tolerance was actually possible 

when the immune system was immature, at the fetal or newborn state. It involves clonal deletion 

of alloreactive T-cells, T cell anergy, immune deviation, and induction of regulatory T cells at 

both, central and peripheral stages (139). Donor-specific tolerance can be experimentally 

induced by intrathymic inoculation of recipient’s APCs pulsed with allopeptides. The clinical 

application of this technique is very remote. An alternative route to generate central tolerance 

would be by means of a bone marrow transplant, which would allow recipient’s hematopoietic 

reconstitution with donor stem cells (139).  Mixed allogeneic chimerism is a variant for this 

strategy, including sublethal total body irradiation, combined with costimulatory blockade, or 

dual anti-CD4 and anti-CD8 antibody; followed by bone marrow infusion (140, 141). 

The combination of bone marrow and islet transplantation could be used to induce donor-specific 

tolerance to islet allografts. However, the inherent risks - infection, graft-versus-host disease 
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(GVHD) and malignancies - have limited wide-spread clinical applications. One important 

discovery in this specific area of research is the induction of transplant tolerance using 

facilitating cells (FC), a cell population of bone marrow origin, initially described by Ildstad S. 

and collaborators as an engraftment facilitator for bone marrow stem cells in MHC-disparate 

allogeneic recipients without the risk of graft-versus-host disease (GVHD) (142). FC have been 

later characterized as CD8+, CD3+, CD45R+, Thy 1+, class IIdim/intermediate but alpha beta- 

TCR- and gamma delta-TCR-; with a distinctive subpopulation of plasmacytoid precursors 

dendritic cells (143).  

FC have successfully allowed bone marrow transplantation using the aforementioned mixed 

chimerism strategy. More recently, this concept have been incorporated into an FDA-approved 

phase 2 study performed by Leventhal J and collaborators, with the utilization of a tolerance-

promoting FC-based hematopoietic stem cell (HSC) to induce chimerism and tolerance in HLA-

mismatched living donor renal transplant recipients (144, 145). In this innovative study, donors 

were mobilized with granulocyte colony stimulating factor 2 weeks prior to transplantation to 

facilitate cell collection during the donor procedure. 8 living donor kidney transplant recipients 

received pre-transplant treatment with fludarabine (an immunosuppressant usually used as a 

conditioning agent prior to HSC transplant), 200 cGy total body irradiation and 

cyclophosphamide. Donor-derived cryopreserved FC/HCS were infused on day one post-

transplant and maintenance IS was a combination of Tac and MMF. Five patients showed 

evidence of durable macrochimerism and IS was weaned off one year post-procedure. Two 

subjects exhibited transient chimerism with reduction of IS to low-dose Tac monotherapy. The 

remaining patient lost the graft due to arterial thrombosis in the context of sepsis (145). A 

follow-up publication from this study reported a total of 14/15 (93%) subjects with demonstrated 
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chimerism, which was lost in time in 3 patients at 2, 3, and 6 months post-transplant, due to 

either incomplete conditioning, reduced cell dose or high PRA. All patients with durable 

chimerism 10/14 (10/12 receiving complete conditioning and optimal cell dose) successfully 

achieved complete IS withdrawal one year post-transplant without signs of allograft rejection or 

GVHD (146). The last publication for this trial reported 27 patients transplanted, with 12 

subjects showing signs of persistent chimerism, normal renal function, absence of donor-specific 

antibodies and normal kidney biopsy, currently off immunosuppression. Five subjects exhibited 

transient chimerism, currently on low dose Tac monotherapy, and two subjects lost their grafts 

(144). Results from this trial provoked a generalized enthusiasm in the scientific community and 

have now prompted for further clinical studies, now sponsored by Novartis/Regenerex LLC. 

The potential benefits of this strategy clearly expand beyond bone marrow and kidney transplant 

to all transplant modalities, including IT.  Performing immunosuppression-free transplants has 

always been the dream for clinicians. Facilitating cells clearly pose an opportunity for potential 

implementation in islet transplantation. 

T-cell depletion is another alternative to seek tolerance. It involves depletion of CD4
+
 and CD8

+ 

populations prior to transplant, to avoid responsiveness towards donor-specific antigens. The 

clear advantage is that many of the agents used for this purpose are currently used in clinical 

practice and offer a lesser risk than total body irradiation and bone marrow transplant. The 

benefits of agents such as Anti-CD3, antithymocyte globulin, CD20 mAb, and others are 

extensively discussed in Appendices A and B. They offer a clear opportunity to induce 

tolerance but fail to achieve this purpose in monotherapy regimens. As consequence, T-cell 

depletion is usually coupled with other agents blocking different pathways. Interesting results 
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come from the combination of T-cell depletion agents with granulocyte colony stimulating factor 

due to its ability to promote regulatory T cells and facilitate tolerance (139). 

Very promising results are also coming from the use of costimulatory blockade as an alternative 

to contribute to tolerance. These agents exploit the mechanism of interfering with the secondary 

signal to complete T-cell activation, rendering the cells anergic (139). CTLA4-Ig is one of the 

most popular costimulatory blockade agents, used in pre-clinical experimentation. Treatment 

with this CLTA4 mimetic has resulted in immunomodulation in allogeneic islet transplantation, 

but fails to induce tolerance by itself. Our laboratory has extensively used this drug in different 

transplant models and the best results come from the combination of CTLA4-Ig with other 

agents (147). 

Similar results come from CD40-CD154 blockade, which has been associated with induction of 

dominant tolerance and prevention of spontaneous autoimmune diabetes in animals. This 

strategy affects a crucial costimulatory pathway implicating the binding of CD40 on antigen-

presenting cells to its ligand (CD154), expressed by T cells (148). Experimentation with this 

strategy is met with mixed results. Some reports associate the use of anti-CD154 with significant 

prolonged survival in islets with little side effects, whereas other authors showed increase 

formation of donor-specific antibodies and thromboembolic complications in non-human 

primates (139).  

Very exciting news come from using regulatory T cells to induce tolerance. It is known that the 

presence of CD4
+
CD25

+
Foxp3

+
 Tregs is associated with better outcomes after transplantation 

and tolerance, including the challenging situation of an ABO incompatible transplant (149, 150). 

Therefore, the ideal scenario would be to provide sufficient immunosuppression to inhibit 

allorejection while expanding Treg population. The dilemma is that many of our current arsenals 
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also deplete Tregs. Only rapamycin has been identified as an agent able to promote expansion 

and activation of Tregs, when used with appropriate mechanistic combination (151).  

Another mechanism to potentially induce tolerance is by cotransplanting islets with stromal cells 

with immunomodulatory characteristics like hepatic stellate cells (152), sertoli cells (153) and 

mesenchymal stem cells (130). All these cells have demonstrated immunomodulatory 

capabilities and tolerogenic effects, although their durability and long-term effect is still 

questionable. Of special interest are the works by de Almeida and collaborators. (154) reporting 

tolerance with induced pluripotent stem cells (iPSCs). Mature patient’s cells are reprogrammed 

to become pluripotent through transfection (155). The advantage is that iPCSs are recognized as 

“self” and have the potential to restore dysfunctional tissue without the need for 

immunosuppression.  

 

8.3. – USING STEM CELLS IN CLINICAL TRANSPLANTATION. HOW 

CLOSE ARE WE? 

 

The increasing demand for islet transplantation is met with increasing limitation in donor 

availability. Current alternatives to islet transplantation are the use of xenografts and using 

bioengineered human stem cells. The practice of islet xenotransplantation has been studied 

extensively and results are now more encouraging after new and more efficient 

immunosuppressive protocols have been developed for this purpose (156, 157). Two clinical 

trials are currently active in New Zealand (DiaBCell) and in Russia using porcine islets, 

encapsulated in alginate-based capsules as a mechanical barrier to immune cell engagement.  
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 Another important alternative to transplantation of pancreatic islets from human and xenogenic 

sources is the generation of insulin-producing β-cells either from pre-existing β-cells, or from 

non-β-cell precursors (158). In the former approach, a patient’s own β-cells can be extracted and 

made to divide in culture before retransplantation into the patient. Various non-β-cells may also 

be used to generate β-cells: 1) the patient’s own (adult) stem cells can be made to differentiate; 

2) the patient’s own terminally differentiated cells, e.g., pancreatic ductal cells, can be made to 

dedifferentiate into stem cells, followed by transformation into the β-cell phenotype, or 3) 

embryonic stem cells can be differentiated into insulin-producing cells. The use of a patient’s 

own cells has the distinct advantage of circumventing alloimmunity, which is one of the most 

challenging barriers to successful islet transplantation. Although many details of our 

understanding of the differentiation pathway, as well as of the intricate mechanisms of islet 

function, remain unknown, significant progress has been made by several groups in generating 

cells of the desirable phenotype (158). 

Advantages to using stem cells include an unlimited supply from specialized center using 

reproducible differentiation protocols to provide sufficient number of cells upon request of the 

transplant center. Also, bioengineered stem cells tolerate hypoxia better and create a new 

network of blood vessels more rapidly, compare to human islets (159). Bruin and collaborators 

make a striking analogy in a recent paper by recognizing that two donated pancreases are needed 

for one recipient (~ 5,000 – 10,000 IEQ/Kg) to render normoglycemia and insulin independence; 

whereas a single vial of stem cells may be used to treat approximately 2000 diabetic patients at a 

ratio of 5x10
8
 differentiated cells per patient (160). Stem Cell Transplant, however, is not 

without limitations. Time-to-mature beta cell is probably the major limitation for stem cell 

researchers, with the corresponding delay from transplantation to full diabetes reversal in 
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animals. Delay in maturation also poses a significant challenge in graft monitoring, which can 

only be achieved by measuring C-peptide in blood, in a transplant model also susceptible to early 

silent rejection. The latest reports on the subject present more sophisticated and efficient 

maturation sequences resulting in quasi-mature beta cells and a significant reduction in the time 

required for cells to revert diabetes (Figure 8.4) (161-164).  

My experience with insulin-producing stem cells began while collaborating with M. Cristina 

Nostro and Gordon Keller, from the McEwan Centre for Regenerative Medicine. As presented in 

Chapter 7, we utilized our recently developed Device-less technique to implant pancreatic 

endoderm cells derived from embryonic stem cells (Figure 8.4B). The idea was to validate this 

transplant site for insulin-producing stem cells and multiple experiments were performed to 

evaluate engraftment and maturation success. This pre-vascularized subcutaneous approach was 

adequate for these cells to engraft and follow a maturation process beyond 22 weeks. As 

previously published, we realized that the maturation process (expressed as secretion of human 

C-peptide and positive endocrine staining) was more efficient in diabetic mice, supporting the 

observation that effect hyperglycemia positively influence endocrine differentiation (165). 

However, we had a concern with the duration of the maturation process, the ability to reach 

mature beta-cell state with full and regulated insulin production and the lack of diabetes reversal 

after 5 months.  

This is a common limitation of many of the differentiation protocols, probably caused by using 

schemes based on polyhormonal cells. Recent investigations have shown that indeed, 

polyhormonal cell differentiation may result in beta cell formation, but with low efficiency since 

this process results mainly in alpha cells (160). Fortunately, new breakthroughs are now allowing 

more efficient differentiation in vitro to a more advanced stage; where cells are very close to 
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become mature beta cells. Kroon and colleagues successfully reached mature beta cells after 

transplanting stage-4 pancreatic progenitors into non-diabetic immunodeficient mice (Figure 

8.4A) (161). New and more efficient differentiation protocols have now been reported by 

Kieffer’s (164) and Melton’s (163) groups (Figure 8.4C and D). These protocols promote full 

differentiation of human pluripotent stem cells into pancreatic progenitors and ultimately, stage-7 

NKX6.1+/PDX1+ cells, capable of effectively secreting insulin upon glucose stimulation. Even 

though these Stage-7 cells do not show similar insulin release patterns (assessed by insulin 

perifusion and intracellular calcium imaging) to those observed in mature human beta cells, their 

function is sufficient to produce hypoglycemia. Transplantation of these quasi-mature beta cells 

has successfully reversed diabetes in STZ-induced diabetic mice with a significantly shorter wait 

period (166), and also prevented hyperglycemic state in NRG-Akita (NOD-Rag1
−/−

 IL-2rγ
−/−

 

Ins2
Akita

) mice, which spontaneously develop diabetes as a result of insulin misfolding (163). 

The advantage is clear, shorter maturation periods in vivo and more effective diabetes reversal, 

which will eventually lead to a more realistic clinical application. An alternative would be to 

design protocols that allow full differentiation into more mature Stage-8 (or beyond) beta cells in 

vitro capable of producing insulin in just a few days, upon engraftment. This strategy may allow 

more control on lineage fate, preventing de-differentiation or teratoma formation (Figure 8.5) 

(160). However, there may be an increase in metabolic and oxygen demands for these more 

mature cells jeopardizing the possibility of using subcutaneous devices as a transplant vehicle.  

FDA and Health Canada have recently approved phase 1/2 clinical trials with macroencapsulated 

hESC-derived pancreatic progenitors cells (Viacyte, Inc.) to evaluate safety and in-human 

maturation profiles. University of Alberta is one of the participating centers and we are eagerly 
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waiting for the preliminary results and the potential expansion of this technology within the 

clinical environment. 

