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ABSTRACT

Type 1 diabetes mellitus (T1DM) is characterized by the autoimmune destruction
of insulin-producing beta (p)-cells within pancreatic islets of Langerhans. For many
patients, frequent blood glucose monitoring and insulin administration are primary
therapies aimed to curb hyperglycemia, though long-term complications may still occur.
B-cell replacement therapy through islet transplantation has become an accepted treatment
modality for select patients suffering from “brittle” TIDM. The establishment of the
‘Edmonton Protocol’ in 2000 was instrumental in renewing global interest in utilizing islet
transplantation as an effective therapy for such patients. Over the course of the last two
decades, considerable refinements in islet isolation and culture techniques, as well as the
incorporation of anti-inflammatory and novel immunosuppressive therapies have
improved long-term islet transplantation outcomes. Despite such refinements, obstacles
associated with islet transplantation still exist, as single-donor insulin independence

remains elusive, warranting further investigation.

This thesis presents results from multiple studies aimed to augment in vitro islet
survival to potentiate subsequent engraftment. I hypothesize that the administration of
therapeutic agents during pancreas procurement, islet culture and/or in the acute post-
transplant period can improve in vitro and in vivo islet function. The thesis is laid out in
a paper-based format, based on manuscripts published or under review. Sufficient
background is provided to gain an understanding of islet transplantation, beginning with a
historical perspective, as well as current limitations and therapeutic interventions

employed pre-clinically and clinically to circumvent such obstacles. The reader is also
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provided with details of various regulated cell death pathways, those long-existing, as well

as newly defined pathways yet to be fully elucidated in islet transplantation.

We present our research to enhance islet viability and potency in vitro through the
administration of a novel manganese superoxide dismutase (SOD)-mimetic, the
metalloporphyrin BMX-001, during organ procurement and 24-hour culture, as well as
evaluate whether preserved potency enhances engraftment outcomes in a syngeneic,
marginal mass model. We observed the ability of this SOD-mimetic to indeed augment in
vitro islet function and viability when administering a physiologically relevant dose of
34uM BMX-001. BMX-001-treated islets also exhibited improved engraftment outcomes

relative to non-treated control islet recipients.

As a means to expand the availability of donor pancreases, we further developed a
murine donation after circulatory death (DCD) model, and further assessed the utility of
BMX-001. The findings from this model were striking, notably 15 minutes of warm
ischemia (WTI) significantly impaired islet isolation yields in mice. The administration of
BMX-001 during pancreas procurement did not significantly increase islet yield or
viability relative to control DCD islets. BMX-001-cultured DCD islets demonstrated a
significant decrease in extra cellular ROS, suggesting some cytoprotection. DCD murine
islets, regardless of BMX-001 administration were able to engraft at a similar rate to islets

isolated from murine pancreata that did not experience WI.

Shifting focus to cell death in islet transplantation, the novel pan-caspase inhibitor,
F573 was investigated. Murine and human islets cultured for 2 or 24 hours, respectively
with or without F573 exhibited a marked reduction in terminal deoxynucleotidyl

transferase dUTP nick end labeling (TUNEL) and caspase-3 activation in vitro. Human
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islet engraftment was significantly enhanced in F573-treated recipients relative to non-
treated controls. Moreover, F573 was able to augment engraftment in a significant
proportion compared with non-treated control recipients in the modified subcutaneous,
device-less site, further supporting the potential of this site as an alternative to intra-portal
islet infusion.

To expand on the current knowledge of regulated cell death mechanisms that may
contribute to islet dysfunction and compromise subsequent engraftment, ferroptosis, a
non-apoptotic cell death modality was investigated in human islets. Utilizing ferroptosis
inducing agents, erastin and RSL3, islet viability and function was compromised in vitro.
These effects were abrogated in the presence of the ferroptosis-specific inhibitor,
ferrostatin-1, thus confirming that this cell death modality can contribute to islet demise.
Further work evaluating alternative regulated cell death mechanisms in islet isolation and
transplantation may lead to improved adjuvant therapies to deter islet dysfunction and

subsequently improve long-term engraftment outcomes.

Taken together, the results of this body of work reveals that preserving pre-
transplant islet potency through the utility of novel agents administered during
procurement or in culture can augment islet engraftment outcomes. Such agents hold
promise as prospective adjuvant therapies to promote single-donor islet engraftment

outcomes.
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PREFACE

Dear Reader,

The thesis entitled “Strategies to Augment Survival and Engraftment in Islet
Transplantation™ is submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Experimental Surgery in the Department of Surgery at the
University of Alberta. This body of work evaluates pre-clinical research efforts aimed to
improve islet viability and function through the utility of various agents aimed to improve
islet potency as a treatment for type 1 diabetes mellitus (T1DM).

The thesis contains pre-clinical studies whereby the author held the leading role within a
collaborative team. The chapters are presented from bodies of work prepared for
publication. The majority of work has either been published in journal articles or
currently under peer-review for publication consideration.

Chapter 1 is presented in two distinct parts. Part 1 provides a comprehensive
introduction to islet transplantation, its therapeutic application for TIDM in select
patients, its associated risks and future directions of the field. The chapter is presented
from a first-author manuscript published in Diabetes, Metabolic Syndrome and Obesity:
Targets and Therapy (Bruni A, Pepper AR, Gala-Lopez BL, Abualhassan N, and
Shapiro AMJ, Islet Cell Transplantation for the Treatment of Type I Diabetes: Recent
Advances and Future Challenges Diabetes Metab Syndr Obes. 2014; 7: 211-223).

. My role for this publication was designing and performing the bibliographic review and
writing 90% of the manuscript. ARP and BGL wrote the remaining 10% of the
manuscript and provided revisions. NA provided the figures and accompanying legends,

as well as revisions to the final manuscript. AMJS performed final edits as the senior



corresponding author. Part 2 provides new insights into newly defined regulated cell
death mechanisms that have been identified in other organ systems and we evaluate their
relevance in islet transplantation. The chapter is presented from a first-author manuscript
submission currently under peer-review in Cell Transplantation (Bruni A, Bornstein SR,
Linkermann A, and Shapiro AMJ), entitled Regulated Cell Death Through the Lens of
Islet Transplantation. My roles for this manuscript was designing and performing the
bibliographic review, writing 90% of the manuscript, as well as preparing figures and
tables. SRB provided critical review of the manuscript and revisions. AL performed final
edits as the co-senior corresponding author. I designed the manuscript and figure together
with AMJS. AMJS provided final edits and revisions as the senior corresponding author.
Chapter 2 seeks to evaluate the utility of a novel superoxide dismutase (SOD)
mimetic, BMX-001 in islet isolation and transplantation. The body of work examines the
impact of BMX-001 administration during murine organ procurement and 24-hour culture.
Given that islets exhibit reduced antioxidant defenses relative to other tissues, we aimed to
examine whether administration of BMX-001 could enhance in vitro islet viability, as well
as enhance engraftment outcomes in a murine, syngeneic marginal islet transplant model.
Based on our murine islet observations, we also cultured human islets with BMX-001 for
24 hours and evaluated engraftment outcomes in a marginal transplant model in
immunocompromised murine recipients. The work included in this chapter is currently
submitted with revisions to the American Journal of Transplantation (Bruni A, Pepper
AR, Pawlick RL, Gala-Lopez B, Gamble A, Kin T, Malcolm A, Jones C, Piganelli J,
Crapo J and Shapiro AMJ). My contribution in this research project was to perform 50%

of the murine pancreas distensions and islet isolation procedures, approximately 50% of
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the characterization of control and treated islets (recovery, viability and insulin release),
performing approximately 70% of the transplant procedures, animal monitoring and
assessment, performing all data analysis and writing 90% of the manuscript. ARP and
RLP performed the remaining 50% of pancreas distensions, islet isolations and
transplants. BGL and AG assisted with the in vitro characterization. TK performed all
human islet isolations. AM, CJ, JP and JC contributed study design and rationale. CJ, JP
and JC are collaborators from BioMimetix and they provided BMX-001 for pre-clinical
evaluation. All listed authors reviewed the manuscript and provided corrections. AMJS
designed and led the study performed, performed final edits to the manuscript as senior
corresponding author.

Chapter 3 further aims to elucidate the utility of BMX-001 specifically within the
context of a murine donation after circulatory death (DCD) islet isolation model. The
work included in this chapter was accepted for publication in Islets (Bruni A, Pepper AR,
Gala-Lopez BL, Pawlick RL, Abualhassan NS, Piganelli J, Crapo J and Shapiro AMJ;
Islets. 2016; 8(4): €1190058). My contribution in this research project was to participate
in performing 90% in vitro work, animal monitoring, performing all data analysis and
writing 90% of the manuscript. ARP, RLP, BG performed all islet isolations and
transplants, and review of the manuscript. NA assisted with the remaining in vitro work.
JP and JC are collaborators from BioMimetix, providing BMX-001 for pre-clinical
evaluation. All authors provided final review of the manuscript prior to submission. |
jointly designed the study together with AMJS, and AMIS performed final edits to the

manuscript as senior corresponding author.
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Chapter 4 explores the utility of a novel pan-caspase inhibitor, F573, in
improving in vitro islet viability as well as subsequent engraftment outcomes. While the
utility of anti-apoptotic inhibitors has been previously described, this work further
explores this compound in mouse and human islet transplantation in a syngeneic and
immune compromised model, respectively, while also exploring engraftment outcomes in
various sites of transplantation. Most notably, the administration of F573 augments islet
engraftment when transplanted into the modified subcutaneous space utilizing the device-
less technique. This work was published in Transplantation (Pepper AR, Bruni AB,
Pawlick RL, Gala-Lopez BL, and Shapiro AMJ; Transplantation 2017 Oct; 101(10):
2321-29). Building on my prior experience with subcutaneous islet transplantation and
interest in elucidating mechanisms associated with islet cell death, my role in this project
was to design 30% of the experiments, perform 30% of murine islet isolations, animal
monitoring, perform 50% of [IPGTTs and writing 50% of the manuscript. ARP designed
50% of the experiments, conducted in vitro TUNEL and caspase-3 assessment,
performed 50% of murine islet isolations and IPGTTs, as well as wrote 50% of the
manuscript. RLP and BGL assisted with islet isolations and transplants, as well as
provided final review of the manuscript. AMJS designed the study, as well as performed
final edits to the manuscript as senior corresponding author.

Chapter 5 delves into the identification of alternative regulated necrosis in human
islets. Ferroptosis has recently been classified as an iron-dependent form of non-apoptotic
cell death, and has been implicated in other organ systems, including renal-ischemia
reperfusion injury. Utilizing ferroptosis inducing agents, erastin and RSL3, we were able

to compromise islet viability, as well as insulin secretion in response to glucose in vitro.
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These effects were significantly diminished in the presence of the ferroptosis inhibitor
ferrostatin-1. This work is currently under peer-review in Cell Death and Disease (Bruni
AB, Pepper AR, Pawlick RL, Gala-Lopez B, Gamble A, Kin T, Bornstein SR,
Linkermann A and Shapiro AMJ). My contribution to this research project was to design
the experiments, perform 90% of in vitro assays, animal monitoring, data analysis and
writing 90% of the manuscript. ARP assisted with islet transplants, data analysis and
review of the manuscript. RLP and BGL assisted with islet transplants. AG assisted with
animal monitoring. TK performed all human islet isolations. SRB and AL performed
final edits to the manuscript. I designed this study together with AMJS. AMJS performed
final edits to the manuscript as senior corresponding author.

Chapter 6 provides an overview of the topics highlighted in this thesis. This
section incorporates a review of the literature with incorporated personal analyses of
interventional strategies in the various stages of islet isolation, culture and
transplantation to improve islet potency and function in the acute and peri-transplant
period to support long-term, durable engraftment. The chapter also highlights the future
of islet transplantation, including the use of alternative B-cell sources, strategies to
induce tolerance, as well as approaches to genetically reset the onset of type 1 diabetes
mellitus in newly diagnosed patients.

It is my anticipation that you find the work presented of interest and relevance.
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Abstract: Islet transplantation is a well-established therapeutic treatment for a subset of
patients with complicated type I diabetes mellitus. Prior to the Edmonton Protocol, only 9% of
the 267 islet transplant recipients since 1999 were insulin independent for =1 year. In 2000,
the Edmonton group reported the achievement of insulin independence in seven consecutive
patients, which in a collaborative team effort propagated expansion of clinical islet transplan-
tation centers worldwide in an effort to ameliorate the consequences of this disease. To date,
clinical islet transplantation has established improved success with insulin independence rates
up to 5 years post-transplant with minimal complications. In spite of marked clinical success,
donor availability and selection, engrafiment, and side effects of immunosuppression remain
as existing obstacles to be addressed to further improve this therapy. Clinical trials to improve
engraftment, the availability of insulin-producing cell sources, as well as alternative transplant
sites are currently under investigation to expand treatment. With ongoing experimental and clini-
cal studies, islet transplantation continues to be an exciting and attractive therapy to treat type |
diabetes mellitus with the prospect of shifting from a treatment for some to a cure for all.
Keywords: islet transplantation, type I diabetes mellitus, Edmoaton Protocol, engraftment,
immunosuppression

Introduction

Type 1 diabetes mellitus (T1DM) is a chronic, progressive autoimmune disorder char-
acterized by destruction of insulin-producing B-cells within the pancreatic islets of
Langerhans. Diabetes is a major source of morbidity and mortality due to progressive
chronic micro- and macrovascular complications. The discovery of insulin by Banting
et al has allowed diabetes to become a chronically manageable condition.** Today inten-
sive blood glucose monitoring and frequent daily administration of exogenous insulin
delays progression of microvascular diseases, including retinopathy and neuropathy,
but does not entirely prevent these complications.” Concerted efforts to ameliorate
the symptoms and complications of diabetes have spanned beyond administration of
exogenous insulin to restoration of B-cell mass through islet transplantation.

The pioneering experiments by Lacy and Kostianovsky provided the fundamental
means to introduce islet transplantation as an effective therapy to correct hyperglycemia
through the ability to isolate a sufficient number of metabolically active and intact islets
from rodent pancreata * While several authors reported correction of hyperglycemia in
diabetic mice using varied islet doses and success via the intraperitoneal route, Reckard
etalin 1973 were the first to effectively cure diabetes in a chemically induced model.*
Yet despite these successes, the same principles of isolation and purification could not

A version of this section was published as a Review in Diabetes, Metabolic
Syndrome and Obesity: Targets and Therapy 2016 Jun; (7): 211-23.
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1.1.1 - ABSTRACT

Islet transplantation is a well-established therapeutic treatment for a subset of
patients with complicated Type 1 diabetes mellitus (T1DM). Prior to the Edmonton
Protocol, only 9% of the 267 islet transplant recipients before 1999 were insulin
independent for >1 year. In 2000, the Edmonton group reported the achievement of
insulin independence in 7 consecutive patients, which in a collaborative team effort
propagated expansion of clinical islet transplantation centers worldwide in an effort to
ameliorate the consequences of this disease. To date, clinical islet transplantation has
established improved success with insulin independence at 5 years post-transplant with
minimal complications. In spite of marked clinical success, donor availability and
selection, engraftment, and side effects of immunosuppression remain existing obstacles
to be addressed to further improve this therapy. Clinical trials to improve engraftment,
the availability of insulin-producing cell sources, as well as alternative transplant sites
are currently under investigation to expand treatment. With on-going experimental and
clinical studies, islet transplantation continues to be an exciting and attractive therapy to

treat T1DM, with the prospect of shifting from a treatment for some to a cure for all.



1.1.2 - INTRODUCTION

Type 1 diabetes mellitus (TIDM) is a chronic, progressive autoimmune disorder
characterized by destruction of insulin-producing -cells within the pancreatic islets of
Langerhans. Diabetes is a major source of morbidity and mortality due to progressive
chronic micro- and macrovascular complications. The discovery of insulin by Banting,
Best, Collip and McLeod has allowed diabetes to become a chronically manageable
condition.'” Today intensive blood glucose monitoring and frequent daily
administration of exogenous insulin delays progression of microvascular diseases,
including retinopathy and neuropathy, but does not entirely prevent these
complications.’ Concerted effort to ameliorate the symptoms and complications of
diabetes have spanned beyond administration of exogenous insulin to restoration of -
cell mass through islet transplantation.

The pioneering experiments by Lacy et al. provided the fundamental means to
introduce islet transplantation as an effective therapy to correct hyperglycemia through
the ability to isolate a sufficient number of metabolically active and intact islets from
rodent pancreata.* While several authors reported correction of hyperglycemia in
diabetic mice using varied islet doses and success via the intraperitoneal route, Reckard
and Barker in 1973 were the first to effectively cure diabetes in a chemically induced
model.” Yet despite these successes, the same principles of isolation and purification
could not be applied to larger animals or humans, whose glands are more dense and
fibrous.°

Refinements in the methods of islet isolation and purification for islet

transplantation continued for decades with improved success in isolating significant



quantities of highly pure islet preparations. The intraductal injection of collagenase
proved an effective method for successful islet isolation from large animals and
humans®’ and modifications to this procedure progressed. However, the development of
the Ricordi chamber in 1988 introduced a semi-automated process that was instrumental
in consistently isolating and purifying large islet quantities.®® This method of islet
isolation, in conjunction with improvements in islet purification and transplantation
techniques, were paramount in the translation of islet transplantation from an
experimental concept to an efficient clinical treatment modality for a selected group of
patients suffering from T1DM.°

With a rising prevalence of TIDM and a limited supply of donor pancreata from
scarce organ donors, ongoing efforts are being made to improve islet isolation practices
and prevent islet loss, especially in the immediate post-transplant period through a series
of strategies.” Herein, we outline the current status of clinical islet transplantation, the
obstacles associated with this practice and strategies to improve islet transplantation
outcomes. Lastly, we introduce the prospect of modulating the immune system in an
attempt to abolish the onset of TIDM, to circumvent the necessity of the implementation

of therapeutic strategies including the administration of exogenous insulin.
1.1.3 — The evolution of clinical islet transplantation

Outcomes in clinical islet transplantation have progressed significantly since its
inception, in part due to improved islet manufacturing processes, coupled with more
effective induction and maintenance immunosuppression to protect against both auto-
and alloreactivity.'” Islet-alone transplantation has recently become an accepted practice

to stabilize frequent hypoglycemia or severe glycemic lability in highly selected subjects



with poor glycemic control."" While Lacy’s work established the liver as an ideal site for
islet transplantation'?, further work by Najarian et al. in 1977 reported the first
successful clinical islet transplant, paired with the administration of azathioprine and
corticosteroids."” In spite of these advancements, 9% of the 267 islet transplant
recipients before 1999 were insulin independent for >1 year.'* It was not until 2000 that
the ‘Edmonton Protocol’ reported insulin independence in seven consecutive T1D
patients over a median follow-up of 11.9 months with sustained C-peptide.'® Of
particular importance, patients had received at least two different islet transplants and a
mean islet mass of 13,000 IEQ/kg, as well as received a steroid-free immunosuppressive
regimen with anti-interleukin (IL)-2 receptor antagonist antibody therapy, daclizumab.
These results were pivotal in driving forward both interest and activity in clinical islet
transplantation over the subsequent decade, which through remarkable inter-center
collaboration, resulted in the expansion of islet transplantation programs in North

America and abroad."
1.1.4 — Current status of clinical islet transplantation

Over the last decade, over 750 islet transplants have been performed in over 30
International transplant centers. Without doubt, islet transplantation has evolved from an
experimental strategy to ameliorate the consequences of TIDM, to a recognized,
standard clinical therapy. The therapy is only suitable in its current form for patients
with unstable glycemic control that cannot be corrected by standard conventional and
intensive insulin therapies. Patients with good glycemic control, and children, are not
considered currently on account of a need for lifelong chronic immunosuppression. On

this account, a recent trial by Ly and colleagues reported that sensor-augmented pump



therapy with automated insulin suspension reduced the rate of moderate and severe
hypoglycemia, as well as impaired hypoglycemia awareness over a 6-month period in
trial participants. However, when compared to the standard insulin pump control group,
no change in glycosylated hemoglobin (HbA 1c) was observed.'® To the contrary, islet
transplantation has the ability to correct HbAlc to levels that can predictably reverse the
secondary consequences of diabetes.'” In a one-way crossover study conducted by
Thompson and colleagues, it was demonstrated that clinical islet transplantation was
more effective in reducing progression of diabetic retinopathy and nephropathy than
intensive medical therapy.'® To this extent, the lifelong need for immunosuppressive
therapy may be readily justified in this therapeutic setting.

In the most recent report released from the Collaborative Islet Transplant
Registry (CITR), 677 allogeneic islet transplants have been reported. Results from the
CITR indicate that 44% of recipients were insulin independent at three years post-
transplant in ‘new era’ of islet transplantation, year 2007 — 2010, as compared to 27% of
clinical islet transplant recipients in 1999 —2002.">"” Moreover, marked improvements
in clinical islet transplantation have been observed from 2007 — 2010, as evidenced by
retained C-peptide levels, reduction of HbA I¢ and reduced islet reinfusion rates.'® This
success, in part, can be attributed to shifts in immunosuppression strategies. However,
improvements to islet engraftment and subsequent survival are critical in achievement of

durable insulin-independence (Figure 1.1.1).



Islet Transplant Recipients per
Year Registered with CITR

= 80-
.2
g
é Edmonton
= 60 North America
=
g. B International
=
5 40-
k5
o
S 20
5
2
g
=
Z o- | | 1 | 1

OO NI OO DL OOA LSOO NI D

OO V' NV QO OV OV V" O NNNN

R RO O R RN

Year

Figure 1.1.1 Number of islet transplant recipients from 1999 — 2013 in Edmonton,
North America and International Islet Transplant Centers. 2010 CITR Seventh
Annual Report.15

This data is kindly reproduced with express permission from the 2010 CITR. At the time
of publication, reported data from 2010 — 2013 for North America and International Islet

Transplant Centers was not available.



Within North America, few islet transplant centers are currently active, despite
the substantial transplant activity of international islet transplant centers. This is
reflected in the classification of islet transplantation as an experimental therapy in the
United States, resulting in a lack of available funds to conduct and support large-scale
clinical trials. Two pivotal Phase III clinical trials conducted in specialized islet
transplantation centers through the Clinical Islet Transplant (CIT) Consortium (CIT-06
& CIT-07, Clinical Trials.gov NCT00468117 and NCT00434811, respectively), have
been established in an effort to support the FDA biological license application mandate.
Encouraging results from CIT-07 will indeed contribute to successful licensure, which
will inevitably recognize islet transplantation as a clinical therapy, expanding its
therapeutic benefit for patients with TIDM in the United States.

The University of Alberta’s Clinical Islet Transplant Program continues to be the
most active center participating within the CITR. In 2013 alone, 66 islet transplants
were conducted at the Edmonton site (Figure 1.1.1). The Edmonton group also reports
that of over 200 patients transplanted with more than 400 intraportal islet preparations,
79% of recipients continue to show full or partial islet graft function.® The median
duration of insulin independence is 34.6 and 11 months for subjects with full or partial
graft function, respectively, whereas the duration of C-peptide is 53.3 and 70.4 months,
respectively, for those same patients.”' >

Prior to the ‘Edmonton Protocol’, insulin independence was an uncommon
achievement. Though clinical success have improved markedly over the past 14 years,
further obstacles must be overcome if islet transplantation is to be more broadly applied

in the T1DM population. Such remaining challenges include expansion of the islet
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donor supply, improving islet isolation techniques, strategies to improve engraftment,
mediating the anti-inflammatory response post-transplant, and improving recipient
immunosuppression regimens. Several clinical trials are currently under active
investigation to address these obstacles in an attempt to improve this important therapy

(Table 1.1.1).
1.1.5 — Clinical islet transplantation: obstacles and refinements

1.1.5.1 — Donor selection and availability

The number of pancreas donors required to treat one recipient limits the number
of transplants that can occur. A component of islet transplantation that may improve
clinical outcomes is donor selection. Retrospective studies at single-centers have
identified several donor-related variables that may contribute to islet isolation outcomes.
These variables include donor age, cause of death, body mass index (BMI), cold
ischemia time, length of hospitalization, use of vasopressors, and blood glucose levels**
3! In most cases, a larger pancreas contains a larger B-cell mass, however, pancreas
weight is not a donor-selection criterion since a value cannot be obtained prior to

30,32
procurement”

. In a study analyzing data from 345 deceased donors, it was determined
that BMI correlates with pancreas weight, but body surface area is a better predictor of
pancreas weight than BMI*?. Several groups have indicated that BMI positively affects
islet yield®’, which leads many to consider BMI as an important donor factor influencing
islet isolation outcome.”*>° However, this view has led to the misconception that an
obese donor is a good candidate for successful islet isolation and transplantation. To

date, “optimal” pancreata are allocated for whole organ transplantation in most centers,

as this procedure has historically established success in single-donor transplant scenarios,
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though this procedure is not without inherent perioperative risks. Supporting this notion
is a recent report by Berney and Johnson who conclude that islet mass transplanted does
not unequivocally correlate with islet graft function; therefore argue that donor selection
criteria for islet transplantation, and hence allocation rules (pancreas for whole organ or
islet transplant), may need to be redefined.*

A scoring system based on donor characteristics that can predict islet isolation
outcomes was previously developed by O’Gorman and colleagues and has been an
instrumental tool in assessing whether a pancreas should be processed for islet
isolation™ *°. Though this tool has been sufficient in determining organs for islet
isolation, it does not predict islet transplant outcome. Similarly, other published studies
dealing with donor factors do not take transplant outcome into consideration.****">! A
prospective scoring system that takes both islet isolation and transplantation outcomes
into consideration would be more advantageous.

Expansion of organs available for islet transplantation can be made possible
through the use of donation after cardiac death (DCD) donors. The use of DCD donors,
compared to their brain dead counterparts, has varied results and may not be entirely
promising. Japan has extensive experiences with DCD donors for organ transplantation
and have optimized retrieval practices in these donors, as well as the Kyoto preservation
solution and the two-layer preservation method.>’ In a most recent report for islet
transplantation from DCD donors, overall graft survival was 76.5%, 47.1%, and 33.6%
at 1, 2, and 3 years, respectively. Moreover, corresponding graft survival after multiple
transplantations was 100%, 80.0%, and 57.1%, respectively. Islet transplant recipients

remained free from severe hypoglycemic episodes, while three achieved insulin
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independence for 14, 79, and 215 days.*® These encouraging results suggest the benefit
of DCD as an expanded organ source for islet transplantation, particularly in countries
where heart-beating donors may not be readily available, though strict release criteria

may be imperative to achieve desirable and consistent transplant outcomes.

1.1.5.2 — Pancreas digestion and islet isolation

Due to the multi-faceted composition of the pancreas, islet isolation from the
pancreas involves dissociation of islets from the exocrine pancreas by enzymatic
digestion combined with mechanical agitation. Successful islet transplantation is
initially contingent on the isolation of high islet yields, ensuring that this process inflicts
significantly minimal damage. Subsequent to isolation, islets are then purified by
density gradient centrifugation. To ensure optimal isolation will provide a sufficient islet
yield without compromising high purity, integrity, and viability, a critical balance of
composition, process, and duration of collagenase digestion is required important.*” The
enzymatic digestion process disrupts islet-to-exocrine tissue adhesive contact (Figure
1.1.2). Suboptimal collagenase composition leads to incomplete digestion of islets from
exocrine tissue along with reduced yield, decreased purity, increased duration of
collagenase exposure adversely affects within-islet cell to-cell adhesion, leading to loss
of islet integrity and viability. Thus, the use of highly pure and intact collagenase
preparations is desirable to isolate pure islets with the least possible damage to the islets
themselves.*’ The culturing of islets post-isolation is critical for their recovery from
isolation-induced damage, however this may be at the cost of impaired revascularization

subsequent to transplant, due to the loss of intra-islet endothelial cells during this culture
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period. Sufficient oxygen and nutrient supply is a primary aim of culture conditions for
human islet preparations. Moreover, the maintenance of the tri-dimensional islet cluster,
as well as preventing islet mass loss should also be accomplished during the culturing
phase. Though sufficient investigation of optimal culture conditions has occurred to date,
protocols have yet to be standardized, and culture conditions may vary between islet
isolation centers.*' Other considerations like media composition, seeding density and
incubation temperature play a significant role in maintaining viability and recovery.*!
Further to extracellular culture requirements, the use of slightly impure islet
preparations and co-culture with extracellular matrix components like collagen were
shown to enhance the viability and function of isolated islets.* In addition, islet co-
culture with pancreatic ductal epithelial cells were also shown to maintain islet viability
and function post-isolation.* An essential component of the extracellular matrix,
pancreatic ductal epithelial cells have been considered as putative stem cells for islets.
The cells have been shown to play a critical role in secreting appropriate growth factors
that support islet viability. In a pivotal study by Gatto et al., culturing techniques, like
long-term culture and cryopreservation, had a negative impact on the viability of human
islet preparations. These events were shown to be ameliorated when co-cultured with
ductal epithelial cells at 33°C.* It has also been established that co-culture of islets with
ductal epithelial cells assisted with the maintenance of structural integrity and prolonged
viability.*” Due to the conditions of the islet isolation procedure, islets become
disconnected from their blood supply. As a result, hypoxic events during culture impact
islet viability.***® Although it may be difficult to prevent a hypoxic condition of the

inner islet cell mass during in vitro culture, genetic modulation of islets to express genes
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that promote rapid revascularization upon transplantation and reduced culture time could
play an important role in preventing hypoxic damage to the islets.*’ Furthermore, the use
of chemical agents that attenuate the downstream effects of hypoxia during culture may
also be a feasible strategy to improve islet viability post-isolation and prior to

transplantation.

1.1.5.3 — Islet engraftment

After transplantation, to adequately survive and function, islets heavily depend
on the diffusion of oxygen and nutrients from the surrounding microenvironment. In
order to regain proper islet function, new capillaries and blood vessels develop from
their old capillary network. The new network derives from both, the recipient blood
vessels but also from the remnant donor islet endothelium. This revascularization
process may initiate as soon as 1 — 3 days post-transplant and may conclude round day
14.*® Multiple studies report the enormous stress to which the islets are exposed during
the first days after transplant.*****’ Multiple factors combine and contribute to apoptosis
and cell death, resulting in islet tissue loss of around 60%.**

Research efforts to improve intrahepatic islet delivery have 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

50,51

and specialized extracellular matrix.” > However, the hepatic portal vasculature can be

considered as a hostile environment that limits islet engraftment and function®>. Since
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many more islets must be transplanted to reverse diabetes, a significant portion of the
transplanted islets fails to engraft and become functional. It has been estimated that up
to 70% of the transplanted B-cell mass may be destroyed in the early post-transplant

period.
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(a) (b)

Figure 1.1.2 The islet isolation process.

(A) Highly specialized islet isolation facility. (B) Donor pancreas is cannulated and
distended with collagenase via the primary duct. (C) The pancreas is sectioned and
placed within the Ricordi chamber where it undergoes mechanical and enzymatic
digestion. (D) Brightfield microscope image of a highly purified islet preparation stained

with the zinc-chelator, dithizone.
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Table 1.1.1 Summary of current clinical trials with refinements in islet

transplantation. (Adapted from ClinicalTrials.gov at the time of publication)

Therapy in Adults With Early Onset TIDM

General Hospital

. e N Estimated
Category Trial ID Description Institution Completion Date
Islet Alone NCT00434811 | Tslet Transplantation in Type 1 Diabetes — Phase 3 (CIT-07) National Institute of Allergy May 2014
and Infectious Diseases
NCTO1123187 Islet Cell T.ransplantatlon in P_atlents With Type 1 Diabetes With University Hospital, Lille March 2015
Previous Kidney Transplantation
NCTO01241864 Islet Transplantation in Type 1 Diabetic Kidney Allograft University of Chicago December 2016
Islet Allotransplantation in Type 1 Diabetes: phase I trial . . .
Islet - Kidney NCT01705899 comparing Islet alone vs Islet After kidney transplantation Ohio State University May 2017
NCT00784966 Islet After Kidney Transplant for Type 1 Diabetes :/J;rigvl:rl;tgemmonwealth September 2017
NCT00468117 | Efficacy of Islet After Kidney Transplantation — Phase 3 (CIT-06) | \ational Institute of Allergy | pyo oo pei0g1g
and Infectious Diseases
NCT00790257 Safety and Efficacy Study of Encapsulated Human Islets Cliniques universitaires Saint
Allotransplantation to Treat Type 1 Diabetes (Subcutaneous Luc Université Catholique de December 2013
Space) Louvain
Alternative NCT01722682 Bone Marrow vs Liver as Site for Islet Transplantation Ospedale San Raffaele November 2014
Transplant
Sites A Phase I/II Study of the Safety and Efficacy of Sernova’s Cell
NCT01652911 Pouch™ For Therapeutic Islet Transplantation (Subcutaneous University of Alberta December 2014
Space)
Functional Survival of Beta Cell Allografts After Transplantation Zickenhuis Brussel /
NCT01379729 in the Peritoneal Cavity of Non-uremic Type 1 Diabetic Patients Ziekenhuizen Leuven May 2018
Belgium
Trial Comparing Metabolic Efficiency of Islet Graft to Intensive University Hospital,
NCTO1148680 Insulin Therapy for Type 1 Diabetes’s Treatment Grenoble December 2014
Complications
A Comparison of Islet Cell Transplantation With Medical Therapy . . .
NCT00853424 for the Treatment of Diabetic Eye Disease Unlvers{ty of British June 2015
Columbia
NCT00679042 | ISt Transplantation in Type I Diabetic Patients Using the University of Illinois December 2013
University of Illinois at Chicago Protocol
NCT00789308 Safety agd Effectiveness ofLow Molecular Weight Sulfated National Ipstltutg of Allergy August 2014
Dextran in Islet Transplantation and Infectious Diseases
NCT01817959 | Study to Assess Efficacy and Safety of Reparixin in Pancreatic Multi-Centers International November 2014
Islet Transplantation
NCT00530686 Pancreatic Islet Ce}.l Transplamat‘lun - A Novel Approach to Baylor Research Institute December 2014
Refined Portal Improve Islet Quality and Engraftment
ened rorta NCT01653899 Caspase Inhibition in Islet Transplantation University of Alberta June 2015
Vein Protocols ‘A Phase 2 Single Center Study of Islet Transplantation in N
NCT01897688 ase = sigle tenter Study of Islet transplantation in Ron- Northwestern University June 2015
uremic Diabetic Patients
NCTO01186562 Sitagliptin Therapy to Improve Outcomes After Islet University of Minnesota September 2015
Autotransplant
NCTO01630850 Islet Transplantation in Patients With (Brittle) Type 1 Diabetes University of Chicago June 2019
Allogeneic Islet Transplantation for the Treatment of Type 1 Assistance Publique -
NCT01974674 Diabetes (GRIIF) Hopitaux de Paris January 2021
NCT01909245 Islet Cell Transplant for Type 1 Diabetes (TCD) City of Hope Medical Center July 2021
NCT00646724 C(_)-trar'lsplan.tauon of Islet and Mesenchymal Stem Cell in Type 1 Fuzhou General Hospital January 2014
Diabetic Patients
Open-label Investigation of the Safety and Efficacy of
NCT01736228 DIABECELL in Patients With TIDM: Xenotransplantation of Living Cell Technologies December 2014
Alternative Encapsulated Porcine Islets into the Peritoneal Cavity
Cellular NCT01350219 Stem Cell Educator Therapy in Type 1 Diabetes T{anhe Stem Cell September 2014
Therapies Biotechnologies Inc.
P NCT01341899 Efficacy and Safety Study of Autologous Hematopoietic Stem Cell | Nanjing University Medical December 2015
Transplantation to Treat New Onset Type 1 Diabetes School
A Trial of High Dose Immunosuppression and Autologous University of Sao Paulo December 2016
NCT01285934 Hematopoietic Stem Cell Support Versus Intensive Insulin Y
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The culprit of this acute graft loss is the instant blood-mediated inflammatory
reaction (IBMIR), which negatively influences islet engraftment through expression of
tissue factor, resulting in platelet adherence, activation, clot formation and lymphocyte
recruitment.””* The direct impact of IBMIR on early loss of islet function and mass has
yet to be fully characterized. However, given that platelet activation is one of the
primary contributing factors in the generation of an inflammatory response, IBMIR is
most likely one of the key processes that elicits an early immune response.”*”* In a
study conducted by Korsgren and colleagues, it was demonstrated that IBMIR is
initiated upon intraportal infusion.” Specifically, in animal models and in recent clinical
reports, marked activation of coagulation has been noted after islet infusion, despite the
presence of heparin in the infusate.