Another caveat of stem Cell Transplant is the possibility of tumor transformation, which is often 

associated with incomplete purification protocol. Cystic formations are frequent in stem Cell 

Transplant given the histogenesis process occurring immediately after engraftment. Classic 

teratomas however, remaining a concerning complication of this transplant procedure. They are 

usually detected when they cause morbidity either through a mass effect or through the release of 

hormones from functional endocrine tissue. Given that the process of teratoma formation is not 

fully understood, alternative transplant sites have been implemented to host stem cell-derived 

preparations. The subcutaneous space is by far one of the most popular sites due to its 

accessibility for transplant, direct monitoring and retrieval procedures, if required.  

These encouraging engraftment reports paired with the new revolutionary protocols are now 

prompting centers to initiate clinical trials to evaluate safety and efficacy in humans. With 

specific strategies to induce patient own cells to de-differentiate into beta cells, we are now a 

step closer to personalized transplant medicine. Based on all these elements we can assure that 

the possibility of treating type 1 diabetes mellitus with insulin-producing stem cells is no longer 

in the distant future.  
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Figure 8.4 Different differentiation protocols to reach endocrine cells. The diagrams present maturation stages and 

associated markers to identify each phase. (A) Differentiation protocol reported by D’Amour KA et al. Nat Biotech 

2006 24(11): 1392-1401. The protocol is divided into five stages and the growth factors, medium and range of 

duration for each stage are shown. Several markers characteristic of each cell population are listed. CYC, KAAD-

cyclopamine; RA, all-trans retinoic acid; DAPT, γ-secretase inhibitor; Ex4, exendin-4; ES, hES cell; ME, 

mesoendoderm; DE, definitive endoderm; PG, primitive gut tube; PF, posterior foregut endoderm; PE, pancreatic 

endoderm and endocrine precursor; EN, hormone-expressing endocrine cells. (B) Schematic of the protocol used by 

Nostro MC et al. to differentiate hESCs toward pancreatic endoderm. At the final stage of differentiation, cells were 

treated with NOGGIN, EGF, and nicotinamide, singly or in combinations (Nostro MC et al. Stem Cell Reports 2015, 

Vol 4: 591-604. (C) Schematic of directed differentiation from hPSC into INS+ cells via new or previously 

published control differentiations (Pagliuca FW, et al. Cell 2014 Vol 159:428-439). (D) Overview of differentiation 

protocol and characterization of S4–S6, reported by Rezania A. et al. Summary of seven-stage differentiation 

protocol, including the important growth factors and small molecules that were added at each stage. Key markers of 

the differentiating pancreatic endocrine cells are also illustrated (INS, insulin; GCG, glucagon; SST, somatostatin) 

(Rezania A. et al. Nat Biotech 2014; 32(11): 1121-33. All figures are reproduced from the originals with permission. 
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Figure 8.5 Emulating pancreatic development. Shown is a schematic of an in vitro differentiation protocol for 

human pluripotent stem cells (dark blue cells) that is designed to mimic embryonic development of the human 

pancreas. The key stages of human pancreas development can be mimicked in vitro by addition of small molecules 

and growth factors to pluripotent stem cells in culture. Additional iterations to in vitro differentiation protocols 

(stage 8+) are required to generate mature human β cells with the appropriate insulin secretion kinetics. Although 

stage 8+ cells are appealing for transplantation because they would theoretically only require several days to become 

fully functional after transplant, it is also feasible to consider transplanting immature cells between stages 4 and 7 

into patients with diabetes. Stages 4 and 5 cells will likely require months to become fully functional in vivo, 

whereas stage 6 to 7 cells should reach maturity within weeks. Reproduced with permission from Bruin JE, Rezania 

A and Kieffer TJ. Replacing and safeguarding pancreatic beta cells for diabetes. Sci Transl Med 7 (316), 316:23.
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8.4. – GENERAL CONCLUSIONS 

 

Islet transplantation has come a long way since its first attempts by Watson-Williams almost two 

centuries ago to today’s technologically advanced clinical practice. Many generations of great 

scientist and courageous patients have contributed to bring islet transplantation to its rightful 

place within the arsenal to treat diabetes. Nowadays, the procedure is highly successful, with 

>80% of the recipients being protected from hypoglycemic episodes for as much as 5 years after 

transplantation, and 5-year insulin independence rates now rivaling those obtain with whole 

organ pancreas transplantation. This has become a possibility through the discovery and 

implementation of new and more potent immunosuppression. Along with substantial 

advancements in human islet isolation technology that have provided high quality islets. 

Despite this tremendous progress, a large number of islets is still required to obtain durable 

insulin independence in clinical islet transplantation. Preventing the early post-transplant cell 

death would definitely have an immediate impact on islet transplantation. There are multiple 

opportunities for intervention throughout the entire process, from pancreas procurement, islet 

isolation and culture, through to strategies for enhanced islet survival after implantation. In 

addition to prevention of β-cell dysfunction and death post-transplantation to reduce the number 

of islets required per patient, islets from different species (xenotransplantation), stem cells 

(neogenesis), or pre-existing islets (regeneration therapy) are being evaluated to overcome the 

shortage.  

The goal now should be to sharply focus on routinely obtaining a large number of viable islets 

that provide full functional survival for the long-term. Once met, this goal will undoubtedly 

enhance the long-term rates of insulin independence from single-donor recipients in the clinical 
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setting.  Indeed, much works remains to be done to achieve this goal; but it is clear that there is 

scope and tangible path for significant improvements that will permit islet transplantation to be a 

practical therapy for all patients type 1 diabetes. 
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A.1. – INTRODUCTION 

 

Type 1 diabetes is a chronic, progressive autoimmune disease that results from the immune-

mediated destruction of the insulin-producing β-cells within the pancreatic islets. Vascular 

complications remain a major source of morbidity and mortality in patients with diabetes, with 

data suggesting that major decline in total mortality and renal failure rates reflect better 

management, and that complication are delayed rather than prevented (1, 2). Despite advances in 

monitoring and therapeutics, morbidity and mortality remain increased in patients with type 1 

diabetes (T1DM) compared with non-diabetic populations (3). 

Significant progress has occurred in the outcomes of clinical islet transplantation, reflecting 

improvements in immunosuppression (IS) and preparation of sufficient quantities of highly 

viable islets for transplantation (4). Solitary islet transplantation (IT) has become an accepted 

modality to stabilize frequent hypoglycemia or severe glycemic lability in selected subjects with 

poor diabetic control, resistant to standard, intensive or insulin-pump based therapies (5, 6). 

Sustained C-peptide production and high rates of insulin independence after pancreatic islet 

transplant in T1DM was reported 13 years ago by the Edmonton group (4). This reality became 

possible with the use of newer, more potent IS agents, the avoidance of corticosteroids, and high-

quality islet preparations, although typically two islet infusions were required to attain insulin 

independence. 

Follow-up observations in these initial Edmonton islet transplant recipients and elsewhere 

indicated that insulin independence was not durable long-term, and most returning to modest 

amounts of insulin without risk of recurrent hypoglycemia by the third to fifth year. Additionally, 

approximately 25% required additional late islet infusions during the second or third year post-
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transplant (7, 8). The reasons for the chronic failure of a portion of the islet transplants are 

currently under investigation, but are likely associated with immune rejection, recurrence of 

autoimmunity or chronic exposure to diabetogenic IS agents (8). 

This chapter reviews the most important events occurring around the immune response and IS 

therapies for pancreatic islets and potential mechanisms interfering with successful survival. 

Historical vignettes are provided to demonstrate the remarkable international team effort that has 

led to the process in use today, as well as the principles of current treatments. Details of the most 

important aspects of islet immunology, including different phases of engraftment, emphasizing 

the hurdles that limit long-term islet survival. Finally, current clinical protocols are discussed 

together with different ongoing research projects, which could potentially improve engraftment 

efficiency, long-term survival and the final results of clinical islet transplant. 

 

A.2. - HISTORICAL PERSPECTIVE 

 
Diabetes affects millions of people all over the world and is responsible for multiple 

complications including heart diseases and strokes, high blood pressure, renal failure and 

ketoacidosis, which make diabetes rank as a major leading cause of death in northern America 

and Europe. Type II diabetes accounts for approximately 90% of adult cases and is generally 

associated with hyperglycemia and insulin resistance, eventually leading to defects in insulin 

secretion (9). T1DM, in contrast, results from autoimmune destruction of the insulin-secreting 

cells (β-cells) contained in the pancreatic islets. It has received extensive clinical attention and 

experimental work given the inexorable chronic and degenerative complications suffered by the 

majority of sufferers over time.  
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Enticing approaches have been developed in an attempt to revert or delay the autoimmune 

process leading to T1DM and restore β-cell mass. Multiple agents, including IS, vaccines and 

anti-inflammatory agents, have been used in autoimmune NOD mice and in clinical trials to slow 

down disease progression, but only a few had a measurable impact on the course of T1DM in 

patients. Most studies require the use of cocktail therapies of two or more different drugs, to act 

synergistically to intervene in this devastating disease (10, 11). 

The alternative approach has been transplanting new β-cells from a donor in form of whole 

pancreas or isolated islets to restore euglycemia. The first attempt to cure T1DM by pancreas 

transplantation was carried out at the University of Minnesota, in Minneapolis, on December 17, 

1966, followed by a series of whole pancreas transplants (12). Numerous technical modifications 

improved the overall results of pancreas transplant but certainly, refinements in IS (beginning 

with the introduction of cyclosporine and continuing with use of multiple more potent drug 

schemes) was one of the most important elements to make possible the current long-term result. 

The history of islet transplant is also filled with hurdles, sacrifices and battled milestones 

beginning with early efforts in the 19
th

 Century with rudimentary experimental treatments, 

followed by the implementation of the concept of islet isolation and purification. They have 

allowed a major advance in the field allowing the clinical islet transplant to become a reality (8).  

Using these methodologies, in 1989, Lacy and collaborators at Washington University in St. 

Louis demonstrated the possibility of reversing diabetes with temporary insulin independence 

after transplantation of human islets. However, the islet-cell transplant failed at one month after 

insulin independence was achieved, most likely due to inadequate recipient immunosuppression 

(9). In 1990, the first successful series of human islet allografts was reported by the Pittsburgh 

group. Prolonged insulin independence was achieved with a steroid-free IS regimen based on the 
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then recently introduced agent FK506. This was the first unequivocal evidence of long-term 

insulin independence after human islet allotransplantation, with insulin independence lasting up 

to five years (9). These results were in the unique setting of total pancreatectomy and cluster 

abdominal transplantation, and importantly in the absence of background autoimmunity. These 

unprecedented results led to great enthusiasm in the field, and several centers, including those in 

Milan, Miami, Edmonton, St. Louis and Minneapolis, began or resumed testing of clinical islet 

allotransplantation protocols (9).  

A definitive milestone in clinical islet transplantation was the experience published by the 

Clinical Islet Program at University of Alberta. They considered patients for islet-alone 

transplantation based on the presence of T1DM for more than 5 years, complicated by either 

reduced awareness of hypoglycemia, metabolic lability or instability, or evidence of progressive 

but early secondary complications that persist despite best efforts of optimal glycemic control. A 

protocol was developed in Edmonton to treat such patients with islet-alone grafts, now known as 

the “Edmonton Protocol.” Grafts were non-Human Leukocyte Antigen (HLA) matched, patients 

were not sensitized (negative panel reactive antibody [PRA] pre-transplant), islets were ABO 

compatible, and sequential transplants were used to deliver an adequate islet infusion mass by a 

percutaneous portal venous access route. Immunosuppression was tailored to avoid steroids and 

minimize calcineurin inhibitors to prevent diabetogenicity, with the combination of sirolimus, 

low-dose tacrolimus, and the daclizumab induction (13). 

The remarkable long-term results (100% insulin-independence at 1 year post-transplant) obtained 

in this cohort of patients became a beacon for the other programs and a starting point for new 

strategies to improve the success of this treatment. 
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A.3. - ISLET IMMUNOBIOLOGY AND ENGRAFTMENT 

 

A.3.1. - Immunobiology of the Islets of Langerhans 

 

The islets of Langerhans within the pancreas can be thought as ‘micro-organs’ occupying 

approximately 1-2% of the pancreas; however it is estimated suggested they receive between 5-

15% of the pancreatic blood supply and are responsible for the gland’s endocrine function (14-

16). It is has been suggested that the human pancreas contains over 1 million islets of 

approximately 2,500 cells each, although the individual size varies substantially (14). The 

anatomy of the different cells within the islet has clear homeostatic benefit. Each islet contains 

alpha (α), beta (β), delta (δ), PP and epsilon cells that synthesize and release glucagon, insulin, 

somatostatin, pancreatic polypeptide and ghrelin, respectively, typically in a nutrient-dependent 

fashion (17).  

Pancreatic β-cells form the bulk of the endocrine cellular content, (approximately 60%) within 

the pancreas and secrete insulin, a 51-aminoacid peptide with strong hypoglycemic action. The 

β-cell also co-secretes Islet Associated Polypeptide (IAPP), also called amylin, a 37-aminoacid 

peptide related to ‘Calcitonin Gene Related Peptide’ (18). Under pathological conditions, IAPP 

molecules may polymerize and form large intra-islet amyloid deposits that are often 

characteristic for type II diabetes and insulinoma. Furthermore, in the field of islet 

transplantation it has recently been described that islet amyloid-induced inflammation may 

contribute to β-cell dysfunction in islet transplant recipients (19). It has also been demonstrated 

that several membrane proteins of the insulin granule may induce the humoral autoimmune 

response associated with T1DM, such as the zinc transporter (20), insulinoma-associated protein 
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2 (IA-2; ICA-512) (21), and glutamic acid decarboxylase (22). Interestingly, the β-cells in the 

human pancreas show marked variation in granulation, cell, and nuclear size, which may reflect 

heterogeneity in glucose responsiveness and biosynthetic activity (23). It is plausible that due to 

this heterogeneity, certain β-cells might be more susceptible to the autoimmune destruction (14). 

The anatomy of the islet may well have important glucose homeostatic benefits; for instances 

having insulin producing β-cells and glucagon producing α-cells in close proximity allow their 

hormones to be secreted directly into the portal system optimizing their effects on glucose 

control. Although predominately comprised of endocrine cells, non-endocrine cells make up a 

portion of the islet structure (15). Vascular endothelial cells, located between the islet cell 

trabeculae, account for the majority of non-endocrine cells within the islet (15, 24). Other cells 

such as nerve fibers, pericytes, macrophages, and dendritic cells are also islet residents (25). It 

has been proposed that the latter two cell types, which express major histocompatibility complex 

(MHC) class II molecules on their cell surfaces, may play an important role in islet allograft 

rejection and possibly the initiation of the autoimmune response in the type 1 diabetic (24).   

The current understanding of the etiology of the disease onset is due predominately to an 

autoimmune response consisting of CD-8 positive T-lymphocytes, against pancreatic β-cell 

autoantigens in genetically susceptible patients, which in the healthy population are normally 

kept under control through peripheral tolerance and regulatory mechanisms (26-29). It has been 

revealed that the presence of islet autoantibodies in conjunction with HLA-DQ genotype is 

predictive of T1DM risk (30, 31).  The highest-risk genotypes, HLA-DR3 or HLA-DR4 class II 

alleles, can be responsible for the development of anti-islet autoimmunity via production of 

autoantibodies to insulin; to glutamic acid decarboxylase, an enzyme produced primarily by 

pancreatic islet cells; and to the transmembrane protein tyrosine kinase IA-2, which regulates 
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vesicle number and insulin secretion (29, 32). However, science has yet to yield the exact 

mechanism leading to either this inflammatory response or the specific auto-antigens 

responsible. Furthermore, the balance between β-cell replications and their autoimmune attack 

can be considered a factor in determining the clinical onset and outcome of the disease (31). The 

progression of the disease may be influenced by β-cell regeneration as evident in studies where 

β-cell apoptosis was observed in chronic diabetic patients, suggesting that β-cells replications 

continues long after disease onset; however the exact mechanism and significance is still 

unknown (33-35). 

Despite strong evidence illustrating that diabetes has a prominent autoimmune etiology, evidence 

of a partial environmental influence cannot be ignored. It is likely that an environmental event 

like a viral infection such as in the case when Coxsackie B4 enterovirus was isolated from early 

onset type 1 diabetic patients characterized by a non-destructive islet inflammation consisting of 

natural killer cells (27, 36); or lymphopenia needs to occur to precipitate disease (37, 38).   

Unraveling the complete etiology of T1DM will not only prove essential for the prevention and 

management of the disease but also may be critical in achieving long-term islet graft survival.  

 

A.3.2. - Islet Engraftment 

 

Following the isolation of pancreatic islets from cadaveric donors, the islets preparation in 

suspension is loaded into a gas-permeable infusion bag to facilitate the gravity infusion into the 

patient’s liver.  The transplantation procedure generally begins with the minimally invasive 

percutaneous transhepatic puncture and catheterization of the portal vein or less routinely via 

laparotomy. The radiologist then places a catheter into the portal vein using a fluoroscopy and 



 344 

contrast dye. Once the catheter is in place, the islet suspension is infused, concluding with the 

tract being sealed with a fibrin-based sealant. Upon infusion, the islets travel through the portal 

vasculature until they are finally become trapped and embolize within the smaller portal capillary 

networks (39-41). During this process, islets are exposed to platelets, initiating the coagulation 

cascade and activating complement proteins in the “instant blood mediated inflammatory 

reaction” (IBMIR), and ultimately a loss of beta cell mass (42). Unfortunately, the islets that do 

become engrafted are initially avascular, stressed and vulnerable to apoptosis and necrosis 

elicited by multiple mechanisms (Figure A.1).  

Once the islet graft becomes neovascularized (approximately 2-4 weeks post-transplant) it must 

contend with both underling autoimmune and alloimmune attack. The alloresponse is largely a 

T-cell-mediated response to the MHCs on the surface of donor tissues. Antigen presenting cells 

(APCs), such as dendritic cells (DCs) derived from the donor or recipient, process and present 

donor peptides and molecules through MHCs to recipient T-cells, transduced through the CD3 

complex. When in the context of both recipient APCs and T-cells this is referred to as the 

“indirect” pathway. Additionally, recipient T-cells can recognize donor antigen directly on the 

surface of infiltrating donor-derived APCs through what has been described as the “direct” 

pathway (26, 28, 32, 43). Both the direct and indirect pathways collimate in the interaction of the 

T-cell receptors (TCR/CD3) on the surface of the recipient T-cells recognizing the peptide-MHC 

complex, initiating the first signaling cascades of lymphocyte proliferation and activation. In 

addition to this primary signal, the APCs provide additional interactions through co-stimulatory 

molecules, providing a second signal, through the communication of CD80 and CD86 on the 

APC with CD28 on the T-cells. Combined, these signals active three primary signal transduction  
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Figure A.1 Islet transplantation: Infusion to engraftment. Freshly, isolated pancreatic islets are infused into the 

diabetic recipient’s liver via a minimally-invasive percutaneous transhepatic puncture and catheterization of the 

portal vein. The islets migrate through the portal vasculature and eventually embolized into the hepatic sinusoids. 

Since the islets are in direct contact with blood, they are immediately exposed to innate inflammatory process called 

“instant blood mediated inflammatory reaction” (IBMIR). The avascular islets are initially hypoxic and devoid of 

appropriate nutrient/waste exchange until re-vascularized (weeks post-transplant), making them vulnerable to 

apoptosis and necrosis elicited by multiple mechanisms. Artwork by Hayato Tanaka. 
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pathways: the calcium-calcineurin pathway, the RAS-mitogen activation protein kinase pathway, 

and the nuclear factor-κB pathway (26, 43, 44). The resulting activated transcription factors 

trigger the expression of multiple molecules including CD25, CD154 and interleukin-2 (IL-2). 

An additional signal required for activation involves the “target of rapamycin” pathway which is 

triggered by cytokines such as IL-2, ultimately eliciting cell proliferation, which in turn requires 

nucleotide synthesis. Upon activation, proliferation and differentiation, the T-cells promote a 

series of proinflammatory events and initiate the activation of other cell types resulting in 

recruitment of leukocytes and humoral factors to the islet graft. The effector response includes 

the production of the cytokines IFN-γ and IL-2 by type 1 helper (Th1) CD4+ T cells, the 

cytotoxic factors granzyme and perforin by CD8+ T cells (26, 27, 32, 43). In parallel, B cells are 

activated through their antigen-receptor complexes in the lymphoid follicles or spleen result in 

the production of alloantibodies (Abs) to donor HLA antigens (45). Thus, within days of the 

islets embolizing into the liver, in addition to the islet autoimmune response, the alloresponse 

triggers priming of allograft rejection including effector T-cells and alloantibodies (43) (Figure 

A.2). 

To establish long-term islet graft function and potential for induced tolerance, a fragile balance 

between immunity and rejection must be achieved. The process of immune recognition and 

immune destruction of transplanted islet cells (or any transplanted organ) has been well 

described thus providing the opportunity for therapeutic immune intervention, targeting the 

pathways known to be involved, including: (1) inflammation; (2) maturation of dendritic cells 

(DCs) and migration to draining lymph nodes; (3) T cell activation by DCs, resulting in 

expansion of anti-donor T cells; and (4) migration of T cells to the graft where they mediate  

  



 347 

 

Figure A.2 Cellular pathways mediating the T-Cell induced auto- and alloimmune response. Antigen-

presenting cells (APC) of host or donor origin migrate to T-cell areas of secondary lymphoid organs. Here, APCs 

present donor and auto-antigens to naïve and central memory T cells. As a result T cells are activated and undergo 

clonal expansion and differentiation to express effector functions (T-cell Effector). These T-cells become activated as a 

result of three signaling pathways: signal-transduction pathways — the calcium–calcineurin pathway, the mitogen-

activated protein (MAP) kinase pathway, and the protein kinase C–nuclear factorkB (NFkB) pathway. As a result, 

proliferation cytokines are expressed and the cell cycle pathways are initiated. Antigen stimulated T- cells and B-cell 

home to and infiltrate the islet graft and engage through the release of perforin, granzymes and auto- and alloreactive 

antibodies, resulting in islet graft rejection. Artwork by Hayato Tanaka. 
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cytotoxicity (28). The following sections describe therapeutic targets and emerging strategies to 

abrogation one or multiple steps in immune recognition and immune destruction of the 

transplanted islets. If proven effective, these approaches have the potential increase the long-term 

efficacy of IT, increase the prevalence of single-donor insulin independence and eliminate the 

use of non-specific immunosuppression.  

 

A.4. - CURRENT IMMUNOSUPPRESSION PROTOCOLS 

 

The two major impediments to the clinical success of IT are the immune destruction of 

transplanted islets and the limited supply of islet tissue. Immunological challenges to islet 

survival, engraftment, and function post-transplantation are 2-fold: alloimmune destruction and 

autoimmune rejection. Although the former is common to all organ and tissue transplantation 

situations, T1DM offers additional challenges due to the autoimmunity, a primed immune 

response which is harder to overcome (46). 

Among the biological strategies used to overcome immune rejection are the use of novel IS 

agents and regimens, and donor-specific induction of immune tolerance in the host. 

Immunosuppressive agents are typically delivered systemically to address the underlying 

autoimmunity as well as the allo-immune responses to transplanted islets. These IS are 

permanently needed following transplantation and have multiple unavoidable side effects, such 

as an increased vulnerability to infection for the patient and cytotoxicity to the transplanted islets 

(many are diabetogenic) (4, 47). 
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Generalized IS of the transplant recipient is the standard protocol today to prevent graft rejection 

by the host immune system. The first generation drugs that were applied to this end include 

azathioprine, glucocorticoids, and antilymphocyte serum. Although highly effective, these drugs  

have significant toxicity, especially nephrotoxicity, which is prevalent in up to 75% of patients 

over time (28). Additional side effects include hypertension, hepatotoxicity, neurotoxicity, 

hirsutism, gingival hyperplasia, gastrointestinal toxicity, ulcers, hyperglycemia, osteoporosis, 

and increased risk of infection and neoplasms (48).  

Second-generation drugs had higher potency and larger therapeutic window and were rapidly 

added to the drug cocktail in IT. These include cyclosporine and tacrolimus.  However, many of 

these agents are diabetogenic and toxic to the islets (47). The use of IS agents that do not 

challenge the islet graft is thus warranted. Although newer agents are constantly being 

developed, e.g., FTY720 and lisofylline, improvements have also been reported with novel 

combinations of existing agents (28).  

One of the requirements of IS protocols in IT is the effectiveness in preventing any 

cytodestructive host immune response. This is critical taking into account that the marginal mass 

of engrafted islets has virtually no excess capacity to tolerate β-cell injury without reaching the 

tipping point causing metabolic dysfunction (47).  

The Edmonton approach reported a high success rate of islet allotransplantation by sequential IT, 

2 to 10 weeks apart using two or more pancreases to achieve adequate mass of engrafted islets 

and by using a glucocorticoid-free immunosuppressive regimen that includes IL-2 receptor 

antibody (daclizumab), sirolimus, and low-dose tacrolimus (4). Such an approach resulted in 

100% insulin independence with a mean follow-up of 1 year and represented a major 



 350 

improvement compared to previous reports limited to only 11% of insulin independence at 1 year 

(8). 

Although IS therapy has improved over time, with the identification of new drugs and 

combinations, targeted modulation of the innate and adaptive immune response to transplanted 

islets may provide a pathway to reduce or eliminate systemic IS. Immune tolerance to an 

allogeneic or xenogenic islet transplant can be achieved at various stages in immune system 

development. These approaches target the graft, the graft donor, or the host. A multicenter 

clinical trial to coordinate the implementation of the Edmonton protocol, called the Immune 

Tolerance Network, was initiated by the National Institutes of Health together with Juvenile 

Diabetes Foundation International with seven centers in the United States and Canada, and three 

in Europe(6). Results of this trial were mixed, with variable rates of insulin independence 

reflecting different site experience with both islet isolation and clinical dosing of sirolimus IS. 

The Immune Tolerance Network sponsors investigator-initiated research in targeted prevention 

of immune-mediated transplant rejection by blocking immune signals at three different levels: T-

cell recognition of antigen/MHC complex on APCs, costimulation to augment T-cell 

proliferative response to antigenic stimuli, and targeting clonal activation/deletion.  