During engraftment, transplanted islets are continuously exposed to
immunosuppressive drugs, including tacrolimus and sirolimus, which are known to
adversely impact B-cell survival and function.®” Taken together, 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

. . 1
in B-cell mass over time.’

1.1.5.4 — Alternative islet transplantation sites
Today, intrahepatic islet infusion via the portal vein, accounts for virtually all
clinical islet transplants conducted worldwide. While percutaneous portal vein infusion
offers a minimally invasive procedure, with the ability to regulate glycemic levels

through portal insulin delivery %, it is not without potential procedural risks such as
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portal thrombosis and bleeding.®® A significant amount of intraportal islet mass is lost
immediately post-transplant due to innate immune pathways involving platelet and
complement activation described above. As such, extrahepatic islet transplantation has
drawn focused attention recently to identify an optimal site to achieve sustained post-
transplant insulin independence.

An ideal engraftment site should provide an adequate space to accommodate a
large volume of transplanted islets, within close proximity to vascular networks
supplying sufficient oxygen and nutrients during the revascularization period. Moreover,
the site should prevent early islet loss due to host inflammatory reactions, while also
providing accessibility for transplantation procedures and retrievability, if necessary.**
The latter of which is paramount should insulin-producing stem cells therapies be
translated into clinical practice.

Numerous sites have been proposed and tested, both experimentally and in some
cases, clinically, including the liver, kidney subcapsule, spleen, pancreas, omentum,
gastrointestinal wall, immune privileged sites and subcutaneous spaces. While some
alternative sites may be advantageous in experimental models, their feasibility and
translation into clinical settings is limited to date. For example, when compared to
intraportal infusion in mice, a smaller islet mass is required to reverse hyperglycemia in
the renal subcapsular space.* Clinically, however, the subcapsular site is less
favorable, as a greater islet mass is required than intraportal infusion, as well as being
much more invasive surgically.®” Pepper et al. and Vériter et al. have summarized the
utility of alternative transplant sites in experimental models and their prospective

applicability to the clinical setting.®**
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Of the alternative transplant sites studied to date, the subcutaneous space may be
considered attractive for multiple reasons. The subcutaneous site offers accessibility,
and potential for biopsy access.®” Subcutaneous transplantation of islets have been
developed using alternative approaches including pre-implantation and vascularization
of subcutaneous devices, encapsulation of islets, or a combination of both approaches.®”
Subcutaneous devices can be easily implanted, accessed for subsequent transplantation,
as well as retrieved.®*’® The subcutaneous space is limited however by its poor blood
supply, which may considerably compromise islet function and engraftment.
Experimental studies support this notion, as prevascularized devices prior to
transplantation increased islet survival, as evidenced by improvements in

172 When immune-isolating devices are placed under the skin, they may

hyperglycemia.
require an enhanced oxygen-supply from an external source, as they are impermeable to
vascular ingrowth. Currently, this technology is being tested in preclinical and clinical
studies through the use of an implantable bioartificial pancreas.”””* Barkai and
colleagues have reported that enhanced subcutaneous bioartificial pancreas containing a
refillable oxygen reservoir was capable of maintaining islet function, as well as
demonstrating immunoprotective characteristics in allogeneic and xenogeneic models.”
Moreover, in an allogeneic human islet transplant setting using the same subcutaneous
device, the authors demonstrated prolonged graft function and regulated insulin
secretion without the need for immunosuppressive therapy’*. The prospect of such a
device is an attractive option in that it can be easily retrieved, reduces need for chronic

immune suppression and may expand the utility of insulin-producing cells from an

alternative supply, including stem cells and xenogeneic sources.
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While intraportal islet infusion has clinically demonstrated the ability to abrogate
T1DM, there continues to be an ongoing need to identify an alternative transplant site to
optimize long-term clinical outcomes. Experimental investigation has provided potential
alternatives to restore normoglycemia, although some approaches have suggested
technical and/or physiological limitations. Conversely, other extrahepatic sites may hold
promise in promoting -cell viability, restoration of indefinite normoglycemia, as well

as the prospect of eliminating immunosuppression in the allograft recipient.

1.1.5.5 — Improvements in immunosuppression

The ‘Edmonton Protocol’ established the immunosuppression scheme that
utilized the combination of sirolimus, low-dose tacrolimus and daclizumab, in an effort
to prevent the deleterious effects of calcineurin inhibitors and steroids.”” However,
insulin independence was not durable long-term, as most patients returned to modest
amounts of insulin despite the elimination of recurrent hypoglycemia, by 5 years post-
transplant, clearly indicating room for improvement.”® Undoubtedly, a primary
challenge to islet transplantation is the prevention of alloreactivity in addition to the
recurrence of autoimmunity against insulin producing B-cells.”®

It is unlikely that a monotherapy will optimize clinical islet transplantation
outcomes and lead to single-donor recipients, due to the multiple pathways known to
contribute to B-cell attrition, as well as the alloresponse to foreign antigens.”® The
implementation of highly potent and selective biological agents for the initiation and
maintenance of immunosuppression has made significant progress in reducing the

frequency of acute rejection, prolonging graft survival and minimizing the
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complications of these therapeutic schemes.’”’®

Improvements to single-donor success
rates were reported at the University of Minnesota through combining anti-inflammatory
biologics to maintenance immunosuppression. " In addition, peritransplant insulin
and heparin administration greatly increased the success rate of single-donor islet
transplants from 10 to 40%.*' Furthermore, the blockade of tumor necrosis factor-alpha
with etanercept also has also enhanced single-donor islet transplant outcomes. **™*

The clonal depletion of alloreactive T cells appears to promote a hyporesponsive
environment and peripheral mechanisms of anergy, thus driving the shift towards
tolerance **. Substantial improvements in long-term insulin independence (>5 years)
have been made possible through induction agents such as alemtuzumab in conjunction
with tacrolimus/mycophenolate mofetil (MMF) that drive the process of T-cell depletion
17 Combined immunosuppressive strategies have shown significant therapeutic benefit
as reported by Posselt and colleagues. In the absence of calcineurin inhibitors, co-
stimulation blockage using belatacept (inhibiting CD80-CD86 interactions) in
conjunction with T-cell depletion induction led to insulin independence with islets from
a single donor and prolonged allograft survival.®’

The long-term success of islet transplantation, in part, is contingent on the
successful establishment of an immunosuppressive regimen that promotes self-tolerance.
A tolerizing regimen that utilizes biologics and techniques that selectively target donor-

reactive T-cells while expanding populations of regulatory T cells, in an ‘islet friendly’

manner will undoubtedly lead to the definitive cure of TIDM.
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1.1.6 - Immunomodulation : A method to prevent TIDM?

While obstacles and risks associated with islet transplantation still exist,
alternative strategies to eliminate T1DM through immunomodulation have been
proposed in experimental and clinical settings. Investigation of such strategies has been
implemented in an effort to prevent the progression of B-cell destruction and clinical
disease onset, without the need to transplant islets to restore euglycemia. To effectively
establish such a feat would require identification of genetic, immunologic and metabolic
parameters linked to TIDM.*® Although extensive efforts have been made to identify
such markers, success in these studies has been limited.® This can be attributed to the
multi-component and heterogeneous immunologic response between patients that
renders single-component therapies useless in preventing disease onset.* The aim of
immunomodulation in T1DM, albeit through pharmacological or cellular replacement
therapies, is to enhance regulatory immune cells to restore self-tolerance or eliminate
pathogenic cells responsible for the destruction of pancreatic -cells.

Pharmacological approaches of immune modulation to date include antigen-
specific agents, as well as non-antigen specific agents. Examples of antigen-specific
immune therapies undergoing clinical investigation include glutamate decarboxylase
(GAD)65, as well as DiaPep227. GAD65 was identified over 20 years ago as an
autoantigen expressed in B-cells’’. Experimental and clinical studies have provided
some insight into this prospective pharmacological tool, though conflicting results have
been reported between animal and human trials. For example, GAD65 has been shown
to prevent the spontaneous onset of TIDM in non-obese diabetic mice’' %, while recent

human trials have established that immunization with GAD65 were ineffective in
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ameliorating p-cell destruction in patients with recent onset diabetes’ . A critical
component to these contradictory findings is the temporal relationship between
therapeutic administration and disease onset. In NOD mice, treatment occurred prior to
the onset of disease, while administration in humans occurred after the clinical
manifestation of the disease. Taken together, these observations emphasize the
importance of identifying markers for disease onset so that such therapies can be useful
in rescuing from disease.

An example of non-antigen specific pharmacological agents used as a
prospective immunomedulatory therapy is the use of teplizumab, an FcR non-binding
anti-CD3 monoclonal antiobody. FcR non-binding of anti-CD3 induces adaptive
regulatory T cells as evidenced from preclinical and clinical studies.”*”> Compelling
preclinical results in diabetic NOD mice elucidated prolonged remission of disease and
achievement of immunologic tolerance.”*®. Clinical trials further established a
protective effect on B-cell function for 1 to 2 years, however, protective effects
diminished and disease progression ensued.”” While this treatment may hold promise as
a potential combination therapy, side effects like reactivation of Epstein-Barr virus and
flu-like symptoms have been reported in some instances.”’

The evaluation of pharmacological agents as an immune intervention to prevent
residual B-cell loss and re-establish the autoimmune response has been evaluated in

many clinical trials.”*"'"!

Though these therapies showed an improvement in C-peptide
levels when compared to placebo groups, these effects were not maintained when

immunosuppressive therapies were discontinued. As a means to circumvent this event, a

pivotal study by Voltarelli and colleagues established a therapy of high-dose
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cyclophosphamide administration followed by autologous nonmyeloablative
hemoatopoeitic stem cell transplantation (AHST) in newly diagnosed T1DM patients.
The compelling results of this clinical trial established self-tolerance, as evidenced by
increased C-peptide levels and insulin independence in 93% of the study participants. It
should be noted, however, that the mechanism of tolerance in this instance is not fully
understood and cannot be definitively attributed to either T-regulatory suppression or

clonal deletion.'®?

While this study does show promise, the use of a potentially toxic
immunosuppressive agent like cyclophosphamide may not warrant this as a prospective
therapy to prevent T1DM due to long-term complications related to high-dose
cyclophosphamide. The goal to establish “immunological reset” to prevent -cell
destruction and the onset of TIDM is an attractive therapy that may be attainable with

the use of more safe and effective immunosuppressive therapies and anti-inflammatory

agents, paired with autologous stem cell transplantation.

1.1.7 - CONCLUSION

Undoubtedly, islet isolation and transplantation, introduction of the ‘Edmonton
Protocol” and subsequent important developments internationally have played a major
role in improving the results and activity in clinical islet transplantation. While islet
transplantation cannot currently be defined as a cure for T1DM, the therapy can offer
remarkable stability of glycemic control, correction of HbAlc, and an increasing
number of patients can enjoy sustained periods of complete independence from insulin.
Prevention of life-threatening hypoglycemia is a major advance that can often not be
sustained by optimized exogenous insulin therapy. In parallel to the strategies

implemented to overcome limitations associated with islet transplantation, alternative
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methods to drive self-tolerance and prevent the onset of TIDM are also under
investigation. Nevertheless, concerted efforts to improve the lives of those afflicted with

T1DM rapidly drive the transition from experimental research to clinical care.
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1.2.1 - ABSTRACT

Clinical islet transplantation effectively restores euglycemia and corrects
glycosylated hemoglobin in labile type 1 diabetes. Despite marked improvements in islet
transplantation outcomes, acute islet cell death remains a substantial obstacle that
compromises long-term engraftment outcomes. Multiple organ donors are routinely
required to achieve insulin independence. Therapeutic agents that ameliorate cell death
and/or control injury-related inflammatory cascades offer potential to improve islet
transplant success. Apoptotic cell death has been identified as a major contributor to
cellular demise and therapeutic strategies that subvert initiation and consequences of
apoptotic cell death have shown promise in pre-clinical models. Indeed, apoptosis has
been the most extensively described form of regulated cell death in numerous
pathologies and diseases. However, recent identification of novel, alternative regulated
cell death pathways in other disease states and solid organ transplantation suggest that
these additional pathways may also have substantial relevance in islet transplantation.
These regulated, non-apoptotic cell death pathways exhibit distinct biochemical
characteristics but have yet to be fully characterized within islet transplantation. We
review herein the various regulated cell death pathways and highlight their relative

potential contributions to islet viability, engraftment failure and islet dysfunction.
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1.2.2 - INTRODUCTION

Inroads in clinical islet transplantation have demonstrated repeatedly that this
therapy protects against hypoglycemia, corrects hemoglobin A1C, improves overall
glycemic control, and to a more variable degree can secure and maintain insulin
independence for periods of time. Studies by the Clinical Islet Transplant Consortium
(CIT) and a comprehensive Collaborative Islet Transplant Registry (CITR) strongly
endorse these findings.'” Several studies suggest that both pancreas and islet
transplantation may impede evolution of several long-term secondary complications
associated with typel diabetes mellitus (T1DM). However, despite marked
improvements in outcome over the past two decades, a consistent finding is that except
in highly selected series, multiple organ donors and a cumulative islet implant mass
>10,000 islet equivalents per kilogram recipient weight (IE/kg) are consistently
required.” While both auto- and allo-immune-mediated mechanisms clearly contribute to
long-term graft failure, mounting evidence strongly suggests that acute islet cell death in
the immediate and peri-transplant period severely compromises engraftment outcomes.
Islet transplantation is unique across organ transplantation as the complex enzymatic
process required to mechanically separate islets away from their extracellular matrix, the
purification and culture steps cumulatively result in injury. The subsequent
transplantation to the hypoxic, intrahepatic portal site and many days to establishment of
neovascularization render islets far more susceptible to injury than solid organ grafts.

Apoptosis is generally considered the primary form of regulated cell death,
mediating biological functions such as homeostasis, development and pathogenesis.*

Necrotic cell death was once considered as an all-encompassing, uncontrolled modality
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that occurred in response to unabated environmental triggers, hypoxia and physiological
stress, resulting in the release of intracellular contents of dying cells.’ Indeed, in
instances of extreme stimuli, such as high temperatures, resultant necrotic cell death can
occur in an accidental manner.® However, recent evidence has identified the existence of
several alternative forms of regulated cell death, collectively termed ‘regulated necrosis’
(RN), elicited by pathophysiological conditions that occur in a genetically controlled
fashion.® The recent identification of these cell death pathways has revealed non-
apoptotic mechanisms, some of which are caspase-independent, characterized by
morphologically and biochemically distinct events.” (Figure 1.2) In contrast to
apoptosis, which is immunologically silent at least in the initial phase, RN-pathways
inevitably release damage associated molecular patterns (DAMPs) when the plasma
membrane ruptures, and thereby trigger an inflammatory cascade. Whereas all RN-
pathways are to some extent immunogenic, active production of cytokines during the
death process modulates the immunogenic response and may provide an evolutionary
advantage to conserve different RN-subroutines.’ These pathways include, but are not
limited to, pyroptosis, ferroptosis, necroptosis and parthanatos. (Table 1.2.1)

Within the context of islet isolation and transplantation, our group has examined
several therapeutic interventions that truncate apoptotic cell death, either with pan-
caspase inhibitors or agents that ameliorate onset of apoptosis.>*'* The field of islet
transplantation has identified apoptosis as the primary culprit of programmed cell death
in experimental and clinical investigation."> Therapeutic strategies that dampen the
inflammatory response in the acute transplant period have also been employed with

considerable focus to subvert apoptotic cell death. With the emergence of recently
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defined, genetically and biochemically distinct pathways, re-examination of cell death
modalities that contribute to islet loss is warranted. Indeed, some of the mechanisms
attributed to the various regulated cell death pathways have been identified in B-cell
death and islet transplantation, yet these modalities have not been exclusively defined.
Herein, we discuss regulated cell death and its potential contributions to islet cell death
in islet transplantation, and highlight prospective interventional strategies to ameliorate

the consequences associated with islet loss.

1.2.3 - REGULATED CELL DEATH - IMPLICATIONS IN ISLET

TRANSPLANTATION

1.2.3.1 Caspase-Dependent Cell Death
1.2.3.1.1 Apoptosis
Once considered the only form of ‘programmed cell death’, apoptosis can be

triggered by multiple stimuli. A distinct set of cysteine proteases termed caspases, are
key mediators of apoptosis that become activated by pro-apoptotic stimuli.'* Activation
of initiator caspases (caspase-8 and -9) results in the downstream cleavage and further
activation of executioner caspases (caspase-3, -6 and -7) with subsequent cellular
morphological changes including DNA fragmentation and membrane blebbing. '
Apoptosis is considered the least immunogenic form of programmed cell death, as it
does not lead to plasma membrane rupture, however, it is not entirely immunologically
silent.*'°

Apoptosis can be triggered by extracellular (extrinsic) or intracellular (intrinsic)

cues. Binding of ligands to death receptors initiates the extrinsic pathway. Death

receptors are members of the tumor necrosis factor (TNF) superfamily, which includes
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TNF receptor-1 (TNFR1) and CD95 (also called Fas and APO-1)."” Ligand-receptor
binding (TNF-a to TNFR1) results in receptor clustering, adaptor molecule recruitment
(i.e. Fas-associated death domain; FADD), and the formation of the death-inducing
signaling complex (DISC). The initiator caspase, caspase-8, associates with the DISC
complex, where it is activated. Caspase-8 initiates apoptosis by cleaving and activating
executioner caspases.15 It is now clear, however, that the most important function of
caspase-8 is the prevention of necroptotic cell death.'”"’

Apoptosis has largely been identified as the primary form of programmed cell
death contributing to islet loss. Intrinsic cues, such as reactive oxygen species (ROS)
and hypoxia, as well as extrinsic cues, instant-blood mediated inflammatory reaction
(IBMIR) and inflammatory cytokine stimulation such as TNF-a and interleukin (IL)-1p,
have demonstrated ability to initiate the apoptotic cascade. Methods of mitigating
apoptosis activation in islets through inhibition of circulating inflammatory cytokines,
IL-1P and TNF-a, have demonstrated improved engraftment outcomes in the
experimental setting. In an immunocompromised murine model, human islet transplant
recipients synergistically administered IL-1f receptor agonist (Anakinra) and TNF-a
receptor fusion protein (Etanercept) exhibited improved islet engraftment outcomes.*
Islet grafts harvested 24 hours post-transplant exhibited reduced apoptosis levels, as
measured by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining, suggesting these agents mitigated activation of the extrinsic apoptotic pathway.
Interventional strategies aimed to inhibit caspase activation directly, thus preventing the
downstream apoptotic cascade have been utilized in the preclinical setting to improve

islet engraftment outcomes.
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Table 1.2.1 Regulated cell death pathways influenced by key mediators,

morphological characteristics associated with the cell death modality and their

immunogenic potential.

Regulated Cell Death Morphological
Key Mediator(s) Immunogenicity
Pathway Features
Initiator Caspases Nuclear chromatin
(Caspase-8 and -10 condensation
Apoptosis Absent
Executor Caspases Cellular shrinkage
(Caspase-3, -6 and -7) Membrane Blebbing
Cellular necrosis
Membrane rupture
Pyroptosis Caspase-1 and Caspase-11 +++
Release of IL-1b and
IL-18
Cellular necrosis
Ferroptosis GPX4 Unknown
membrane rupture
Cellular necrosis
Membrane rupture
Necroptosis RIPK3 +
Release of IL-33 and
CXCL1
Cellular necrosis
Parthanatos PARP1 Unknown

Membrane rupture

GPX4 - Glutathione peroxidase-4; PARP1 — poly(ADP-ribose) polymerase 1;
RIPK3 — Receptor-interacting protein kinase 3; + moderately immunogenic; +++

highly immunogenic
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Early generation pan-caspase-inhibitors, such as N-benzyloxycarbonyl-Val-Ala-Asp-
fluoromethyl ketone (zVAD-FMK) or N-benzyloxycarbonyl-Val-Asp-fluoromethyl
ketone (zZVD-FMK), have demonstrated the ability to augment islet graft survival and
long-term outcomes when administered systemically in the acute transplant period.*”’
When administered concomitantly with the co-stimulatory blockade agent, high affinity
CTLA-4Ig (Belatacept), zZVD-FMK enhanced islet engraftment outcomes in a murine
allotransplantation model.® The development of novel, potent inhibitors of caspases,
such as IDN-6556, have also demonstrated the ability to improve engraftment outcomes
using marginal islet doses in a murine syngeneic model and porcine autograft model.'"""
Most recently, our group demonstrated that the potent pan-caspase inhibitor, F573,
could effectively reduce the incidence of apoptosis in murine and human islets in vitro.
Furthermore, when administered to the recipient in the acute post-transplant period,
F573 was able to deter apoptosis and improve long-term marginal islet engraftment
outcomes in a murine transplant model. Most notably, the administration of F573 was
able to augment engraftment in the clinically relevant portal site, as well as under the
modified subcutaneous space.'?

The utility of pan-caspase and other inhibitors in islet transplantation has
identified apoptosis as a key player that influences islet viability and contributes to islet
engraftment outcomes. Therapeutic strategies aimed at reducing apoptosis have clearly
demonstrated efficacy pre-clinically and merits the utility of pan-caspase inhibitors as an
adjuvant clinical therapy in the acute transplant period. While these studies highlighted
the impact of apoptosis, most often overlooked other regulated cell death pathways and

impact upon islet engraftment. With identification of newly defined, biochemically
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distinct, regulated cell death pathways, alternative interventions should now also be
examined in islet transplantation to explore their potential as therapeutic targets for islet

protection in the translational clinical setting.

1.2.3.1.2 Pyroptosis
Pyroptosis is a caspase-dependent form of regulated cell death that is

biochemically and phenotypically distinct from apoptosis and other regulated necrosis
pathways. Dependent on caspase-1 and caspase-11, pyroptosis is unique from apoptosis
in that it does not require the activation of caspase-3, -7, -8 or -9.2' Activation of
caspase-1 or caspase-11 is reliant on the formation of multi-protein signaling complexes
termed inflammasomes that assemble in response to various stimuli, including
intracellular microbial ligands or cellular perturbations.”> While inflammasomes are
encompassed within three gene families, for the purpose of this review we will focus on
the Nod-like receptors (NLRs), more specifically NLRs that contain a pyrin domain
(PYD) that mediates the signaling event. The NLRs containing a PYD (NLRP) signal
through the apoptosis-associated speck-like protein containing a CARD (caspase-
associated recruitment domain) which is responsible for the recruitment of caspase-1.
Activation of caspase-1 or caspase-11 results in the maturation of the pyroptosis-specific
cytokines, IL-1P and IL-18, and in the cleavage of the pyroptosis-mediating molecule
gasdermin D (GSDMD) the translocation of which to the plasma membrane is required
for subsequent cell death and IL-1b/IL-18 release.'** Pyroptosis has largely been
implicated in the host’s innate defense against intracellular pathogens,”® however, it has

also been identified in the promotion of chronic liver injury.”*® Within the context of
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islet transplantation, pyroptosis has not been elucidated, although emerging evidence
suggests that mediators of pyroptosis may contribute to compromised B-cell function
and viability, particularly within the context of type 2 diabetes mellitus (T2DM), which
may have translational implications in islet transplantation.

Inflammation plays a critical role leading to B-cell dysfunction and death.**~° IL-
1B, a key inflammatory cytokine has also been implicated in type-2 diabetes mellitus.
Clinical studies inhibiting IL-1p either by IL-1 receptor antagonist (IL-1Ra) or IL-18
antibody, suggest improved glycemic control and B-cell function in type 2 diabetes
(T2DM).*'** Given that NLRP3 activation drives IL-1p secretion, it is at least plausible
that this inflammasome contributes to islet dysfunction and death. Islet amyloid
polypeptide, a protein that forms amyloid deposits in islets of patients with T2DM, has
demonstrated the capacity to trigger NLRP3 inflammasome activation and subsequent
maturation and secretion of IL-1B.*> Within the context of islet transplantation, amyloid
deposition in human islets has been observed as early as 2 weeks in an immune-
compromised murine transplant model.** Moreover, amyloid deposition was discovered
in liver sections at the time of autopsy in clinical patients that exhibited marginal graft
function at the time of death.'’>>® These findings suggest that amyloid deposition is not
restricted to patients with T2DM and may trigger NLRP3 activation in islet transplant
recipients, thus contributing to graft failure. Potter and colleagues revealed that human
in vitro islet viability was preserved when treated with a potent inhibitor of amyloid
formation.”” Ongoing studies will determine if caspase-1-specific inhibitors or NLRP3-
specific inhibitors can mitigate the deleterious effects associated with amyloid

deposition in islets. In previous studies employing pan-caspase inhibitors, pyroptosis
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may have also been impaired in tandem with apoptosis, since these inhibitors
indiscriminately inhibit multiple caspases, including caspase-1. Further studies
evaluating the role of inflammasome activation and pyroptosis in islet dysfunction and
death may play a critical role in identifying prospective therapeutic targets, thus

preserving islet function and viability.

1.2.3.2 - Caspase-Independent Regulated Cell Death — A Role in Islet
Transplantation?
1.2.3.2.1 — Ferroptosis

With the recent identification and expansion of cell death modalities in other
disease states, it is likely that islets are indeed susceptible to non-caspase-dependent,
regulated cell death mechanisms. Ferroptosis has recently emerged as a distinct form of
regulated cell death that is morphologically, biochemically, and genetically distinct from
apoptosis and alternative forms of regulated necrosis.”® Recently discovered using a
pharmacological approach, ferroptosis is defined by the iron-dependent accumulation of
lipid ROS.***? The accumulation of toxic lipid ROS can be initiated by the inhibition of
intracellular glutathione (GSH) synthesis or the GSH-dependent antioxidant enzyme,
glutathione peroxidase 4 (GPX4).”** In mammals, ferroptosis has recently been
implicated in numerous pathological conditions including stroke, traumatic brain injury,
ischemia-reperfusion injury and kidney degeneration, as well as degenerative diseases,
including Alzheimer’s and Huntington’s diseases.*' Despite its observations in such
pathologies, the discovery of ferroptosis occurred through a pharmacological

approach.” The first ferroptosis inducing compounds identified were erastin* and

52



RSL3*. Erastin, a small potent molecule, demonstrated the ability to induce ferroptosis
by selectively inhibiting the X cystine/glutamate antiporter required for GSH
biosynthesis.**** The depletion of intracellular GSH results in the accumulation of lipid-
based ROS molecules due to the impaired ability of the GSH-dependent, lipid repair
enzyme glutathione peroxidase 4 (GPX4).******* RSL3 has the ability to induce
ferroptosis by directly inhibiting the enzymatic activity of GPX4, with the biochemical
hallmarks of ferroptosis ensuing, including elevated lipid peroxides. GPX4 has been
implicated in models of ischemia-reperfusion-related diseases. Moreover, cancer cells in
a high-mesenchymal therapy-resistant cell state are dependent GPX4.*" Loss of GPX4
function in these resistant cell types are susceptible to ferroptosis-induced cell death
in vitro.*®

The role of ferroptosis has yet to be clearly defined in context to islet loss,
however, prior pre-clinical studies suggest that this regulated cell death pathway may
have implications in islet transplantation. As a tri-peptide, GSH is synthesized from
glutamate, cysteine and glycine, and has been implicated as a crucial antioxidant
alleviating oxidative stress in islets.*’ In the presence of lipid peroxidation byproducts,
islets exhibit impaired glucose-induced insulin secretion.”® When elevated in p-cells,
fatty acids impair insulin gene expression, glucose-stimulated insulin secretion, and
increase cell death.*’ The administration of GSH precursors have demonstrated
improved insulin secretion in response to glucose, as well as reduce lipid peroxidation

21,50,51
levels.

Koulajian ef al. demonstrated improved in vitro and in vivo B-cell function
in islets over-expressing GPX4 in the presence of lipid peroxidation products,>® further

substantiating the necessity to deter lipid peroxidation for improved islet function. Most
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recently, our group has revealed that human islets exposed to the ferroptosis-inducing
agents, erastin and RSL3, exhibit compromised islet function and viability. When islets
were pre-treated with the ferroptosis-specific inhibitor, ferrostatin-1, the affects of
erastin and RSL3 were abolished (unpublished data). These results suggest that islets are
indeed susceptible to ferroptosis, at least in part, through pharmacological induction.
The utility of inhibitors of ferroptosis capable of reducing intracellular lipid
peroxidation may be attractive therapies to employ in islet isolation and
transplantation.’®

Given that ferroptosis requires abundant and accessible cellular iron, iron
chelators, such desferrioxamine (DFO) have demonstrated the ability to protect from
ferroptosis in other disease models.** Since DFO has led to improved islet function and
engraftment outcomes, ferroptosis likely plays at least some role in in islet injury after
isolation and transplantation. In murine islet transplant models, DFO-treated islets and
recipients exhibit improved engraftment outcomes due to preserved islet mass*>°
Furthermore, Vaithilingam et al demonstrated that encapsulated human islets cultured in
the presence of DFO exhibited enhanced insulin secretion relative to non-treated control
islets. DFO-treated islets restored euglycemia in immunocompromised NOD/SCID
recipients at marginal doses relative to control islet recipients.”® While ferroptosis was
not identified as the cell death modality contributing to reduced islet function or
engraftment, this regulated cell death pathway had yet to be defined.

Within the context of islet isolation and transplantation, the relative contribution
of ferroptosis has yet to be fully elucidated, however, prior preclinical observations has

revealed that key contributors to ferroptosis, such as increased lipid peroxidation, iron
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accumulation and compromised GPX4 function, contribute to cellular demise.
Interventional strategies, such as ferrostatins or newer potent longer-acting inhibitors of
ferroptosis may potentially mitigate islet lipid peroxidation, improve islet function and
thereby preserve islet mass. This newly identified regulated cell death pathway has
garnered much interest in other disease pathologies and organ systems, and its role in

islet transplantation is being actively investigated.

1.2.3.2.2 — Necroptosis

Necroptosis is a newly identified form of regulated necrosis induced by ligand
binding to death receptors, TNF-receptor 1 (TNFR1) and Fas, Toll-like receptors
(TLRs) or intracellular receptors such as DNA-dependent activator of IFN-regulatory
factors (DAI). Emerging evidence suggests that TNF binding to TNFR1 in concomitant
inhibition of caspase-8 through pan-caspase inhibition (such as, zZVAD-FMK) induces
necroptosis.’’ The upstream signaling elements of apoptosis and necroptosis are shared,
and hence are tightly regulated. While TNFR1-induced apoptosis requires the activation
of caspase-8, necroptosis requires caspase-8 function to be inhibited or disrupted.”® The
necroptosis signaling cascade requires the involvement of receptor interaction protein
kinase 1 and 3 (RIPK1 and RIPK3, respectively). Subsequent RIPK3-mediated
phosphorylation of mixed lineage kinase domain-like protein (MLKL) results in plasma
membrane rupture, though the mechanism of MLKL-plasma membrane rupture remains
unknown.® However, it is now clear that the ESCRT-3 complex is downstream of
pMLKL and facilitates for plasma membrane rupture.'’ Early work identifying the

embryonic lethality of caspase-8-null genes in mice led researchers to believe that
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apoptosis was a process required for vertebrate viability.”® Further investigation
reversing the lethal phenotype of caspase-8-deficient mice on a RIPK3-deficient
background revealed other functions of caspase-8, not just as a mediator of the apoptotic
pathway, but also as a key controller of RIPK3."*% These observations revealed that
the primary function of caspase-8 was not solely for the execution of extrinsic apoptosis,
but also in mediating the prevention of RIPK3-dependent necroptosis.’®

In various whole organ murine transplant models, the role of RIPK3 has been
identified as an important mediator of necroptosis. For example, Pavlosky et al
demonstrated delayed graft rejection when hearts from RIPK3-deficient mice were
transplanted in rapamycin-immunosuppressed recipients when compared to mice
receiving wild-type hearts.®’ In a kidney transplant model void of immunosuppression,
kidneys from RIPK3-deficient C57Bl/6 mice transplanted into Balb/c recipients
exhibited improved organ function and overall survival, in comparison to wild-type
kidney recipients.®*® Given the importance of RIPK3 as a therapeutic target in whole
organ transplantation, further investigation certainly permits the determination of
necroptosis in islet transplantation.