Despite these encouraging results, the long-term graft function was challenging to sustain in 

many cases. Only 40 – 50% remains insulin-free after 3 years of transplant and only 10% at 5 

years (49). However, being insulin-dependent again does not necessarily equate with complete 

loss of graft function and/or poor glycemic control, as 80% of these patients were C-peptide 

positive after 5 years (Figure A.3). Potential reasons for graft loss remain unknown but 

alloimmunity could be a major factor. A significant number of patients will become panel 

reactive antibody (PRA) positive following transplantation, and around half of those with high  
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Figure A.3 Survival analysis for C-peptide secretion (A) and insulin dependence (B) over time post-transplantation 

at University of Alberta. (Adapted with permission from Shapiro A.M.J et al.(4)) 
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PRA may lose graft function (50). Autoimmunity is another potential factor where patients who 

develop autoantibodies may exhibit a decrease in graft function (49). 

A variety of experimental studies is now focused to further improve results in islet transplant by 

introducing tolerance-inducing medication. Some new promising agents include humanized anti-

CD154, anti CD28 LEA29Y (belatacept) and anti CD52 (alemtuzumab) (51-53). 

 

A.5. - PATIENT CONSIDERATIONS 

 

A.5.1. - Combined Islet-Kidney Transplant 

 

After the establishment of transplantation of isolated islets of Langerhans as an accepted 

treatment option for patients with T1DM, the procedure also emerged as an alternative to whole-

organ pancreas transplantation. Considering the much lower incidence of complication after 

islets transplantation, several kidney-pancreas centers initiated programs of simultaneous islet-

kidney transplantation (SIK) as an alternative for these patients. 

The goal of islet in combination with kidney transplantation is not necessarily to arrive at the 

insulin-independence but the achievement of a good glycemic control by a single IT (54). A 

single infusion of functioning islets can reduce long-term levels of HbA1c and consequently 

prevent the occurrence of severe asymptomatic episodes of hypoglycemia and delay diabetes-

related complications (55). 

Various centers have reported encouraging results that match those of islet alone transplantation. 

The group of Zurich reported their experience comparing long- term outcomes of T1DM subjects 

with end-stage renal failure to kidney-islets transplantation and treated with IT using the 
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Edmonton approach compared to kidney-pancreas transplant treated with conventional IS (56).  

The study demonstrated a similar kidney function and survival and an improvement of the blood 

glucose control in both groups (56). Today, different protocols of IS are used in combined 

kidney-islet transplantation. All of these protocols are steroid free and schedule different 

combinations using daclizumab or etanercept during the induction period plus mycophenolate 

mofetil or sirolimus and low- dose of tacrolimus or cyclosporine A. Since the number of the 

islets transplantation performed worldwide is low, a long period of time will be necessary in 

order to define which IS protocol is the most favorable. So far they all seem equally effective as 

long as they are steroids free (54). 

Considerations in islet-after-kidney (IAK) transplantation are more straightforward, as patients 

are already subjected to the chronic risks of IS. In IAK transplantation, patients must have a 

well-functioning prior kidney transplant and be able to tolerate standard maintenance IS. 

Corticosteroids are used by some centers for maintenance therapy in kidney transplantation, and 

although there are concerns regarding both insulin resistance and islet toxicity from prednisone, 

any negative impact is perceived to be negligible if the dose is ≤ 5mg per day. Interestingly, islet 

transplant rejection has also been successfully reversed by pulsed steroid therapy (54).  

 

A.5.2. - Risk of Sensitization 

 

Despite the success of IT and increasing worldwide acceptance, more than one donor is often 

required to achieve insulin independence. The limited pool of donors prevents allocation 

according to HLA matching. Therefore, successful recipients of IT may have multiple HLA 

mismatches with their donor(s). Each HLA mismatch will likely expose the recipient to several 
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mismatched epitopes, which are also present on other HLA antigens. This may result in the 

development of antibodies to donor and non-donor HLA antigens (57). 

Islet transplant patients normally require high levels of IS and hence, are exposed to the multiple 

side effects of these treatments leading to IS adjustments. Given the likelihood of multiple HLA 

mismatches and the possibility of insufficient IS, islet transplant recipients are at significant risk 

of developing de novo HLA antibodies, which are proven to precede graft failure in kidney heart 

and lung transplants (58). Previous reports suggest that this may also be true for islet 

transplantation (59).  

A recent study from Edmonton reported a limited number of recipients that developed de novo 

HLA antibodies on IS (57). These individuals had a lower fasting C-peptide than recipients who 

did not develop de novo HLA antibodies. These findings emphasized the need high-resolution, 

standardized HLA antibody screening and prospective cross-matching where indicated, before 

proceeding with transplantation. As well as a tailored IS in these patients, to prevent sensitization 

in the case of failed IT. Most recent experiences dictate the need to maintain patients on some IS 

rather than gradual weaning until it is decided whether they are likely to need a future transplant. 

A number of alternative strategies are also being considered to reduce the risk of sensitization 

including belatacept, which has been effective in nonhuman primates in reducing 

allosensitization (57). 

 

A.6. - THERAPEUTIC TARGETS & STRATEGIES 

 

For decades groups have been strategizing methods in which to prevent or reverse autoreactivity 

to the β-cell in the context of the newly diagnosis type 1 diabetic (27, 29). These methodologies 
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are relevant to the recipient of an islet transplant in effort to abrogate the immune response to 

autoantigens. Multiple candidates have been tested in the human trials, generally as 

monotherapies, but unfortunately, very few had measurable impact on the course of diabetes (27, 

29).  In light of complex immune interactions associated with any autoimmune disease, 

compounded by the multitude of cell types and signaling pathways involved in the alloresponse, 

it is conceivably unlikely that a monotherapeutic approach would be efficacious in preventing 

long-term islet graft attrition. A major obstacle is to prioritize which combinations appear most 

promising based on the mode of action, pre-clinical and clinical observations, synergistic and 

systemic side effects (27). It is important to define the targets of monotherapy strategies to better 

formulate the appropriate combined intervention protocols (Figure A.4). 

 

A.6.1. - Immunosuppressive Targets 

 

A.6.1.1. - Depleting Antibodies  

 

Anti-T-Lymphocyte Globulin (ATG) is a polyclonal antibody produced by immunized horses or 

rabbits with human lymphoid cells. Since ATG is effectively depleting nearly the entire T-cell 

population, it is primarily used as an induction agent 3-10 days prior to organ transplantation, 

producing profound lymphopenia. Interesting, short-term use of ATG has been demonstrated as a 

treatment option in T1DM, showing remarkable preservation of C-peptide and reduction of 

insulin requirements by presumably eliminating autoreactive T-cells (26, 27, 29). However, ATG 

is not without significant side effects including thrombocytopenia, cytokine-release syndrome,  

  



 356 

 

 

 

Figure A.4 Cellular targets for immunosuppressive drug intervention. Artwork by Hayato Tanaka. 
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fever, arthralgia and lymphadenopathy, and is associated with increased long-term risk of post-

transplant lymphoproliferative disorder (43).  

Similarly, Anti-CD3 antibody (teplizumab) has been demonstrated to preserve C-peptide 

preservation and reduce insulin requirements when administered to diabetic patients, up to five 

years post-administration (27). Monoclonal anti-CD3 transiently activates the CD3 receptor, 

simulates cytokine release and ultimately blocks T-cell proliferation and differentiation (29). 

Essentially, anti-CD3 disrupts T-cell ability to recognize auto- and alloantigens, blocks IL-2 

signaling pathways and induces apoptosis. It has also been postulated that long-term benefits 

may be as a result of the induction of regulatory T-cells, and therefore the use of humanized CD3 

monoclonals, which do not stimulate cytokine release, has been viewed as an attractive treatment 

modality to reduce the autoreactivity in T1D (26, 27, 29, 43). Side effects such as reactivations 

of Epstein-Barr virus and flu-like symptoms have been reported; however, taken together anti-

CD3 antibody treatment appears to have great promise in potential combination therapies in IT.  

The humanized monoclonal anti-body against CD52 (alemtuzumab) has been shown to 

dramatically deplete lymphocyte populations. Currently, its use has been limited to treating 

refractory B-cell lymphocytic leukemia however (43); it has not been fully approved for 

widespread use in transplantation or to treat the autoreactive antibodies of type 1 diabetics. 

Notwithstanding, some large off-label studies in renal transplantation have demonstrated near 

tolerance treatment with alemtuzumab indicating it may be a candidate as an effective induction 

agent and has the potential for eliciting ‘prope’ tolerance when combined with target-of-

rapamycin inhibitors and/or calcineurin inhibitors (43). Side effects include first dose rash, 

nausea, neutropenia and anemia.  
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The role of B-cells in the pathogenesis of the autoimmune reaction in T1D as well as in islet 

transplant recipients may have been underestimated since it is widely accepted that both auto-and 

alloreactive T-cells are the main culprits. However, it has been demonstrate in a human phase II 

trial, that when B-cells are depleted using an anti-CD20 monoclonal antibody (rituximab) a 

tentative preservation of C-peptide, insulin requirements and improved HbA1c has been 

observed in newly diagnosed T1D patients (27, 29). CD20 is unique to B-cells and thus 

inhibiting B-cells via anti-CD20 monoclonal reduces the presentation of autoantigens to T-cells 

and possibly preventing B-cell expansion and anti-islet autoantibody production (29, 45). Anti-

CD20, rituximab is currently approved for treatment of refractory non-Hodgkin’s B-cell 

lymphomas however, it is off label use in combinations with maintenance immunosuppressive 

has been used in transplantation and thus a potential candidate for reducing the auto and 

alloreactive responses to an islet graft.  

 

A.6.1.2. - Non-Depleting Antibodies or Fusion Proteins 

 

The expression of the IL-2 receptor α-chain, CD25, is a consequence of T-cell activation. 

Therefore, blocking CD25 with monoclonal antibodies (daclizumab and basilixamb) does not 

reduce the steady state T-cell repertoire; however, it prevents the colony expansion of T-cell 

when stimulated by allo- and presumably autoantigens (27, 43, 44). In conjunction with other 

agents, anti-CD25 is widely utilized in organ transplantation, and was a critical component of the 

Edmonton Protocol (6).  

Another attractive therapeutic strategy is to target cell-surface molecules which are important in 

the immune synapse, secondary to the TCR:MHC interaction. The co-stimulatory signaling 
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pathways of interest are the interactions between CD80 and CD86 on the APC with CD28 of the 

T-cell. Cytotoxic-T-lymphocyte-associated antigen 4 (CTLA-4) immunoglobulin (abatacept) has 

been utilized in blocking these interactions in various clinical trials involving newly diagnosed 

T1DM patients and transplantation recipients (29). A second generation, high affinity variant, 

LEA29Y (belatacept) has shown great potential in preventing graft rejection and conceivably 

will be tested in the near future as a therapeutic monotherapy for diabetic patients (26, 29, 43).  

The co-stimulatory signaling pathways between CD40:CD154 and ICAM-1:LFA-1 are also an 

attractive target to prevent autoimmune disease, lymphocyte trafficking and graft rejection. 

Humanized anti-CD154 (IDEC131) has been implemented in autoimmune clinical trials, and has 

the potential to be extended to islet transplantation (43). Furthermore, humanized monoclonal 

antibodies targeting the CD11a chain of LFA-1 (efalizumab) has been successful used in the 

treatment of psoriasis and in a phase I/II open label trial for renal transplantation (43). Recently, 

a study implementing efalizumab in the immunosuppression protocol, demonstrated insulin 

independence from a single donor (28, 60). Unfortunately, patients were withdrawn from 

efalizumab due to concerns about the development of progressive multifocal 

leukoencephalopathy (60).  

The advantage of the non-depleting immunotherapy approach is that they reduce responsiveness 

without compromising lymphocyte populations. The low non-immune toxicity can be attributed 

to specifically targeting proteins only expression on immune cells. Therefore, non-depleting 

lymphocyte strategies appear attractive when combined with less intense maintenance IS 

cocktails.  
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A.6.1.3. - Anti-Inflammatory & Chemokines/Cytokines 

 

Since both T1DM and islet graft rejection are potentiated by inflammatory process leading to 

insulitis, blocking pro-inflammatory events appears to be an appealing area of therapeutic 

intervention. A number of agents have proven effective in abrogating autoimmune disease 

including T1DM. The tumor necrosis factor- inhibitor (etanercept), has increased C-peptide 

secretion, lowered HbA1c and exogenous insulin requirements when administered to early onset 

T1DM patients (29). Etanercept has also been demonstrated to increase the efficacy of IT, and 

reduce the number of autoreactive T cells (27, 28). Interleukin-1 (IL-1), is another potent pro-

inflammatory molecule, and has been reported to cause beta cell dysfunction (26-29). Anakinra, 

which blocks both isoforms IL-1 and IL-1 through IL1 receptor blockade is currently being 

explore in clinical trials for both T1DM and IT to ascertain its efficacy in slowing disease 

progression and preserving beta-cell mass, respectively(49, 55).  

In addition, strategies to inhibit PMN infiltration in response to chemokines signaling are also 

being explored in autoimmune disease and transplantation. For example, FTY720, derived from 

myriocin, a fungus-derived sphingosine analogue has been demonstrated to alter lymphocyte 

trafficking, by driving T-cells into lymphoid tissues, subsequently prevent them from leaving 

these tissue and homing into the inflammatory tissue (43), such as the islet within a T1DM or 

islet graft. FTY720 development was halted unfortunately after unexpectedly high rates of 

bradycardia and macular degeneration were encountered in initial clinical trials. Furthermore, the 

reparixin, a potent and selective inhibitor of CXCL8 is currently being tested in a phase II 

multicenter, open label trial, to determine its efficacy following a single islet infusion into 

patients with T1DM (NCT01220856).  
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Furthermore, approaches to block T-cell expansion by disrupting cytokine signaling are also 

being explored. Janus kinase 3 (JAK3), a tyrosine kinase associated with cytokine receptor-, is 

involved in multiple cytokine receptors. Currently, JAK3 inhibitors are being developed, as they 

appear to be powerful and attractive candidates for use in organ transplantation (43).  

 

A.6.1.4. - Calcineurin Inhibitors 

 

Historically, cyclosporine revolutionized organ transplantation and became the foundation of IS 

for over two decades. Mechanistically, cyclosporine engages cyclophilin, an intracellular protein 

of the immunophilin family, forming a complex that inhibits calcineurin phosphatase and 

ultimately T-cell activation (26, 43). Despite, its immunopotency, adverse side effects have been 

well documented in a dose dependent manner including but not limited to nephrotoxicity, 

hypertension, hyperlipidemia and post-transplant diabetes mellitus (43). Due to the latter side 

effects, its use in IT should be cautioned. 

Similarly, tacrolimus bind to another immunophilin, FK506-binding protein 12, which also 

yields a complex that inhibits calcineurin with greater potency compared to cyclosporine. 

However, it too shares similar side effects to cyclosporine and also has diabetogenic properties 

(43).  

 

A.6.1.5. - mTOR Inhibitors 

 

An important component of the Edmonton Protocol was the utilization of an inhibitor of the 

mammalian target-of-rapamycin (mTOR), sirolimus and everolimus engage FKBP12 to 
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formulate a complex that binds and inhibits mTOR. This amelioration blocks cytokine receptors 

from triggering the cell cycle and IL2-driven T-cell proliferation (26, 28, 43). Physicians must be 

aware of added toxicity when mTOR inhibitors are combined with calcineurin inhibitors. It is of 

note, that the non-immune toxicity of mTOR inhibits include impaired wound healing and anti-

angiogenesis (43), which may be of concern in IT as the grafts ability to neovascularize may be 

compromised. As a result of marked increase in side effects with chronic use of mTOR 

inhibitors, the Edmonton group has reverted to the routine use of tacrolimus + MMF, with 

elimination of mTOR altogether. This led to excellent longer-term islet graft function but 

avoided many of the troublesome side effects associated with his dose sirolimus therapy. 

 

A.6.1.6. - Cell Cycle Arrest 

 

The prodrug azathioprine has a long history in organ transplantation as a potent inhibitor the cell 

cycle. Azathioprine converts 6-mecraptopurine to an inhibitor of metalloproteinase, which in 

turn is converted to thioguanine nucleotides that disrupts DNA synthesis (43).  Similarly, the 

prodrug mycophenolate mofetil (MMF) releases mycophenolic acid, which inhibits inosine 

monophosphate dehydrogenase, which is a critical component of purine synthesis (32, 43). 

Likewise, pyrimidine synthesis specific inhibitors such as FK778 have been utilized in organ 

transplantation (43). Ultimately, cell cycle arrest strategies have been used in organ 

transplantation to prevent the proliferation of T-and B-cells however there targeting is not 

immune specific. Nevertheless, the combination of MMF and calcineurin inhibitors has led to 

improved patient and graft survival while reducing early and late allograft rejection across 

multiple organ transplantation fields, including IT (49, 55).  



 363 

A.6.2. - Antigen-Specific Vaccines 

 

An emerging concept for immunotherapy for T1DM, and in abrogating the autoreactive T-cell 

population within the recipient of an islet transplant, is the idea of vaccination to establish 

antigen-specific regulatory T-cells with the goal of inducing tolerance to autoantigens. Currently, 

several vaccination strategies are being conducted implementing the immunization of T1DM 

patients against insulin and GAD65 (27, 29). It is conceivably possible that this methodology if 

proven efficacy in the nearly onset T1DM patient, could be translated to islet transplantation.  

 

A.6.3. - Combination Strategies 

 

In the context of the multiple pathways known to be involved in β-cell dysfunction as well as the 

alloresponse to foreign antigens, it is unlikely that a monotherapy will further optimize clinical 

IT and lead single-donor recipients. Indeed, strategies towards single-donor IT have begun, 

facing the challenges of inducing immunological tolerance, preventing islet destruction both 

from alloimmunity and the recurrence of T1DM in addition to avoiding the potential side effects 

associated with IS therapies. Combining anti-inflammatory strategies to maintenance IS have led 

to improved single-donor success rates at the University of Minnesota (61, 62). Peritransplant 

insulin and heparin administration greatly increase the success rate of single-donor islet 

transplants from 10 to 40% (39). Blockade of tumor necrosis factor-alpha (TNF-α) through the 

use of etanercept also has improved single-donor islet transplant outcomes (39, 62-65). In 

preclinical models anti-inflammatory agents anakinra, an interleukin-1 receptor antagonist (IL1-

Ra) and etanercept significantly increased islet engraftment in marginal mass studies (63, 66). 
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Furthermore, anti-apoptosis and growth stimulation (glucagon-like peptide 1(GLP-1)) have also 

demonstrated favorable results in preclinical studies and clinical studies demonstrated that short 

acting GLP-1 analogue exenatide increased single-donor islet engraftment success (67-69). 

Finally, changes to classical IS strategies appear to facilitate single-donor islet engraftment. The 

use of T-cell depletion induction methods such as alemtuzumab in conjunction with TAC/MMF 

have resulted in substantial improvements in long-term insulin-independence (>5years) (49). In 

addition, a current example of the extraordinary progress that has been made when combine IS 

strategies are implemented, is the remarkable success that has been achieved when co-

stimulation blockage using belatacept (inhibiting CD80-CD86 interactions) in conjunction with 

T-cell depletion induction and in the absence of calcineurin inhibitors led to insulin 

independence with islets from a single donor and prolonged allograft survival (60).  

 

A.7. – SUMMARY 

 

This chapter has reviewed the current status of immunotherapy in islet transplantation and the 

new exciting studies with promising agents to improve long-term results. Islet transplantation 

offers the potential to restore euglycemia, completely protect against hypoglycemia and lability 

in a way that exogenous insulin is unable to do, and with far less risk than whole pancreas 

transplantation. Yet, immune response continues to be a key player in the characterization of 

medium and long-term results, along with other engraftment hurdles.  

Remarkable strides have occurred since the Edmonton Protocol was introduced in 2000, and 

currently over 1000 patients have safely undergoing islet transplant in up to 40 international 

centers. New and more potent drugs are continuously tested to achieve better results keeping the 
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same principle of ‘islet-friendly’ medications without beta-cell toxicity, but still with sufficient 

protection from auto- and allo-immunity. They all take us a step closer to a definitive cure for 

type 1 diabetes.   
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B.1. – ABSTRACT 

 

Islet transplantation is today an accepted modality to treat selected patients with frequent 

hypoglycemic events or severe glycemic lability. Despite tremendous progress in islet isolation, 

culture, and preservation, clinical use is still restricted to a limited subset, and lifelong 

immunosuppression is required. Issues surrounding limited islet revascularization and immune 

destruction remain. One of the major challenges is to prevent alloreactivity and recurrence of 

autoimmunity against β-cells. These two hurdles can be effectively reduced by 

immunosuppressive therapy combining induction and maintenance treatments. The introduction 

of highly potent and selective biologic agents has significantly reduced the frequency of acute 

rejection and has prolonged the graft survival while minimizing the complications of this 

therapeutic scheme. This review will address the most important biological agents used in islet 

transplantation. We provide a historical perspective of their introduction in clinical practice and 

their role in current clinical protocols, aiming at improved engraftment efficiency, increased 

long-term survival and better overall results of clinical islet transplantation. 

 

B.2. - INTRODUCTION   

 

Significant progress has occurred in the outcomes of clinical islet transplantation (IT), reflecting 

improvements in immunosuppression (IS) and preparation of sufficient quantities of highly 

viable islets for transplantation (1). The foremost challenge in any transplant is to prevent 

alloreactivity as well as recurrence of autoimmunity against β-cells. Recurrent autoimmunity and 

alloreactivity can be effectively reduced by immunosuppressive induction therapy in 
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combination with maintenance immune suppression (2). The introduction of highly potent and 

selective biologic agents for the initiation and maintenance of immunosuppression has reduced 

the frequency of acute rejection and has prolonged the graft survival, while minimizing the 

complications of these therapeutic schemes (3, 4).  

Sustained C-peptide production and high rates of insulin independence after pancreatic islet 

transplant in type 1 diabetes mellitus (T1DM) was reported 13 years ago by the Edmonton group 

(1). This reality became possible with the use of newer, more potent IS agents, the avoidance of 

corticosteroids, and high-quality islet preparations, known as the “Edmonton Protocol” (1, 3, 5). 

This immunosuppression scheme was tailored to avoid steroids and minimize calcineurin 

inhibitors to prevent diabetogenicity, with the combination of sirolimus, low-dose tacrolimus, 

and the daclizumab induction (6). However, insulin independence was not durable long-term and 

most patient returned to modest amounts of insulin without risk of recurrent hypoglycemia by the 

third to fifth year. Additionally, approximately 25% required additional late islet infusions during 

the second or third year post-transplant (3, 7). The reasons for the chronic failure of a portion of 

the islet transplants are likely associated with immune rejection, recurrence of autoimmunity or 

chronic exposure to diabetogenic IS agents (3). Now the focus is shifting towards the 

development of new and more effective biologicals, antibodies and fusion proteins which more 

precisely target the immune system providing adequate immunosuppression to prevent acute 

rejection without the non-immune adverse effects encountered in a calcineurin inhibitors (CNI)-

based regimen (8). 

We herein review a series of biological agents used in IT. We provide a historical perspective of 

their introduction in clinical practice and current clinical protocols are discussed together with 
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different ongoing research projects, which could potentially improve engraftment efficiency, 

long-term survival and the final results of clinical islet transplant. 

 

B.3.  - HISTORICAL PERSPECTIVE OF BIOLOGICS IN 

TRANSPLANTATION 

 
The origins of biologics development can be traced back to the late 1800’s; with von Behring 

and Kitasato published their finding anti-toxins for both tetanus and diphtheria (9, 10). This 

pioneering work translated to the widespread use and experimentation of biologics in medicine 

leading to therapies such as antitoxins, insulin, antibiotics (i.e. penicillin), and a multitude of 

vaccines that transformed the treatment and prevention of a multitude of diseases (11, 12). A 

milestone in the field of biologics was the production of the first mouse monoclonal antibody 

(mAb) by Kohler and Milstein in the 1970s (13). Monoclonal antibody development and 

refinement continues today and as of the late 1990s, the European Union has approved on 

average at least one antibody per year, highlighting the enthusiasm and promise of this 

therapeutic strategy.  

The assimilation of both chemical and biological IS agents, including but not limited to CNI (i.e. 

cyclosporine and tacrolimus), antiproliferative agents such as mycophenolate mofetil (MMF) 

together with antibody induction (e.g. anti-thymocyte globulin) has revolutionized organ 

transplantation and has led to vast improvements in acute rejection and both short- and long-term 

graft survival (9, 14). The use of therapeutic agents derived from biological sources such as 

microbes, proteins, antibodies, cells and tissues, termed ‘biologics’ has demonstrated enticing 

promises for the field of islet and whole organ transplantation (9). Within the last few decades 

antibody developments has exploded leading to the approval of approximately 28 by the 
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European Union and US Food and Drug Administration by 2010 alone, while over 600 have 

entered into clinical studies (15-17). The majority of these agents used clinically target 

immunosuppressive induction and maintenance, however, the possibility of avoiding the chronic 

side effects associated with prolonged CNI and steroid administration has fueled further 

development of agents targeting specific molecules and immunologic pathways (9). Due to the 

specificity of biologics, compared to broad spectrum IS, the field of transplantation has begun to 

adopt agents from oncology, dermatology and rheumatology.  

Despite the appealing target specificity that biologics possess, considerations that should not be 

ignored are the cost, stability, immunogenicity, dosages and toxicity (11, 13, 17-22). In 

additional when testing novel biological agents’ efficacy and safety profiles, relevant animal 

models must be considered to avoid potential species-specific differences in biological activity. 

 

B.4. - CURRENT EXPERIENCE WITH BIOLOGICAL AGENTS IN THE 

FIELD OF TRANSPLANT 

 

After the successful establishment of the basic immunosuppression in the 1980s and 1990s a 

major revolution was seen with the introduction of new agents, including tacrolimus, MMF and 

mTOR inhibitors (Table B.1). They all provided new opportunities to optimize therapeutic 

regimes while reducing the occurrence of adverse events associated with their widespread use. 

Despite these potent immunosuppressants transplant clinicians faced new challenges; some 

patients develop chronic allograft dysfunction that can be attributable to immunological factors, 

such as donor-specific alloantibodies, and/or non-immunological factors, such as the potential  
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nephrotoxicity of calcineurin-inhibitor drugs, hypertension, diabetes, dyslipidemia and de novo 

cancers (23, 24) 

 

B.4.1. - Antithymocyte Globulins  

 

Antithymocyte globulin (ATG) preparations are prepared by immunizing either horses or rabbits 

with human-derived splenic or other lymphoid tissue and then harvesting and stabilizing the 

resultant immune serums (4). These agents have been successful in reducing recurrent 

autoimmunity and alloreactivity when used in immunosuppressive induction therapy, in 

combination with maintenance immune suppression (25).  