Given that TNF-a has demonstrated to be toxic to B-cells, it is plausible that
necroptosis contributes to islet cell death in islet transplantation. An initial study by
Farney et al demonstrated benefit of TNF-a blockade in a murine syngeneic islet
transplant model.®* Subsequently, in a single-donor clinical transplant protocol utilizing
Etanercept, a TNF-a fusion protein, Hering et al. achieved insulin independence in all 8
patients transplanted.® Bellin ef al. also revealed that islet transplant recipients

receiving an induction therapy T-cell depleting antibodies with TNF-a-inhibition (TNF-
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a-1) exhibited significantly improved insulin-independence rates up to 5 years post-
transplant than recipients who did not receive TNF-a-i, regardless of maintenance
immunosuppression.®® Though these findings do not specifically address whether
necroptosis or apoptosis account for TNF-a-induced -cell death, this clearly merits
comprehensive further delineation in experimental islet transplantation.

As previously noted, our laboratory examined the concerted administration of
anti-inflammatory agents Etanercept and the IL-1 receptor agonist (IL-1Ra) Anakinra in
a murine syngeneic islet transplant model, as well as in a human islet
immunocompromised murine model.*’ The results from this study revealed that when
administered alone, these agents could not augment engraftment outcomes in either
model. However, when administered together, a significant proportion of islet transplant
recipients became euglycemic as compared to non-treated control recipients. In the
clinical setting, Matsumoto and colleagues achieved single-donor success in 3 islet
transplant patients receiving Etanercept and Anakinra in a sirolimus-free
immunosuppression regimen.®’

While pre-clinical and clinical studies utilizing these anti-inflammatory agents
suggest the role of reducing apoptosis to confer engraftment efficacy, it seems likely that
necroptosis was also ameliorated in this setting. During necroptosis, IL-1a is actively
produced.®® Given that IL-1a and IL-1f bind to the same cell-surface receptor, and that
Anakinra demonstrates the ability to prevent IL-1a and IL-1p activity,” it is plausible
that the administration of Anakinra may have ameliorated the consequences of

necroptosis.
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The release of intracellular danger-associated molecular patterns (DAMPs) from
dying cells into the extracellular milieu has been identified as a downstream event
associated with necroptosis, and other regulated necrosis pathways.”””" In normal
conditions, high-mobility group box 1 (HMGBI1) has been associated with DNA
winding and promotes protein assembly.”> However, HMGBI has also been implicated
as a DAMP.” A novel classification of DAMPs has recently been introduced.”*”” In a
study by Itoh and colleagues, greater HMGBI release from human and mouse islets
correlated with poorer islet engraftment outcomes.’® Matsumoto et al further
corroborated these experimental findings in a clinical autotransplantation model.”’
Peredes-Juarez et al. further established that when cultured in low oxygen conditions,
human islets exhibit robust HMGBI1 release into the extracellular milieu in vitro. In
parallel, treatment with necrostatin-1 (Nec-1), a once perceived inhibitor of necroptosis,
revealed the ability to significantly reduce HMGBI release in islets.”” When islets were
challenged with nitric oxide, Tamura and colleagues revealed the release of HMGBI, as
well as compromised islet viability, which could be completely abrogated in the
presence of Nec-1.”® (Table 2) A caveat to these studies in pinpointing necroptosis as a
defined cell death modality in islets is that Nec-1 has demonstrated the ability to
potently inhibit necroptosis and ferroptosis.”® Therefore, these results, and others
employing Nec-1 to confer cytoprotection in islets, permits further evaluation to
effectively delineate the contribution of necroptosis and/or ferroptosis in islet cell death.
This can be accomplished through utilizing necroptosis-specific inhibitors, like Nec-1
stable (Nec-1s), which may truly elucidate the role of necroptosis in solid organ and

prospectively, islet transplantation.
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1.2.3.2.3 — Parthanatos

The over-activation of poly(ADP-ribose) polymerase 1 (PARP1) triggers
parthanatos, a regulated necrosis pathway that has been implicated in neurodegenerative
disorders, such as Parkinson’s disease.” PARP1 has been shown to be involved in DNA
repair, chromosome stability and the inflammatory response.* Moreover, while other
isoforms of PARP have been identified, namely PARP2 and PARP3, specific inhibition
of PARPI solely prevents parthanatos. PARP1 activity has been demonstrated in
response to stimuli, such as DNA damage and ROS production.® Under oxidative stress,
activated PARP1 consumes NAD+, depleting cellular ATP, leading to eventual
cellular energy collapse. PARP1 hyperactivation results in the translocation of
apoptosis-inducing factor (AIF) from mitochondria to the nucleus, fragmenting
DNA.* Given that islet viability is susceptible to both stimuli, it is conceivable that
parthanatos may play a role in -cell loss.

Murine studies have revealed that mice deficient in PARP1 exhibit resistance to

83,84

single-bolus treatment of streptozotocin (STZ), ™" a known B-cell toxin that induces

DNA damage through alkylation.* ™ Further work has also revealed that inhibition of
PARPI1 protects islets against free radical- and cytokine-mediated islet damage.*”*’
Islets deficient in PARP1 have also been associated with reduced cytokine and
endotoxin signaling, as evidenced by reduced NF-kB activation and its inflammatory
gene targets, such as inducible nitric oxide (NO) synthase (iNOS).” Andreone et al
revealed that islets isolated from PARP1-deficient mice prevented islet cell death when

exposed to inflammatory cytokines, IL-1f and interferon (IFN)-y, suggesting a role of

parthanatos in inflammatory injury to islets.”’ In a study by Heller et al, islets pre-treated
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with the PARP1 inhibitor, 3-aminobenzamide, were partially protected when
subsequently challenged with NO or ROS, further supporting a role of PARP1 in islet
cell death’' (Table 2). As a contributor to islet cell death, PARP1 and other molecular

targets in this pathway may serve as important opportunities for intervention.
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Figure 1.2.1 Regulated cell death signaling pathways.

Regulated cell death pathways may be differentiated by their dependence on caspase
activity. Apoptosis, a caspase-dependent regulated cell death pathway, can be initiated
by extrinsic or intrinsic cellular cues. Death receptor (DR) binding from appropriate
signals, including TNF-q, initiates the extrinsic pathway. Alternatively, internal signals,
including hypoxia and ROS, activate the intrinsic pathway. Both pathways converge on
caspase-3 activation and result in morphological changes, such as plasma membrane
blebbing. Since membrane integrity is conserved during apoptosis, this cell death
modality is nonimmunogenic. Pyroptosis, a caspase-dependent form of regulated cell
death requires the formation of multi-protein complexes, termed inflammasomes which
results in the activation of caspase-1 or caspase-11. Caspase-1 activation results in the
activation and secretion of the pro-inflammatory cytokines IL-1f and IL-18. As such,
pyroptosis is an immunogenic form of regulated cell death. Regulated necrosis pathways
are caspase-independent forms of immunogenic cell death with distinct biochemical
features. Ferroptosis results in the accumulation of lipid peroxides as a result of
glutathione depletion and inhibition of GPx4. Necroptosis can be initiated by DR-ligand
binding resulting in the activation of RIPK1 and RIPK3 with subsequent
phosphorylation of MLKL. Parthanatos is triggered by diverse stimuli, including ROS
production, resulting in the hyperactivation of PARP1 resulting in the prospective
release of AIF. AIF, apoptosis-inducing factor; GPx4, Glutathione peroxidase 4; IL —
interleukin; MOMP, mitochondrial outer membrane Permeabilization; PARPI,
Poly(ADP-ribose) polymerase 1; pMLKL, phosphorylated mixed lineage kinase

domain-like protein; RIPK, receptor-interacting serine/threonine-protein kinase.
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Table 1.2.2. Relevance of regulated cell death pathway in islet isolation and

transplantation.
Regulated Evidence in Islet | Known Inhibitor(s) of Reference
Cell Death Transplantation Islet Cell Death
Pathway
EP1013 3,8,9,10, 11,
zVAD-FMK 12
Apoptosis +++ zVD-FMK
IDN-6556
F573
Pyroptosis + TBD
Ferroptosis ? Ferrostatin-1 Unpublished
Necroptosis + Necrostatin-1 73,78
Parthanatos + Nicotinamide 87, 88
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1.2.4 - CROSS-TALK BETWEEN REGULATED CELL DEATH PATHWAYS

As described above, there are numerous regulated necrosis pathways that can be
triggered by several molecular pathways. As such, there is considerable cross-talk
between components in different forms of these pathways. For example, RIPK3 has
been implicated in the processing of pro-IL-1f as a result of promoting the NLRP3
inflammasome, independent of necroptotic cell death.”” Regulated cell death
mechanisms have also been implicated in chronic kidney injury, as inflammasome

27,92
92 Moreover, Nec-1 has also

activation and pyroptosis has been demonstrated to occur.
demonstrated the capacity to inhibit ferroptosis, prospectively suggesting implications in
off-target, to be determined mechanisms.” Within the context of islet transplantation,

cross talk of the various regulated cell death pathways has yet to be fully elucidated. It is
conceivable that multiple regulated pathways can contribute to islet dysfunction and cell
death, given that islets are susceptible to numerous stimuli that act as key contributors to

the various regulated cell death mechanisms. Elucidating key molecules contributing to

islet demise will prove crucial for the development of therapeutic treatments.
1.2.5 - CONCLUSION

Despite substantial advances in clinical islet transplantation over the past two
decades, islet loss in the acute and peri-transplant period remains a substantial obstacle
to long-term success. As such, single-donor transplant success rates still remain elusive
for the majority of islet recipients. Therapeutic strategies to ameliorate islet cell death in
the acute and peri-transplant period provide an attractive approach to preserve early islet

mass, potentially improving long-term engraftment outcomes. Apoptosis has been
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identified in numerous pathological conditions and transplant settings, including islet
transplantation. Numerous pre-clinical and clinical strategies have been employed to
ameliorate the deleterious events associated with apoptosis. However, recent research
endeavors have identified other notable, regulated cell death modalities that are
genetically and biochemically distinct from apoptosis. The identification of such
regulated necrosis pathways, including but not limited to, ferroptosis and necroptosis,
exhibit distinct biochemical hallmarks with defined molecular machinery contributing to
cellular demise.

Our detailed review of published literature reveals that hallmarks of various
regulated cell death pathways contribute to islet B-cell death, but these pathways have
not been fully characterized to date. Studies aimed to identify the key contributors of
ferroptosis, necroptosis, and other regulated necrotic pathways may be new and exciting
arenas to explore in islet transplantation. The key molecules identified in these regulated
cell death modalities may be ideal targets for therapeutic intervention in the early
isolation and acute transplant period. With the potential crosstalk of these cell death
modalities, employing a single therapy to abate early islet death either post-isolation or
in the acute transplant period may be of limited benefit. A multi-therapeutic approach is
likely required, as targeted inhibition of some molecules may drive the incidence of
other cell death pathways. Insights in pre-clinical and clinical investigations have
revealed that a multi-therapeutic strategy to combat various biochemical pathways may
be imperative to improve single-donor engraftment outcomes. The administration of
these drugs to multiorgan donors and subsequently to transplant recipients may also

have considerable implications in supporting islet viability and deterring the onset of
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islet cell death. The window at which these drugs are administered will likely be
attributed to the time at which these regulated cell death processes occur, as well as the
homeostatic importance of these pathways in the host. The efficacy of any interventions
aimed at controlling regulated cell death will depend heavily on their half-life and
durability of action. It will also be important to establish that any of these new target
therapeutics do not have direct toxicity to islet beta cells, or to the engraftment and
neovascularization process. Emerging evidence of alternative, regulated cell death
pathways in other pathological conditions will continue to garner relevance in islet
transplantation. However, elucidating the mechanisms that contribute to islet death in
islet transplantation will be of much benefit to ameliorate graft attrition thus improving
long-term engraftment outcomes.

The results from this thesis reveal that the administration of therapeutic agents
during organ procurement and/or islet culture preserve pre-transplant islet function and
improve engraftment in murine transplant models. Further work elucidating the
application of these agents may warrant their utility in the clinical setting as adjuvant

therapies to enhance single-donor islet engraftment outcomes.
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2.1 - ABSTRACT

Islet transplantation has become a well-established therapy for select patients suffering
from type 1 diabetes. Viability and engraftment can be compromised by the generation
of oxidative stress encountered during isolation and culture.

We evaluate whether administration of BMX-001, and its earlier derivative, BMX-010
could improve islet function and engraftment outcomes. Long-term culture of human
islets with BMX-001, but not BMX-010, exhibited preserved in vitro viability. Murine
islets isolated and cultured for 24 hours with 34uM BMX-001 exhibited improved
insulin secretion (n=3 isolations, p<0.05) in response to glucose relative to control islets.
34uM BMX-001-supplemented murine islets exhibited significantly reduced apoptosis
as indicated by TUNEL, compared to non-treated control islets (p<0.05). Murine
syngeneic islets transplanted under the kidney capsule (KC) at a marginal dose of 150
islets, revealed 57.9% of 34uM BMX-001-treated islet recipients became euglycemic
(n=11 of 19) as compared to 19% of non-treated control islet recipients (n=3 of 19,
p<0.05). 92.3% of murine recipients receiving a marginal dose of human islets cultured
with 34uM BMX-001 (n=12 of 13) achieved euglycemia compared to 57.1% of control
recipients (n=8 of 14, p=0.11). These results demonstrate that the administration of
BMX-001 enhances in vitro viability and augments murine marginal islet mass

engraftment.
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2.2 - INTRODUCTION

In select patients, islet cell transplantation has become an attractive clinical
therapy to restore glycemic control and ameliorate the secondary complications
associated with type 1 diabetes mellitus (T1DM).' The ‘Edmonton Protocol’ by Shapiro
and colleagues in 2000 was the first to achieve sustainable insulin independence up to
one year post-islet transplant in seven consecutive patients, owing in part, to more
potent immunosuppressive drugs, the avoidance of corticosteroids, as well as higher
quality islet preparations.” Despite initial successes, five year follow-up revealed that
insulin independence was not durable, as most patients returned to moderate exogenous
insulin administration, albeit with 80% of patients maintaining C-peptide.” Within recent
years, inroads in clinical islet transplantation have improved long-term transplantation
outcomes, including but not limited to the introduction of selective and potent
therapeutic agents in the initiation and maintenance of immunosuppression.”

Improvements in clinical islet transplantation have translated to 5-year insulin
independence rates matching that of whole pancreas transplantation.” However, the
sustainability of insulin independence in most patients requires multiple islet infusions,
with single-donor insulin-independence being accomplished at few centers world-wide.°
Results from a recent multicenter, single-arm phase I1I study completed by the Clinical
Islet Transplant Consortium revealed 87.5% and 71% of participants at 1 year and 2
year follow-ups, respectively, exhibited restoration of glycemic control and
hypoglycemic awareness when receiving one to two islet infusions.” Considerable
evidence suggests that islet function and viability can be compromised during organ

procurement, islet isolation and culture, thus contributing to islet cell death,

&3



consequently compromising long-term engraftment outcomes.®'° The events
contributing to cellular demise during procurement and isolation have been attributed, at
least in part, to oxidative stress, the imbalance between free radical production and
antioxidant availability.'' Compared to other tissues within the body, islets exhibit
reduced inherent antioxidant expression, including manganese superoxide dismutase
(MnSOD)."*"* As such, islets are considerably susceptible to the deleterious events
associated with oxidative stress, including impaired -cell metabolic function and islet
loss."" Accordingly, strategies to augment endogenous antioxidant expression by
utilizing therapeutic agents have been undertaken to mitigate events associated with
oxidative stress thus promoting islet survivability and engraftment. Recent strategies
have included natural antioxidants, such as red ginseng and anthocyanin, to improve
islet viability in vitro, as well as improve engraftment in rodent transplant models.'*"
Alternatively, the efficacy of low-molecular-weight, metalloporphyrin MnSOD mimics
have gained considerable interest due to their ability to dismutate superoxide with a high
rate constant.'®!” Previous studies evaluating early-generation metalloporphyrin
MnSOD mimics demonstrated an inhibition of NF-kB activation and preservation of
islet mass in vivo in diabetic mice.'""®'"” However, the translation of early generation
MnSODs in islet isolation and transplantation have yet to confer significant benefit in
the clinical setting.” Subsequent generation of a newly synthesized, more potent,
MnSOD, MnTnBuOE-2-PyP” [Mn(III) meso-tetrakis(N-b-butoxyethylpyridinium-2-
yl)porphyrin (BMX-001), has demonstrated the ability to reduce the generation of

reactive oxygen species (ROS) in a murine donation after circulatory death islet
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transplantation model, thus supporting further investigation of MnSODs in islet isolation
and transplantation preclinical models.*’

Herein, we examined whether the administration of a novel, redox-active
metalloporphyrin, BMX-001 could confer greater cytoprotection than the earlier
generation MnSOD, BMX-010, in human islets. We also evaluate whether
administration of BMX-001 during organ procurement and islet culture could preserve
in vitro islet function and subsequent engraftment outcomes in a syngeneic, marginal
murine transplant model. We further evaluated whether human islets supplemented with
BMX-001 could improve engraftment outcomes in an immunecompromised murine

transplant model.

2.3 - MATERIALS AND METHODS

2.3.1 - BMX-010 and BMX-001

The metalloporphyrin SOD-mimetics, BMX-010 (Manganese (IIT) Meso-
Tetrakis-(N-Methylpyridinium-2-yl)porphyrin and BMX-001 (MnTnBuOE-2-
PyP>"Mn(III) meso-tetrakis(N-b-butoxyethylpyridinium-2-yl)porphyrin) were obtained
from BioMimetix Inc. (Denver, Colorado, USA). A stock preparation of | mM BMX-
010 and BMX-001 was prepared by dissolving each drug in phosphate buffered saline

(PBS).

2.3.2 — Human islet culture and in vitro assessment

Human islets were prepared by the Clinical Islet Laboratory at Alberta Health

Services. Deceased donor pancreata were processed for islet isolation with appropriate
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ethical approval and consent obtained from next-of-kin of the donor. Islets were isolated
from 5 donor pancreata, implementing a modified Ricordi technique ****. Studies were
conducted with permission granted by the Health Research Ethics Board of the
University of Alberta, Edmonton, Alberta, Canada. For long-term in vitro viability
assessment, human islets were counted and subsequently distributed into standard
culture media supplemented with 0 (Control), 34uM BMX-010 or 34uM BMX-001 and
cultured for 7 days at 37°C and 5% COa,. For in vivo transplant studies, human islets
were cultured in standard culture media = 34uM BMX-001 for 24 hours at 37°C and 5%
CO,. Standard culture media consists of Connaught Medical Research Laboratories
(CMRL-1066, Mediatech, Manassas, VA, USA) supplemented with fetal bovine serum
(10%), L-glutamine (100 mg/1), penicillin (112 kU/1), streptomycin (112 mg/l) and

HEPES (25 mmol/l) at pH 7.4.

2.3.3 — Mouse islet isolation

Pancreatic islets were isolated from 8 to 12 week old male BALB/c mice
(Jackson Laboratories, Canada). Animals were housed under conventional conditions
having access to food and water ad libitum. Mouse care was in accordance with the
guidelines approved by the Canadian Council on Animal Care. Prior to pancreatectomy,
the common bile duct was cannulated with a 30G needle and the pancreas was distended
with 0.125 mg/mL cold Liberase TL Research Grade enzyme (Roche Diagnostics, Laval,
QC, CA) in Hank’s Balanced Salt Solution (Sigma-Aldrich Canada Co., Oakville, ON,
CA) supplemented with 0 (Control), 10 or 34uM BMX-001. Islets were isolated by
digesting the pancreases in a 50ml Falcon tube placed in a 37°C water bath for 14

minutes with light agitation. Following the pancreatic digestion phase, islets were
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purified using histopaque-density gradient centrifugation (1.108, 1.083 and 1.069 g/mL,

Sigma-Aldrich Canada Co., Oakville, ON, Canada).

2.3.4 — Mouse islet yield and culture

Immediately post-isolation, islets from each group were harvested to determine
islet yield. Islet isolation yield is expressed as total number of islets isolated per
pancreas (islets/pancreas). Immediately post-isolation, islets were either assessed for in
vitro viability and function or cultured for 24 hours at 37°C/5% CO, in standard
Connaught Medical Research Laboratories (CMRL)-1066 medium supplemented with
10% fetal bovine serum, L-glutamine (100mg/1), penicillin (112kU/1 units),
streptomycin (112mg/l), HEPES (25mmol/l), nicotinamide (10mM), sodium pyruvate

(5mM), and additionally supplemented with 0 (Control), 10 or 34uM BMX-001.

2.3.5 — Murine islet insulin secretion assessment

Subsequent to 24-hour culture (D), islets from each culture condition were
handpicked (50 islets per group in triplicate) and subjected to static glucose-stimulated
insulin secretion (sGSIS) or dynamic insulin perifusion. For sGSIS, each islet replicate
was incubated in a 15 ml Falcon tube in 6ml of RPMI-1640 containing low glucose (2.8
mmol/L) for one hour at 37°C. Islets were washed three times in glucose-free RPMI-
1640, and incubated in 6 ml of RPMI containing high glucose (16.7 mmol/L) for an
additional hour at 37°C. Subsequent to each glucose challenge, cell-free supernatants
were harvested and stored at -20°C. Insulin was quantified by enzyme-linked

immunosorbent assay (ELISA) (Mercodia, Uppsala, Sweden). Data is represented as
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insulin secretion (pg/L) and as stimulation index (SI) (ratio of insulin secreted in

response to high glucose/insulin secreted in response to low glucose).

2.3.6 — Apoptosis analysis

For murine islets, apoptosis was assessed between treatment groups in islets
harvested 24 hours post-culture. For human islets, apoptosis was assessed between
groups in islets harvested for 7 days. Apoptosis was assayed in all islets groups using a
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining
(DeadEnd Apoptosis Detection System, Promega, Madison, WI), following formalin
fixation (10%), agar embedding, processing, paraffinizing and sectioning. In addition to
TUNEL staining, islets were co-stained with insulin and DAPI. Subsequent to
deparaffinization, islet sections were washed with phosphate buffered saline (PBS)
supplemented 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) for 2 hours. 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)
for 1 hour at room temperature. Samples were rinsed with PBS and counter stained with
DAPI in anti-fade mounting medium (ProLong®, LifeTechnologies). Samples were
protected from light and stored overnight at 4°C until microscopy. Using a fluorescent
microscope, the resulting microphotographs were taken using the appropriate filter with

AxioVision imaging software.
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Islet apoptosis was quantified as a percentage of positive-TUNEL staining nuclei per
islet (+TUNEL/Total Nuclei) using ImageJ software (freeware ImageJ v1.33 and Cell

Counter plug-in, both downloaded from the NIH website [http://rsb.info.nih.gov/ij]).

2.3.7 — Percent islet recovery

For murine studies, subsequent to 24-hour culture, islets were harvested and
counted to determine islet recovery post-culture. For human islet studies, islets were
harvested 7 days post-culture. Percent islet recovery was determined as the ratio of total
islets harvested 24 hours post-culture relative to the number of islets harvested

immediately post-isolation.

2.3.8 — Membrane integrity

Mouse Islet viability was assessed immediately after isolation and 24 hours post-
culture for control, 10, and 34uM BMX-001 supplemented islets. Human islets were
harvested 7 days post-culture and membrane integrity was assessed 7 days post-culture.
Simultaneous staining of live and dead cells using a membrane integrity fluorescence
assay (SytoGreen 13 and ethidium bromide, Invitrogen, Oregon, USA) was used to
determine islet viability. The percentage of viable cells is expressed for each sample on

the day of isolation (Do) and 24 hours post-culture (D).

2.3.9 — Diabetes induction and islet transplantation

One week prior to transplantation, recipient mice, either BALB/c (syngeneic

studies) or B6-RAG™ (B6.129S7-Rag1™°™/J) (human islet studies), were rendered
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diabetic by chemical induction with intraperitoneal streptozotocin (Sigma-Aldrich
Canada Co., Oakville, ON, Canada), at 200 mg/kg or 180 mg/kg, respectively, in acetate
phosphate buffer, pH 4.5. Diabetes was confirmed when two consecutive daily blood
glucose levels exceeded 15 mmol/L. For mouse islet transplants, islets were harvested
24 hours post-culture from CMRL media supplemented with 0, 10 or 34uM BMX-001
and were transplanted under the kidney capsule (KC) at a marginal dose of 150 islets +
10%, with a purity of approximately 95%, per diabetic recipient. For human islet
transplants, 24 hours post-culture + 34uM BMX-001 media supplementation, islets were
counted and transplanted under the KC at a marginal islet dose of 750 islet equivalents
(= 10%) per diabetic recipient. In both transplant models, islets were aspirated into
polyethylene (PE-50) tubing using a micro-syringe, and centrifuged into a pellet suitable
for transplantation. Immediately prior to transplantation, all recipients received a 0.1
mg/kg subcutaneous bolus of buprenorphine. A left lateral paralumbar incision was

made and the left kidney delivered. The KC was incised and the islets were infused.

2.3.10 — Evaluation of islet graft function

Non-fasting blood glucose measurements (mmol/L) were assessed three times
weekly using a portable glucometer (FreeStyle InsuLinx, Abbott Diabetes Care Ltd.,
Oxon, UK) in the three transplant groups tested. Graft function and reversal of diabetes
was defined as two consecutive readings <11.1 mmol/L and maintained until study
completion. Intraperitoneal glucose tolerance tests (IPGTTs) were conducted 60 days
post-transplant in all islet transplant recipients. Mice were fasted overnight prior to

receiving an intraperitoneal 25% glucose bolus (3g/kg). Blood glucose levels were

90



evaluated at baseline (time 0), 15, 30, 60, 90 and 120 minutes post-injection. Blood
glucose area under the curve (Blood glucose AUC) was calculated and analyzed
between transplant groups. At the time of study completion, islet-bearing kidney grafts
were retrieved by recovery nephrectomy. For euglycemic recipients, non-fasting blood
glucose measurements were monitored up to 7 days subsequent to graft removal to

confirm a return to hyperglycemia.

2.3.11 — Pro-inflammatory assessment and caspase-3 activation

Mouse islet-bearing kidney grafts (3 recipients per group receiving 150 islets
each) were harvested 24 hours post-transplant to determine pro-inflammatory cytokine
concentrations and cleaved caspase-3 activation. Islet grafts were excised and stored at -
80°C until assessment. Tissue samples were subsequently lysed in acid buffer as
reported previously ». Pro-inflammatory cytokines and chemokines interferon (IFN)-y,
interleukin (IL)-1B, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, keratinocyte
chemoattractant, and tumor necrosis factor (TNF)-a were measured using a
Prolnflammatory Panel 1 V-Plex kit and analyzed on a SECTOR Imager (Meso Scale
Discovery®, Gaithersburg, MD, USA). Results are normalized per gram of tissue (pg/g
tissue). Cytosolic cleaved caspase-3 activation was determined according to the
manufacturer’s specifications for protease activity by the addition of a caspase-specific
peptide conjugated to the color reporter substrate p-nitroaniline (BF3100; R&D
Systems, Minneapolis, MN). Caspase activity was quantified spectrophotometrically at
405nm. Results are expressed as absorbance normalized per gram of tissue (Abs/g

tissue).
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2.3.11 — Statistical analysis

Mean insulin secretion, glucose stimulation index, non-fasting daily blood
glucose, IPGTT blood glucose responses, blood glucose area under the curve (AUC) and
percent apoptosis data are represented as the mean + standard error of mean (s.e.m.).
Comparison between mean absolute insulin secretion in low and high glucose within
groups was conducted by paired student’s t-test. The difference between mean
stimulation index values was conducted by one-way ANOVA. Tukey’s post-hoc tests
were used following the analysis of variances for multiple comparisons between study
groups. Kaplan-Meier survival function curves were compared using the log-rank

statistical method (Mantel-Cox). p<0.05 was considered significant.

2.4 - RESULTS

2.4.1 - BMX-001, but not BMX-010, reduces apoptosis in human islets cultured for
7 days

To determine the cytoprotective effects of BMX-010 and/or BMX-001, human
islets harvested 7 days post-culture were assessed for apoptosis via terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. Control islets
exhibited a significantly greater number of apoptotic cells (65.5 £ 4.3%) relative to islets
cultured in the presence of 34uM BMX-001 (52.7 £ 2.3%) (p<0.05, One-way ANOVA)
(Figure 2.1A,B). Islets cultured in the presence of 34uM BMX-010 exhibited no
significant difference relative to non-treated control islets (61.3 £+ 3.1%) (p>0.05, One-

way ANOVA). BMX-010 and BMX-001 did not affect islet yield or islet recovery 7
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days post-culture. Percent islet recovery for control islets cultured in standard media
(41.0 £ 8.9%) was comparable to islets cultured in media supplemented with 34uM
BMX-010 (53.6 = 6.5%). Islets cultured in the presence of 34uM BMX-001 exhibited a
trend towards increased recovery (71.2 £ 12.5%)(p>0.05, one-way ANOVA) (Figure
2.1C). Islet viability, as assessed by dual-fluorescence staining revealed no discernable
difference between groups 7 days post-culture. (Control: 67.5 = 9.1 vs. 34uM BMX-
010: 45.4+5.7 vs. 34uM BMX-001: 55.8 £ 9.2, p>0.05, one-way ANOVA) (Figure

2.1D).

2.4.2 — Mouse islets supplemented with BMX-001 exhibit improved function 24
hours post-culture

Islets harvested 24-hours post-culture were assessed for function by static
glucose stimulated insulin secretion (sGSIS). The insulin secretory capacity in response
to glucose challenge in islets was assessed 24 hours post-culture. All islet groups
exhibited an in vitro physiological response to extracellular glucose challenge as
exhibited by insulin secretion. However, islets isolated and cultured in the presence of
34uM BMX-001 exhibited a significant elevation in mean insulin secretion when
challenged with high glucose relative to low glucose (34uM BMX-001 low glucose: 9.6
+ 1.9 pg/L vs. high glucose: 33.2 + 7.4 pg/L; p<0.05, paired t-test) (Figure 2.2A).
Stimulation index (SI) assessment revealed a dose-dependent enhanced insulin response
with significance achieved in islets supplemented with 34uM BMX-001 (Control SI: 2.1
+ 0.4 vs 10uM BMX-001 SI: 3.3 + 0.8; p>0.05, One-way ANOVA) (Control SI: 2.1 £

0.4 vs 34uM BMX-001 SI: 4.1 £ 0.5; p<0.05, One-way ANOVA, n=3 islet preparations
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tested in triplicate) (Figure 2.2B). When assessed for insulin secretion via dynamic
insulin perifusion assay, no statistical difference was observed between culture groups

(one-way ANOVA; Figure 2.2 C & D).

2.4.3 — 24-hour culture with BMX-001 reduces murine islet apoptosis

Murine islets harvested 24 hours post-culture in standard culture conditions or
supplemented with 10 or 34uM BMX-001 were assessed histologically for apoptosis by
TUNEL. Control islets exhibited a significantly greater number of apoptotic cells (9.64
+ 1.40%) relative to islets cultured in the presence of 34uM BMX-001 (2.72 £ 0.4%)
(p<0.05, One-way ANOVA) (Figure 2.3A,B). Islets cultured in the presence of 10uM
BMX-001 exhibited no significant difference relative to non-treated control islets (9.90
+ 1.4%) (p>0.05, One-way ANOVA), but were significantly higher than 34pM BMX-

001-treated islets (p<0.05, One-way ANOVA).

2.4.4 — Isolation and culture with BMX-001 is non-toxic to mouse islets

The administration of 10 or 34uM BMX-001 during islet isolation did not
enhance islet yield immediately post-isolation. For standard control isolation conditions,
198.8 + 33.2 islets/pancreas was achieved. Similarly, for islets isolated in the presence
of 10 or 34uM BMX-001, 208.5 + 28.8 and 183.8 + 25.6, islets/pancreas, respectively
(p>0.05) (Figure 2.4A). When harvested 24 hours post-culture, percent islet recovery
for control islets cultured in standard media (71.1 + 11.4%) was comparable to islets
cultured in media supplemented with 10uM BMX-001 (68.9 + 17.0%). Islet recovery for

34uM BMX-001-cultured islets exhibited a trend towards increased percent recovery
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relative to control (88.8 + 3.4%) (p>0.05) (Figure 2.4B). Islet viability, as assessed by
dual-fluorescence staining revealed no discernable difference between groups on the day
of isolation (Do) (Control Dy: 94.4 + 0.4 vs. 10uM BMX-001 Dy: 96.8 £ 1.1 vs. 34uM
BMX-001 Dy: 95.2 + 0.6, p>0.05, one-way ANOVA) (Figure 2.4C). Similarly, when
harvested 24 hours post-culture (D,), no difference in membrane integrity staining was
observed between groups (Control D;: 95.8 + 0.2% vs. 10uM BMX-001 D;: 93.5 +

4.6% vs. 34uM BMX-001 Dy: 99.0 + 0.5%, p>0.05, one-way ANOVA) (Figure 2.4C).

2.4.5 - BMX-001 augments long-term murine syngeneic islet engraftment

To determine whether the administration of BMX-001 during organ procurement
and culture could improve islet engraftment, marginal, syngeneic islet transplants were
conducted in STZ-induced diabetic BALB/c recipients. Subsequent to 24-hour culture,
150 islets from media supplemented with 0 (control), 10 or 34uM BMX-001 were
transplanted under the renal capsule of diabetic recipients. Of the control islet recipients,
3 of 19 (15.8%) mice became euglycemic subsequent to transplant. Conversely, a
significantly higher proportion of recipients transplanted with islets isolated and cultured
in the presence of 10uM BMX-001, 10 of 19 (52.6%) and 34uM BMX-001, 11 of 19
(57.9%), respectively, became euglycemic post-transplant (log-rank, p<0.05 and p<0.01,
respectively) (Figure 2.5A). Both BMX-001 treatment groups exhibited an overall
reduced daily non-fasting blood glucose profile compared to control-islet recipients
(Figure 2.5B). Recipients in all groups reverted back to hyperglycemia upon graft

recovery nephrectomy, thus confirming graft-dependent euglycemia.
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Figure 2.1 (A — B). Comparison of human islet viability 7 days post-culture with
BMX-010 or BMX-001.

(A) Representative fluorescent microphotographs of islets stained for insulin (red),
TUNEL (apoptosis) (green) and nuclei (blue). Data from 5 human islet preparations,
triplicate samples per isolation. Data represented as mean + SEM.

(B) 7 days post-culture, human islets cultured in BMX-001 exhibit significantly

reduced TUNEL-positive cells relative to control islets (*p<0.05, one-way ANOVA).
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Figure 2.1 (C — D). Comparison of human islet viability 7 days post-culture with
BMX-010 or BMX-001.