Polyclonal rabbit antithymocyte globulin induces IS in vivo by promoting T-cell clearance from 

the circulation and modulation of T-cell activation, homing, and cytotoxic activities (4). T-cell 

destruction by ATG (equine) occurs through complement-dependent lysis after the antibody 

preparation binds to a variety of cell-surface markers, including CD2, CD3, CD4, CD8, CD11a, 

and CD18. Destruction of lymphocytes occurs systemically and within the thymus and spleen 

(26). 

These widely used agents are commonly used as rejection therapy for steroid-resistant rejection 

episodes, and several reports have confirmed that the addition of ATGs allowed the avoidance of 

steroid exposure, an area of great current interest (4). In the settings of IT some reports highlight 

the potential prolonged glycemic benefits in selected recipients when potent induction 

immunosuppression, including ATGs is used (27). This benefit may in part be mediated by 

improved islet engraftment and mitigation of autoreactive T-cell responses (27).  
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B.4.2. - Anti-CD3 

 

Muromonab CD3, a murine monoclonal antibody with activity against the CD3 surface antigen 

of T cells, was first introduced into clinical practice in 1986. It has been extensively used for the 

treatment of acute cellular rejection in renal transplantation (28). This anti-CD3 antibody was the 

first biological agent used in clinical medicine and has been associated with significant adverse 

effects, which lead to a significant decrease in its use (4).  

In searching for an improved treatment for T1DM anti-CD3 was rescued and used to suppress 

the autoimmune response in both, the prevention of T1DM and graft loss after IT (29). This 

treatment is presumed to induce tolerance by induction of adaptive regulatory T cells, which is a 

more acceptable, less problematic immune modulation than chronic immune suppression itself 

(29). 

Islet transplantation in combination with anti-CD3 antibody treatment has shown to be effective 

in reversing diabetes in a limited clinical application (30).  It remains the most promising 

immune therapy for reversing recent-onset T1DM. However, current clinical trials have revealed 

their major drawback, namely the narrow therapeutic window in which low doses are ineffective 

and higher doses that preserve functional beta cell mass cause side effects (31).  

 

B.4.3. - Anti-CD25 

 

Monoclonal antibodies directed against specific T-cell surface molecules have been developed 

for clinical use as immunosuppressants. One of these is anti-CD25 (daclizumab and basiliximab), 

a humanized IgG1 monoclonal antibody directed against the low-affinity interleukin-2 receptor 
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-chain (32). Both are products of recombinant DNA technology; basiliximab is considered a 

chimeric antibody, because it consists of approximately 70% human and 30% murine proteins 

(33). Daclizumab on the other hand is humanized and consists of 90% human and 10% murine 

components. The effectiveness of daclizumab is comparable to that of basiliximab, with a very 

low adverse-effect profile comparable to that seen with placebo.  

These antibodies target activated T-cells, and their use in a clinical setting has significantly 

increased over the past decades (2, 4, 34). Similar immunosuppressive properties for both ATG 

and anti-CD25 have been reported in terms of preventing alloreactivity (31, 35). However, it is 

universally recognized that anti-CD25 therapies are considerably less potent than T-depletional 

antibodies in terms of prophylaxis against rejection events. They have also been used similarly to 

the polyclonal antisera, to attempt to develop regimens that avoid the use of drugs, such as 

corticosteroids and CNIs, whose toxicity is now perceived as being undesirable. 

Anti-CD25 have been extensively used in IT since it early stages, in combination with other 

drugs. In fact, daclizumab was one of the critical components of the most successful 

immunotherapy approach, termed the ‘Edmonton protocol’ based upon the pioneering 

experience reported from the University of Alberta in 2000 (1).  

 

B.4.4. - Alemtuzumab  

 

Alemtuzumab is an anti-CD52, humanized, monoclonal antibody used in the treatment of B-cell 

chronic lymphocytic leukemia. CD52 is present on virtually all B cells and T cells, as well as 

macrophages, NK cells, and some granulocytes (35, 36). When the alemtuzumab antibody binds 

to CD52, it triggers an antibody-dependent lysis of these cells. 
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Alemtuzumab produces a significant immune depletion associated with immune reconstitution. 

Its use as an induction agent has become an increasingly popular due to its overwhelming 

efficacy as a depleting antibody.  At this time, very few randomized controlled trials have 

evaluated its efficacy and safety, although some studies report no obvious differences in rates of 

graft and patient survival, biopsy-proven acute rejection episodes, and treatment failure after 

alemtuzumab induction with standard immunosuppression maintenance (4).  

The effect of alemtuzumab on multiple inflammatory cell types, for example, macrophages, may 

prevent the production of pro-inflammatory mediators by intrahepatic macrophages and 

endothelial cells, thus reducing early islet losses secondary to the deleterious effects of cytokines 

at the time of islet infusion (37, 38). Hence, induction with alemtuzumab may improve short and 

long-term results as demonstrated by recent reports (37, 39). Yet, more definitive and complete 

results on the benefits of this agent in IT will be coming out of the recently finished phase 2 

clinical trial performed at the University of Alberta (NCT00175253). 

 

B.4.5. – Belatacept 

 

Belatacept is a selective co-stimulatory (signal 2) blockers. It is a more potent second-generation 

molecule of its parent compound abatacept, which was the first molecule developed by fusion of 

extracellular domain of cytotoxic T-lymphocyte antigen 4 (CTLA4) with Fc fragment of human 

immunoglobulin G1 (IgG1) (40, 41). Belatacept is a fully human fusion protein of extracellular 

domain of CTLA4 with fragment of the Fc domain of human IgG1 (8). It differs from abatacept 

by engineered point mutations resulting in two amino acid substitutions (lucine 104 - glutamate 

and alanine 29- tyrosine). This resulted in a fourfold increase in binding affinity to CD86 and a 
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twofold increase in binding affinity to CD80 in comparison with abatacept, and a 10-fold 

increase in co-stimulation blockade in T-cell activation. This dramatic increase directly 

correlated with prolonged graft survival and decreased production of anti-donor antibodies in 

non-human primate renal transplant model (42). 

Following the promising results of phase 3 trials in kidney transplantation (43), regulatory 

approval has been achieved for belatacept, which has become a new, non-depleting, 

metabolically well-tolerated agent that is clearly attractive for use in clinical islet transplantation. 

A recent study has reported a significant increase in islet allograft survival with the combination 

of belatacept and sirolimus (44). Moreover, Posselt and collaborators also demonstrated the 

potential benefits of belatacept in permitting long-term islet allograft survival, as one of the first 

reports of CNI, steroid-free regimes for clinical islet transplant (45). 

Finally, encouraging results of these initial studies prompted for a larger clinical trial under the 

Clinical Islet Transplantation consortium determining safety and efficacy of IT when combined 

with an immunosuppressive medication regimen containing belatacept. 

 

B.4.6. - Efalizumab 

 

Efalizumab is a CD11a-specific humanized mAb that targets the Leukocyte Function Antigen 

(LFA-1) pathway. LFA-1 is comprised of two subunits, CD11a and CD18, and binds 

Intercellular Adhesion Molecule (ICAM)-1 (46). Efalizumab impedes LFA-1 to ICAM-1 binding 

and in doing so prevents lymphocyte diapedesis and disrupts adhesion events necessary for 

optimal T-cell function. Preclinical murine and primate studies have demonstrated that LFA-1-

specific antibodies prolong the survival of islet and other organ allografts (45, 46), and phase I/II 



 387 

studies in renal transplantation suggest that efalizumab has efficacy in preventing human 

allograft rejection. However, it was recently withdrawn from clinical use due to concerns about 

the development of progressive multifocal myeloencephalopathy in three patients out of more 

than 46,000 who received the drug as treatment for psoriasis for more than 3 years (47, 48). 

 

B.5. - FUTURE BIOLOGIC PROSPECTS FOR ISLET 

TRANSPLANTATION 

 

Immunological challenges to islet survival, engraftment, and function post-transplantation are 2-

fold: alloimmune destruction and autoimmune rejection. Although the former is common to all 

organ and tissue transplantation situations, T1DM offers additional challenges due to the 

autoimmunity (32). A variety of experimental studies are now focused to further improve results 

in islet transplant by introducing tolerance-inducing medication. Summarized below are some of 

the new promising biological agents. 

 

B.5.1. - Induction Agents: Depleting Antibodies 

 

Anti-CD3 antibody (teplizumab) has been demonstrated to preserve C-peptide preservation and 

reduce insulin requirements when administered to diabetic patients, up to five years post-

administration (34). Monoclonal anti-CD3 transiently activates the CD3 receptor, simulates 

cytokine release and ultimately blocks T-cell proliferation and differentiation (49). Essentially, 

anti-CD3 disrupts T-cell ability to recognize auto- and alloantigens, blocks IL-2 signaling 

pathways and induces apoptosis. It has also been postulated that long-term benefits may be as a 
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result of the induction of regulatory T-cells, and therefore the use of humanized CD3-

monoclonals, which do not stimulate cytokine release, has been viewed as an attractive treatment 

modality to reduce the autoreactivity in T1DM (34, 49-51). Side effects such as reactivations of 

Epstein-Barr virus and flu-like symptoms have been reported; however, taken together anti-CD3 

antibody treatment appears to have great promise in potential combination therapies in IT, 

including a well-tolerated substitute for muromonab, A1-CD3, developed in Prague (52).  

 

B.5.2. - B-Cell Therapeutics 

 

B.5.2.1. - Anti-CD20 

 

The influence of B-cells in the autoimmune pathogenesis of T1DM and an islet graft may have 

been underestimated since it is widely accepted that both auto-and alloreactive T-cells are the 

main culprits. However, a human phase 2 trial elucidated that when B-cells are depleted using an 

anti-CD20 monoclonal antibody (Rituximab) a tentative preservation of C-peptide, insulin 

requirements and improved HbA1c was observed in newly diagnosed T1DM patients (34, 49). 

CD20 is unique to B-cells and thus inhibiting B-cells via anti-CD20 monoclonals reduces the 

presentation of autoantigens to T-cells and possibly preventing B-cell expansion and anti-islet 

autoantibody production (49, 53). Anti-CD20, Rituximab is currently approved for treatment of 

refractory non-Hodgkin’s B-cell lymphomas however, it is off label use in combinations with 

maintenance IS has been used in transplantation since the early 1990s (54, 55) and thus a 

potential candidate for reducing the auto and alloreactive responses to an islet allograft.  
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B.5.2.2. - B-Cell Activating Factor (BAFF) Blockade 

 

Similar to the necessary costimulation required for T-cell activation, B-cells are governed by 

similar costimulation in order to survive, proliferate and mature. BAFF, expressed predominately 

on T-cells and dendritic cells, is a member of the tumor necrosis factor cytokine family (9). 

BAFFs which are also known as B Lymphocyte Stimulator (BlyS), TALL-1, THANK, and 

zTNF4 binds to B-cell maturation antigen, transmembrane activator and BAFF receptor (BAFF-

R) ultimately stimulating B-Cell activation. Originally tested in autoimmune diseases, BAFF 

blockade has recently been translated to the field of transplantation and has been described in 

chronic graft-versus-host disease (56-60). Belimumab, approved by the FDA in 2011 for 

systemic lupus, is a human recombinant IgG1 monoclonal antibody to BAFF. A similar anti-

BAFF mAb depleted follicular and alloreactive B-cells in a murine cardiac allograft model (61). 

This group has recently enrolled patients in a phase 2 clinical trial of desensitization with 

belimumab in sensitized patients awaiting kidney transplantation. This may be a potential future 

attractive strategy for islet recipients especially in sensitized patients. A BAFF neutralizing 

recombinant Fc fusion protein, Atacicept, is currently in a phase 2/3 clinical trial for lupus, 

which may warrant further evaluation in clinical transplantation (9). 

 

B.5.2.3. - Complement  

 

Complement proteins have been used as hallmarks for diagnosing antibody-mediated rejection 

(i.e. C4d deposition) and acute renal allograft rejection (i.e. urine C5a and plasma C1rsC1-

inhibitor complexes levels). Eculizumab a recombinant humanized IgG2/mAb to C5 (FDA 
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approved for paroxysmal nocturnal hemoglobinuria and atypical hemolytic uremic syndrome) 

has demonstrated effective rescue from complement activation and antibody-mediated rejection 

in case studies of an ABO-incompatible kidney-pancreas transplant and re-transplanted kidney 

recipient (62, 63). The C1 esterase inhibitor Berinert, has demonstrated successful results in 

ischemia-reperfusion injury (64) and in a case study of a O-type recipient transplanted with a B-

type heart (65). Complement inhibition in the field of islet transplantation may have a therapeutic 

benefit considering the islets a typically infused into the portal circulation prior to embolizing 

into the sinusoids of the liver.  

 

B.5.2.4. - Costimulatory Blockade: Fusion Proteins 

 

Another attractive therapeutic strategies is to target cell-surface molecules which are important in 

the immune synapse, secondary to the TCR:MHC interaction. The benefits of blocking the co-

stimulatory signaling pathways between CD80 and CD86 on the APC with CD28 of the T-cell 

have been well established. Tolerance can be achieved by interfering with costimulatory 

interactions, inhibiting the secondary signal required for full T-cell activation (50).  The B7-

CD28 pathway is a key pathway in T cell activation, survival, and function. In rodent models, 

B7-CD28 blockade through administration of inhibitory CTLA4-Ig led to prolonged allograft 

survival and tolerance (50). The co-stimulatory signaling pathway between CD40:CD154 is also 

an attractive target to prevent autoimmune disease, lymphocyte trafficking and graft rejection. 

Ligation of the CD40 receptor on antigen-presenting cells with CD40 ligand (CD154) on T cells 

enhances TCR signaling and effector responses (66). Humanized anti-CD154 (IDEC131) has 

been implemented in autoimmune clinical trials, and had potential to be extended to islet 
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transplantation (51). However, high rates of unexpected fatal thrombophilic events in early 

clinical trials have rendered anti-CD154 therapies too risky for future clinical application. 

Recently, a humanized non-depleting anti-CD40 has been demonstrated to prevent acute 

rejection and prolonged graft survival in both nonhuman primate models of kidney and islet 

allografts, but without the associated risk of thrombophilia (67, 68). Whether true tolerance can 

be achieved with anti-CD154 mAb alone or in combination with bone marrow transplantation, 

donor-specific transfusion or conventional immunosuppression is debatable. Indeed, tolerance 

induction is readily achieved in juvenile mouse models of a simplified immune system without 

high burden of immunological memory, but translating these findings to the more complex, 

diverse and memory-laden human system has been much more challenging. Anti-CD154 mAb 

treatment has been shown to result in “indefinite” survival in islet, bone marrow, and cardiac 

allograft models in animal models (50). Anti-CD40 mAb such as lucatumumab, Chi220, 

ASKP1240, PG102 and PRO64553 appear to be attractive and viable immunosuppressive 

strategies for islet and whole organ transplantation (9). The advantage of the non-depleting 

immunotherapy approach is that they reduce responsiveness without compromising lymphocyte 

populations. Therefore, non-depleting lymphocyte strategies appear attractive when combined 

with less intense maintenance IS cocktails.  

 

B.5.2.5. - Anti-Inflammatory & Chemokines/Cytokines 

 

Since both T1DM and islet graft rejection are characterized by inflammatory process leading to 

insulitis, blocking pro-inflammatory events appears to be an appealing area of therapeutic 

intervention. A number of agents have proven effective in abrogating autoimmune disease 
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including T1DM. The tumor necrosis factor- inhibitor (etanercept), has increased C-peptide 

secretion, lowered HbA1c and exogenous insulin requirements when administered to early onset 

T1DM patients (49). Etanercept has also been demonstrated to increase the efficacy of IT, and 

reduce the number of autoreactive T-cells (34, 69). Interleukin-1 (IL-1), is another potent pro-

inflammatory molecule, and has been reported to cause beta cell dysfunction (34, 49, 50, 69). 

Anakinra, which blocks both isoforms IL-1 and IL-1 through IL1 receptor blockade is 

currently being explore in clinical trials for both T1DM and IT to ascertain its efficacy in 

slowing disease progression and preserving beta-cell mass (35, 70).  

In addition, strategies to inhibit PMN infiltration in response to chemokines signaling are also 

being explored in autoimmune disease and transplantation. For example, FTY720, derived from 

myriocin, a fungus-derived sphingosine analogue has been demonstrated to alter lymphocyte 

trafficking, by driving T-cells into lymphoid tissues, subsequently prevent them from leaving 

these tissue and homing into the inflammatory tissue (51), such as the islet within a T1DM or 

islet graft. FTY720 development was halted unfortunately after unexpectedly high rates of 

bradycardia and macular degeneration were encountered in initial clinical trials.  

 

B.5.3. - Biologic Combination Strategies 

 

In the context of the multiple pathways known to be involved in β-cell dysfunction as well as the 

alloresponse to foreign antigens, it is unlikely that a monotherapy will further optimize clinical 

IT and lead single-donor recipients. Indeed, strategies towards single-donor IT have begun by 

implementing biologics to IS cocktails, which face the challenges of inducing tolerance and graft 

survival. Combining anti-inflammatory biologics to maintenance IS have led to improved single-
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donor success rates at the University of Minnesota (71, 72). Peritransplant insulin and heparin 

administration greatly increase the success rate of single-donor islet transplants from 10 to 40% 

(73). Blockade of tumor necrosis factor-alpha (TNF-α) by using etanercept also has improved 

single-donor islet transplant outcomes (72-76). In preclinical models anti-inflammatory agents 

anakinra, an interleukin-1 receptor antagonist (IL1-Ra) and etanercept significantly increased 

islet engraftment in marginal mass studies (74-77). Furthermore, anti-apoptosis and growth 

stimulation (glucagon-like peptide 1(GLP-1)) have also demonstrated favorable results in 

preclinical studies and clinical studies demonstrated that short acting GLP-1 analogue exenatide 

increased single-donor islet engraftment success (78-80). Clonal depletion of alloreactive T cells 

appears promote a hypo-responsive environment and peripheral mechanisms of anergy, thus 

driving the shift towards tolerance (50, 66). The use of T-cell depletion induction methods such 

as alemtuzumab in conjunction with tacrolimus/MMF have resulted in substantial improvements 

in long-term insulin-independence (>5years) (70). In addition, a current example of the 

extraordinary progress that has been made when combine IS strategies are implemented, is the 

remarkable success that has been achieved when co-stimulation blockage using belatacept 

(inhibiting CD80-CD86 interactions) in conjunction with T-cell depletion induction and in the 

absence of calcineurin inhibitors led to insulin independence with islets from a single donor and 

prolonged allograft survival (45). 
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B.6. – SUMMARY 

 

This paper has reviewed the general use of biological agents in transplantation and their 

particular application in the field of islet transplant. Islet transplantation provides the potential to 

restore euglycemia, protecting against hypoglycemia and labiality in a way that exogenous 

insulin is unable to do, and with far less risk than whole pancreas transplantation. Yet, immune 

response continues to be a key player in the characterization of medium and long-term results, 

along with other engraftment hurdles.  

The future of islet transplantation depends on the development of tolerance inducing therapies. 

While temporary immunosuppression can be advantageous, the long-term risks outweigh the 

benefit. Tolerance suggests freedom from insulin dependency and an improvement in the 

patient’s overall quality of life. A tolerizing regimen that utilizes biologics and techniques that 

selectively target donor-reactive T-cells while expanding populations of regulatory T cells will 

undoubtedly result in better outcomes.  

New and more potent drugs are continuously tested to achieve better results keeping the same 

principle of ‘islet-friendly’ medications without beta-cell toxicity, but still with sufficient 

protection from auto- and allo-immunity. They all take us a step closer to a definitive cure for 

type 1 diabetes.   
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C.1. - ABSTRACT 

 
Pancreatic metastases from renal cell carcinoma (RCC) may have a chronic and highly indolent 

course, and may be resected for cure after considerable delay following treatment of the primary 

tumor, in contrast to other more common pancreatic tumors. Surgical resection is the treatment 

of choice, which may lead to post-pancreatectomy diabetes mellitus in the case of extensive 

resection.  

We present a 70-year-old patient with multifocal pancreatic metastases from RCC causing 

obstructive jaundice. A total pancreatectomy was required to excise two distant tumors in the 

head and tail of the pancreas, together with a segment VI liver resection. An autologous islet 

transplant (AIT) prepared from the central, uninvolved pancreas was carried out to prevent post-

pancreatectomy diabetes. The patient was rendered insulin-free and remains so with excellent 

glycemic control for one year of follow-up, and there is no evidence of tumor recurrence. The 

patient has been treated with adjuvant sunitinib to minimize risk of further recurrence.  

In conclusion, AIT after pancreatectomy may represent a useful option to treat patients with 

metastatic RCC. A critical component of this approach was dependent upon elaborate additional 

testing to exclude contamination of the islet preparation by cancerous cells. 
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C.2. - INTRODUCTION  

 

The natural history of renal cell carcinoma (RCC) has a high 5-year survival (up to 95%) when 

the tumor is limited to the kidney (1, 2). In patients with RCC, up to 30% have metastases at 

presentation, and 40%-50% will develop widespread metastatic disease over time (3). The long-

term (5-year) survival rate is 10%-15% once metastases have spread (1).  

Pancreatic metastases are generally uncommon, with an incidence varying from 2 to 5%. 

However, the pancreas is a target site for metastases from carcinoma of the kidney, and may 

present typically after a prolonged delay after nephrectomy (1, 3, 4). Pancreatic metastases from 

RCC have a high resectability rate compared with other more common pancreatic tumors (3). 

However, these lesions may be multifocal in 30% of the cases and require more radical resection 

resulting in ‘brittle’ diabetes mellitus, which may be difficult to manage. Autologous islet 

transplantation (AIT) after near-total or total pancreas resection offers a potential means to 

preserve endocrine function, provided this does not compromise tumor resection margins (5-8).  

Islet autotransplantation was first performed in 1977 at the University of Minnesota, allowing the 

patient to remain insulin free until his death 6 years later (5, 8). Since then, more than 500 AIT 

have been performed, mainly for patients undergoing total pancreatectomy for chronic 

pancreatitis (5). In such patients, approximately 70% of insulin independence has been achieved 

at 3 years after AIT if more than 5,000 islet equivalents (IEQ) are transplanted (5, 9, 10).  

Islet autotransplantation has been utilized for a selected series of benign pancreatic diseases 

including pseudocysts, cystic neoplasms, insulinomas and neuroendocrine tumors (9, 11, 12). 

Balancing the potential benefit of preventing surgical diabetes against the oncologic risk of 

inadvertently embolizing tumor cells poses an interesting dilemma. We present the case report 
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and metabolic studies of a patient who underwent AIT after total pancreatectomy for multifocal 

RCC pancreatic metastases.  

 

C.3. - CASE REPORT 

 

A 70-year-old female with history of rheumatoid arthritis had a remote diagnosis of RCC fifteen 

years prior to admission, treated at that time by left radical nephrectomy. She presented with a 

two-week history of malaise, pruritus, and obstructive jaundice with elevated transaminase, 

bilirubin, and alkaline phosphatase. The previous nephrectomy pathology confirmed RCC stage 

II (T2, N0, M0) resected with negative margins and uninvolved lymph nodes, and no further 

adjuvant treatment had been given. Physical examination revealed marked jaundice with a 

palpable Courvoisier’s gallbladder. Pancreatic tumor markers were normal (CA 19.9 <1 kU/L 

and CEA 1.9 ug/L). A pancreatic protocol contrast-enhanced computed tomography (CT, 1.25 

mm slice reconstructions) revealed multifocal, hypervascular pancreatic lesions in the uncinate 

process of the pancreas (32 mm diameter) with distal biliary obstruction (Figure C.1B), and in 

the pancreatic tail (13 mm diameter) (Figure C.1C), both with central diminished attenuation. 

No peri-pancreatic lymphadenopathy was identified. Specifically there was no evidence of tumor 

or pancreatic ductal dilatation within the central pancreatic body, which appeared to be normal 

on CT. Within the liver, a 24 mm similar hypervascular lesion was identified within segment 6, 

highly suspicious for metastatic focus (Figure C.1A). The liver lesion was biopsied by fine 

needle ultrasound-guided approach, and demonstrated clear cells consistent with RCC primary 

origin. A chest CT revealed no additional metastatic disease, and the pancreatic and liver disease 

was therefore potentially resectable.  
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Figure C.1 Computed tomography imaging pre-operatively demonstrating hypervascular metastatic renal cell 

carcinoma deposits in A. Segment 6 liver; B. Uncinate process pancreas with biliary obstruction, and C. Pancreatic 

tail. 
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Laparotomy did not reveal any additional pancreatic, hepatic or peritoneal disease. A high-

resolution intra-operative contact ultrasound probe was used to examine the entire pancreas after 

complete pancreatic mobilization, to rule out occult, additional parenchymal lesions. Based on 

RCC involvement of the uncinate and tail of the pancreas (Figure C.2), with sparing of the 

central pancreas, we carried out a total pancreatectomy with splenectomy. Intra-operatively, we 

transected both the pancreatic neck and the distal pancreatic body, and confirmed by frozen-

section pathology that both proximal and distal margins on the pancreatic body were uninvolved 

with RCC. The tumor-free central pancreatic body was then sent for processing for AIT. During 

this period, we maintained the pancreatic body vasculature intact in order to maximize islet 

oxygenation and viability (Figure C.3A). The central pancreas weighed 38.8g. On the back-

table, the pancreatic duct was cannulated (Figure C.3B), and the splenic artery was flushed with 

1 liter of chilled HTK solution (Custodiol, Methapharm. Brantford, ON). 

The islet isolation method was similar to the standard digestion using the Ricordi method as used 

for allogeneic transplantation (13, 14). Enzymatic digestion used CIzyme Collagenase HA (2,196 

Wunsch Units) (VitaCyte, Indianapolis, USA) and CIzyme Thermolysin (828,000 units) 

(VitaCyte, Indianapolis, USA).  After digestion 3.9 g of tissue remained in the chamber.  