(C) Percent islet recovery was similar between groups (p>0.05, one-way ANOVA). (D)
Percent viability, as assessed by dual-fluorescence membrane integrity staining, reveals
no discernable difference between groups on 7 days post-culture (p>0.05, one-way
ANOVA). Data from 5 human islet preparations, triplicate samples per isolation. Data

represented as mean + SEM.
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Figure 2.2. Evaluation of in vitro insulin secretion in murine islets harvested 24
hours post-culture.

(A) 24 hours post-culture, 34uM BMX-001-treated islets exhibit a significant increase in
insulin secretion in response to high glucose relative to low glucose when assessed by
sGSIS. (B) 34uM BMX-001-treated islets exhibit improved insulin-secretory capacity in
response to glucose challenge relative to control islets as represented by stimulation
index (*p<0.05, one-way ANOVA, n=3 isolations, triplicate samples per isolation). Data

represented as mean + SEM.
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Figure 2.3. Evaluation of apoptosis subsequent to 24-hour culture in control and
BMX-001 supplemented islets.

(A) Representative fluorescent microphotographs of islets stained for insulin (red),
TUNEL (apoptosis) (green) and nuclei (blue). Data is from three isolations with
triplicate samples per isolation. Data represented as mean + SEM. Percentage of (B)
TUNEL-positive cells in islets harvested 24-hours post-culture. (Data points represent
mean = SEM, n=9/group, **p<0.01, one-way ANOVA). Data represented as mean =+

SEM.
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Figure 2.4. Evaluation of islet yield, islet recovery and membrane integrity.

(A) Islets isolated in the presence of 0 (control; black), 10 (red) and 34uM (blue) BMX-
001 exhibited no discernable difference in islet yield per pancreas (p>0.05, one-way
ANOVA). (B) Percent islet recovery, the number of surviving islets 24 hours post-
culture relative to number of islets isolated, was similar between groups (p>0.05, one-
way ANOVA). (C) Percent viability, as assessed by dual-fluorescence membrane
integrity staining, reveals no discernable difference between groups on the day of
isolation (Dy) or 24 hours post-culture (D;) (p>0.05, one-way ANOVA). Data is from

three isolations with triplicate samples per isolation. Data represented as mean = SEM.
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Figure 2.5. BMX-001 improves marginal, syngeneic murine islet mass engraftment.
(A) Percent euglycemia of syngeneic, marginal transplant recipients receiving islets
supplemented with 10uM BMX-001 (red, n=19) and 34uM BMX-001 (blue, n=19) were
significantly higher than control transplant recipients (black, n=19) recipients 60 days
post-transplant (*p<0.05, **p<0.01, log-rank). (B) Non-fasting blood glucose
measurements of marginal, islet recipients post-transplant. Euglycemic recipients
maintained glycemic control throughout the duration of engraftment until graft retrieval
(arrow). Dashed line exhibits range of normoglycemia (<11.1 mmol/L). Data

represented as mean = SEM per group.
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2.4.6 — Glucose tolerance testing

Intraperitoneal glucose tolerance testing (IPGTT) was performed on euglycemic
syngeneic islet transplant recipients 60 days post-transplant. Recipients transplanted
with islets pre-treated with 0 (n=3), 10 (n=10) or 34uM BMX-001 (n=11) exhibited
varying responses to dextrose bolus. Notably, 10uM and 34uM BMX-001-treated islet
recipients exhibited a dose-dependent return to euglycemia at 120 minutes post-dextrose
infusion subsequent to glucose challenge (Figure 2.6A). Blood glucose mean area under
the curve (AUC) for control and 10uM BMX-001-treated islet recipients was elevated
relative to non-diabetic mice, albeit non-significantly (AUC Control: 1777 = 201.5
mmol/L/120 min) relative to 10uM BMX-001 (AUC: 1801 £ 123.7 mmol/L/120 min),
34uM BMX-001 (AUC: 1571 + 118.6 mmol/L/120 min) and non-diabetic naive mice

(AUC: 1049 £ 95.7 mmol/L/120 min) (One-way ANOVA, p>0.05) (Figure 2.6B).

2.4.7 - BMX-001 does not alter pro-Inflammatory cytokine or caspase-3 activation
24 hours post-transplant

To determine whether pre-treatment of murine islets with BMX-001 reduced
pro-inflammatory and apoptotic events post-transplant, islet-bearing grafts from all
groups (n=3 grafts per group) were harvested from diabetic recipients 24 hours post-
transplant and assessed for pro-inflammatory cytokines and caspase-3 activation.
Among the three groups, 34uM BMX-001 islet-bearing grafts exhibited a trend towards
reduced levels of inflammatory cytokines which did not reach statistical significance;
notably, IFN-y (Control: 0.97 = 0.07 vs. 10uM BMX-001: 0.97 £ 0.05 vs. 34uM BMX-

001: 0.80 £ 0.03) and IL-1P (Control: 1.83 £ 0.11 vs. 10uM BMX-001: 1.41 £ 0.19 vs.
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34uM BMX-001: 1.68 + 0.07) (Figure 2.7A,B). There was no discernable difference in
cytokine levels for IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, keratinocyte
chemoattractant, and tumor necrosis factor (TNF)-a between groups. Similarly, caspase-
3 activation in grafts harvested 24 hours post-transplant revealed non-significant
differences among transplant groups (Control: 1.83 = 0.11 vs. 10uM BMX-001: 1.41 +

0.19 vs. 34uM BMX-001: 1.68 £ 0.07, p>0.05, one-way ANOVA) (Figure 2.7C).

2.4.8 — Evaluation of long-term human islet engraftment

To further evaluate whether BMX-001 could improve engraftment outcomes
with human islets supplemented with or without BMX-001 in immunecompromised
mice, recipients were transplanted with a marginal transplant dose of 750 IE under the
KC. The average human islet purity for the transplant preparations utilized in this study
was 48.8% (n=5 pancreata). Euglycemia was achieved in 8 of 14 (57.1%) control islet
recipients. Conversely, a greater, albeit insignificant proportion of recipients
transplanted with islets cultured with 34uM BMX-001 (12 of 13; 92.3%) achieved
euglycemia subsequent to transplantation (log-rank, p=0.11) (Figure 2.8A). Mean non-
fasting blood glucose profiles for recipients receiving BMX-001-supplemented human
islets exhibited reduced daily non-fasting blood glucose profile relative to their non-
treated counterparts (Figure 2.8B). Islet-bearing recovery nephrectomy in euglycemic
recipients revealed a return to hyperglycemia, thus confirming graft-dependent glycemic

control post-transplant.
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Figure 2.6. Intraperitoneal glucose tolerance test (IPGTT) of syngeneic, marginal
islet mass recipients transplanted with control, 10 or 34pM BMX-001-treated islets
60 days post-transplant.

(A) Blood glucose profile post-dextrose bolus of control (black, n=3), 10uM BMX-001
(red, n=10), 34uM BMX-001 (blue, n=11) islet recipients and non-diabetic, naive mice
(n=5). (B) IPGTT blood glucose AUC profiles of euglycemic recipients 60 days post-
transplant. Mice were administered 3mg/kg 25%dextrose i.p. Blood glucose
measurements were monitored at t=0, 15, 30, 60, 90 and 120 minutes. Data represented

as mean = SEM per group.
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Figure 2.7. Pro-inflammatory cytokine profile and caspase-3 activation of islet-
bearing kidney grafts harvested 24-hours post-transplant.

(A) IFN-y cytokine profile of islet-bearing grafts harvested from control (black), 10
(red) and 34pM-treated islets (blue). (B) IL-1p cytokine profile of islet-bearing grafts
harvested from control (black), 10 (red) and 34puM-treated islets (blue). (C) Activated
caspase-3 profile of islet-bearing grafts harvested from control (black), 10 (red) and
34uM-treated islets (blue). No statistically significant difference is observed between

groups. Data represented as mean = SEM per group.
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Figure 2.8. Evaluation of human islets supplemented with BMX-001 in
immunecompromised mice.

(A) Percent euglycemia of human marginal islet (750 IE) transplant recipients receiving
islets supplemented with 34uM BMX-001 (blue, n=13) were modestly higher than
control transplant recipients (black, n=14) recipients 60 days post-transplant (p=0.08).
(B) Non-fasting blood glucose measurements of marginal, human islet recipients post-
transplant. Euglycemic recipients maintained glycemic control throughout the duration
of engraftment until graft retrieval (arrow). Dashed line indicates range of

normoglycemia (<11.1 mmol/L). Data represented as mean + SEM per group.
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2.5 - DISCUSSION

Endogenous antioxidant systems play a critical role in the redox modulation of
free radicals. The imbalance between the generation of free radicals and native
antioxidant expression, favoring the former, results in cytotoxic oxidative stress. Due to
their inherently reduced expression of antioxidants, such as superoxide dismutase,
catalase, and glutathione peroxidase, islets have increased susceptibility to the
deleterious events associated with oxidative stress.”®” Islets experience various stresses
during isolation and culture that results in cellular redox imbalance and subsequent cell
death.” Incorporation of soluble reagents capable of increasing islet antioxidant
defenses to ameliorate the consequences of oxidative stress, including the generation of
ROS have been shown to have positive effects on islet survival and engraftment.”®
Early-generation metalloporphyrin MnSOD mimics have also been introduced in
experimental islet transplantation as a means to abrogate these injurious events, promote
survivability and augment islet engraftment.'*’

In the current study, we first investigated whether long-term culture of human
islets in the presence of metalloporphyrin MnSOD mimics, BMX-010 or BMX-001
could confer cytoprotection in vitro. At the time of assessment, BMX-010 was under
clinical investigation, and the development of the next generation MnSOD mimic,
BMX-001, was made available with little pre-clinical efficacy evaluation. We utilized a
dose of both drugs that mimics endogenous physiological SOD levels expressed in islets
(34uM), which revealed long-term islets cultured in BMX-001 exhibited improved
viability as assessed by TUNEL, while TUNEL levels were indiscernible between

control and BMX-010-treated human islets."”
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Given that BMX-001 conferred significant cytoprotection relative to BMX-010
in pre-clinical long-term human islet culture, we sought to further evaluate if the
administration of BMX-001 during islet isolation and 24-hour culture could improve
islet yield, recovery and in vitro function, as well as promote improved engraftment in a
syngeneic, marginal transplantation model. Since BMX-001 was presumed to be more
potent than earlier metalloporphyrin analogs as a result of lipid-soluble structural
characteristics, we also sought to determine if a lower dose, 10uM, could confer
adequate cytoprotection and improve in vivo outcomes. To simulate its prospective
application in the clinical setting, the compound was introduced during murine pancreas
enzymatic distension, digestion, cold storage and culture media supplementation but was
not delivered to transplant recipients.”

Administration of either BMX-001 dose during islet isolation and culture did not
alter yield or recovery 24 hours post-culture, respectively, or affect islet viability as
assessed by membrane integrity. While no additional benefit was conferred, these results
demonstrate that the drug is non-toxic at the prescribed doses, thus encouraging its
utility in the clinical setting.

Conversely, our results demonstrate a dose-dependent relationship in islet
function and viability when cultured with increasing doses of BMX-001 for 24 hours,
suggesting that 34uM BMX-001 conferred significant cytoprotection from oxidative
stress encountered in the acute culture period of the doses tested. Our previous study
using BMX-001 in a murine islet isolation and culture model revealed that this agent is
capable of minimizing the generation of ROS as exhibited by a significant reduction in

extracellular ROS.?' In a model of oxidative stress, Gandy et al. demonstrated that islets
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pre-cultured with superoxide dismutase, followed by STZ treatment, exhibited preserved
sGSIS responses to that of non-STZ treated islets.” In an in vivo model of STZ-induced
free-radical damage, Sklavos and colleagues observed the islet-protective capacity of
systemically delivered MnSOD in rodents."” In alignment with previous results
established by Bottino et al., our study also revealed that islets cultured in the presence
of the MnSOD BMX-001 exhibited reduced apoptotic activity."'

Preserved islet potency prior to transplant likely accounts for the improved
engraftment outcomes observed in the current syngeneic, murine study. Islets isolated
and cultured in the presence of 34uM BMX-001 exhibited significantly improved sGSIS
responses and reduced TUNEL staining. It is possible that BMX-001 administration at
the time of organ procurement and subsequent culture reduced downstream apoptotic
events associated with oxidative stress, thus preserving viability and function.”®*' While
reduced apoptosis was observed in islets subsequent to culture, islet-bearing grafts
harvested 24 hours post-transplant did not reveal significant differences in caspase-3
activation or in the pro-inflammatory cytokine profiles measured. Quite possibly, the
time at which the grafts were harvested was insufficient in capturing transplant-induced
islet injury or the assay itself may have insufficient sensitivity to detect differences in
graft apoptosis. Alternatively, compromised in vitro islet function may be primarily
responsible for the reduced islet engraftment observed in control islet recipients, with
these effects mitigated in the presence of BMX-001.

Perhaps most notably, our results reveal that islets cultured in the presence of
MnSOD could significantly restore euglycemia at a marginal islet dose in murine islet

studies. IPGTT assessment of euglycemic recipients at 60 days post-transplant revealed
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a trend towards a modest return to normoglycemia in 34uM BMX-001-treated islet
recipients, while control and 10uM BMX-001-treated islet recipients exhibited a
delayed response to glucose bolus, albeit non-significantly. These results are particularly
encouraging, as the prospective islet-sparing potential of this drug could be of greater
consequence in the clinical islet setting where multiple islet infusions are typically
required to achieve long-term insulin-independence.’*** However, one should heed
caution when evaluating in vivo engraftment efficacy using glucose tolerance testing in
rodent models. Korsgren and Korsgren recently revealed that diabetic rodents were
capable of rapidly normalizing blood glucose subsequent to dextrose bolus, despite
lacking insulin-producing cells or any evidence of circulating serum c-peptide.** Indeed,
our study could have measured circulating serum C-peptide subsequent to dextrose
bolus during IPGTT assessment to dispel any prospective misinterpretations of
engraftment efficacy.

Our group previously evaluated the utility of BMX-010 in human clinical islet
isolation and transplantation.” The results reported by Gala-Lopez et al. revealed that
BMX-010 did not significantly enhance islet viability and function.* Our comparative
human islet data presented herein revealed greater cytoprotection in vitro with BMX-
001 than BMX-010, so the next conceivable step is to evaluate its use in the clinical islet
isolation and transplantation setting. Our efforts to delineate whether human islets
cultured for 24 hours with 34uM BMX-001 in an immunocompromised transplantation
model revealed a greater percentage of recipients achieving euglycemia relative to non-
treated control islet recipients, albeit not significantly. Since human islets are released

for research several hours post-isolation, we were unable to administer BMX-001 during
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collagenase pancreatic perfusion. It may be possible that improved human islet
engraftment may be further enhanced when pancreases are supplemented with BMX-
001 during pancreatic distension. Given that murine pancreases were distended and
islets subsequently cultured in the presence of BMX-001 revealed improved in vivo
outcomes, an identical model using human pancreases distended with collagenase
supplemented with BMX-001 may be required to determine the full therapeutic effect of
BMX-001. Since all organs are susceptible to ischemic damage and oxidative stress,
systemic delivery of BMX-001 to the donor at the time of organ procurement may
broadly ameliorate such consequences, expanding the clinical utility of this SOD-
mimetic. Clearly, this study has revealed the therapeutic benefit of BMX-001
administration in vitro and its ability to augment murine marginal islet engraftment in a
renal subcapsular, syngeneic transplant model. Preliminary evaluation of this drug in a
murine, syngeneic portal vein islet infusion model in our laboratory suggests that
administration of BMX-001 to the recipient may be required to confer significant benefit,
however further evaluation is warranted. Moreover, since earlier generation SOD
mimics have demonstrated immunosuppressive potential'*~>°, an allograft
transplantation model is a conceivable next step in supporting the utility of this

therapeutic agent in clinical islet transplantation.
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ABSTRACT

Islet transplantation is a highly effective treatment for stabilizing glycemic control for select patients
with type-1 diabetes. Despite improvements to clinical transplantation, single-donor transplant
success has been hard to achieve routinely, necessitating increasing demands on viable organ
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availability. Donation after dirculatory death (DCD) may be an altemative option to increase organ mdm ation after
availability however, these organs tend to be more compromised. The use of metalloporphyrin anti- areuatory deathy islet
inflammatory and antioxidant (MnP) compounds previously demonstrated improved in vivo islet vansplantation;
function in preclinical islet transplantation. However, the administration of MnP (BMX-001) in a DCD metalloporphyrin; pro-
islet isolation and transplantation model has yet to be established. In this study, murine donors inflammatory, reactive
were subjected to a 15-min warm ischemic (W) period prior to isolation and culture with or without axygen species

MnP. Subsequent to one-hour culture, islets were assessed for in vitro viability and in vivo function.
A 15-minute WI period signifiantly reduced islet yield, regardless of MnP-treatment relative to
yields from standard isolation. MnP-treated islets did not improve islet viability compared to DCD
islets alone. MnP-treatment did significantly reduce the presence of extracellular reactive axygen
spedes (ROS) (p < 0 .05). Marginal, syngeneic islets (200 islets) transplanted under the renal apsule
exhibited similar in vivo outcomes regardless of Wl or MnP-treatment. DCD islet grafts harvested 7 d
post-transplant exhibited sustained TNF-« and IL-10, while MnP-treated islet-bearing grafts
demonstrated reduced IL-10 levels. Taken together, 15-minute W1 in murine islet isolation
significantly impairs islet yield. DCD islets do indeed demonstrate in vivo function, though MnP
therapy was unable to improve viability and engraftment outcomes.

Introduction post-transplant, matching outcomes achieved by whole

Islet transplantation has become a well-established treat-
ment therapy for a subset of patients with type 1 diabetes
mellitus.” The establishment of the “Edmonton Proto-
col” by Shapiro and colleagues demonstrated a high rate
of insulin independence up to 1 y post-transplant?
Follow-up of these patients revealed a decline in graft
function, with some patients retuming to modest
amounts of exogenous insulin, though still maintaining
the benefit of the absence of hypoglycemic unawareness.’
To date, considerable improvements in clinical islet
transphntation outcomes have been observed, revealing
insulin independence in at least 50% of recipientsat 5y

organ pancreas transplantation.*

Despite numerous advances in clinical islet trans-
plantation, most recipients require more than one
intraportal islet infusion to establish and maintain
periods of insulin independence.® Cadaveric donor
pancreata are currently the sole, scarce source of
islets. As such, to meet dlinical demand, transplant
centers routinely process extended criteria donor
organs to expand the donor pool. Recently, donation
after circulatory death (DCD) donors have been
identified as a potential source of extended donors.®
In whole pancreas transplantation, DCD and
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3.1 - ABSTRACT

Islet transplantation is a highly effective treatment for stabilizing glycemic
control for select patients with type-1 diabetes. Despite improvements to clinical
transplantation, single-donor transplant success has been hard to achieve routinely,
necessitating increasing demands on viable organ availability. Donation after circulatory
death (DCD) may be an alternative option to increase organ availability however, these
organs tend to be more compromised. The use of metalloporphyrin anti-inflammatory
and antioxidant (MnP) compounds previously demonstrated improved in vivo islet
function in preclinical islet transplantation. However, the administration of MnP (BMX-
001) in a DCD islet isolation and transplantation model has yet to be established. In this
study, murine donors were subjected to a 15-minute warm ischemic (WTI) period prior to
isolation and culture with or without MnP. Subsequent to one-hour culture, islets were
assessed for in vitro viability and in vivo function. A 15-minute WI period significantly
reduced islet yield, regardless of MnP-treatment relative to yields from standard
isolation. MnP-treated islets did not improve islet viability compared to DCD islets
alone. MnP-treatment did significantly reduce the presence of extracellular reactive
oxygen species (ROS) (p<0.05). Marginal, syngeneic islets (200 islets) transplanted
under the renal capsule exhibited similar in vivo outcomes regardless of WI or MnP-
treatment. DCD islet grafts harvested 7 days post-transplant exhibited sustained TNF-a
and IL-10, while MnP-treated islet-bearing grafts demonstrated reduced IL-10 levels.
Taken together, 15-minute WI in murine islet isolation significantly impairs islet yield.
DCD islets do indeed demonstrate in vivo function, though MnP therapy was unable to

improve viability and engraftment outcomes.
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3.2 - INTRODUCTION

Islet transplantation has become a well-established treatment therapy for a subset
of patients with type 1 diabetes mellitus." The establishment of the ‘Edmonton Protocol’
by Shapiro and colleagues demonstrated a high rate of insulin independence up to one
year post-transplant.” Follow-up of these patients revealed a decline in graft function,
with some patients returning to modest amounts of exogenous insulin, though still
maintaining the benefit of protection from hypoglycemia.’ To date, considerable
improvements in clinical islet transplantation outcomes have been observed, revealing
insulin independence in at least 50% of recipients at 5 years post-transplant, matching
outcomes achieved by whole organ pancreas transplantation.*

Despite numerous advances in clinical islet transplantation, most recipients
require more than one intraportal islet infusion to establish and maintain periods of
insulin independence.’ Cadaveric donor pancreata are currently the sole, scarce source
of islets. As such, to meet clinical demand, transplant centers routinely process extended
criteria donor organs to expand the donor pool. Recently, donation after circulatory
death (DCD) donors have been identified as a potential source of extended donors.” In
whole pancreas transplantation, DCD and neurological determination of death (NDD)
organ recipients have demonstrated similar rates of patient survival and graft function.’®
Alternatively, DCD donation is associated with poor graft function in liver
transplantation.”®

Prior to transplantation, islet loss and impaired B-cell metabolic function are the
result of cellular insults during organ procurement and islet isolation.’ The isolation

procedure itself contributes to islet injury as a result of mechanical, ischemic and
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1% With reduced endogenous antioxidant capacity, islets are highly

oxidative stress.
susceptible to oxidative stress and subsequent over-production of reactive oxygen
species (ROS).”'? The generation of ROS during islet isolation has been linked to the
up-regulation of the transcription factor NF-kB, generation of pro-inflammatory
cytokines and subsequent cell death.” Evidence suggests that redox modulation of islets
through treatment with metalloporphyrin anti-inflammatory and antioxidant (MnP)
compounds in culture can abrogate the deleterious consequences of oxidative stress, thus
preserving islet mass in vitro.” Moreover, administration of MnP to islets prior to
transplantation demonstrated improved graft function in a murine, marginal syngeneic
model, as well as delayed allograft rejection in an MHC-mismatched islet transplant

112

model. © Within the context of human islets, MnP administration has demonstrated

beneficial viability and engraftment outcomes in rodent transplant models.”'*'?

To expand on the growing utility of DCD organs in islet transplantation, herein,
we sought to establish a murine DCD islet isolation model and assess whether the
reduction of ROS through acute redox modulation via a novel MnP-agent, BMX-001,

could improve in vitro and in vivo islet function in a syngeneic, marginal transplantation

model.
3.3 — MATERIALS AND METHODS

3.3.1 — Murine donation after circulatory death model

Mouse care was in accordance with the guidelines approved by the Canadian
Council on Animal Care. Animals were housed under conventional conditions having
access to food and water ad libitum. 8 to 12 week old male BALB/c mice (Jackson

Laboratories, Canada) were placed under anesthetic with 5% isoflurane and euthanized
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via cervical dislocation. Animals were confirmed deceased by cardiac palpation and
were maintained under a heat lamp to maintain an internal body temperature of 37°C, as
measured by a rectal thermometer, for a total warm ischemic (WI) period of 15 minutes.
DCD BALB/c mice were randomly assigned as non-treated (DCD) or MnP donors
(DCD+MnP-treated) and subsequently were administered 1 ml of cold histadine-
tryptophan-ketoglutarate (HTK) with 1U/ul heparin (Sandoz Canada Inc., Boucherville,
QC, CA) supplemented with or without 30 umol/L. MnP through the abdominal aorta in

DCD donors.

3.3.2 — Mouse pancreatectomy and islet isolation

Pancreatic islets were isolated from standard (Control) or DCD BALB/c mice
(Jackson Laboratories, Canada). Prior to pancreatectomy, the common bile duct was
cannulated with a 27-gauge needle and the pancreas was distended with 0.125 mg/mL
cold Liberase TL Research Grade enzyme (Roche Diagnostics, Laval, QC, CA) in
Hank’s Balanced Salt Solution (HBSS, Sigma-Aldrich Canada Co., Oakville, ON,
CA). Islets were isolated by digesting the pancreases in a 50 ml Falcon tube placed in a
37°C water bath for 14 minutes with light agitation. Following the pancreatic digestion
phase, islets were purified using histopaque-density gradient centrifugation (1.108,

1.083 and 1.069 g/mL, Sigma-Aldrich Canada Co., Oakville, ON, Canada).

3.3.3 — Administration of MnP

BMX-001 (MnTnBuOE-2-PhP’" MN(III) meso-tetrakis(N-b-

butoxyethylpyridinium-2-yl)porphyrin) was provided by BioMimetix JV LLC. BMX-
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001 is one of the most potent metalloporphyrins with regard to anti-inflammatory and
catalytic antioxidant function.” BMX-001 was administered during organ procurement,
islet isolation, as well as during brief islet culture. DCD BALB/c mice were randomly
assigned as non-treated (DCD) or MnP donors (DCD+MnP-treated). During mouse
pancreatectomy and islet isolation, MnP (concentration 30 umol/L) was delivered to
pancreatic tissue with Liberase, as described above. In the non-treated group, Liberase
with vehicle was delivered. DCD+MnP-treated and DCD pancreata were maintained in
cold HBSS supplemented with or without MnP, respectively, until islet isolation (as

described above).

3.3.4 — Islet culture

Connaught Medical Research Laboratories (CMRL-1066) medium supplemented
with 10% fetal bovine serum, L-glutamine (2mM), penicillin (50 000 units),
streptomycin (50 mg), HEPES (5SmM), nicotinamide (10mM) and sodium pyruvate
(5mM) at 37°C/5%CO; for one hour. DCD+MnP-treated islets were cultured in CMRL

with 30 uM MnP.

3.3.5 — Reactive oxygen species analysis

Subsequent to one hour culture, cell-free supernatant samples from the study
groups were assayed for ROS released into the culture media by Acridan Lumigen PS-3
assay (Amersham ECL Plus Kit; Fisher Scientific Inc., Ottawa, ON, Canada).** Acridan
Lumigen PS-3 is excited by ROS and reactive nitrogen species in the presence of

hydrogen peroxide, producing chemiluminescense at 430 nm. Media samples were
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stored at -20°C until time of analysis. CMRL and CMRL+MnP culture medium served
as controls for each group, and results were expressed as fold-change increase compared

to each respective control.

3.3.6 — Assessment of islet yield and viability

One hour post-culture, islets were handpicked and counted to determine yield,
and represented as islets per pancreas. Islet viability was determined by simultaneous
staining of live and dead cells using a two-color fluorescence assay (SytoGreen 13 and
ethidium bromide, Invitrogen, Oregon, USA). The percentage of viable and dead cells

was determined for DCD and DCD+MnP-treated islets.

3.3.7 — Static glucose-stimulated insulin secretion (s-GSIS)

Handpicked islets from DCD and DCD+MnP-treated groups were subjected to s-
GSIS. Islets were incubated in RPMI-1640 containing low (2.8 mmol/l) glucose for one
hour, followed by high (16.7 mmol/l) glucose for an additional hour. Subsequent to
glucose challenge, cell-free supernatants were harvested and insulin levels were
measured by enzyme-linked immunosorbent assay (ELISA) (Mercodia, Uppsala,

Sweden).

3.3.8 — Diabetes induction and marginal islet mass transplantation
One week prior to transplantation, recipient BALB/c mice were rendered
diabetic by chemical induction with intraperitoneal streptozotocin (STZ) (Sigma-Aldrich

Canada Co., Oakville, ON, Canada), at 185 mg/kg in acetate phosphate buffer, pH 4.5.
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Diabetes was confirmed when non-fasting blood glucose levels exceeded 15 mmol/L for
2 consecutive daily readings. One hour post-islet culture, marginal mass islets from
Control, DCD or DCD+MnP-treated islets (200 islets + 10% per diabetic recipient) with
purity of 90 + 5%, were aspirated into polyethylene (PE-50) tubing using a micro-
syringe, and centrifuged into a pellet suitable for transplantation. A left lateral
paralumbar incision was made and the left kidney delivered. The renal capsule was

incised and the islets were infused.

3.3.9 — Evaluation of islet graft function

Transplant efficacy was assessed three times per week in recipients through non-
fasting blood glucose measurements (mmol/L), using a portable glucometer (OneTouch
Ultra 2, LifeScan, Canada) in all groups tested. Graft function and reversal of diabetes
was defined as two consecutive readings < 11.1 mmol/L and maintained until study
completion. To assess metabolic capacity of the islet graft, intraperitoneal glucose
tolerance tests (IPGTTs) were conducted on euglycemic mice 60 days post-transplant.
Mice were fasted overnight prior to receiving an intraperitoneal glucose bolus (3g/kg).
Blood glucose levels were evaluated at baseline (time 0), 15, 30, 60, 90 and 120 minutes
post-injection. Blood glucose area under the curve (AUC-blood glucose) was calculated

and analyzed between transplant groups.

3.3.10 — Islet graft retrieval

In order to corroborate graft-dependent euglycemia, islet transplants were

retrieved by nephrectomy. Islet transplant recipients were placed under anesthesia, and
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their graft-bearing kidney was exposed. Using a LT200 Ligaclip (Johnson & Johnson,
Inc., Ville St-Laurent, QC, CA), the renal vessels and ureter were ligated and the islet
graft-bearing kidney was removed. Non-fasting blood glucose measurements were
monitored up to 7 days post-graft removal to confirm hyperglycemia and thus post-

transplant graft function.

3.3.11 — Pro-inflammatory cytokine assessment

Pro-inflammatory cytokines were analyzed from islet-bearing kidney grafts
harvested 24 hours and 7 days post-transplant. Three mice per group underwent
recovery nephrectomy at the aforementioned time points, and grafts were assessed for
mouse tumor necrosis factor (TNF)-a, KC-GRO, interferon (IFN)-v, interleukin (IL)-1f3,
IL-10, IL-6 and IL-12p70. Pro-inflammatory levels were measured using a Mouse
Prolnflammatory 7-Plex Tissue Culture Kit according to manufacturer instructions
(Meso Scale Diagnostics, K15012B-1). The plate was loaded into an MSD-SECTOR®
instrument for analysis where a voltage was applied and the bound label emitted a
quantitative (0 - 1.0 x 10° pg/mL) measure of light. Values were normalized to weight of

tissue homogenized.

3.3.12 — Statistical analysis

All data are represented as the mean =+ standard error of mean (s.e.m.). In vitro
islet viability data comparisons between DCD and DCD+MnP-treated islets were
conducted through unpaired Student’s t-test. Blood glucose AUC analysis for glucose

tolerance test data was conducted through parametric one-way ANOVA using GraphPad
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Prism (GraphPad Software, La Jolla, CA, USA). Tukey’s post-hoc tests were used
following the analysis of variances for multiple comparisons between study groups.
Kaplan-Meyer survival function curves were compared using the log-rank statistical

method (Mantel-Cox). P<0.05 was considered significant.

3.4 - RESULTS

3.4.1.1 — DCD mouse islets cultured in the presence of MnP exhibit reduced
extracellular ROS

Supernatants from DCD islets cultured in media alone exhibited a greater fold-increase
in extracellular ROS production, which was ameliorated in the presence of MnP (DCD:

2.68 = 0.11vs. DCD+MnP-treated: 1.65 £ 0.15) (n=3 isolations, P<0.001) (Figure 3.1A).

3.4.1.2 — 15-minute warm ischemia significantly impairs islet yield in a murine
DCD model

Subsequent to islet isolation and culture, islets were handpicked and quantified to
determine islet yield. For standard control conditions, an islet yield of 192.6 + 24.2
islets/pancreas was achieved. In contrast, islets harvested from DCD and DCD+MnP-
treated donors exhibited a significantly reduced islet yield (77 + 12.9 islets/pancreas vs.
79.1 £ 17.3 islets/pancreas, respectively, p<0.05). Notably, MnP-treatment during organ
procurement and one hour culture did not improve islet yield outcomes in DCD donors

(p>0.05) (Figure 3.1B).
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3.4.1.3 — MnP administration does not improve in vitro islet viability and function
Dual-fluorescence staining assessing islet viability in DCD and DCD+MnP-treated islets
revealed no discernable difference between groups when assessed one hour post-culture
(DCD: 77.23 £4.9 vs. DCD+MnP-treated: 75.32 £5.3) (Figure 3.1C). Similarly,
glucose static challenge revealed that murine DCD islets secreted insulin in response to
glucose (Stimulation index: 1.38 £ 0.33) to a similar degree to that of DCD+MnP-

treated islets (Stimulation index: 1.29 + 0.24, p>0.05) (Figure 3.1D).

3.4.2 — Efficacy of DCD islets pre-treated with MnP

Islet engraftment efficacy of islets isolated from DCD donors pre-treated with or without
MnP was evaluated in a marginal islet transplant mass model (200 islets per recipient,
n=14 per group). As a means to compare engraftment efficiency, an additional group of
diabetic recipients were transplanted with a marginal dose under the kidney capsule
from standard control donors (Control: n=7). Recipients of control islet transplants
became euglycemic, 5 of 7 (71%), on average 14.5 + 5.7 days post-syngeneic transplant
(red). DCD islet recipient mice became euglycemic, 11 of 14 (78.6%) by 24.5 + 6.4 days
post-transplant, while 10 of 14 (71.4%) DCD+MnP-treated islet recipients became
euglycemic in 12.10 £+ 3.7 days (data non-significant) (Figure 3.2A). Daily non-fasting
blood glucose monitoring of euglycemic transplant recipients revealed no difference

between control, DCD or DCD+MnP-treated islet recipients (Figure 3.2B).
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Figure 3.1. In vitro assessment of control, DCD and DCA+MnP-treated islets.