In this case, islet purification was performed to further minimize the risk of embolization of 

pancreatic exocrine tissue. It consisted of a combination of Biocoll and University of Wisconsin 

solution to make a continuous density gradient (15). There were only 1,056 IEQ left in the less 

pure layer. The high purity (55%) layer yielded 268,195 IEQ (6,192 IEQ/g of pancreas, 4,400 

IEQ/kg of recipient’s body weight), in a packed cell volume of 2.0 mL. No tissue samples were 

submitted for pathology analysis. 
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Figure C.2 Intraoperative photograph of renal cell carcinoma in the pancreatic tail. 
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Figure C.3 A. Intraoperative photograph of preserved vascular flow in the central pancreas after both Whipple and 

distal pancreatic resection, with the goal being to maintain islet oxygenation and viability up till the point of 

explantation. B. Back-table cannulation of the pancreatic duct prior to digestion and islet isolation. 
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While the islets were being prepared the proximal pancreatectomy was completed with the 

subsequent reconstruction (hepaticojejunostomy, roux-en-Y pylorus-preserving 

gastrojejunostomy and entero-enterostomy). The right lobe of the liver was mobilized and an 

anatomical resection was carried out of the segment 6 lesion. Finally, a 9-French dual lumen 

catheter (Broviac, Bard Canada Inc., Oakville, ON) was pre-flushed with heparinized saline and 

secured within the stump of the splenic vein and advanced to the portal confluence to allow 

infusion of the islet preparation together with simultaneous portal pressure monitoring. The 

patient tolerated the transplant procedure well and the portal pressure remained within normal 

range (mean portal pressure 16.6 mmHg) throughout the islet infusion. Heparin (Heparin Sodium 

Injection, Sandoz Canada. Boucherville, QC) was used systemically (400 U/h IV) and also 

within the islet infusion bag (70 U/kg). No blood products were required. 

Postoperative recovery was entirely uneventful. A Doppler ultrasound on the first postoperative 

day confirmed portal venous patency. Glycemic control remained within the normal range 

throughout hospitalization (6-8 mmol/L). The final pathology confirmed RCC metastases with 

clear cell change within the uncinate, tail and segment 6 liver, all resected with negative margins. 

The cells were positive for vimentin and CD10, but negative for p53. The patient was discharged 

on post-operative Day 13 with close follow up every three months. She remains insulin-free with 

excellent glycemic control (fasting glucose 5.2 mmol/L, c-peptide 0.48 nmol/L, HbA1c 5.3%), 

and is tumor free at almost one year of follow-up. She has received adjuvant sunitinib (Sutent, 

Pfizer Canada. Kirkland, QC) chemotherapy to further reduce risk of additional recurrent 

disease.  
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C.4. – DISCUSSION 

 

Extended pancreatic resections can provide curative treatment of both primary and metastatic 

pancreatic tumors. Total pancreatectomy with surgical removal of the entire islet cell mass leads 

to surgical diabetes that, in the absence of insulin and counter-regulatory glucagon hormonal 

balance, results in difficult to control diabetes with substantial risk of severe hypoglycemia (5). 

Although autologous islet transplantation has successfully prevented surgical diabetes in patients 

with chronic pancreatitis, concern of inadvertent infusion of occult malignant cells in the islet 

preparation has restricted application of this approach in patients with underlying malignancies 

(9, 16). A case report of total pancreatectomy with AIT in the setting of pancreatic head 

adenocarcinoma has been described previously (16). 

To our knowledge, the current case represents the first report of AIT after total pancreatectomy 

for multifocal pancreatic metastases for RCC. The rationale was to preserve quality of life and 

prevent glycemic lability in a patient with an indolent but malignant metastatic disease, with low 

risk of inadvertent tumoral embolization to the liver. Since the tumor occurred in two disparate 

but discrete locations in the uncinate and tail of the pancreas, the option of localized resection 

was not reasonable. The alternative option of Whipple pancreaticoduodenectomy combined with 

distal pancreatic resection would have had added risk of pancreatic fistula. Application of AIT 

allowed preservation of insulin and glucagon secretory reserve and has resulted in prolonged and 

sustained independence from insulin in a 70-year-old lady that would otherwise have developed 

‘brittle’ diabetes. 

The islet isolation performed in this particular case resulted in high islet yield from a non-fibrotic 

pancreas. Islet yields up to 7,000 IEQs/g are exceptional in autoislet isolation as the main 
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indication for the procedure is in patients with chronic pancreatitis, but may occur occasionally 

in islet allotransplantation.  

Although all evident foci of metastatic tumoral deposits were radically resected with negative 

margins at surgery, we cannot rule out with absolute certainty the possibility of malignant cell 

foci within the final islet preparation. Specific precautions to minimize this risk included a) high 

resolution pre-operative imaging; b) selection of a metastatic tumor of known biology and very 

indolent course; c) intraoperative contact high-resolution pancreatic ultrasound to rule out 

smaller pancreatic lesions in the central pancreas; d) frozen section interpretation of resection 

margins to be sure the central pancreas was not involved with infiltrative tumor, and e) deliberate 

application of islet purification steps in the autologous islet preparation process to further 

minimize islet contamination with exocrine pancreatic elements. Perhaps detection of 

VHL and PBRM1 mutations within the cell preparation could also have been used to rule out 

presence of residual RCC cells, but this was not used in this case (17-19). 

With one year of follow-up, and combined with adjuvant sunitinib and serial imaging, there has 

been no evidence of residual or recurrent metastatic disease, and the patient remains insulin 

independent without risk of hypoglycemia. Since this patient also presented with a liver 

metastasis, we caution that if she were to develop further liver metastases, we would be unable to 

discern whether the AIT process would be contributory. We suggest that AIT provides an 

additional tool in the armamentarium for the pancreatic surgeon dealing with complex but 

indolent malignant pancreatic lesions. Further cellular screen tools would be critically important 

to minimize risk of inadvertent embolization of malignant cells.  
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APPENDIX D. 

 SUPPORTING EVIDENCE FOR 

STRUCTURAL AND FUNCTIONAL 

INTEGRITY OF BMX-010 USED IN 

CLINICAL TRIALS AT UNIVERSITY 

OF ALBERTA 
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D.1. – INTRODUCTION 

 

Manganese (III) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin (known as MnTE-2-PyP or 

BMX-010; CASRN 219818-60-7) is a manganese porphyrin drug candidate intended for use as a 

protective agent for the ex vivo treatment of cells and tissue used for transplantation. As referred 

in Chapter 2, this drug has demonstrated antioxidant capabilities and immunomodulatory effect, 

when used in islet transplantation (1, 2). To be used in clinical settings, the compound was 

carefully tested according to Health Canada requirements and an extensive safety assessment 

was performed by Gad and collaborators (3).  

Our experience with BMX-010 in clinical islet transplantation showed no islet toxicity but this 

trial also failed to show any added benefit in islet in-vitro function. In order to guarantee the 

structural and functional integrity of the specific BMX-010 lot used in our clinical trial, various 

experimental assessments were performed and are presented here for the reader’s consideration. 

 

D.2. – CERTIFICATE OF ANALYSIS 

As required by Health Canada and other regulatory agencies, BMX-010 was manufactured in 

GMP and GLP conditions by a Ricerca Biosciences (Concord, OH, USA), a company 

subcontracted by BioMimetix for this clinical trial. Upon release of the drug, a quality assurance 

analysis was performed to demonstrate structural integrity and stability upon exposure to known 

damaging conditions. Figure D1.A-C shows the Certificate of Analysis provided with this 

specific lot. 
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Figure D.1A. Certificate of analysis for BMX-010, lot No. 60220-09-001 provided by Ricerca Biosciences. 
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Figure D.1B. Certificate of analysis for BMX-010, lot No. 60220-09-001 provided by Ricerca Biosciences. 

Continued. 
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Figure D.1C. Certificate of analysis for BMX-010, lot No. 60220-09-001 provided by Ricerca Biosciences. 

Continued. 
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According to this certificate, the product supplied to the Clinical Islet Laboratory at University of 

Alberta complies with structural and stability standards. 

 

D.3. - ANTIOXIDANT PROPERTIES 

 

To demonstrate functional integrity for this lot of BMX-010, an in-house experiment was 

performed using human islets provided by the Clinical Islet Laboratory from the University of 

Alberta. The islets were divided in four groups (approximately 100 IEQ each) and cultured for 

24h in a CMRL based medium supplemented with or without 34 mol/L BMX-010 from Lot 

No. 60220-09-001. Cells were subsequently challenged with 250 mol/L hydrogen peroxide 

(H2O2) for another 24h followed by measurements of reactive oxygen species in the medium and 

assessment of cell viability using a membrane integrity stain.  

The resulting study groups (in triplicates) were as follow: 

1. Control: culture medium alone 

2. BMX: culture medium + BMX-010 

3. H2O2:  culture medium + H2O2 

4. BMX+H2O2: culture medium + BMX-010 + H2O2 

Frozen samples from the supernatant of all study groups were assayed for reactive oxygen 

species released into the culture media, using the Acridan Luminogen PS-3 assay (Amershan 

ECL Plus kit, Fisher Scientific Inc. Ottawa, ON, Canada) (4). Acridan Luminogen PS-3 is 

excited by reactive oxygen and nitrogen species in the presence of hydrogen peroxide, producing 

chemiluminescense at 430 nm. CMRL culture medium alone served as a control, and results 

were expressed as fold-change increase compared to control. 
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An increase in the extracellular concentration of ROS was observed in islets exposed to 

hydrogen peroxide, more significant in the H2O2 group compared to Control (p<0.01). However, 

cells pre-treated with BMX-010 released less ROS into the media (Figure D2.A) 

Cell viability was assessed using a fluorescent membrane integrity assay with counter-stains 

using SYTO® 13 Green and Ethidium bromide (Life Technologies, Burlington, ON, and Sigma-

Aldrich, ON) (5). Control and BMX groups showed a similar viability (70% vs. 67%) after 48h 

of culture, contrasting with almost no survival in the H2O2 group (Control: 70% vs. H2O2: 1.5%, 

p<0.0001). Significant mortality was also observed in islets from the BMX+ H2O2 group. 

However, BMX-010 protected some of these islets against loss of viability, compared to the 

H2O2 group (39.6% vs. 1.5%, p<0.001) (Figure D2.B). 

 

D.4. - IMMUNOMODULATORY EFFECT 

 

To evaluate the immunomodulatory effect of this BMX-010 lot, Piganelli and collaborators at the 

Department of Immunology, University of Pittsburgh performed an in vitro experiment to 

evaluate the effects of this lot of BMX-010 on interferon gamma (IFN-γ) expression from pre-

stimulated murine spleen cells. Splenocytes from OT II mice (C57BL/6-

Tg(TcraTcrb)425Cbn/Crl) (Charles River, Boothwyn, PA, USA) were isolated and cultured at a 

concentration of 2x10
6
 cells/mL for 24h, with or without BMX-010  
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Figure D.2. In vitro assessment of human islets pre-treated with BMX-010 and exposed to hydrogen peroxide 

(H2O2). (A) Extracellular concentration of reactive oxygen species (ROS) after exposure to H2O2 for 24h. Results 

are expressed as a fold-change concentration relative to CMRL medium. (B). Cell viability after exposure to H2O2 

for 24h measured by fluorescent membrane integrity assay, using counterstain with Syto Green and Ethidium 

Bromide. Data represented as means ± s.e.m. from triplicates samples.  
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(MnP, 34 and 68 mol/L), and subsequently stimulated with Concanavalin A (ConA, 2.5 

mol/L) or Ovalbumin (Ova, 0.5 mol/L) (Sigma-Aldrich Corp. St. Louis, MO, USA) for 48h 

and 72h. After the corresponding stimulation period, the supernatants were harvested and frozen 

at -80ºC. Interferon gamma was measured in triplicate samples using a mouse-specific IFN-

gamma ELISA assay (Thermo Fisher Scientific, Waltham, MA, USA) (range: 37 – 3000 pg/mL). 

Stimulation with ConA resulted in high titers of IFN-γ in the Control group, more evident at 72h 

of exposure (212.3 ng/mL). A lower concentration of IFN-γ was measured in the media of cells 

pre-treated with BMX-010, with a 41% (34 mol/L) and 41.7% (68 mol/L) relative inhibition 

at 48h (p<0.05); and 45% (34 mol/L) and 57% (68 mol/L) relative inhibition at 72h (p<0.01). 

Stimulation with Ova elicited lesser expression of IFN-γ, more evident at 72h (103.7ng/mL). No 

significant effect of BMX pre-treatment was observed at 48h. However, there was significant 

inhibition at 72h (65.7% for both BMX concentrations), compared to Control (p<0.01) (Figure 

D3). 

 

D.5. - CONCLUSIONS 

 

The experimental findings presented in this Appendix D support the structural and functional 

integrity of the lot of BMX-010 used in clinical trials at University of Alberta. This evidence is 

consistent with our hypothesis of lack of substantial benefit in islet isolation due to suboptimal 

dose.   
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Figure D3. Effects of this lot of BMX-010 on interferon gamma (IFN-γ) expression from pre-stimulated 

murine spleen cells. Splenocytes from OT II mice were pre-treated with 34 and 68 mol/L of BMX-010 and 

subsequently exposed to Concanavalin A (ConA, Ovalbumin (Ova) for 48 and 72h. IFN-γ was measured in the 

supernatant. Date represented as means ± s.e.m. from triplicates samples. 
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