(A) Fold-change in extracellular ROS assessed from cell-free supernatants was
significantly reduced in DCD+MnP-treated (blue) islets than DCD islets (black)
(p<0.001, t-test). (B) Control islet yield per pancreas (red) was significantly greater than
DCD and DCD+MnP-treated islets (blue) (p<0.05, ANOVA). In contrast,
supplementation with MnP did not improve islet isolation yields in DCD donors. (C)
DCD and DCD+MnP-treated islets exhibited similar islet viability as assessed by dual-
fluorescence staining (p>0.05, t-test). (D) Islet function, as assessed by static glucose
stimulated insulin secretion, demonstrated no significant difference between DCD and

DCD+MnP-treated islets (p>0.05, t-test).
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3.4.3 — Glucose tolerance testing

Intraperitoneal glucose tolerance tests (IPGTTs) were performed on all euglycemic
recipients 60 days post-transplant. Mice in all transplant groups exhibited a
physiological response to glucose bolus, with a prompt restoration of normoglycemia up
to 120 minutes post-dextrose infusion (Figure 3.3A). Furthermore, there was no
significant difference in mean area under the curve (AUC) + s.e.m. (AUC Control: 1773
+ 93.4 mmol/L/120min vs. DCD: 2090 £ 177.6 mmol/L/120min vs. DCD+MnP-treated:

1753 £ 105.9 mmol/L/120min, p>0.05, ANOVA, Figure 3.3B).

3.4.4 — Pro-inflammatory cytokine profile

Islet-bearing kidney grafts from control, DCD and DCD+MnP-treated islet recipients
were assessed for the pro-inflammatory cytokines TNF-o,, KC-GRO, IFN-vy, IL-1f, IL-
10, IL-6 and IL-12p70, 24 hours and 7 days post-transplant. Control islet-bearing grafts
harvested 7 days post-transplant exhibited a significant reduction in IL-10, IL-1 and
TNF-a cytokine levels compared to grafts harvested 24 hours post-transplant (p<0.05,
p<0.05, and p<0.001, respectively) (Figures 3.4A — C). In contrast, DCD islet-bearing
grafts exhibited indistinguishable IL-10 and TNF-a levels at 24 hours and 7 days post-
transplant, but reduced IL-1p levels at 7 days post-transplant (p<0.05) (Figure 3.4D —
F). With the exception of TNF-a, DCD+MnP-treated islets exhibited significantly
reduced IL-10 and IL-1p cytokine levels for grafts harvested at 7 days post-transplant in
comparison to grafts harvested at 24 hours post-transplant (p<0.05 and p<0.01,

respectively) (Figure 3.4G —I). Inflammatory levels for cytokines KC-GRO, IFN-vy, IL-
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6 and IL-12p70 were non-detectable in grafts harvested at the aforementioned time

points (data not shown).
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Figure 3.2. Efficacy of syngeneic, marginal islet transplants under the renal capsule
of BALB/c recipients.

Percent euglycemia of syngeneic, marginal islet transplant recipients was
indistinguishable between control (red, n=5 of 7), DCD (black, 11 of 14) and
DCD+MnP-treated (blue, n=11 of 14) recipients (p>0.05, Mantel-Cox). (B) Non-fasting
blood glucose measurements of euglycemic recipients post-transplant. Recipients of
control, DCD or DCD+MnP-treated marginal islets exhibited robust glycemic control

until graft retrieval (arrow).
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Figure 3.3. Intraperitoneal glucose tolerance test (IPGTT) of syngeneic, marginal
islet mass recipients transplanted with control, DCD or DCD+MnP-treated islets
60 days post-transplant.

(A) Blood glucose prolife post-dextrose bolus of control (red, n=5), DCD (black, n=11)
and DCD+MnP-treated islets (blue, n=10) (B) Blood glucose area under the curve
(AUC) analysis did not differ between control, DCD and DCD+MnP-treated islet
recipients (p>0.05, ANOVA). Mice were administered 3 mg/kg 25% dextrose i.p. Blood

glucose measurements were monitored at t=0, 15, 30, 60, 90 and 120 minutes.
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Figure 3.4. Pro-Inflammatory profile of islet-bearing kidney grafts harvested 24
hours and 7 days post-transplant.

(A - C) Control islet-bearing kidney grafts exhibited significantly reduced pro-
inflammatory profiles for IL-10, IL-1 and TNF-a at 7 days post-transplant (grey, n=3)
relative to 24 hours post-transplant (black, n=3). (D - F) DCD islet-bearing kidney
grafts exhibited significantly reduced IL-1 B (p<0.05), but persistent IL-10 and TNF-a
levels at 7 days post-transplant (grey, n=3) compared to 24 hours post-transplant (black,
n=3). (G - I) DCD+MnP-treated islet-bearing kidney grafts exhibited significantly
reduced pro-inflammatory profiles for IL-10 and IL-1 (p<0.05), but sustained TNF-a
cytokine levels at 7 days post-transplant (grey, n=3) relative to 24 hours post-transplant

(black, n=3) (p<0.05).
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3.5 - DISCUSSION

Islet transplantation is limited, in part, by availability of cadaveric donor
pancreata. Expansion of the donor pool to include extended criteria and DCD donors
would considerably enhance availability of clinical islet transplants. To date, the success
of DCD islets in the context of clinical islet transplantation has been evaluated at few
single centers worldwide, with limited long-term successful outcomes'*'” The necessity
to establish preclinical models evaluating the utility of DCD islets could provide
insights into their clinical application. Herein, we sought to establish a murine DCD
model and evaluate its efficacy in a marginal, syngeneic islet transplant model, as well
as determine if supplementation with a novel MnP during organ procurement, islet
isolation and brief culture could improve DCD islet transplant function.

In the present study, we determined that a 15-minute warm ischemic (WI) model
in mice significantly impaired islet yield per pancreas relative to standard islet donors
without WI. A study by Giraud and colleagues also established that mice exposed to WI
exhibited a significantly reduced islet yield relative to islets not exposed to periods of
WI.'® The authors reported that 30 minutes of W1 in humans is equivalent to 3.5 minutes
of WI in mice based on metabolic differences between the two species, like oxygen
consumption and resting heart rate.'® Our 15-minute WI model greatly exceeds this
equivalence rate, and though MnP administration could reduce extracellular ROS, it
could not improve islet yield or in vitro viability outcomes.

Despite our in vitro observations, DCD islets exhibited engraftment outcomes
similar to standard procured islets. Similar to our findings, in a porcine islet isolation

model, pancreata subjected to 30 minutes of warm ischemia exhibited a significantly
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reduced islet yield in comparison to non-warm ischemic pancreata. In contrast, ischemic
porcine islets exhibited reduced graft function compared to their non-warm ischemic
counterparts in a diabetic nude mouse transplant model.'” Within the clinical setting, a
recent report by Andres and colleagues revealed that clinical islet isolations from 15
human DCD pancreata experiencing a maximal warm ischemia limit of <30 minutes
exhibited no discernable difference in islet yield in comparison to standard neurological
determination of death (NDD) pancreata. Moreover, examination of insulin requirement
one month post-transplant in recipients of islets from NDD or DCD pancreata revealed
no significant difference between groups.” WI significantly impaired islet yield in our
murine model, but DCD islets exhibited similar in vivo islet function to standard control
islet recipients, as evidenced by the restoration of euglycemia and IPGTT responses at
60 days post-transplant. Though MnP administration did not enhance islet function, the
findings in the present study demonstrate that MnP supplementation is safe and non-
toxic to islets.

Control islet recipients exhibited significantly reduced pro-inflammatory
cytokine levels at 7 days post-transplant. To the contrary, DCD islets exhibited a
sustained pro-inflammatory cytokines IL-10 and TNF-o up to 7 days post-transplant
relative to standard control islet recipients. Short-term culture of DCD+MnP islets did
not significantly improve TNF-a profiles, though a significant reduction was observed
in IL-1pB and IL-10. Though heightened pro-inflammatory cytokines in DCD islet
recipients did not impact the long-term engraftment outcomes in this syngeneic model,
the consequences in allotransplantation may prove detrimental. The interplay between

the innate immune system, pro-inflammatory cytokines and the adaptive immune system
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is critical in transplantation.'® Within the context of clinical islet transplantation, Bellin
and colleagues observed significantly improved long-term insulin independence rates in
recipients administered a TNF-a inhibitor in the peri-transplant period along with T-cell
depleting antibody."” Tse et al. demonstrated that redox modulation through MnP
administration greatly diminished ROS production and subsequently ameliorated the
synergism between the innate and adaptive immune response, and subsequent
inflammatory cytokine production.”’ In parallel to measuring pro-inflammatory cytokine
markers, it may have been of added benefit to examine the levels of monocyte
chemoattractant protein-1 (MCP-1/CCL2) in the acute transplant period to determine
whether MnP administration impacted these levels. Previous bodies of work
demonstrated that increased MCP-1 levels negatively impacted islet engraftment

2122 These events may account for the observation that 25% of DCD-islet

outcomes.
recipients were euglycemic 10 days post-transplant, as compared to 50% of DCD+MnP-
treated islet recipients. Furthermore, our observation that MnP treatment reduced some
pro-inflammatory cytokines, exploring the affect of MnP administration paired with an
effective immunosuppressive regimen in a preclinical allograft model could improve
islet engraftment outcomes.

The results from the current study demonstrated that short-term administration of
a novel MnP, BMX-001, was capable of significantly reducing extracellular ROS
production in a DCD islet isolation model. Work in our laboratory has demonstrated that
human islets cultured with 30 uM BMX-001 improves islet recovery up to 7 days in

culture, and exhibited cytoprotection in the presence of tacrolimus, relative to islets

cultured without MnP (data not published). These results provided the rationale for
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utilizing this dose in our DCD model. Numerous studies have utilized and observed
cytoprotection and improved engraftment outcomes when human or murine islets were

10,12 1¢ may be

cultured in the presence of early-generation MnPs for 24 hours or more.
possible that short-term culture with MnP in our model cannot feasibly confer protection
and that longer islet culture may be required to observe a significant benefit of MnP
treatment. Due to an initial low islet yield, a prolonged islet culture period was not
incorporated into the study to avoid further islet loss in culture. We are in the process of
utilizing this novel MnP treatment in a standard murine transplant model to determine if
MnP administration can confer improved engraftment outcomes, which may translate to
improved clinical islet transplantation success. Despite these observations, our data
reveal that DCD mouse islets are capable of restoring euglycemia comparable to control
islets which is an encouraging finding, strengthening their utility in the islet transplant
setting. It is clear that the DCD WI model is especially challenging for islet isolation in
mice, and likely does not parallel a similar process in human islet isolation. Therefore,
we cannot extrapolate from the current studies how protective MnP therapies will be in
human islet isolation and transplantation. However, the impact upon inflammatory

markers and ROS is strongly positive. Further studies in large animals and human islet

isolation are now required to fully understand the potential benefit of this approach.
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4.1 - ABSTRACT

Background. Islet transplantation is an effective therapy in type 1 diabetes and
recalcitrant hypoglycemia. However, there is an ongoing need to circumvent islet loss
post-transplant. We explore herein the potential of the pan-caspase inhibitor F573, to
mitigate early apoptosis-mediated islet death within portal and extrahepatic portal sites
in mice. Methods. Mouse or human islets were cultured in standard media 100 uM
F573 and subsequently assessed for viability and apoptosis via TUNEL staining and
caspase-3 activation. Diabetic mice were transplanted with syngeneic islets placed under
the kidney capsule (KC) or into the subcutaneous device-less (DL) site at a marginal
islet dose (150 islets), or into the portal vein (PV) at a full dose (500 islets). Human
islets were transplanted under the KC of diabetic immunodeficient mice at a marginal
dose (500 islet equivalents). Islets were cultured in the presence of F573, and F573 was
administered subcutaneously on days 0-5 post-transplant. Control mice were
transplanted with non-treated islets and were injected with saline. Graft function was
measured by non-fasting blood glucose and glucose tolerance testing. Results. F573
markedly reduced human and mouse islet apoptosis after in vitro culture (p<0.05 and
p<0.05, respectively). Furthermore, F573 improved human islet function when
transplanted under the KC (p<0.05); whereas F573 did not enhance murine islet
marginal KC transplants. Conversely, F573 significantly improved mouse islet
engraftment in the PV and DL site (p<0.05 and p<0.05, respectively). Conclusions. The
pan-caspase inhibitor F573 markedly reduces human and mouse islet apoptosis and

improves engraftment most effectively in the portal and DL subcutaneous sites.
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4.2 - INTRODUCTION

Islet transplantation has recently been proven to stabilize glycemic control in
select patients with type-1 diabetes complicated by hypoglycemia in a phase 3 trial',
extending the initial success of the Edmonton Protocol popularized by Shapiro and
colleagues in 2000.> Within the last sixteen years, islet transplantation success rates have
improved substantially, with insulin-independence rates in at least 50% of recipients
achieved out to 5 years post transplant in 6 International Centers.’ Yet despite these
clear advances in clinical islet transplantation, achievement of single-donor engraftment
success has been difficult to establish routinely, with most recipients requiring at least
two donors to achieve insulin-independence. *> Numerous factors contribute to islet loss
in the acute and peri-transplant period which results in an estimated 70% loss of
transplanted B-cell mass.® The instant blood-mediated inflammatory reaction (IBMIR) is
largely responsible for immediate cell loss especially in the intraportal hepatic site, and
associated with platelet activation and triggering of biochemical cell death pathways
including both apoptosis and necrosis.”® Potent cell death inhibitors, and exploration of
non-blood exposed extrahepatic sites, are being actively explored to improve islet
viability and engraftment outcomes in the early transplant period.

The use of early generation anti-apoptotic agents have previously demonstrated
improved in vitro islet viability outcomes.’ Further studies revealed marked
improvements in islet engraftment in pre-clinical experimental models. For example,
using short course zZVAD-FMK therapy in islet culture and within the acute transplant
period, Emamaullee et al demonstrated enhanced long-term in vivo function up to one

year post-transplant in mice transplanted with a marginal islet dose under the renal

161



capsule and via the intraportal route.'® The next generation pan-caspase inhibitors,
including EP1013 and IDN-6556, demonstrated augmented long-term engraftment using
a marginal islet dose capable of effectively restoring euglycemia in transplant recipients
in both small and large animal models."!

In an alternative approach to avoid the intravascular site, recent studies in our
laboratory have also examined extra-hepatic transplant sites that could permit the
engraftment of islets and alternative -cell sources, including insulin-producing stem
cells or xenogeneic sources. Alternative transplant sites with potential clinical feasibility,
should accommodate a sufficient transplant mass, and be readily retrievable if they are
to be considered as prospective sites.'” The device-less (DL) transplant technique, which
modifies the subcutaneous space through temporary implantation of a commercially-
approved angiocatheter, in routine clinical use for other indications, has demonstrated
successful restoration of euglycemia using mouse and human islets in a pre-clinical
animal model."” Moreover, the DL technique was also effective in reversing
hyperglycemia when transplanted with a marginal islet dose in a syngeneic mouse
model."* Thus far, incorporating therapeutic strategies to augment islet engraftment in
this alternative transplant site have yet to be elucidated.

Herein, we sought to determine whether the potent pan-caspase inhibitor, F573,
could effectively reduce apoptosis in murine and human islets. Furthermore, we
evaluated whether F573 treatment could differentially augment islet engraftment in
standard and alternative transplant sites using full and marginal islet transplant doses.

We reasoned that alternative sites would have differential susceptibility to oxygen
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delivery and metabolic exchange, and therefore initially non-vascularized implanted

cells may have increased susceptibility to hypoxia-mediated cell death signaling.

4.3 - MATERIALS AND METHODS

4.3.1 — Caspase inhibitor F573

The pan-caspase inhibitor F573 (Molecular weight: 382.38 g/mol) was obtained
from Shanghai Genomics Inc. (Lot: 20141203, Shanghai, China). Stock preparations of
F573 were prepared by dissolving 30 mg (lyophilized white powder) in 1ml DMSO. For
in vitro and in vivo studies, stock solutions were diluted with sterile saline to a final

working concentration of 1 mg/ml.

4.3.2 — Human islets

Human islets were prepared by the Clinical Islet Laboratory at Alberta Health
Services. Deceased donor pancreata were processed for islet isolation with appropriate
ethical approval and consent obtained from next-of-kin of the donor. Islets were isolated
from two donor pancreata, implementing a modified Ricordi technique.'”'® Permission
for these studies was granted by the Health Research Ethics Board of the University of
Alberta, Edmonton, Alberta, Canada. Upon receiving the human islet preparation, islet
aliquots (x 10%) were counted and randomly distributed into standard culture media +
100 uM F573 supplementation for 24 hours at 37°C and 5% CO; prior to transplantation.
Standard culture media (CMRL-1066, Mediatech, Manassas, VA, USA) contains fetal

bovine serum (10%), L-glutamine (100 mg/1), penicillin (112 kU/1), streptomycin (112
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mg/l) and HEPES (25 mmol/l) at pH 7.4. The average human islet purity for the

transplant preparations utilized in this study was 43.8% (n=2).

4.3.3 — Mouse islet isolation and culture

Pancreatic islets were isolated from 8 to 12 week old male C57BL/6 mice
(Jackson Laboratories, Canada). Animals were housed under conventional conditions
having access to food and water ad libitum. Mouse care was in accordance with the
guidelines approved by the Canadian Council on Animal Care. Prior to pancreatectomy,
the common bile duct was cannulated with a 30G needle and the pancreas was distended
with 0.125 mg/ml cold Liberase TL Research Grade enzyme (Roche Diagnostics, Laval,
QC, CA) in Hank’s Balanced Salt Solution (Sigma-Aldrich Canada Co., Oakville, ON,
CA). Islets were isolated by digesting the pancreases in a 50 ml tube placed in a 37°C
water bath for 14 minutes with light agitation. Following the pancreatic digestion phase,
islets were purified using histopaque-density gradient centrifugation (1.108, 1.083 and
1.069 g/ml, Sigma-Aldrich Canada Co., Oakville, ON, Canada). Isolated mouse islet
aliquots (+ 10%) were then counted and randomly distributed into standard culture
media = 100 uM F573 supplementation for 2 hours at 37°C and 5% CO, prior to
transplantation. Standard culture media (CMRL-1066, Mediatech, Manassas, VA,
USA) contains fetal bovine serum (10%), L-glutamine (100 mg/1), penicillin (112 kU/1),

streptomycin (112 mg/l) and HEPES (25 mmol/l) at pH 7.4.
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4.3.4 — Apoptosis analysis

Mouse and human islet apoptosis was measured prior to transplantation and
subsequent to culture (2 and 24 hours, respectively) = F573 media supplementation.
Apoptosis was assayed in all islets groups using terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) staining (DeadEnd Apoptosis Detection System,
Promega, Madison, WI), following formalin fixation (10%), agar embedding, processing,
paraffinizing and sectioning. In addition to TUNEL staining, islets were co-stained with
insulin and DAPI. Subsequent to deparaffinization and antigen heat retrieval, islet
sections were washed with phosphate buffered saline (PBS) supplemented 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) for 2 hours at 4°C. 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) for 1 hour 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.

Islet apoptosis was quantified as a percentage of positive TUNEL staining nuclei
per islet (+TUNEL/Total Nuclei) using ImagelJ software (freeware ImageJ v1.33 and

Cell Counter plug-in, both downloaded from the NIH website [http://rsb.info.nih.gov/ij]).
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To further evaluate the degree of apoptosis in both mouse and human islet preparations
prior to transplantation, cytosolic cleaved caspase-3 activation was quantified from the
lysates of frozen islet samples (3 x 100-300 islets per group, n=2 isolations). Briefly,
islet lysates from both control and F573 cultured mouse and human islets were tested,
according to manufactures specifications, for protease activity by the addition of a
caspase-specific peptide that is conjugated to the color reporter substrate p-nitroaniline
(BF3100: R & D Systems, Minneapolis, MN). Caspase activity was quantified
spectrophotometrically at 405nm. Results are expressed as absorbance normalized to

100 islets.

4.3.5 - In Vitro islet viability assessment

Human and mouse islet viability was assessed post-culture + F573 media
supplementation, (24 and 2 hours, respectively) at the time of transplantation, Islet
viability was determined by simultaneous staining of live and dead cells using a
membrane integrity fluorescence assay (SytoGreen 13 and ethidium bromide, Invitrogen,
Oregon, USA). The percentage of viable and dead cells was determined for both control
and F573 treated islets.

Concurrently, static glucose-stimulated insulin secretion (s-GSIS) assay was
performed on both human and mouse islets post-culture (3 x 50 islets per group, n=2
isolations). Islets were incubated in RPMI-1640 containing low (2.8 mmol/l) glucose for
one hour, followed by high (16.7 mmol/l) glucose for an additional hour. Cell-free
supernatants were harvested post-glucose incubation and insulin levels were measured

by enzyme-linked immunosorbent assay (ELISA) (Mercodia, Uppsala, Sweden). Human
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insulin data is represented as U/L and as a stimulation index (insulin secreted high
glucose/low glucose). Mouse insulin data is represented as pg/L and as a stimulation
index.
4.3.6 — Diabetes induction and islet transplantation

One week prior to transplantation, recipient mice either C57BL/6 (syngeneic
studies) or B6-RAG™ (B6.129S7-Rag1™™°™/J) (human islet studies) were rendered
diabetic by chemical induction with intraperitoneal streptozotocin (Sigma-Aldrich
Canada Co., Oakville, ON, Canada), at 180 mg/kg in acetate phosphate buffer, pH 4.5.
Diabetes was confirmed when blood glucose levels exceeded 15 mmol/l for 2
consecutive daily readings.
For human islet transplants, post-culture + F573 media supplementation, islets were
counted and transplanted under KC at a marginal islet dose of 500 islet equivalents per
diabetic recipient. Syngeneic, mouse islets, post-culture + F573 media supplementation
were transplanted into 3 groups: 1) under kidney capsule (KC)'” at a marginal islet dose
(150 islets), 2) intrahepatic portal vein (PV) infusion'' at a full dose (500 islets), and 3)

13,14 . .
314 at a marginal islet dose

into the prevascularized subcutaneous device-less (DL) site
(150 islets). Non-supplemented F573 islet transplants served as controls for each
transplant group. Prior to recovery, all recipients received a 0.1 mg/kg subcutaneous
bolus of buprenorphine.

Transplant recipients were administered a subcutaneous injection of either F573
(3 mg/kg: KC, PV, DL groups and 10 mg/kg: PV group) for the treatment groups or

vehicle (saline) for the control recipients on the day of transplant and for 5 days

thereafter.
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4.3.7 — Evaluation of islet graft function

Transplant efficacy was assessed three times per week in recipients through non-
fasting blood glucose measurements, using a portable glucometer (OneTouch Ultra 2,
LifeScan, Canada) in all groups tested. Graft function and reversal of diabetes was
defined as two consecutive readings <11.1 mmol/l and maintained until study
completion. In addition, intraperitoneal glucose tolerance tests (IPGTTs) were
conducted post-transplant to further assess metabolic capacity by mimicking
postprandial stimulation. Mice were fasted overnight prior to receiving an
intraperitoneal glucose bolus (3 g/kg). Blood glucose levels were evaluated at baseline
(Time 0), 15, 30, 60, 90 and 120 minutes post-injection. Blood glucose area under the
curve (AUC-blood glucose) was calculated and analyzed between transplant groups.

Both KC and DL islet transplants were retrieved by nephrectomy or
subcutaneous graft excision to confirm graft dependent euglycemia, as previously
described'®. Non-fasting blood glucose measurements were monitored for 7 days
following graft removal to confirm hyperglycemia and thus post-transplant graft

function.

4.3.8 — Statistical analysis

Non-fasting blood glucose, AUC-blood glucose, mouse and human insulin,
caspase-3 activation, and percent apoptosis data are represented as the mean =+ standard
error of mean (s.e.m.). In vitro and in vivo data analysis between treatment groups were

conducted by unpaired two-tailed t-test. Kaplan-Meier survival function curves were
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compared using the log-rank statistical method (Mantel-Cox). P<0.05 was considered

significant.

4.4 - RESULTS

4.4.1 — Pan-caspase inhibitor F573 abrogates human islet apoptosis post-culture
Human islets were cultured in media supplemented with or without F573.
Following in vitro culture, control islets exhibited a significantly higher rate of apoptosis

compared to F573-treated islets (control islets: 3.06 £ 1.10% vs. F573 islets: 0.60 +
0.19%, p<0.05, unpaired two-tailed t-test) (Figure 4.1A,B). Furthermore, F573-treated
human islets displayed significantly less activated caspase-3 compared to controls (F573
islets: 15.02 + 1.18 vs. control islets: 20.15 £ 2.23 Abs.405nm/100Islets, p<0.05,

unpaired two-tailed t-test) (Figure 4.1C).

4.4.2 — F573 culture supplementation improves human islet in vitro viability and
function

Dual-fluorescence membrane integrating staining (SytoEB) of human islets
revealed a significant increase in viability in islets cultured for 24 hours in the presence
of F573 compared to controls (F573: 96.3 £ 2.2% vs. control: 86.0 + 4.2%, p<0.05,
unpaired t-test, n=2 isolations) (Figure 4.2A). Similarly, glucose static challenge
revealed that F573-treated human islets had a greater insulin secretory capacity in
response to glucose (Stimulation index: 1.87 + 0.05) compared to control islets
(Stimulation index: 1.66 = 0.03, p<0.05, unpaired t-test, n=2 human islet preparations

tested in triplicate) (Figure 4.2B,C).
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4.4.3 — F573 enhances diabetes reversal in marginal mass transplantation of human
islets in immunodeficient mice

A marginal human islet mass (500 islet equivalents per recipient) transplanted
beneath the murine KC was evaluated in the presence or absence of F573 (3 mg/kg). Of
the diabetic mice recipients transplanted with control human islets, 2 of 8 (25%) became
euglycemic. In contrast, F573 supplementation in culture plus subcutaneous F573
therapy significantly improved human islet engraftment efficacy and diabetes reversal in
6 of 8 (75%) recipients (p<0.05, long-rank, compared to control transplants) (Figure
4.3A). As such, F573 recipients presented with an overall reduced daily non-fasting
blood glucose profile compared to controls (Figure 4.3B). Euglycemic mice in both
transplant cohorts maintained glucose homeostasis until islet-bearing kidney grafts were
retrieved; reverting to hyperglycemia thus proving graft-dependent function (Figure
4.3B). Prior to graft retrieval, mice in the F573 groups (n=7) displayed a superior
physiological response to IPGTT 30 days post-transplant compared to control mice
(n=7) (Figure 4.3C), as demonstrated by a significantly lower mean AUC-blood
glucose £ s.e.m. (F573: 1998 £+ 237 mmol/I/120min vs. control: 2678 = 290

mmol/l/120min, p<0.05, unpaired two-tailed t-test) (Figure 4.3D).
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Figure 4.1. Assessment of human islet apoptosis prior to transplantation and
subsequent to culture with or without F573 supplementation.

(A) Representative fluorescent microphotographs of human islets stained for insulin
(red), TUNEL (apoptosis) (green) and nuclei (blue) £F573. (B) Percentage of TUNEL
positive cells in both groups as an expression of apoptosis post-culture. (C)
Concentration of cleaved caspase-3 expressed in islets post-culture + F573
supplementation. Data points represent mean + SEM, n=2 donor, *p<0.05, unpaired

two-tail t-test.
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Figure 4.2. In vitro viability assessment of control and F573-treated human islets 24
hours post-culture.

(A) F573-treated islets exhibited improved islet viability as assessed by dual-
fluorescence staining compared to control islets (*p<0.05, t-test). (B,C) Islet function, as
assessed by static glucose stimulated insulin secretion, demonstrated that F573-treated
islets have an improved insulin secretory capacity compared to control (*p<0.05, t-

test)(n=2 isolations, triplicate samples per isolation).
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Figure 4.3 (A — B). F573 therapy improves marginal human islet mass engraftment
transplanted under the kidney capsule (KC) of mice.

(A) Reversal of diabetes rates, percent euglycemia, in the F573 3 mg/kg recipients group
(red, n=8) were higher than the control transplant recipients (blue, n=8) recipients 60
days post-transplant (*p<0.001, log-rank). (B) Non-fasting blood glucose measurements
of recipients post-transplant. All euglycemic recipient of marginal human islet grafts

maintained glycemic control until graft retrieval (arrow).
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Figure 4.3 (C — D). F573 therapy improves marginal human islet mass engraftment
transplanted under the kidney capsule (KC) of mice.

(C) Blood glucose profile during IPGTT of F573 recipients (red, n=7) and control
recipients (blue, n=7), 30 days post-transplant. (D) Mean AUC-blood glucose was
significantly lower in the F573 treatment group (*p<0.05, unpaired two-tail t-test). Mice
were administered 3 mg/kg 50% dextrose i.p. Blood glucose measurements were

monitored at t=0, 15, 30, 60, 90 and 120 minutes.
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4.4.4 — F573 inhibits mouse islet apoptosis in vitro

Immediately post-isolation and prior to syngeneic islet transplantation, murine
islets were cultured with or without F573 media supplementation. The percentage of
apoptotic cells in the control cells was significantly greater than the F573-treated islets
when assessed by TUNEL assay (F573: 0.49 £+ 0.18% vs. control: 2.34 + 1.08%, p<0.05,
unpaired two-tailed t-test) (Figure 4.4A,B). Likewise, the quantity of active caspase-3
was significantly elevated post-culture in control mouse islets compared to F573-treated
islets. (Control islets: 10.20 = 1.17 vs. F573 islets: 7.60 + 0.37 Abs. 405nm/100 Islets,

p<0.05, unpaired two-tailed t-test) (Figure 4.4C).

4.4.5 — F573 culture supplementation does not improve mouse islet in vitro viability
Membrane integrity dual-florescence staining did not differ between control and
F573-treated mouse islets, 2 hours post-culture (Control: 93.4 + 0.8% vs. F573: 93.7 +
0.6%, p>0.05, unpaired t-test, n=2 isolations) (Figure 4.5A). Similarly, glucose static
challenge revealed that F573-treated and control mouse islets did not differ in their
insulin secretory capacity in response to glucose post-culture (F573 stimulation index:
1.56 = 0.16 vs. control stimulation index 1.87 + 0.16, p>0.05, unpaired t-test, n=2 mouse

islet preparations tested in triplicate) (Figure 4.5B,C).
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Figure 4.4. Evaluation of mouse islet apoptosis prior to transplantation and
subsequent to culture with or without F573 supplementation.

(A) Representative fluorescent microphotographs of mouse islets stained for insulin
(red), TUNEL (apoptosis) (green) and nuclei (blue) + F573. (B) Percentage of TUNEL
positive cells in both groups as an expression of apoptosis post-culture. (C) Caspase-3
activation expressed in islets post-culture = F573 supplementation. Data points

represent mean + SEM, n=7/group, *p<0.05, unpaired two-tail t-test.
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Figure 4.5. In vitro viability assessment of control and F573-treated mouse islets 2
hours post-culture.

(A) Comparison of membrane integrity of F573-treated islets to control islets as
assessed by dual-fluorescence staining (p>0.05, t-test). (B,C) Islet function, as assessed
by static glucose stimulated insulin secretion, demonstrated that F573-treated islets
exhibit no difference in insulin secretory capacity compared to control (p>0.05, t-

test)(n=2 isolations, triplicate samples per isolation).
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4.4.6.1 — F573 does not improve efficacy of mouse marginal islet mass grafts
transplanted under the KC

The ability of F573 to enhance islet engraftment efficacy was evaluated using the
KC site (F573: 3 mg/kg: n=11), in a marginal islet transplant mass model (150 islets per
recipient). As a means to compare engraftment efficiency, a control group (no F573
supplementation or therapy) of diabetic recipients were also transplanted with 150 islets,
under the KC (control: n=11). F573 therapy did not enhance rates of euglycemia post-
marginal islet engraftment compared to controls [F573 3 mg/kg: 64% (7 of 11) vs.
control: 55% (6 of 11), p>0.05, log-rank] (Figure 4.6A). [IPGTTs were performed on
recipients 45 days post-transplant. Mice from both F573 (n=7) and control (n=6) groups
demonstrated a robust physiological response to the glucose challenge with a prompt
restoration of normoglycemia (Figure 4.6B). Furthermore, there was no difference in
mean AUC £ s.e.m. (F573: 1932 + 238 mmol/l/120min vs. control: 1890 + 141

mmol/l/120min, p>0.05, unpaired two-tailed t-test) (Figure 4.6C).

4.4.6.2 — F573 enhances the rate of diabetes reversal post-full mouse islet mass
transplanted into PV

Full islet mass (500 islets per recipient) engraftment efficacy post-transplant into
the PV was evaluated + F573 therapy at 3 and 10 mg/kg. Post-transplant intervention
with 3 mg/kg of F573 in a small cohort of recipients had no beneficial effect on
engraftment (data not shown). Subsequently, a dose of 10 mg/kg of F573 was examined.
Of the recipients transplanted with control islets into the PV, 4 of 13 (31%) became

euglycemic. In contrast, 8 of 11 (72%) recipients receiving F573 supplemented islets
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and exogenous F573 (10 mg/kg) therapy post-PV transplant, reversed diabetes; a
significant improvement compared to control recipients (p<0.05, long-rank) (Figure
4.6D). Recipients in the F573 transplant groups (n=6) demonstrated an improved
glucose clearance in response to an IPGTT 45 days post-transplant compared to control
mice (n=8) (Figure 4.6E), as corroborated by a markedly reduced mean AUC-blood
glucose £ s.e.m. (F573: 1980 £ 242 mmol/I/120min vs. control: 2617 £+ 199

mmol/l/120min, p<0.05, unpaired two-tailed t-test) (Figure 4.6F).

4.4.6.3 — F573 improves and accelerates marginal islet mass engraftment into a
prevascularized subcutaneous Device-less site

The effect of F573 islet supplementation and recipient administration (3mg/kg)
was evaluated using a prevascularized subcutaneous site with a marginal islet transplant
dose (150 islet per recipient). Of the recipients transplanted with control islets into the
DL site 16 of 22 (72%) became euglycemic, whereas in the F573 experimental group, a
significantly higher rate of diabetes reversal was observed, as 10 of 12 (83%) became
euglycemic post-transplant (p<0.05, log-rank) (Figure 4.6G). Furthermore, F573
significantly reduced the time to euglycemia from 41.1 + 4.3 days post-transplant in
control recipients to 20.1 £ 5.4 days post-transplant in the F573 experimental group
(p<0.001, unpaired two-tailed t-test). As a means to assess long-term function of mice
post-transplant with or without F573 therapy, IPGTTs were conducted 100 days post-
transplant. Recipients in the F573 group (n=9) rapidly became normoglycemic
following glucose challenge, demonstrating superior glucose clearance profiles

compared to control DL transplants (n=14) (Figure 4.6H). As a result, blood glucose
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AUC:s + s.e.m. for glucose clearance were significantly elevated in the control group
compared to the F573 DL islet transplant recipient (Control DL: 2861 + 119
mmol/L/120min vs. F573 DL: 2012 + 137 mmol/L/120min, p>0.001, unpaired two-

tailed t-test) (Figure 4.61).
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Figure 4.6 (A — C). Post-transplant efficacy of mouse syngeneic islet transplants +
F573 therapy utilizing standard and alternative engraftment sites.

(A) F573 therapy did not improve marginal mouse islet engraftment efficacy (control:
n=11, 3 mg/kg F573: n=11)(p>0.05 log-rank), (B) glucose clearance in response to
IPGTT and (C) AUC-blood glucose (p>0.05, unpaired two-tailed t-test), when islet were

transplanted under the KC.
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Figure 4.6 (D — F). Post-transplant efficacy of mouse syngeneic islet transplants +
F573 therapy utilizing standard and alternative engraftment sites.

(D) Reversal of diabetes rates were significantly greater in 10 mg/kg F573 therapy
recipients (red, n=11) compared to control transplants (blue, n=13) (*p<0.01, log-rank),
when islets were transplanted into the PV at a full islet dose. (E) Blood glucose profiles
and (F) AUC-blood glucose in response to an IPGTT was improved in the F573

transplant group compared to controls (*p<0.05, unpaired two-tailed t-test).
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Figure 4.6 (G - 1). Post-transplant efficacy of mouse syngeneic islet transplants +
F573 therapy utilizing standard and alternative engraftment sites.

(G) Therapeutic intervention with F573 (red, n=12) improved the rate of euglycemia
post-marginal islet mass transplants into the DL site compared to control islet recipients
(blue, n=22)(*p<0.05). (H) Blood glucose profile during IPGTTs of F573 recipients (red,
n=9) and control recipients (blue, n=14), 100 days post-transplant. (I) F573 recipients
demonstrated a significantly improved response to glucose challenge compared to
control recipients as demonstrated by markedly reduced AUC-blood glucose
(***p<0.001, unpaired, two-tailed t-test). Mice were administered 3 mg/kg 50%

dextrose i.p. Blood glucose measurements were monitored at t=0, 15, 30, 60, 90 and 120

minutes.
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4.5 - DISCUSSION

Islet viability is compromised in the acute and peri-transplant period, which
accounts for substantial cell death, leading to failed engraftment and impaired islet
function. Strategies aimed to reduce islet death and promote engraftment have included
the utility of therapeutic agents capable of reducing apoptosis through pan-caspase
inhibition, and alternatively through exploration of alternative transplant sites of
potential clinical relevance, that do not involve direct introduction of freshly
transplanted cells within the vascular space. One such strategy was recently described
by Giovannoni et al, who demonstrated that Toll-like receptor 4 blockage was
efficacious in reducing islet apoptosis and improving both syngeneic and allogeneic islet
transplant outcomes in mice. '® In the current study, we sought to evaluate whether the
administration of a pan-caspase inhibitor, F573, in culture and in the acute post-
transplant period could reduce islet death and enhance engraftment in various transplant
sites in pre-clinical rodent models.

The culture of murine and human islets with F573 resulted in reduced TUNEL-
positive nuclei and caspase-3 activity when compared to islets in standard culture media
alone. These findings demonstrate F573’s caspase-specific inhibition of islet death,
confirming previously established findings from our laboratory with earlier generations
of caspase inhibitors.”*'*!" Our in vivo results demonstrated varying degrees of efficacy
between murine and human islets transplanted beneath the renal capsule, as well as
murine islets transplanted in alternative transplant sites. Notably, we found that a
marginal mass of human islets transplanted beneath the kidney capsule of

immunodeficient mice were highly protected by F573 treatment, but there was less
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measurable difference with murine islets. It is routine for us to culture human islets for
periods exceeding 24 hours, but we routinely transplant mouse islets within 2 hours of
isolation. Therefore, the window of F573 exposure for the human islet studies (24 hours)
was considerably longer than that of the mouse islet experiments (2 hours). Nonetheless
we see significant protection from apoptosis in both settings, and of greater magnitude
in human vs murine islets. Furthermore, by the nature of human organ procurement,
long cold ischemic transport times, a more intense isolation, purification and culture
conditions, by necessity human islets are exposed to more cumulative stressing events
than the murine islets. This likely also explains the differential susceptibility of human
islets to apoptosis and protection from F573 in the kidney capsule setting. In vitro
viability data within the present study supports this hypothesis as the distressed human
islets demonstrated improved function when cultured in the presence of F573 compared
to the robust freshly isolated mouse islets. The cytoprotective effect of F573 in mouse
islets was not apparent until a more inhospitable transplant site was implemented.
Further accounting for the in vivo difference is the impurity of human islet
preparations in comparison to murine islets, with the former containing a greater
percentage of acinar tissue. When contained in the renal subcapsular space and placed in
close proximity to one another, the release of acinar enzymes may inflict significant
death on neighboring islets."” Drognitz and colleagues previously demonstrated that cold
ischemia and reperfusion of the pancreas induces acinar apoptosis whereas endocrine
tissue was less susceptible.”” It is plausible that acinar tissue-specific apoptosis was
preserved in the presence of F573, thus protecting neighboring islets from enzymatic

lysis and improving engraftment outcomes.
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Early generations of pan-caspase inhibitors have demonstrated improved PV
islet engraftment at doses of 10 mg/kg.'’ Initially we sought to evaluate if a lower dose
(3 mg/kg) would yield improved islet engraftment; however, this therapeutic strategy
did not prove to be efficacious as it did when human islets were transplanted under the
KC. Therefore, we increased the dose of F573 to 10 mg/kg for the PV transplant
recipients. When administered via the intraportal route, murine islets transplanted at a
full therapeutic dose exhibited significant engraftment in F573-treated (10 mg/kg)
recipients as compared to control islet recipients. Robust islet loss occurs in the early
transplant period, culture and administration of F573 likely preserved a sufficient islet
mass subsequent to transplant, allowing for reversal of diabetes in a greater number of
recipients. This has been confirmed in previous studies using earlier generation pan-
caspase inhibitors in which islets were pre-incubated with the inhibitor and recipients
were treated up to 5 days post-transplant.'’ The inherent inflammatory cascades evoked
by this route of islet delivery, such as IBMIR*', may indeed explain, in part, the
requirement of a larger therapeutic dose of F573 in order to demonstrate improved
transplant efficacy. Several antioxidants have been shown to optimize islet engraftment
in mice such as the antioxidant cyaniding-3-O-glucoside.”> Our results support these
findings, further suggesting the therapeutic benefit of this novel inhibitor, F573, in the
clinical islet transplant setting.

Additional sources of insulin-producing cells are becoming available for
potential future B-cell replacement therapy, including insulin-producing stem cells and
xenogeneic islet sources. The establishment of an optimal alternative transplant site

should consider its ability to accommodate a sufficient transplant mass, its clinically
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feasibility and whether it can be easily retrieved should complications arise.”> We
previously reported that modification of the subcutaneous space using the DL technique
could adequately support islet engraftment and restore euglycemia to a greater extent
than the unmodified space while having the capacity to safely retrieve the graft."
Moreover, the DL technique was shown to be efficacious in restoring euglycemia when
transplanted with a marginal islet mass in a murine diabetes model.'* Our data in the
current study demonstrates that F573 administration augments islet engraftment
outcomes relative to control recipients in the DL site suggesting that this technique may
exert some degree of apoptosis on the transplanted graft. Similarly, Espes et al
demonstrated induced apoptosis in intramuscular islet grafts that could be reduced with
the co-transplantation of low dose polymerized hemoglobin. ** Furthermore, our
observations reflect the efficiency of F573 to improve prevascularized subcutaneous DL
engraftment while expediting the restoration of glycemic control in a regulated
physiological manner. Should this transplant technique be translated to the clinical
setting, it may be of benefit to incorporate pan-caspase treatment in vitro and in the
acute transplant period as an added therapy to promote early engraftment.

This study supports the utility of the pan-caspase inhibitor, F573, in islet
transplantation. The differences in engraftment efficacy observed in murine and human
islets transplanted under the renal capsule strongly endorse the potential benefit of this
therapy in clinical transplantation. Should extrahepatic transplant sites be incorporated
in the clinical setting, pan-caspase therapy may also prove beneficial in the acute post-

transplant period to expedite engraftment outcomes. The ability of F573 to restore
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euglycemia with sub-therapeutic, marginal islet doses is of added benefit, as donor

availability impedes the number of potential patients that may be treated.
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CHAPTER 5.

FERROPTOSIS-INDUCING AGENTS COMPROMISE IN

VITRO HUMAN ISLET VIABILITY BUT NOT IN VIVO

FUNCTIONALITY IN MICE

A version of this Chapter has been submitted to Cell Death and Disease on

November 2, 2017 and is currently under active peer-review for publication.
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5.1 - ABSTRACT

Human islet transplantation has been hampered by donor cell death associated
with the islet preparation procedure before transplantation. Regulated necrosis pathways
are biochemically and morphologically distinct from apoptosis. Recently, one such
pathway, ferroptosis, was identified as an iron-dependent, non-apoptotic form of
regulated necrosis and has been implicated in various pathological conditions. Key
mediators of islet oxidative stress, including glutathione peroxidase-4 (GPX4), have
been identified as targets to induce ferroptosis. Mechanisms that affect GPX4 function
have been shown to impact islet function and viability. Ferroptosis has not been
investigated directly in human islets, and the relevance of this pathway in islet
transplantation remains unknown. Herein, we sought to determine whether in vitro
human islet viability and function is compromised in the presence of two distinct
ferroptosis-inducing agents (FIA), erastin or RSL3, and whether these effects could be
rescued with an inhibitor of ferroptosis called ferrostatin-1 (Fer-1). Viability assessed
through lactate dehydrogenase (LDH) release revealed significant death in erastin and
RSL3 treated islets, 20.3% + 3.8 and 24.4% + 2.5, 24 hours post-culture, respectively.
These effects were ameliorated in islets pre-treated with Fer-1. A significant reduction
in stimulation index was observed in islets treated with erastin (control 1.97 £ 0.13 vs.
50 uM erastin 1.32 £ 0.1) (p<0.05). However, when transplanted under the kidney
capsule of immunodeficient mice, pre-treatment with erastin or Fer-1 did not impact
engraftment outcomes in the model and islet dose tested. Our data reveal that islets are
indeed susceptible to ferroptosis in vitro, and induction of this novel cell death modality

leads to compromised islet function, which can be recoverable in the presence of the

200



ferroptosis-specific inhibitor, Fer-1. The in vivo impact of this pathway in islet
transplantation appears to be of minor importance, however, at least within the

constrains of our testing, but further investigation is warranted.
5.2 - INTRODUCTION

The inception of the ‘Edmonton Protocol’ by Shapiro and colleagues, and more
recent modifications and improvements were critical in establishing islet transplantation
as a viable therapeutic option for select patients with type 1 diabetes mellitus."* With
complete insulin-independence up to 1 year post-transplant, 5 year follow-up of early
transplant recipients demonstrated maintained graft function with presence of C-peptide,
correction of hemoglobin A1C and stabilization of glycemic control, but the majority
returned to modest exogenous insulin therapy over time.” Early insights into long-term
success rates suggest that there are numerous limitations associated with engraftment
outcomes, many of which occur during islet isolation and in the acute and peri-
transplant period.

When transplanted into the portal vein, it is estimated that up to 70% of the
transplanted islet mass is lost in the acute and peri-transplant period, resulting from
numerous factors. Such factors include the instant blood-mediated inflammatory
reaction, hypoxia, delayed revascularization and inflammatory cytokines.” These events
stimulate the initiation of cell death cascades, apoptosis and necrosis, contributing to
islet loss during the preparation procedure and within hours and days of transplant, long
before the initiation of alloimmune or recurrent autoimmune responses.” *’ In contrast
to non-immunogenic apoptosis, necrosis is increasingly recognized as the most potent

trigger of the immune system.® Likely, this event is further exaggerated by HLA- or
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species-incompatibility.” ' ! Strategies to deter early cell death could critically
augment islet engraftment thereby improving long-term graft function. Along these lines,
strategies to prevent caspase-dependent islet death, including the administration of
interleukin-1p receptor agonists,'> withaferin A, and caspase-specific inhibitors both in
vitro and in vivo have been explored previously.” '* 1> 1¢

Non-apoptotic cell death has been identified in various pathological conditions,
including myocardial infarction, stroke, ischemia-reperfusion injury and many others."’
In contrast to unregulated necrosis, whereby cell death can occur through spontaneous,
‘accidental’ triggers like trauma, regulated necrosis occurs through distinct biochemical
mediators that activate molecular machinery.® One particular subroutine of regulated
necrosis, termed ferroptosis, is morphologically and biochemically distinct from other
forms of cell death, that it is iron-dependent and non-apoptotic.'® ' Ferroptosis was first
described in parallel to the identification ferrostatin-1 (Fer-1), an inhibitor of this cell
death pathway that functioned to prevent erastin-induced cell death.®*'”-'® Erastin, a
small potent molecule capable of selectively inhibiting the X cystine/glutamate
antiporter required for glutathione (GSH) biosynthesis, induces ferroptosis.'” '*
Subsequent to intracellular GSH depletion, the GSH-dependent, lipid repair enzyme,
glutathione peroxidase 4 (GPX4), lacks the ability to sufficiently repair aberrant
downstream accumulation of reactive oxygen species (ROS).'" '*2% 2122 RS 3, has
recently been identified as a potent GPX4-specific inhibitor and known inducing agent

18, 21

of ferroptosis. Relative to other native tissues, islets exhibit reduced antioxidant

defences, and as a result are susceptible to the dysregulation of free radical production

23,24

and subsequent oxidative stress. Ferrostatins were previously demonstrated to
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reduce ferroptosis-induced death in cellular models of Huntington’s disease,
periventricular leukomalacia, kidney tubular necrosis and acute kidney injury.'” >
Given that key mediators of islet survivability are also key targets that induce
ferroptosis, it has yet to be elucidated if islets are susceptible to ferroptosis-induced cell
death.

Herein, we sought to establish whether human islets exhibit reduced islet
viability and function when challenged with ferroptosis-inducing agents (FIAs), erastin
or RSL3, in vitro. We also sought to determine whether inhibitors of ferroptosis such as
the small molecule Fer-1 could rescue human islets from the subsequent deleterious
effects of these agents. Given the conceived cytoprotective effects of Fer-1 in other
disease models, we evaluated whether pre-conditioning with Fer-1 could augment islet
engraftment in an immunodeficient, marginal human islet transplant model, as well as

assess whether in vitro challenge with erastin could compromise subsequent in vivo

engraftment in a full-dose transplant model.

5.3 - MATERIALS AND METHODS

5.3.1 — Erastin and RSL3

Erastin (Sigma, Oakville, ON) was prepared by dissolving the drug in phosphate
buffered saline (PBS) at a stock concentration of 10 mM. RSL3 was received by the
Stockwell Laboratory (Columbia University, NY, NY) and was prepared by dissolving
the drug in dimethyl sulfoxide (DMSO) at a stock concentration of 40 mM. For long-

term storage, both reagents were stored at -20°C.
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5.3.2 — Human islet isolation, purification, and culture

Human islet preparations were isolated after family consent to retrieve pancreas
organs from deceased multi-organ donors, as previously described,’’ 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 regarding the performance of
these studies was granted by the Health Research Ethics Board at the University of
Alberta (Edmonton, Alberta, Canada), after written permission from donor families.
Human islets were cultured in clinical grade CMRL-1066 media (Media Tech, MT99-
603-L) supplemented with insulin selenium-transferrin and insulin-like growth factor-1

at 22°C and were received 24 to 72 hours after isolation.

5.3.3 — Islet culture

Human islets were cultured in Connaught Medical Research Laboratories
(CMRL-1066) medium supplemented with 10% fetal bovine serum, L-glutamine
(2mM), penicillin (50 000 units), streptomycin (50 mg), HEPES (5mM), nicotinamide
(10mM) and sodium pyruvate (SmM). For select erastin experiments, islets were
maintained in CMRL £ 1, 5 or 10 uM of the ferroptosis inhibitor Fer-1 (Sigma,
Oakville, ON) for 24 hours. Subsequently, islets were harvested, quantified and cultured
in the above conditions = 20 or 50 uM FIA, erastin (Sigma, Oakville, ON), for an
additional 24 hours. For RSL3 experiments, islets were maintained in CMRL + 1 uM
Fer-1 for 24 hours and subsequently cultured in the aforementioned conditions + 20 uM

RSL3.
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5.3.4 — Lactate dehydrogenase as a measure of cytotoxicity

Human islets were cultured in the aforementioned conditions in non-tissue
treated 6-well plates (Costar, Corning, NY). Cell-free supernatants were subsequently
harvested and assessed for LDH release with the Cytotoxicity Detection Kit (Roche).
Percentage cytotoxicity was calculated as per the manufacturer’s protocol using the
formula: (test LDH release - spontaneous release) + maximal release. Test LDH release
is the LDH released after treatment with the various treatment conditions; spontaneous
release is the baseline cell LDH release; and maximal LDH release is the release of
LDH when cells are lysed with 5% Triton-X. The data are the means of at least three

independent experiments = SEM.

5.3.5 — Static glucose stimulated insulin secretion (sGSIS)

Subsequent to 24-hour culture, islets were harvested from control (CMRL only)
and treatment groups and were subjected to static GSIS (sGSIS). For each experiment,
50 islet equivalents (IEQ) from each group were incubated in RPMI-1640 containing
low (2.8 mmol/l) glucose for one hour, followed by high (16.7 mmol/l) glucose for an
additional hour. Subsequent to glucose challenge, cell-free supernatants were harvested
and insulin levels were measured by enzyme-linked immunosorbent assay (ELISA)
(Mercodia, Uppsala, Sweden). Stimulation Index is represented as the ratio of insulin

secreted in response to high glucose versus insulin secreted in response to low glucose.
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5.3.6 — Diabetes induction and islet transplantation

One week prior to transplantation, immunodeficient C57BL/6 RAG” mice
(Jackson Laboratories, Bar Harbor, ME, USA) 12-14 weeks of age were rendered
diabetic by chemical induction with intraperitoneal streptozotocin (STZ) (Sigma-Aldrich
Canada Co., Oakville, ON, Canada), at 185 mg/kg in acetate phosphate buffer, pH 4.5.
Diabetes was confirmed when non-fasting blood glucose levels exceeded 15 mmol/L for
2 consecutive daily readings.
For marginal human islet transplants, 24 hours post-culture = 1 uM Fer-1 islets were
quantified and transplanted under the kidney capsule at a dose of 500 islet equivalents
(IEQ) £ 10% per diabetic recipient. For full-dose human islet transplants, islets were
cultured for 24 hours + 1 uM Fer-1 and an additional 24 hours + 50 uM erastin, were
harvested, quantified and transplanted under the kidney capsule at a dose of 1500 islet
equivalents (IEQ) = 10% per diabetic recipient. From the time of islet isolation to full-
dose islet transplantation, the median culture period was 96 hours.
For all transplants, human islets were aspirated into polyethylene (PE-90) tubing using a
micro-syringe, and centrifuged into a pellet suitable for transplantation. A left lateral
paralumbar incision was made and the left kidney delivered. The renal capsule was

incised and the islets were infused.
5.3.7 — Evaluation of islet graft function

Non-fasting blood glucose measurements (mmol/L) were assessed three times weekly

using a portable glucometer (FreeStyle InsuLinx, Abbott Diabetes Care Ltd., Oxon, UK)
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in the three transplant groups tested. Graft function and reversal of diabetes was defined
as two consecutive readings <11.1 mmol/L and maintained until study completion.
Intraperitoneal glucose tolerance tests (IPGTTs) were conducted at study endpoint; 35
days post-transplant for marginal islet recipients and 40 days post-transplant in full-dose
islet transplant recipients. Mice were fasted overnight prior to receiving an
intraperitoneal 25% glucose bolus (3 g/kg). Blood glucose levels were evaluated at
baseline (time 0), 15, 30, 60, 90 and 120 minutes post-injection. Blood glucose area
under the curve (Blood glucose AUC) was calculated and analyzed between transplant

groups.

5.3.8 — Islet graft retrieval

In order to corroborate graft-dependent euglycemia, islet transplants were retrieved by
recovery nephrectomy. Islet transplant recipients were placed under anesthesia, and their
graft-bearing kidney was exposed. Using a LT200 Ligaclip (Johnson & Johnson, Inc.,
Ville St-Laurent, QC, CA), the renal vessels and ureter were ligated and the islet graft-
bearing kidney was removed. Non-fasting blood glucose measurements were monitored
up to 7 days post-graft removal to confirm hyperglycemia and thus post-transplant graft

function.

5.3.9 — Statistical Analysis
All data are represented as the mean + standard error of mean (s.e.m.). Islet viability
data comparisons between control and treatment groups were analyzed through

parametric one-way ANOVA. Tukey’s post-hoc tests were used following the analysis
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of variances for multiple comparisons between study groups. IPGTT area under the
curve (AUC) was also analyzed by parametric one-way ANOVA. Data was analyzed
using GraphPad Prism (GraphPad Software, La Jolla, CA, USA). P<0.05 was

considered significant.

5.4 - RESULTS

5.4.1 — Human islets cultured in the presence of erastin exhibit impaired function
and viability

Cell free supernatants harvested 24 hours post-culture revealed significant levels of
LDH from islets challenged with 20 uM or 50uM erastin compared to supernatants from
islet cultured in CMRL alone (Figure 5.1A) (20 uM erastin: 22.0% + 4.0; 50 uM
erastin: 20.3% =+ 3.8, p<0.01). When assessed for islet function, human islets exposed to
50 uM erastin exhibited significantly reduced insulin-secreting capacity in response to
glucose versus control islets (Stimulation Index: control 1.97 + 0.13 vs. 50 uM erastin

1.32 £ 0.1, p<0.05) (Figure 5.1B).

5.4.2 — Pre-treatment with 1pM Fer-1 rescues erastin-induced islet cell death

After 24 hours of 20 uM erastin treatment, human islets pre-treated with 1, 5 or 10 uM
Fer-1 exhibited significantly reduced LDH levels as compared to islets treated with
erastin alone (p<0.01, p<0.001 and p<0.001, respectively) (Figure 5.2A-C). Notably, in
all cases, islets pre-treated with Fer-1 exhibited no significant difference in LDH release

compared to their erastin-treated counterparts. Moreover, in the presence of 50 pM
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erastin, pre-treatment with 1 uM Fer-1 exhibited significant cytoprotection compared to
erastin-treatment alone (p<0.01) (Figure 5.2D). Similarly, islets pre-treated with 5 or 10
uM Fer-1 conferred significant cytoprotection in the presence of 50 uM erastin as

exhibited by reduced LDH release.
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Figure 5.1. In vitro human islet viability and function is compromised in the
presence of erastin.

(A) Human islets challenged with 20 and 50 uM erastin exhibit increased LDH release
relative to non-treated control islets (P<0.01). Data represented as percent of control. (B)
Erastin treatment impairs glucose stimulated insulin secretion in human islets. (P<0.05).
Data represented as mean + SEM. (one-way ANOVA followed by Tukey’s multiple

comparison test). Triplicate samples from 3 human pancreata.

211



*
ﬂ + 1 M
*
£ 5
- 1 + -
*
i i
o B o W o Wb o_ o B o b o b o
™ N ~N - - M \MII ™ ~N N - -
(eseajay HAT) E = (esesjay HA)
Apo1x0303A9 %, S Au21x0301A9) %,
M=t a
O =
-8
o
- o+ -
b + :
x f
- 1 + -
; i
_- ] 1
o v © b o Wb o_ o v o b o Wb o
[ N N - - M W (] N N - -
(eseajay Ha) e (eseajay HA)
K3191%0303A9 %, ~ & Ay21%0303A9 9%,
T oc o
23
(0]

212

Fer-1 (1uM)
erastin (50uM)

Fer-1 (10uM)
erastin (20uM)



Figure 5.2. Assessment of LDH release of human islets pre-treated with or without
Fer-1 in the presence of erastin.

(A-C) Human islets exhibit significantly reduced islet cell death when pre-treated for 24
hours with 1, 5 or 10 uM Fer-1 and subsequently challenged with erastin for an
additional 24 hours. **P<0.01, ***P<0.001, ****P<0.0001 (one-way ANOVA). (D) 1
uM Fer-1 exhibited reduced LDH release in the presence of 50 uM Fer-1 erastin relative
to erastin-alone treated islets, **P<0.01. Data represented as mean = SEM, Triplicate

samples from three human pancreata.
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5.4.3 — Fer-1 pre-treatment preserves sGSIS in the presence of erastin

Since human islets treated with 50 pM erastin exhibited significant impairment of
glucose-stimulated insulin secretion relative to non-treated control islets, we evaluated
whether pre-treatment with 1 uM Fer-1 could improve glucose stimulated insulin
secretion in the presence of erastin. Human islets pre-treatment with 1 uM Fer-1
followed by erastin treatment preserved the insulin-secreting capacity of human islets
(Stimulation Index: 2.29 + 0.06), whereas islets treated with erastin alone exhibited
reduced insulin-secreting capabilities (Stimulation Index: 1.32 = 0.11) (p<0.05) (Figure
5.3). As anticipated, Fer-1 alone treated islets demonstrated similar insulin secretory
capacity as control islets (Stimulation Index control: 1.97 £ 0.13 vs Fer-1: 2.10 + 0.30,

P>0.05).

5.4.4 — RSL3 compromises human islet viability and moderately impairs sGSIS
To further elucidate whether FIAs could compromise in vitro viability and function,
human islets were cultured for 24 hours in the presence of an alternative known
stimulator of ferroptosis, RSL3, at 20 uM concentration subsequent to 24 hours of pre-
conditioning with or without 1 uM Fer-1. Cell free supernatants from islets cultured in
RSL3 alone exhibited significantly elevated LDH in comparison to non-treated control
islets alone (control: 1.7% £ 0.1 vs. 20 uM RSL3: 24.4% + 2.5, p<0.0001). Islets pre-
treated with 1 uM Fer-1 and subsequently challenged with 20 uM RSL3 for an
additional 24 hours exhibited significantly reduced cell death in comparison to RSL3
treatment alone (20 uM RSL3: 24.4% + 2.5 vs 1 uM Fer-1 + 20 uM RSL3: 12.57% +

1.85, p<0.01) (Figure 5.4A). When evaluating the insulin-secreting capacity of islets
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through sGSIS, islets challenged with 20 uM RSL3 were not significantly different from
control islets (control: 2.35 £+ 0.07 vs. 20 uM RSL3: 1.80 + 0.23, p>0.05) (Figure 5.4B).

This experiment suggests that islets in general are sensitive to ferroptosis.

5.4.5 — Engraftment Efficacy of Fer-1-treated human islets transplanted under the
renal capsule of immunodeficient mice.

Islet engraftment efficacy of human islets pre-treated with or without Fer-1 for 48 hours
was evaluated in a marginal islet transplant mass model (500 IEQ per recipient, n=2
control, n=4 Fer-1). All recipients became euglycemic subsequent to transplant in both
transplant groups. Daily non-fasting blood glucose monitoring of euglycemic transplant
recipients revealed no difference between control and Fer-1-treated islet recipients
(Figure 5.5A). Intraperitoneal glucose tolerance tests (IPGTTs) were performed on all
marginal islet transplant, euglycemic recipients 35 days post-transplant. Mice in both
transplant groups exhibited a physiological response to glucose bolus, with a prompt
restoration of normoglycemia up to 120 minutes post-dextrose infusion (Figure 5.5B).
Furthermore, there was no significant difference in mean area under the curve (AUC) £
s.e.m. (AUC control: 1557 = 300.4 mmol/L/120min vs. Fer-1: 1335 £ 100.1
mmol/L/120min, p>0.05, unpaired t-test, Figure 5.5C). This experiment suggests that
ferroptosis is not the primary cause of cell death in this model. However, it cannot be

excluded that more stable second generation ferrostatins may still be beneficial.
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Figure 5.3. Fer-1 pre-treatment maintains sGSIS in human islets treated with
erastin.

Human islets were pre-treated with or without 1 uM Fer-1 for 24 hours and
subsequently challenged with or without 50 uM erastin for an additional 24 hours and
assessed for sGSIS. Cell-free supernatants were assessed for insulin secretion via ELISA
and expressed as stimulation index. Data represented as mean = SEM, triplicate samples
from three human pancreata. *P<0.05 (one-way ANOVA, followed by Tukey’s multiple

comparison test).
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5.4.6 — Human islets pre-treated with erastin do not exhibit impaired engraftment.
Transplant recipients of human islets pre-treated for 24 hours with or without 1 pM Fer-
1 and additional 24 hour challenge with or without 50 uM erastin revealed no significant
difference in restoration of euglycemia between all transplant groups (Figure 5.6A).
Non-fasting, mean blood glucose profiles of all four transplant groups revealed similar
glycemic trends (Figure 5.6B). Recipients in all groups reverted back to hyperglycemia
upon graft recovery nephrectomy, thus confirming graft-dependent euglycemia. To
evaluate in vivo graft function, intraperitoneal glucose tolerance testing (IPGTT) was
performed on transplant recipients 40 days post-transplant. Islet transplant recipients
from all groups revealed similar blood glucose profiles post-dextrose infusion and
exhibited a restoration of normoglycemia within 120 minutes (Figure 5.6C). No
discernable difference in blood glucose mean area under the curve (AUC) was observed
between groups (Figure 5.6D). These data suggest that erastin does not exacerbate the

amount of ferroptosis that spontaneously occurs in this scenario.
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Figure 5.4. Evaluation of in vitro human islet viability and function in the presence
of the ferroptosis-inducing agent, RSL3.

Human islets were pre-treated with or without 1 puM Fer-1 for 24 hours and

subsequently challenged with or without 20 uM RSL3 for an additional 24 hours. (A)
Human islets exhibit significantly increased cell death as assessed by LDH in the
presence of 20 uM RSL3. Pre-treatment with 1 pM Fer-1 preserves islet viability in the
presence of RSL3. *P<0.05, **P<0.01, ***P<0.001, ****P<(0.0001 (one-way ANOVA).
(B) sGSIS evaluation of the insulin-secreting capacity of human islets cultured alone,
pre-conditioned with 1 uM Fer-1 or in the presence of 20 uM RSL3. Cell-free
supernatants were assessed for insulin secretion via ELISA and expressed as stimulation

index. Data represented as mean £ SEM, triplicate samples from three human pancreata.

219



>

25

. -e— Control (n=2)
% 2 -=- Fer-1(n=4)
2 15
o
=
o 1
el
3
o 5

1 L L] L] 1

0 10 20 30 40

Days Post-Transplant

30+
- -e- Confrol (n=2)
E -=- Fer-1(n=4)
© 204
8
(2]
=
% 104
o
c L U L) 1
0 30 60 90 120

Time (mins)

2000+
)
2 1500
-]
g
S 10001
)
:§ 500+
m

0-

Il Control (n=2)
E Fer-1(n=4)

220



Figure 5.5. Efficacy of marginal dose human islet transplants under the renal
capsule of C57BL/6 RAG™ recipients.

(A) Non-fasting blood glucose measurements of euglycemic recipients post-transplant.
Recipients of control and 1 uM Fer-1 marginal (500 IEQ) human islets exhibited robust
glycemic control until graft retrieval (arrow). (B) Blood glucose prolife post-dextrose
bolus of control (black, n=2) and 1 uM Fer-1 (grey, n=4). (C) Blood glucose area under
the curve (AUC) analysis did not differ between control and 1 uM Fer-1-treated islet
recipients. Mice were administered 3 mg/kg 25% dextrose i.p. Blood glucose

measurements were monitored at t=0, 15, 30, 60, 90 and 120 minutes.
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Figure 5.6. Efficacy of full dose (1500 IE) human islet transplants under the renal
capsule of C57BL/6 RAG™ recipients.

(A) Percent euglycemia of full-dose (1500 IE) human islet transplant recipients
receiving islets cultured alone (Control, n=7), or challenged with 50 uM erastin (red,
n=7), 1 uM Fer-1 alone (blue, n=7) or 1 uM Fer-1 + 50 uM erastin (green, n=7). (B)
Non-fasting blood glucose measurements of human islet recipients post-transplant.
Euglycemic recipients maintained glycemic control throughout the duration of
engraftment until graft retrieval (arrow). Dotted line exhibits maximum threshold of
normoglycemia (<11.1 mmol/L). Data represented as mean = SEM per group. (C) Blood
glucose profile post-dextrose bolus of control (black, n=7), 20 uM erastin (red, n=7), 1
uM Fer-1 alone (blue, n=7) or 1 uM Fer-1 &+ 50 uM erastin (green, n=7). (D) Mean
blood glucose area under the curve (AUC). Mice were administered 3mg/kg 25%
dextrose i.p. Blood glucose measurements were monitored at t=0, 15, 30, 60, 90 and 120

minutes. Data represented as mean + SEM per group.
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5.5 - DISCUSSION

Strategies to ameliorate early islet loss in culture and in the acute transplant
period may contribute positively to long-term engraftment outcomes. During organ
procurement, islet isolation and transplantation, islets experience considerable oxidative
stress that contributes to islet injury and loss. GSH has been identified as an important
intracellular antioxidant capable of mitigating the accumulation of ROS. Erastin has
demonstrated the ability to induce ferroptosis by minimizing cystine uptake, reducing
intracellular GSH levels, thus contributing to ferroptosis-induced cell death in various
disease models.'” Moreover, the GPX4 inhibitor, RSL3 has also been identified as an
additional inducing agent of ferroptosis. Given the importance of GSH and GPX4 in
islet viability and function, the role of ferroptosis has yet to be elucidated in islet
transplantation.

The inability to resolve accumulating ROS results in oxidative stress. It has
previously been demonstrated that considerable ROS is generated during isolation and
transplantation.’® >’ Prolonged oxidative stress has been associated with compromised
islet viability and function.”® As such, host antioxidant systems play an integral role in
reducing excessive ROS thus minimizing cellular damage and impairment. Islets exhibit
reduced intrinsic antioxidant enzyme expression and activity relative to other host
tissues and in an effort to preserve islet function, the administration of exogenous
antioxidants has provided substantial cytoprotective benefit.”> ***° GSH, a tri-peptide
synthesized from glutamate, cysteine and glycine has been established as an important
intracellular antioxidant.’® The exogenous administration of glutamine, which

contributes to glutamate synthesis, a GSH precursor, have exhibited improved islet
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31-32 Intra-ductal administration of glutathione precursors, such as L-glutamine,

function.
have previously demonstrated the ability to augment intracellular glutathione pools, and
reduce oxidative injury during human pancreatic islet isolation.’* Disruption of the cell’s
glutamine-synthesizing capacity may alternatively contribute to the cell’s demise.

In the present study, we evaluated whether human islet viability and function
could be compromised in the presence of FIAs, erastin and RSL3. Our results revealed
that erastin and RSL3 exacerbated LDH release, indicative of islet cell ferroptosis.
Erastin exhibited the ability to impair the insulin secreting capacity of islets when
assessed via sGSIS, and for islets pre-conditioned with Fer-1, the effect was abolished.
These findings are novel, as these studies represent first-in-human testing of Fer-1
pathways in human tissues, and specifically in human islets. These observations may be
attributed to erastin’s ability to inhibit cystine uptake and contribute to subsequent GSH
depletion.'” Prior studies have implicated GSH as a crucial antioxidant alleviating
oxidative stress in islets. Glutamine, a precursor to GSH has previously been shown to
enhance insulin secretion in response to glucose as well as reduce lipid peroxidation

32:33.34 Miwa and colleagues demonstrated that islets treated with various lipid

levels.
peroxidation products inhibited glucose-induced insulin secretion.”” Ample evidence
suggests that when elevated in B-cells, fatty acids impair insulin gene expression,
glucose-stimulated insulin secretion, and increase cell death.” It remains to be
determined in more detail if these fatty acids also contain polyunsaturated fatty acids

(PUFAs) that were recently demonstrated to contribute to ferroptosis, dependent on the

molecule PEBP1. However, little is known about ferroptosis in human tissues.
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In our study, human islets pre-treated with Fer-1 and subsequently challenged
with erastin exhibited improved viability and function than islets treated with erastin
alone. Fer-1’s ability to mitigate the deleterious events associated with ferroptosis has
previously been demonstrated in various cellular models, including Huntington’s
disease,” and likely accounts for improved islet viability. It is possible that impaired
insulin secretion observed in our study was a result of downstream events associated
with engagement of the Xc. antiporter. GPX4 is capable of reducing intracellular
reactive oxygen species and requires GSH as an essential enzymatic cofactor.'” Erastin
treatment has previously demonstrated the ability to indirectly inhibits GPX4 activity by
depleting GSH levels.” Koulajian et al. demonstrated improved in vitro and in vivo B-
cell function in islets over-expressing GPX4 in the presence of lipid peroxidation
products,” further substantiating the necessity of GPX4 in preserving islet viability. On
this premise, we sought to evaluate whether in vitro viability and function could indeed
be compromised in the presence of the GPx4-specific inhibitor and FIA, RSL3. Given
the importance of GPX4 in maintaining islet function and viability, increased levels of
LDH indicate impaired viability. Islets challenged with RSL3 indeed revealed reduced
viability, which was rescued in the presence of the ferroptosis inhibitor, Fer-1. However,
the insulin-secreting capacity of islets exposed to 20 uM RSL3 exhibited only a modest
insignificant decrease in sGSIS relative to non-treated islets and islets pre-conditioned
with Fer-1. While this dose was capable of sufficiently inducing cell death, a higher
dose of RSL3 may be required to confer impairment in insulin secreting capacity, or
regulated necrosis pathways other than ferroptosis (e.g. necroptosis or pyroptosis) may

be involved.
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Though treatment of human islets with both FIAs utilized in this study revealed
compromised in vitro viability, pre-treatment of islets with erastin failed to compromise
subsequent engraftment when transplanted under the renal capsule of immune-deficient
recipients with a transplant dose (1500 IEQ). Early observations in the in vivo marginal
study revealed both control islet recipients became euglycemic in parallel to all Fer-1-
treated islet recipients. Control and Fer-1-treated islets exhibited similar LDH levels in
vitro, suggesting minimal cytotoxicity in culture without erastin treatment. An important
explanation for differences between the positive impact of Fer-1 in vitro, but not seen in
vivo, is that Fer-1 has a short half-life, and therefore may have had limited efficacy if
ferroptosis was ongoing in vivo.

It is important to emphasize in the current study that human islets only became
available for research study 24 to 72 hours post-isolation and subsequently assessed an
additional 48 hours in our experimental conditions. It is likely that any major negative
contribution of ferroptosis would have already occurred within the unstable multi-organ
donor, during prolonged cold ischemia, and the preceding islet isolation and culture
periods. The impact we observed in vitro therefore reflects a secondary wave of
inducible injury from the FIAs. This, coupled with the fact that we recounted and
compensated for any numeric loss of human islets sustained during erastin or RSL3
secondary culture when we transplanted the human islets across groups, may explain
why the dominant negative impact of FIAs was seen only in vitro but masked in vivo.
The negative impact of both FIAs in vitro was relatively modest (approximately 20%
inducible cell death only, even at maximal doses). This further suggests that the FIAs

are acting through non-dominant pathways, and that the majority of islets remain
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preserved. The present study therefore does not completely define the full potential of
ferroptosis-inhibition in islet transplantation, especially if this could be applied early in
the multi-organ donor, and across all steps of transport, islet isolation and culture, which
was not addressed herein.

Utilizing Fer-1 during islet isolation and acutely post-culture may confer benefit
to human islets and would be worth investigating in the experimental setting to
determine its prospective clinical utility. It may also be necessary to evaluate the
potential cytoprotective effect of Fer-1 using a more clinically relevant transplant site,
like the hepatic portal vein. Our group previously revealed that the cytoprotective effects
of the apoptosis inhibitor, F573, conferred varying engraftment outcomes dependent on
the site of transplantation.’® Moreover, this study also revealed the necessity to
administer the drug to the organ donors and/or recipients could potentially confer
improved engraftment outcomes. In this regard, administration of Fer-1 or other more
potent ferroptosis inhibitors to donors or recipients may be necessary to confer maximal
benefit to islet engraftment. More stable ferrostatins are currently being designed.

We, and others, have suggested that Fer-1 exhibits lower in vivo stability, and
have developed a third-generation ferroptosis inhibitor that exhibits improved plasma
and metabolic stability.'” Expanding the utility of new generation inhibitors of
ferroptosis during islet isolation to prevent accumulated damage may be an attractive
avenue to explore. The administration of ferrostatins as a co-therapy to islet transplant
recipients may also yield improved clinical outcomes. Deterring early islet loss during
isolation and subsequent clinical transplant is critical for long-term graft function.

Utilizing novel cell death inhibitors to diminish islet damage in vitro and in the acute
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transplant period may be an attractive combination therapy to preserve islet mass and

improve engraftment.
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CHAPTER 6.

CONCLUSIONS AND FUTURE DIRECTIONS

Elements of this chapter have been published as a book chapter in Endocrine

Surgery in Children (Springer Berlin. ISBN 978-3-662-54254-5).
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6.1 - ISLET TRANSPLANTATION: WHERE WE WERE, WHERE WE ARE

AND WHERE WE WILL GO

Diabetes affects more than 200 million people worldwide, with projections that
this scourge will affect 5% of the world population by 2025, and therefore represents a
huge burden to global healthcare systems.' Of these, it is estimated that approximately
10% are diagnosed with TIDM. As the most severe form of this disease, TIDM is
characterized as a chronic disorder resulting in the autoimmune destruction of insulin
producing B-cells within the pancreatic islets of Langerhans. The discovery of insulin by
Banting, Best, Collip and McLeod has indeed transitioned TIDM from a death sentence
to a chronically manageable condition.”” Despite optimal insulin therapy, many still
suffer from progressive long-term complications including nephropathy, neuropathy,
retinopathy, peripheral vascular disease and coronary artery disease. Such chronic
micro- and macrovascular complications cause substantial morbidity and mortality. The
Diabetes Control and Complications Trials (DCCT) investigated the outcomes of
intensive insulin therapy’® and elucidated that this therapy was able to partially mitigate
cardiovascular disease, retinopathy and nephropathy, though a substantial increase in the
number of adverse hypoglycemic events were evident.’

Insulin pumps, dynamic continuous glucose monitoring and closed loop systems
have been developed as a means to tighten glycemic control and have contributed to
improved glycemia, reduced hypoglycemic risk, and moderate improved protection
from secondary diabetic complications. While these technological advances offer
patients improved benefit, they continue to fall short as a definitive, robust cure for

diabetes. Concerted efforts to ameliorate the symptoms and complications of diabetes
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have spanned beyond administration of exogenous insulin to the restoration of B-cell
mass through whole vascularized pancreas transplantation or with islet transplantation.

First attempted in 1966, whole pancreas transplantation was associated with
dismal clinical outcomes.’” Today, considerable advances in surgical technique,
immunosuppressive strategies and management have made improvements to the safety
and efficacy of this approach, though this procedure requires major intra-abdominal
surgery with risk of complications and occasional mortality. Conversely, the
transplantation of the islets of Langerhans offers a more attractive alternative as this
procedure poses far less risk for patients as it is much less invasive.

Pivotal work by Paul E. Lacy, a pathologist by training, in the early 1970’s
established experimental islet transplantation as a potential means to correct
hyperglycemia in diabetes. By isolating hypertrophic rodent islets enzymatically from
obese rats, then later refining techniques to isolate hundreds of metabolically active,
intact islets from normal rat pancreases®, Lacy and Kostianovsky set the stage.
Extracting high yields of islets from larger animals and humans proved far more elusive,
however, as these pancreas organs are more dense and fibrous. The human pancreas is
estimated to contain between 1-2 million islets.” While Lacy’s work established the liver
as an ideal site for islet transplantation'®, important work by John Najarian and David
Sutherland demonstrated high early success rates with injection of unpurified human
islet digests back into patients’ own livers after total pancreatectomy for chronic
pancreatitis. These autotransplants did not require immunosuppression, and were not
subject to recurrent autoimmunity explaining their success. The infusion of unpurified

islet digests into the portal vein occasionally led to fatal risk of complete portal vein
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thrombosis however. The success rates of the first attempts at islet allotransplantation in
patients with TIDM immunosuppressed with azathioprine and corticosteroids was
exceedingly low by contrast.'' Inroads in human islet isolation and purification came as
a result of the development of the Ricordi chamber, developed by Camillo Ricordi in
1988, while working in Paul E. Lacy’s laboratory in St. Louis. He introduced a semi-
automated process that was instrumental in isolating and purifying large islet quantities,
the principles of which constitute the basis of modern human islet isolation in routine
practice today.'>"* In spite of these milestones, <10% of the 267 islet transplant
recipients completed up to 1999 were insulin independent for >1 year."*

The establishment of the Edmonton Protocol by Shapiro and colleagues at the
University of Alberta significantly contrasted previous clinical islet transplantation
protocols in two distinct manners: (i) by utilizing an immunosuppressive protocol void
of corticosteroids and use of potent immunosuppression with combined sirolimus,
tacrolimus and anti-CD25 antibody to protect against rejection and recurrent
autoimmunity; and (if) increasing the initial islet mass (>13,000 islet equivalents (IE)/kg
recipient body weight) derived from two fresh islet preparations.'> As a consequence of
this refined approach, seven consecutive patients receiving an islet transplant achieved
insulin independence up to one year post-transplant, a feat unprecedented at the time.
Early follow-up reports revealed that full insulin independence was not durable, with
approximately 11% of patients maintaining sustained insulin independence by 5 years
posttransplant, although approximately 70% of grafts maintained more than sufficient
function at 5 years to protect against severe hypoglycemic events (SHEs), to correct

HbA 1C <6.5% with detectable human C-peptide production of transplant cell origin."®
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Certainly, modifications in islet transplantation over the decade have revealed
improvements in short- and long-term outcomes. As per the 2014 CITR report, 864 islet
allotransplants have been completed, with insulin independence achieved in 80% of
patients after initial or subsequent infusions. Five year follow-up rates have also
improved as a result of T-cell depletion induction and TNF anti-inflammatory treatment,

with approximately 50% of patients remaining insulin independent post-transplant.'*'®

The Edmonton group has reported that the majority of patients (approximately
70%) exhibit maintained C-peptide secretion post-islet transplantation, with stabilized
glycemic control and the elimination of hypoglycemic unawareness. At the University
of Alberta, insulin independence is maintained in approximately 25% of patients at five
years post-transplant. Perhaps more importantly, these rates double to approximately
50% in those receiving newer T-depletional induction, immunosuppression and
combination anti-inflammatory induction protocols. The precise cause of islet graft
deterioration is rarely if ever defined on an individual case-by-case, but multiple culprits
likely contribute to graft deterioration over time. To achieve insulin independence, most
patients require two islet transplant procedures, and in some cases, three infusions. The
achievement of insulin independence after single-donor islet infusion has occurred in
few transplant centers globally, with the most success reported from the University of
Minnesota.'*?’ In these series, patient selection bias toward low body weight and low
baseline insulin requirement contribute to higher rates of single donor islet engraftment
success. While the islet infusion risk has improved considerably over time, and risk of
portal vein thrombosis or life-threatening bleeding is exceedingly low in larger centres,

the perceived risks associated with long-term immunosuppression, post-transplant
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lymphoma, life-threatening sepsis and malignancies continue to limit broader
application of islet transplantation in those with less severe forms of diabetes including

children.?!

The Clinical Islet Transplant (CIT) Consortium recently reported results from
their license-enabling, multicenter phase 3 clinical trial (CIT-07; NCT00434811).%
Designed with a primary endpoint evaluating safety and efficacy in islet transplant
recipients, participants included patients with TIDM for at least 5 years duration and
persistent impaired awareness of hypoglycemia and SHEs despite expert physician
management for 1 year prior to enrollment. The primary end-point was the achievement
of HbAlc <7.0% at day 365 and freedom from SHEs from day 28 to day 365 after the
first islet transplant. The positive trial findings support a Biological Licensure
Application through the Food and Drug Administration (FDA) as the primary endpoints
were successfully achieved, with 87.5% of subjects at 1 year and by 71% at 2 years
post-transplant achieving a median HbAlc level of 5.6% at both 1 and 2 years.
Moreover, dramatic improvements in Clarke and HYPO scores were achieved, thus
confirming a restoration of hypoglycemia awareness. Nevertheless, these results are
critical in establishing islet transplantation as a real, safe clinical therapy in the United
States, as it is currently supported through scarce research funding at limited institutions

nationally.

From its early inception, to its establishment as a safe and efficacious therapy,
improvements in clinical islet transplant outcomes have been observed over the last

three decades. However, as noted, considerable refinements are still required to
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overcome the obstacles impeding long-term outcomes, as well as single-donor transplant

SucCcCess.

Herein, I provide areas of focus from the body of work presented that contribute
to some of the shortfalls observed in islet transplantation and present interventional
strategies to overcome these obstacles. The chapter also shares new areas of interest that
will expand the availability of cellular sources for B-cell replacement therapy,
mechanisms to induce tolerance in the recipient to avoid the need for chronic, systemic
immunosuppression, as well as genetic approaches to immunologically reset T1DM

disease onset. The chapter concludes with final remarks.

6.2 —- IMPROVING ISLET ENGRAFTMENT - CONSIDERATIONS FOR

THERAPEUTIC INTERVENTION

6.2.1 — Donor criteria

To achievable durable rates of insulin independence, it is widely accepted that
multiple islet infusions are required to ameliorate the consequences of brittle TIDM in
most islet transplantation centers globally. A considerable burden is placed on the
availability of quality donor pancreases suitable for islet transplantation, and as such
donor selection is an important consideration to improve engraftment outcomes.
Retrospective studies at single centers have identified several donor-related variables
that may contribute to islet isolation and transplantation outcomes such as donor age,
cause of death, and body mass index (BMI), among others.’**** O’Gorman et al

developed a scoring system based on donor characteristics that can predict islet isolation
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outcomes.’® This tool has proven useful in determining whether an organ should proceed
to islet isolation, given that the isolation process is involved and costly.’' It should be
noted, however, that this donor scoring system is not a predictive tool for transplantation
outcomes.

A prospective means to broaden the donor pool for islet transplantation is the
utility of donation after cardiac death (DCD) organs. To date, the success of DCD islets
in the context of clinical islet transplantation has been evaluated at few single centers

worldwide, with limited long-term successful outcomes™>>*

Japan, at one point, held the
most extensive experience using DCD donors for organ transplantation, contributing to
optimizing organ retrieval techniques, as well as establishing the Kyoto preservation
solution and an oxygen-carrier two-layer preservation method.” In 2014, Anazawa and
colleagues from the Japan Islet Transplant Registry evaluated long-term clinical islet
transplantation outcomes using pancreases from uncontrolled DCD donors, whereby 18
subjects with TIDM collectively received 34 islet transplants from sixty-four isolations,
with a mean follow-up of 76 months. The results of this study showed relatively low
rates of C-peptide survival over time (30% by 5 years), with low rates of insulin
independence achieved in only three recipients.*

The DCD experience here at the University of Alberta's Clinical Islet Transplant
Program has eclipsed that of the Japan Islet Transplant Registry, and has now become
the site with the most experience with DCD pancreases. To date, the CIT Program has
performed 47 islet isolations, 20 of which have resulted in an islet transplant (data

provided by Dr. T. Kin). In 2016, Andres and colleagues shared a report highlighting the

DCD experience at the University of Alberta.*® Fifteen human DCD pancreases that
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experienced a maximal warm ischemia limit of 30 minutes exhibited no discernable
difference in islet yield in comparison to standard neurological determination of death
(NDD) pancreata. Examination of insulin requirement one month post-transplant in
recipients of islets from NDD or DCD pancreases revealed no significant difference
between groups.’® While the earlier long-term results from the Japanese experience may
be discouraging, available long-term data from Alberta suggests that DCD outcomes are
equivalent to NDD islet transplants. Until then, pre-clinical models may serve as useful
tools to evaluate the utility of DCD and extended criteria pancreases in islet
transplantation.

In Chapter 3, we established a murine DCD model and sought to evaluate
whether administration of BMX-001 during organ procurement could augment islet
yield, in vitro function after a brief culture period, as well as improve engraftment in a
syngeneic, marginal transplant model. Our study revealed that the translation of rodent
DCD models to the clinical setting is quite limited, as a 15-minute warm ischemic (WI)
period significantly impaired islet yield relative to standard murine islet donors that did
not experience WI. In a 30-minute W1 rat islet isolation model, Avila and colleauges
also observed a significant reduction in islet yield immediately post-isolation.’’

This contrast in islet yield post-isolation in the pre-clinical setting relative to
clinical findings noted above may be attributed to the metabolic differences between
rodents and large mammals, like humans. Giraud et al revealed that 30 minutes of WI in
humans is equivalent to 3.5 minutes of WI in mice.*® It is far more likely however that
the intraductal administration of collagenase did not percolate through the entire

pancreas at the time of distension, thus affecting islet yield, as the pancreatic capsule in
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mice is gossamer thin, and does not tolerate short periods of ischemia. Moreover, the
digestion time utilized in the protocol was optimized for standard murine isolation
procedures. It may be possible that the time of digestion was insufficient in our DCD
model and required further optimization to permit an increased islet yield per pancreas.
As such, pre-clinical evaluation of DCD islet isolation and transplantation certainly does
not accurately translate to the clinical setting. To more accurately represent a clinical
DCD model in the pre-clinical setting, large animal studies utilizing pigs may be more
translational, albeit carrying far greater costs and technical expertise. We currently
therefore do not have any reliable small animal model of DCD donation that
satisfactorily corresponds to the clinical scenario.

The utility of DCD and extended criteria donors for islet transplantation have a
potentially greater capacity to be utilized in the clinic as a result of commercially
available cold pumped or normothermic machine perfusion systems. These systems,
which were initially utilized to preserve kidneys from marginal donors, have gained
considerable acceptance in all other solid organs.*® They offer considerable advantages
to typical cold storage conditions, as machine perfusion can mimic physiologic,
normothermic conditions, as well as permit continuous perfusion of preservation
solutions at homeostatic pressures and flow rates. Perfusion also permits the
measurement of biomarkers from the circulating perfusate, as means to assess organ
quality prior to transplantation. Perhaps among the numerous attractions of ex vivo
perfusion is the permissibility of delivering therapeutic agents to the solid organ during

40-42

perfusion as a means to preserve organ viability prior to transplantation. Utilizing ex

vivo organ perfusion machines as a means to preserve organ survival prior to islet
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isolation and transplantation is certainly an attractive option. Further work in the pre-
clinical setting will prove instrumental in determining its benefit in the clinical realm,
and may indeed offer the added benefit of preserving the quality of marginal organs thus

expanding the availability of organs for islet transplantation.

6.2.2 — Islet isolation & culture

The pancreas itself is a unique organ in that it is composed of multiple cell types
of exocrine and endocrine origin. As a result of the multi-dimensional composition of
the pancreas, enzymatic digestion and mechanical agitation of the pancreas is required
to dissociate the islets from the exocrine pancreas. Successful islet transplantation is
initially contingent on the isolation of high islet yields, ensuring that this process inflicts
significantly minimal damage. Subsequent to isolation, islets are then purified by
density gradient centrifugation.*’ Poor islet isolation outcomes, including reduced yield
(number of islets isolated from the pancreas), decreased purity (excessive exocrine
tissue) and prolonged enzyme exposure can lead to loss of islet viability and integrity.**
The post-isolation culture period is critical for recovery from isolation-induced damage.
As such, nutrient supply and sufficient oxygen are paramount during this culture period
as a means to circumvent significant islet mass loss. Indeed, culture conditions have
been shown to vary between islet isolation centers and despite considerable research
efforts aimed to delineate optimal culture conditions, protocols have yet to be
standardized.*

As noted in Chapter 2 and Chapter 3, the use of antioxidants during islet

isolation and culture is a rational approach given that islets are susceptible, in part, to
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oxidative injury which can be generated during these periods. Islets are also especially
sensitive since they exhibit reduced endogenous antioxidant levels relative to other
tissues.*® The overwhelming imbalance between free radical production relative to
endogenous antioxidant expression results in oxidative stress, thus driving the
translation of pro-inflammatory cytokines (TNF- a, IL-1p, IL-6, and IFN-y), as well as
chemokine synthesis.*”* Utilizing antioxidants to bolster host defenses, including
metabolites, vitamins, trace elements, herbal products and enzymatic antioxidants as a
means to ameliorate the aforementioned deleterious events has been approached in islet
isolation and transplantation. To this end, our group previously published findings
whereby glutathione-ethyl-ester administration during murine pancreas procurement and
culture could increase viability, protect from apoptosis and promote engraftment.*’ The
delivery of cytoprotective agents prior to islet isolation is an attractive option to mitigate
the deleterious events associated with isolation-associated oxidative injury. Current
clinical trials here at the University of Alberta aim to deliver cytoprotective agents, such
as BMX-010, directly to the islet microvasculature via the pancreas, using the splenic or
superior mesenteric artery shortly after donor aortic cross-clamp and preservation
solution flush. Again, on arrival of the pancreas at the GMP facility, the vasculature is
again flushed with cytoprotective agent to maximize delivery to the islet
microvasculature. It is anticipated that uptake of a drug will confer greater protection
than delivery during the culture period alone or subsequent to transplantation when
delivered to the recipient.

These observations provided the rationale for utilizing the catalytic, SOD-

mimetic, BMX-001, in islet isolation and transplantation. Our results demonstrated that
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when administering a physiologic dose of 34uM improved in vitro islet function,
reduced cell death and augmented engraftment in a syngeneic, marginal transplant
model. These observations are likely attributed to reduced ROS production, as
established in Chapter 3, thus preserving pre-transplant islet potency in the acute
transplant period. BMX-010, an earlier generation manganese SOD-mimetic has been
previously evaluated in the clinic, and exhibited a limited ability to enhance islet
isolation yield or engraftment outcomes relative to standard isolation.”® Our human islet
data comparing BMX-010 and BMX-001 revealed greater cytoprotection in vitro with
BMX-001. Therefore, its application in the clinical setting could enhance isolation and
transplant outcomes. It is conceivable that the administration of cytoprotective agents,
such as metalloporphyrins, during islet isolation and culture can decrease the production
of free radicals and aberrant downstream inflammatory cascades, reducing the incidence
of primary non-function and prospectively increase the incidence of insulin
independence from single-donor islet infusions. A main difference in our pre-clinical
islet isolation model is that we relied on ductal delivery of BMX-001 to murine
pancreases, as venous delivery is less feasible in mice due to their size and would

present additional technical challenges.

6.2.3 — The subcutaneous space as an alternative to intraportal islet infusion

Despite being the only utilized efficacious transplant site clinically, infusion of
islets into the hepatic portal vein may compromise long-term islet engraftment. Survival
and function of islets post-infusion is reliant on numerous factors to maximize survive

post-transplantation. Islets must adequately engraft by developing new capillaries and
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vessels with the native islet vasculature. The engraftment process initiates 1 to 3 days
post-transplant, with initial neovascularization occurring at days 10 - 14 post-transplant,
whereby the new network develops from the recipient’s blood vessels in concert with
the remnants of the donor islet endothelium.”' Further microvascular remodeling occurs
over several months post-transplant. During this time, islets are subjected to
considerable environmental stresses within the first days of transplant that can
contribute to a reduction in the original islet mass by 50 — 70%.**°'2

The instant blood-mediated inflammatory reaction (IBMIR) is the primary
culprit that accounts for robust islet loss in the acute transplant period. IBMIR
negatively influences islet engraftment through a cascade initiated by the expression of
tissue factor, resulting in platelet adherence, activation, clot formation and lymphocyte
recruitment.”>* Considerable work by Korsgren et al have elucidated that IBMIR is
initiated upon infusion of islets into the portal vasculature.” These results suggest that
despite being the current clinically utilized site for islet transplantation, the portal vein
presents itself as a less than ideal environment for transplantation.

Considerable work in the Shapiro laboratory, and others, are exploring the
subcutaneous space through control of the foreign body response to prevascularize this
site. However, it should be clearly noted that the hepatic portal vein is the only site that
to date has reliably led to high rates of early insulin independence, and this has been
very difficult to achieve in every other site tested. Recently, one promising alternative to
the portal vein was explored by the Miami group, whereby a degradable biological
scaffold was created using the greater omentum and human plasma/thrombin matrix.

Initial reports in their first subject appeared promising, with insulin independence
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achieved at 17 days post-transplant, and marked improvements in various efficacy
measures including mixed meal tests and BETA-2 scores up to 6 months post-transplant.
However, a marked functional decrease was observed at 12 months post-transplant,
suggesting that further work is required to optimize this site as a surrogate to portal vein
infusion. The clinical utility of any alternative transplant site will need to meet or exceed
the efficacy attained with the current gold standard of intraportal islet infusion if it is to
be widely accepted.

As noted, intraportal islet infusion currently serves as the clinical site of
transplantation, and routinely regulates glycemic control in subjects with brittle
diabetes.”” While the procedure itself is minimally invasive, it is not void of procedural
risks and complications, including bleeding to portal vein thrombosis.”® Moreover, the
initiation of inflammatory cascades through platelet activation and coagulation can
confer significant islet loss. These events have propagated considerable experimental
and clinical interest in identifying an alternative anatomical site for clinical islet
transplantation. It is proposed that the ideal site for islet transplantation and subsequent
engraftment should be in close proximity to vascular networks that supply
physiologically sufficient oxygen and nutrients, as well as provide ample space to
accommodate the necessary transplant volume. Furthermore, a site that can be easily
monitored and is retrievable is also desirable, particularly if insulin-producing stem cells
are to be transferred into clinical practice.”

The translation of alternative transplant sites from experimental models to
clinical practice has been met with considerable limitations. For example, the kidney

capsule has demonstrated the ability accommodate a smaller islet mass capable of
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restoring euglycemia in rodent models, however when translated to humans, this site has
failed to achieve success. Clinical experience using the kidney capsule has been limited
to one trial whereby Groth et al transplanted fetal porcine islet cell clusters transplanted
under the renal capsule of a TIDM patient. While circulating porcine C-peptide was
present, neither insulin independence nor the restoration of euglycemia were achieved.
Moreover, from an anatomic perspective, the durability of the kidney capsule in mice is
not as pronounced in humans, and as such, does not separate from the kidney to feasibly
permit transplantation of human islets in this site. Numerous additional transplant sites
have been explored experimentally, including the spleen, muscle and immune privileged
sites, however, these sites have not conferred significant benefit. Within recent years,
the subcutaneous space has garnered significant attention as an ideal site for islet
transplantation for multiple reasons, including the ability to accommodate large
transplant volumes, is easily accessible, and retrievable, if required.®® A primary
limitation to the subcutaneous space is that it presents with poor blood supply, relative
to the portal site, of which could compromise islet viability in the acute transplant period.
As such, the utility of subcutaneous devices to promote neovascularization prior to islet
infusion have been explored, and in some cases have been met with limited clinical
success.”’ Our laboratory has established an effective means to exploit the foreign-body
response to create a vascularized network in the subcutaneous space by the temporary
transplantation of an angiocatheter up to four weeks post-implantation.®” Removal of the
angiocatheter extinguishes the foreign body response, and the resulting void space is
capable of accommodating the survival of human islets as well insulin-producing stem

60,62

cells.” " This modified device-less (DL) approach eliminates the need for long-term
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implantation of a subcutaneous device, while sufficiently correcting hyperglycemia in
rodent models. Strategies aimed to utilize the subcutaneous space as an alternative site
for islet engraftment holds significant promise for current and future clinical
applications. Indeed, while less invasive, the clinical efficacy of the DL site as an
alternative to intraportal islet transplantation remains unknown and warrants
investigation. As a retrievable site, the DL approach holds potential promise for insulin-
producing stem cell transplantation, as concerns of teratoma formation exist, and
retrievability of such transplants may be an early pre-requisite for clinical testing.**®>
Stem cell delivery via the intraportal route might require major liver resection should
teratoma or other uncontrolled function or growth occur, which may be difficult to
secure approval by ethics boards and regulatory bodies for early pilot trials, at least until
more safety data is accrued.

In Chapter 4, we evaluated the utility of the pan-caspase inhibitor, F573, in
murine and human islet transplants in syngeneic and immunocompromised murines
recipients, respectively. We evaluated the efficacy of this drug in promoting engraftment
in various transplant sites, including the kidney capsule, portal vein and DL site. The
administration of F573 in vitro and to the recipient was required to permit sufficient
cytoprotection to augment islet engraftment outcomes. Of particular importance, the
administration of F573 improved syngeneic engraftment in the DL site. These results
suggest that the subcutaneous site, while attractive for numerous reasons, is not void of
compromising engraftment despite modification prior to transplant and that therapeutic
intervention may be required in this setting to further enhance islet survivability (or

other cellular sources) in the subcutaneous space.
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6.2.4 Regulated Cell Death — Implications in Islet Transplantation
Therapeutic strategies to ameliorate islet cell death in the acute and peri-
transplant period provide an attractive approach to preserve early islet mass, potentially

improving long-term engraftment outcomes. As previously noted, apoptosis has been the
most extensively described form of regulated cell death in numerous pathologies and
diseases, and within the context of islet transplantation, apoptosis has been identified as
a contributor to cellular demise. Therapeutic strategies that subvert the initiation and
consequences of apoptotic cell death have shown promise in pre-clinical models, with
particular emphasis from the Shapiro laboratory evaluating a plethora of anti-apoptotic
agents, including results presented in Chapter 4.°°%°*67 However, the recent
identification of novel, alternative regulated cell death pathways that are
morphologically and biochemically distinct from apoptosis has opened new avenues of
therapeutic intervention in other organ models, including renal ischemia reperfusion
injury.®®”° Given that some of the key mediators that contribute to these regulated cell
death pathways have also been implicated in islet dysfunction and demise, it is likely
that these pathways may also have substantial relevance in islet transplantation, despite
not being explicitly identified to date.

In Chapter 5, we examined whether human islets were susceptible to ferroptosis,
as this regulated cell death pathway had yet to be clearly defined in context to islet
dysfunction and loss. Ferroptosis, an iron-dependent form of non-apoptotic cell death,
was first described in parallel to the identification ferrostatin-1 (Fer-1), an inhibitor of
this cell death pathway that functioned to prevent erastin-induced cell death.®®”" The

small potent molecule, erastin, exhibited the selective ability to inhibit the X
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cystine/glutamate antiporter required for glutathione (GSH) biosynthesis, thus initiating

69,71

this cell death cascade. The subsequent depletion of GSH, compromises the

function of glutathione peroxidase 4 (GPX4), the GSH-dependent, lipid repair enzyme
resulting in aberrant downstream accumulation of reactive oxygen species (ROS).%7""*
As previously noted, relative to other tissues, islets exhibit reduced antioxidant defences,
and as a result are susceptible to the dysregulation of free radical production and
subsequent oxidative stress.”’® Prior pre-clinical studies have revealed the importance
of GSH in preserving islet viability and function, as GSH has been implicated as a
crucial antioxidant capable of alleviating oxidative stress in islets.*” Moreover, lipid
peroxidation byproducts have exhibited the ability to impair glucose-induced insulin
secretion’’, and when elevated, fatty acids impair insulin gene expression, glucose-
stimulated insulin secretion, and increase cell death.’”® In contrast, the administration of
GSH precursors have demonstrated improved insulin secretion in response to glucose, as

81 . . .
7-81 These observations were instrumental in

well as reduce lipid peroxidation levels.
forming the rationale for exploring whether ferroptosis can be initiated in human islets.
Results from our study revealed that the ferroptosis-inducing agents, erastin and RSL3,
could indeed induce islet cell death, as evidenced by increased LDH release. Further,
islet function was impaired when assessed by sGSIS in the presence of these agents.
Pre-treatment with Fer-1, the ferroptosis-specific inhibitor resulted in rescued islet
function and viability, further suggesting that ferroptosis can contribute to islet
dysfunction and demise.

Indeed, the results from our study suggest that alternative cell death pathways,

aside from apoptosis, may contribute to cellular dysfunction and substantially
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compromise engraftment outcomes. Given that various extracellular stimuli have
demonstrated the ability to induce multiple cell death modalities, it is more than
plausible that considerable crosstalk exists among these pathways. Examples in other
transplant modalities reveal that mediators of some regulated cell death pathways may
have implications in other programmed cell death mechanisms. For example, RIPK3 a
key mediator of necroptosis has been implicated in the processing of pro-IL-1p as a
result of promoting the NLRP3 inflammasome, independent of necroptotic cell death.™
Moreover, the death receptors of the TNF superfamily, including TNF receptor-1 and
CD95, also called Fas, have been implicated in the activation of the initiator, caspase-8,
which in turn cleaves and activates the executioner caspases, thereby driving
apoptosis.*> However, the binding of TNF to TNFR1 in concomitant inhibition of
caspase-8 has also demonstrated the ability to induce necroptosis.** Given the shared
upstream elements of apoptosis and necroptosis, both pathways are tightly regulated and
it is now believed that the most important role of caspase-8 is the prevention of
necroptotic cell death.**>® The introduction of therapeutic agents aimed to ameliorate
broad caspase activation should be approached with caution, as the inhibition of
caspase-8 may mitigate the onset of apoptosis, but consequently initiate necroptosis.
Further evidence has also linked the necroptosis and ferroptosis pathways. The once
perceived necroptosis-specific inhibitor, Nec-1, has also demonstrated the capacity to
inhibit ferroptosis, prospectively suggesting implications in off-target, to be determined
mechanisms.®” It is also unknown exactly how important the signaling from injured and
ischemic transplanted islet cells may be in recruiting neovascularization to secure long-

term functional survival. Within the context of islet transplantation, cross talk of the
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various regulated cell death pathways has yet to be fully elucidated, but certainly
warrants further investigation, as potential key mediators linking these pathways could
be used as interventional targets. Considerable pre-clinical and clinical evidence
suggests that inflammation plays a critical role leading to B-cell dysfunction and
death.*" The inflammatory cytokines, TNF-o and IL-1p, among others, have
demonstrated the capacity to induce considerable islet dysfunction, leading to islet cell
death and diminished engraftment outcomes.

Therapeutic strategies aimed to subvert the deleterious consequences of such
inflammatory cytokines have been met with considerable success within pre-clinical and
clinical investigation. In a murine, syngeneic islet transplant model, Farney and
colleagues demonstrated improved engraftment outcomes as a result of TNF-a
blockade.”® Concomitant Anakinra and Etanercept administration in rodent islet
transplantation models from our laboratory also potentiated engraftment outcomes,
suggesting that inhibiting the actions of these cytokines in the acute transplant period
likely mitigates downstream signaling cascades. In a single-donor clinical transplant
protocol utilizing Etanercept, Hering et al. achieved insulin independence in all 8
patients transplanted.”’ While encouraging, caveats exist in that the study was
underpowered, subjects received substantial transplant mass of 7271 + 1035 IE, and
patients weighing >70 kg (150 pounds) were excluded. To put this into context, patients
enrolled here in the Clinical Islet Transplant Program, are excluded if their body mass
index exceeds 35 kg/m” at the time of screening, which roughly translates to 112 kg
(260 pounds) for a 183 cm (6 feet) tall individual. Therefore, the translation of these

findings may be limited. Bellin ez al. also revealed that islet transplant recipients
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receiving an induction therapy T-cell depleting antibodies with TNF-a-inhibition (TNF-
a-i) exhibited significantly improved insulin-independence rates up to 5 years post-
transplant than recipients who did not receive TNF-a-i, regardless of maintenance
immunosuppression.'’ These results clearly suggest that inflammatory cascades in the
acute transplant period impact engraftment outcomes, and ameliorating the
consequences associated with these events is an imperative strategy to support single-
donor success. Indeed, as regulated cell death pathways become more defined in the
context of islet transplantation, targets for therapeutic intervention can be identified to
promote islet viability and deter deleterious events that may contribute to islet

dysfunction thus compromising engraftment outcomes.

6.3 — ALTERNATIVE B-CELL REPLACEMENT THERAPIES

As previously noted, the major limitation to broader application of islet
transplantation is both a need for chronic high-dose immunosuppression and a serious
shortage of donor pancreas organs. The organ donor supply cannot possibly match the
global burden of diabetes. According to the World Health Organization, in 2014 it was
estimated that 422 million people suffered from diabetes globally.”* For this same year,
27,396 deceased organ donors were registered in the Global Observatory on Donation
and Transplantation.” If one were to assume that all pancreases from these donors were
fit for islet transplantation, a meager 0.0065% of the global diabetic population
(suffering from either T1DM or T2DM) could receive an islet transplant derived from a
single donor. Expressed in an alternative manner, if the incidence of diabetes, as well as

the number of organ donors remained fixed, it would take 15,403 years to transplant the
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current global diabetic population. A major priority remains securing a less limited,
alternative source of insulin-producing cells if patients with diabetes are to be more
broadly treated with cellular therapies.

Throughout this thesis, I have sought to identify mechanisms that contribute to
islet cell dysfunction and death, as well as identify prospective therapeutic treatments
that can augment islet engraftment outcomes. While most of these efforts have occurred
in pre-clinical rodent models, the relevance of these therapeutic agents in clinical islet
transplantation remains to be investigated. Given that multiple islet infusions are
consistently required to confer clinical benefit, and islet transplantation is limited, in part,
by the availability of available donor pancreases, it is evident that if all patients with
T1DM are to be offered cellular replacement, development of alternative, more

ubiquitous insulin-producing cellular source is imperative.

6.3.1 — Xenotransplantation

Since numerous islet infusions are often required to correct the consequences
associated with T1DM, identification of a xenogeneic supply of islets may be an
attractive option to circumvent need for human donor pancreases. This approach could
provide an unlimited source. One such xenogeneic option is the pig, a widely available
source capable of producing insulin that is functional in humans. In 1994, Groth et al
reported a first-in-human series where fetal porcine islet cell clusters were transplanted
beneath the renal capsule of patients undergoing kidney transplantation. Clusters were

capable of surviving in the human body as evidenced by detectible levels of porcine C-
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peptide in the urine, but no improvement in euglycemia or insulin requirement was
observed.”

Despite limited clinical success within the last decade, the testing of porcine
islets in non-human primate models has generated considerable interest. Notably,
improvements in aggressive immunosuppressive protocols combined with genetic
manipulation of the pig genome has improved success.””’ Notably, in
immunosuppressed diabetic non-human primate studies where wild-type or genetically-
engineered porcine islets have been transplanted, achievement of normoglycemia has
been observed for >1 year post-transplant.'*'°" This is an impressive accomplishment
when one considers that xenografts would only last minutes to hours a decade or two
ago. Indeed, considerable efforts are currently being undertaken to establish highly
monitored clean pig colonies to eliminate the potential for the transmission of zoonotic
infections or endogenous retroviruses.””'*'%?

As a means to subvert the xenogeneic immune response, efforts to transplant
encapsulated neonatal porcine islets in non-immunosuppressed diabetic patients is
currently underway in New Zealand. The results from this clinical trial revealed modest
if any detectible clinical function, as only a marginal reduction in hypoglycemic
unawareness was reported.'® Results from this initial trial resulted in a second
nationally regulated clinical trial in Argentina which claimed improvement in HbAlc
and reduced hypoglycemic unawareness events up to 2 years post transplant, though
only a marginal reduction in insulin dose was observed.'®” The universal lack of
detectible porcine C-peptide in these studies to date raises major concern that the

porcine cells may be providing little or no useful function in patients. Until this issue is
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resolved, outcome data must be interpreted with great caution. While transmission of
porcine endogenous retroviruses has been raised as a potential concern, this at least does
not seen to have been an issue in any of the clinical trials to date.'**'*'° Further
refinements in porcine islet xenotransplantation are necessary if these pilot trials are to
advance to larger-scale clinical trials.” To date, results do not match whatsoever with
those routinely obtained by clinical islet transplantation using allogeneic donor cells.

While efforts to encapsulate porcine islets are being pursued, genetic
modification of porcine islets is an important alternative, strategy that may subvert the
xenogeneic response. Avoidance of IBMIR and accelerated xenogenic destruction by
elimination of galactose-a-1,3-galactose (a-Gal) epitopes was introduced by David
White et al as a means to overcome a major target for primate anti-porcine antibodies.
Elimination of a-Gal, and generation of a-1,3-galactosyltransferase gene knockout
(GTKO) proved useful in subverting chronic rejection.'”” Human glycoprotein decay
accelerating factor (DAF, CD55) is responsible for the regulation of complement
activation, and was identified by White et a/ as a major target in xenotransplantation.
Expression of CD55 may inhibit complement-mediated damage of transplanted porcine
islets, though results reported by Mandel and colleagues in a renal subcapsular monkey
study did not reveal any detectible benefit.'” In 2007, Rood et al were the first to report
the transplantation of islets from GTKO pigs into the portal vein of cynomolgus
monkeys. Results indicated that GTKO islets exhibited similar in vitro and in vivo
functionality compared to wild-type porcine counterparts.'® Further work by Thompson
et al transplanted GTKO neonatal porcine islets transplanted into the portal vein of

Rhesus monkeys and 4 of 5 recipients became euglycemic, ranging 50 — 249 days post-
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transplant. These data suggest that GTKO islets are more resistant to the deleterious
effects associated with IBMIR.''® CD46 is an additional human protein target that could
potentially mitigate complement-mediated porcine islet destruction in primates. Van der
Windt et al transplanted porcine islets expressing humanized CD46 (hCD46) into
diabetic Cynomolgus recipients and reported long-term islet function up to 346 days, the
longest survival of xenoislets a non-human primates to date. While hCD46 was unable
to preserve initial islet mass loss from IBMIR, histological assessment liver biopsies
revealed more viable islets than controls.”® The above studies suggest that expression of
humanized proteins on porcine islets may indeed augment engraftment outcomes in
xenotransplantation.

In 1987, Ishino et al observed DNA repeats with unknown function in the
genome of Escherichia coli.''' Mojica et al termed these repeats Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR).''? While initially their function was
unknown, these CRISPR sequences were later identified as an adaptive, anti-viral
immune response by the bacterial host, whereby viral DNA could be excised from the
nucleus through Cas nucleases.'” Such gene editing processes involve generation of a
double-stranded break within a targeted DNA sequence. The double-stranded break
subsequently triggers homology-directed repair, with homologous recombination of a
donor DNA sequence with precise insertion of specific sequences in the targeted locus
(i.e. insertion of a DNA sequence encoding a desired trait) (Figure 6.1). An attractive
feature of CRISPR/Cas9 system is that it is site-specific, provides the opportunity to

delete multiple genes simultaneously and is relatively inexpensive compared with other
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gene modification systems. Moreover, the utility of CRISPR/Cas9 has remarkable
potential application in xenotransplantation.

Early application of CRISPR technologies have already proven useful in
xenotransplantation, and Niu et a/ demonstrated inactivation of porcine endogenous
retrovirus (PERV) in pigs with this approach.''* The authors eliminated PERV from the
FFF3 cells by mutating the po/ gene, and successfully inactivated 25 copies of this gene.
The pol-mutated FFF3 cells were used subsequently for generation of embryos by
somatic cell nuclear transfer, with 20 — 40% efficiency, typical of porcine cells.
Embryos were implanted into surrogate sows. Despite a slightly reduced pregnancy rate,
the number of piglets born per embryo implanted was similar between PERV-
inactivated and wild-type cells. Moreover, from 17 surrogate sows, 37 PERV-
inactivated piglets were born, 15 of which remained alive. At the time of this report,
piglets were 4 months old and remained PERV-free. The results from this
groundbreaking experience could potentially accelerate utility of xeno-derived islets in
the clinic, eliminating one of the remaining impediments. One important factor to
consider, however, is whether these PERV-inactivated animals are completely protected
from PERYV infection. A conceivable next step would be to shelter PERV-inactivated
and wild-type pigs together to confirm transmission of PERV is completely abrogated.

The emergence of CRSPR/Cas9 technology will likely generate interventional
strategies in xenotransplantation that will deliver more compatible, humanized pigs for
transplantation for both solid organ and cellular transplantation, including islets.
However, as with the establishment of any technology that permits genetic manipulation

of a living organism, ethical issues warrant careful consideration. CRISPR/Cas9 genome
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editing has the potential to generate chimeric organisms, defined as an organism whose
composition consists of two or more cellular entities from the same or different
species.'"” If the surrogate host contains humanized elements, it may be difficult to
differentiate how “human” the surrogate host is. As such, this raises ethical concerns
relating to handling, use and disposal of the surrogate, as animal or as human. Genome
editing of human embryos also raises concerns with respect to unintended off-target
mutations. Off-target mutations can occur when CRISPR/Cas9 cleaves homologous
DNA sequences to that of the intended DNA target. It has been demonstrated that off-
target mutations can cause transformation, or even cell death.''® These ethical
considerations require open dialogue with the public, ethicists, government entities and
the scientific community if guidelines and policies are to be established that are
mutually acceptable, and applied broadly, but certainly this technology holds
considerable promise in accelerated introduction of xenotransplantation in the treatment

of human disease.
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Figure 6.1 CRISPR/Cas9 Mechanism of Action

The original bacterial CRISPR/Cas9 design has been translated into an engineered
instrument for genome editing purposes and is capable of introducing specific
modifications in the target cell. In this regard, the vector comprising the crRNA and
tractrRNA that together constitute the RNA molecule for Cas9 guidance (gRNA) is
introduced in the desired cell, where it passes the cytoplasmic milieu toward the
nucleus. After delivery to the nucleus, the Cas9 gene encoded by the experimental
vector is transcribed and exported into the cytoplasm for translation of Cas9

nuclease. After synthesis of the active protein, the gRNA, transcribed by its own
promoter, interacts with the Cas9 nuclease, resulting in the ribonucleic-protein effector
complex that is internalized back into the nucleus. The cleavage of the double-stranded
genomic DNA takes place in a guided manner, where the crRNA sequence of

gRNA directs Cas9 toward the specific locus, based on sequence complementarity,
which is positioned adjacent to the PAM. When cleaved, the continuity of the host DNA
can be restored through NHEJ, where the hanging ends join together, creating small
indels, or through HDR in the presence of a donor DNA. (Reproduced with permission

from Chira et al., Mol Ther Nucleic Acids. 2017 Jun 16; 7: 211-222).
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6.3.2 — Stem Cell Transplantation

Inroads in developmental biology and regenerative medicine have contributed in
a major way to research efforts currently underway to identify suitable islet precursor
cells. Given that donor criteria, pancreas digestion and islet isolation can all contribute
to compromised islet engraftment outcomes and that the identification precursors with
the potential to differentiate into an unlimited source of insulin-producing B-cells is an
attractive approach to negate the need for pancreas donors. History has proven, however,
that such a feat has been challenging to achieve; the ability to produce such cells capable
of secreting insulin in a physiologically responsive manner whilst proliferating in a
controlled manner.''”''®

Diverse efforts have been undertaken to establish a renewable source of insulin-
producing cells. For example, some approaches have been undertaken to exploit the
pancreas’s native ability to re-establish its B-cell population in response to injury by
utilizing various transcription factors.''”'*° Others have sought to utilize cells derived
from the hematopoietic lineage, including bone marrow-derived cells, as well as
umbilical cord blood, as precursors to insulin-producing cells. Umbilical cord blood as a
precursor is advantageous in that it can be easily obtained and would avoid some of the
ethical implications associated with the use of stem cells. However, some animal studies
utilizing hematopoietic lineages as a means to augment endogenous B-cell levels were

. . 121,122
inconclusive. “

In a clinical study conducted by Haller and colleagues, newly
diagnosed patients receiving autologous umbilical cord blood revealed lower HbA 1, and

. . . 12
reduced insulin requirements.'*

266



The self-renewing capacity and pluripotent properties of embryonic stem cells
(ESCs) have drawn considerable attention in recent years. Strategies to differentiate
ESCs into insulin-producing cells have been underway since the early 2000s, and while
initially promising, were met by impediments including low numbers of insulin-positive
cells and a lack of glucose sensitivity.'**'*” Aside from scientific impediments, in
August 2001 the U.S. Government under the Bush Administration stifled progress
further through a federal ban on research funding supporting newly created human ES
cells for scientific research. Studies utilizing ES lines created prior to this ban were still
eligible for grant funding sponsored by the National Institutes of Health, however, only
21 lines proved to be of any use to investigators.'** Moreover, collaborative efforts
between U.S. and International centres were impeded, as U.S. scientists were limited in
their ability to contribute substantially as a result of this ban. The fact that the 21 eligible
cell lines were limited in genetic and/or ethnic diversity left uncertainty with respect to
cellular processes in underrepresented ethnic groups.'” Given the above limitations, one
must question how this ban impeded scientific progress, not just in TIDM, but in other
disease states such as Parkinson’s disease too.

In 2006, pivotal work by D’ Amour et al set precedence in establishing
pancreatic hormone-expressing cells derived from embryonic stem cells.''® Utilizing a
five-stage, ex vivo differentiation process, the authors reported the ability to mimic in
vivo organogenesis, with an end result of differentiated endocrine cells capable of
synthesizing islet-specific hormones insulin, glucagon, somatostatin, ghrelin, and
pancreatic polypeptide. This 11 — 18+ day protocol varied in conditions from medium,

growth factors and duration for each stage and transitioned from definitive endoderm
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(Stage 1) to hormone expressing endocrine cells (Stage 5). This work was fundamental
to the subsequent differentiation protocols established by Kroon et al, whereby glucose-
responsive pancreatic endoderm cells were derived from ES cells using a 12-day, 4-
stage protocol.*® Notably, at day 12, these cellular aggregates exhibit low expression of
insulin or glucagon, though these hormone positive cells would express insulin and
glucagon or insulin and somatostatin. Perhaps most importantly, transplanted into the
epdidymal fat pad of SCID-beige mice, sufficient levels of human C-peptide could be
measured 3 months post-transplant, confirming in vivo differentation from an immature
to a more mature phenotype.

Subsequent improvements resulted in development of glucose-sensitive cells
capable of restoring euglycemia in diabetic rodent models."** Novel approaches have
also been undertaken to differentiate human ESCs into pancreatic progenitor cells in
vitro with final stages of differentiation into glucose-responsive, insulin-producing f
cells in vivo.""'* Strategies to consistently produce PEC in sufficient quantities for
clinical trials have also been developed '*° with the capacity to restore
normoglycemia.’”"*®

Many of these seminal studies were paramount in the establishment of a US
Food and Drug Administration- and Health Canada-approved, first-in-human pilot phase
1/2 clinical trial to be conducted by ViaCyte Inc., a commercial leader in regenerative
medicine technologies. Approved in 2014, this trial sought to test the VC-01
combination product, PEC-Encap™, which combines CyT49 hESC-derived PEC
contained within an immune-protective, macroencapsulated device transplanted

subcutaneously in a small cohort of patients with TIDM (NCT02239354). These trials
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have been especially interesting to us in Edmonton as the Shapiro group has been a
major contributor to patient enrolment. The results from this ongoing pilot study have
thus far confirmed that the device is safe and offers at least a degree of immune
protection, with evidence of vascularization, engraftment and differentiation of PEC-01
cells in vivo (unpublished data). However, ViaCyte also reports that refinements to the
Encaptra device are required to control a destructive foreign-body giant cell type
response, which must be overcome if cell survival is to be further optimized.

The observations of this VC-01 pilot study lead to further approval of a safety
and tolerability study of Viacyte’s PEC-Direct VC-02 combination product in patients
with TIDM (NCT03162926). In contrast to the VC-01 combination product, the PEC-
Direct system permits vascularization to the PEC-01 cells situated within the device,
therefore the unit is not immune-protected, and as such patients participating in this trial
require immunosuppression therapy for the duration of the clinical trial. By utilizing
sentinel devices for various extended implantation periods, immunohistological
examination of explanted devices will assist with determining vascularization,
engraftment, and differentiation of PEC-01 cells in sifu. Indeed these findings will be
critical in moving this technology forward as a more effective source to treat TIDM.
These pilot studies will help to confirm the safety and tolerability of these devices. The
number of PEC-01 cells administered to each patient, including the number of devices
that will be required to feasibly correct hyperglycemia has yet to be determined. It is
unlikely that results from murine studies could be interpolated to determine the
appropriate dose to restore euglycemia. While large animal pre-clinical porcine model

would normally be warranted in parallel to safety studies conducted in the clinic, they
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would constitute xenotransplants rather than allotransplants in these models as the origin
cells are human ESCs. The macroencapsulation devices are insufficient to protect from
xenoimmunity, making pilot trials in patients far more relevant than would otherwise be
the case.

Alternative protocols are being established whereby pluripotent stem cells
undergo longer in vitro differentiation resulting in generation of insulin-producing cells.
In 2014, Rezania et a/ from Tim Kieffer’s group in Vancouver, together with J&J,
reported a 7-Stage differentiation protocol whereby in vitro assessment of these cells
exhibited functional characteristics similar to human B-cells, as determined by insulin
secretion and calcium imaging. The authors assert, however, that these differentiated
cells cannot be considered mature -cells, as only 5 — 10% of the Stage 7 population
exhibited physiological characteristics resembling B-cells.*® When transplanted into
diabetic murine recipients under the renal capsule, Stage 7 cells were capable of
restoring euglycemia within 40 days, four-fold faster than their pancreatic progenitor
(Stage 4) counterparts. Moreover, the work by Doug Melton’s laboratory has also
demonstrated the ability to develop functional Stage 7 insulin-producing cells utilizing
an in vitro 27 — 34 day differentiation protocol."*” These cells also exhibited glucose
responsiveness in vitro, as well as the ability to restore euglycemia in diabetic murine
recipients, within 18 days post-transplant.

Whether it is indeed important to transplant Stage 4 or more mature Stage 7 cell
remains to be seen. A patient that has had longstanding TI1DM can surely afford to wait
for a few months for their cells to differentiate and become fully functional. Further

studies utilizing pancreatic progenitor cells transplanted into extrahepatic, subcutaneous
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devices will undoubtedly require further optimization and refinements to improve
engraftment, oxygen delivery and metabolic exchange. The Shapiro laboratory have
compared placement of PEC-01 cells placed into the modified subcutaneous DL space,
and shown that PEC-01 cells can mature and be fully functional in this site. Importantly,
before transplantation, the Stage-4 PEC-01 cells exhibited reduced metabolic capacity,
as assessed by oxygen consumption rate (OCR).*> The immature phenotype of these
cells, and especially their metabolic quiescent state, may be an added advantage when
cells are initially implanted to a hypoxic, subcutaneous environment. While these cells
required approximately 100 days to differentiate into fully functional, glucose-
responsive cells, one could surmise that this is a considerable advantage in contrast to a
more differentiated B-cell lineage whose metabolic demands would be greater and
would require sufficient oxygen to survive, engraft and function. Furthermore, graft-
bearing immunohistological analysis also revealed robust presence of glucose-regulatory
cells contained within a vascularized collagen scaffold. These results are especially
encouraging, namely because the DL site may serve as a functional surrogate to
subcutaneous devices that routinely fail long-term.

A considerable limitation in most pre-clinical models that use insulin-producing
stem cells is that efficacy is typically evaluated in immune-deficient mice. These models
have limitations, and the absence of an allogeneic or even an innate immune response
could be underestimated, and immunosuppression is not required. The Shapiro lab is
currently investigating what potential harmful effects immunosuppressive medications
may have upon the differentiation process of these cells. Since PEC-01 cells require 2-3

months to differentiate into functioning, glucose-responsive cells, concerns persist in
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terms of how harmful diabetogenic drugs such as tacrolimus may have on the
development process. Results from the ongoing VC-02 trials will provide important
foundations as ESC-derived islet alternatives move forward to the clinic.

The prospect of establishing a limitless supply of glucose-responsive, insulin-
producing cells as means for f-cell replacement therapy is undeniably attractive.
Concerns pertaining to the risk of teratogenicity, as well as ethical and religious
considerations over the use of ESCs warrant notable caution to proceed.**"'*! However,
if such a product can be ethically derived from a donated, discarded human embryonic
blastocyst from an in vitro fertilization clinic, then insulin-producing ESCs may
transition as a therapy for a select population of patients to a B-cell replacement therapy

for all individuals suffering from T1DM.

6.4 IMMUNOMODULATORY THERAPIES IN NEW ONSET T1DM

Recurrent autoimmunity remains an almost insurmountable barrier in cellular

replacement therapy in TIDM. '*

Recurrent autoimmunity almost certainly is
detrimental to islet survival in patients.'** Since similar observations occur in whole
pancreas and islet transplantation, it is highly likely that stem cells differentiated into
insulin-producing cellular sources that mimic -cells will also be target of recurrent
autoimmunity.

Studies that mitigate the autoimmune destruction of B-cells in TIDM and delay

disease onset, have increasing relevance therefore in cell transplant trials. Chatenoud et

al found that administration of potent anti-CD3 antibody in NOD mice for 5 days at the
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time of disease onset was capable of inducing remission in 80% of recipients. Moreover,
despite discontinuation of treatment, mice in remission did not become diabetic over

. 144
time.

Further pre-clinical work exploring the utility of anti-CD3 monoclonal antibody
in mice by Herold et al revealed the capacity of this therapy to prevent T1DM onset and
tolerance induction.'*’ These studies suggested that a similar therapy might confer
benefit in the clinic; however, anti-CD3 (OKT3) exhibited considerable cytokine-release
syndrome in otherwise healthy patients when used as an induction anti-rejection
therapy.'**'*” As a means to eliminate such risks, Bluestone et a/ developed a
humanized anti-CD3 monoclonal antibody, hOKT3y1 (Ala-Ala), and examined its
ability to delay new onset in patients with TIDM. Two year follow up of these patients
revealed markedly improved C-peptide with prolongation of the ‘honeymoon’ period.'*
Moreover, the Immune Tolerance Network recently reported the findings of the
Autoimmunity-Blocking Antibody for Tolerance in Recently Diagnosed Type 1
Diabetes (AbATE) trial. In a 4th trial utilizing the monoclonal antibody teplizumab
(anti-CD3), patients who positively responded to treatment exhibited preserved B-cell
function, and had preserved C-peptide function up to two years from diagnosis T1DM.
The AbATE trial has demonstrated that in responders the mean preservation of C-
peptide continues at baseline levels for 2 years.'* As Skyler highlights, such positive
experiences with anti-CD3 warrant full-scale phase 3 trials whereby an adequate
treatment dose is paramount, along with an appropriate primary outcome (preservation
of C-peptide) to confirm efficacy of this treatment in newly diagnosed type 1 diabetic

patients."’
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6.4.1 — Immunologic Reset

While islet transplantation has offered extreme benefit as a treatment modality
for select patients with T1DM, it still falls short as a “curative” therapy. The notion to
cure T1DM through prevention or through the reversal of new disease onset has
translated poorly to the clinic, despite considerable promise in experimental settings.
Almost 500 treatment strategies have demonstrated ability to prevent or reverse
autoimmune diabetes in non-obese diabetic mice,"”'"'>* leading to large-scale clinical
trials that have been met with failed clinical outcomes,'** suggesting the NOD mouse
model is a poor surrogate for human TIDM. A limited few interventional strategies have
mitigated disease onset or sustained endogenous C-peptide in preliminary clinical pilot
trials. MMF together with daclizumab,"*® B-cell depletion with rituximab,'*® and
administration of vitamin D3 are three approaches that stand out."”’ Despite encouraging
promise in pilot trials, results have been less than favourable in all approaches when
expanded to randomized, powered trials.'*®

Perhaps the most promising approach explored within the last decade is
“immunological reset” whereby auto-reactive T and B cells are non-specifically
eliminated, followed by reconstitution of a tolerant immune system.'> Most importantly
with this approach is shifting the host response from autoimmunity to a state of
tolerance. Much success with this approach has been experienced in Brazil, where, in
2007, Voltarelli et al reportedly eliminated autoreactive lymphocyte clones using
thymoglobulin- and cyclophosphamide-based depletional therapy, and subsequently
restored self-tolerance through autologous bone marrow transplant that had been

mobilized ex vivo with granulocyte colony stimulating factor (G-CSF) in patients with
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T1DM. In 20 of 23 children and adolescents with new-onset T1DM, insulin
independence was achieved for periods ranging 6 to 35 months, which is a remarkable
finding. Further follow up revealed a maintained state of insulin independence for a
mean period of 31 months was achieved in just over 50% of these patients. "%

Results from these experiences have garnered considerable attention, and as such
have propagated the initiation of a clinical trial by Shapiro et a/ at the University of
Alberta. In contrast to the Voltarelli protocol, cyclophosphamide has been eliminated
and clonal T-cell depletion is being achieved with a single-dose alemtuzumab as
opposed to thymoglobulin. Moreover, autologous bone marrow cells are being
mobilized by a drug-based approach using plerixafor, rather than G-CSF. Long-acting
glucagon-like peptide-1 (GLP-1) analogue will also be employed based on its trophic
and metabolic protective effects.'®'® Anti-inflammatory agents, Etanercept and
Anakinra will also be employed post-infusion as a means to prolong cellular survival by
dampening the initiating of deleterious inflammatory cascades. Given the successful
experience with alemtuzumab, Etanercept and Anakinra within the islet patients, as well
as prior successes observed with the Voltarelli protocol, one might anticipate that these
modifications will have positive impact. It is likely that minimizing pro-inflammatory
cascades in the acute infusion period will augment cellular survival. In tandem with
robust T-cell depletion to mitigate recurrence of the autoimmune response, this much-

anticipated trial may set the precedent in eliminating T1DM disease onset, thus

alleviating the prospective global burden of this disease.
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6.4.2 — Regulatory T-cells in Islet Transplantation

Allotransplantation, regardless of the organ, presents with the challenge of
chronic immunosuppression management. While necessary to subvert the allogeneic
response from the host to preserve graft viability, long-term immunosuppression also
carries considerable morbidity and potential mortality risks to the transplant recipient.
Moreover, chronic systemic immunosuppression can present with increased
susceptibility to infection and post-transplant cancer as a result of subdued host immune
surveillance.'**'®” Other morbidities, including but not limited to, nephrotoxicity,
diabetes, hypertension and cardiovascular diseases, are also associated with off-target
effects of long-term, global immunosuppression administration.'®®'”" As a means to
deter the consequences of these associated morbidities, a reduction or potential
withdrawal of immunosuppression may be required but will ultimately contribute to
graft failure. An attractive approach to minimize or eliminate the necessity of chronic
systemic immunosuppression is to induce tolerance, a state of non-responsiveness to
self- or foreign tissue.'”' One such approach is through adoptive transfer of regulatory
T-cells (Treg), a population of CD4"CD25" cells that rely on the transcription factor,
FOXP3.'"

Tregs are an attractive approach relative to chronic immunosuppression,
primarily due to their ability to distinguish different antigens with extreme specificity,
owing to their receptors. Tregs also possess the inherent ability to seek their targets

throughout the body and elicit function at a localized site.'”"'"*

Using islet antigen-
specific Tregs, Meagher and colleagues demonstrated the ability to protect against islet

destruction in a mouse model of autoimmune diabetes.'”> The ability to harness antigen
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specificity, as well as control responses of numerous immune cells, including but not
limited to CD4" and CD8" T cells, natural killer cells, and B cells, identifies Tregs as a
prime candidate to confer protection to the islet graft in the transplant setting. To
effectively induce an adequate protective effect in the transplant setting, a sufficient
population of Tregs must be transplanted as a means to outbalance the effector
response.”™!""'"> To accommodate such an approach, ex vivo expansion of Tregs is
required and has been successfully demonstrated from peripheral blood, as well as from
discarded pediatric thymuses and holds great promise for clinical application.'’*'"

Given the promising ability to expand Tregs into sufficient numbers ex vivo, the
stage has been set to explore the utility of this tolerance-inducing strategy in clinical
islet transplantation. A first-in-human trial conducted jointly with Shapiro’s group at the
University of Alberta and Bluestone and Tang at the University of California San
Francisco will hopefully shed light on the utility of this approach in the clinical setting.
The clinical application of a tolerance-inducing strategy in islet transplantation will

eliminate the need for chronic immunosuppression, thus broadening the T1DM patient

population eligible for an islet transplant.

6.5 - CONCLUDING REMARKS

From its initial inception as a prospective tool to treat patients with T1DM, islet
transplantation has transitioned into the 21% century as a real therapeutic approach. The
pivotal pre-clinical and clinical experiences that ultimately contributed to the foundation
of the monumentally successful Edmonton Protocol has indeed been critical in

establishing islet transplantation as an efficacious therapy. Marked improvements in
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islet transplant outcomes over the past two decades has revealed that islet transplantation
may impede the evolution of several long-term secondary complications associated with
T1DM. To achieve this, multiple infusions and a cumulative islet implant mass

>10,000 islet equivalents per kilogram recipient weight (IE/kg) are often times required.
Nevertheless, 5-year insulin independence rates for islet transplantation are now
comparable to that of whole pancreas transplant outcomes.

The body of work undertaken in the last 4 years that contributed to this thesis
sought to introduce therapeutic agents aimed to preserve islet cell mass by directly or
indirectly impede the progression of cell death in vitro as well as in the acute transplant
period. Intraductal administration of the MnSOD, BMX-001, during organ procurement
and 24-hour culture demonstrated the ability to preserve murine islet function through
sGSIS, as well as exhibit reduced death through TUNEL staining. Marginal islet
transplants exhibited improved engraftment outcomes nearly two-fold in 34uM BMX-
001 islet recipients than control islet recipients. The mechanism by which BMX-001
affords improved islet function remains to be elucidated, however, further work in the
murine DCD model revealed that BMX-001 reduced the production of ROS. It is highly
likely that this was also the case in our standard murine marginal, syngeneic model.
Given that MnSOD is a critical mitochondrial antioxidant, it is likely that administration
of BMX-001 augmented islet mitochondrial viability. Direct measurement of oxygen
consumption rate could be further utilized to support this notion in future studies. Future
clinical work administering BMX-001 at the time of cross-clamp and during isolation
may reveal improved benefit post-transplant. Large animal pre-clinical studies will more

accurately mimic clinical procurement practices and as such will be of greater
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translational utility. Administration of BMX-001 to islet recipients pre-clinically has yet
to be explored, but may also be an attractive adjuvant therapy given its known anti-
inflammatory effects. Notably, we have extensively reviewed that the generation of pro-
inflammatory cytokines in the acute transplant period can significantly impair
engraftment outcomes. As such, it is conceivable that BMX-001 can deter the
downstream consequences of such cytokines and preserve islet mass and subsequent
engraftment outcomes.

Our work exploring the utility of the pan-caspase inhibitor, F573, corroborated
prior work from the Shapiro laboratory elucidating the benefit of apoptotic inhibition in
islet transplantation. The more important aspect of this study was in the comparison of
anti-apoptotic agents to mitigate cell death in the modified subcutaneous DL site. In this
model, we were able to routinely reverse diabetes with a marginal islet transplant mass.
The administration of F573 to enhance DL-islet engraftment reveals that modifications
to the DL site may be required to fully exploit its engraftment. While neovascularization
is a pre-requisite for successful DL islet engraftment, the site remains hypoxic, and may
still have deleterious consequences for metabolically active islets or in vitro
differentiated insulin-producing cells derived from pancreatic endoderm. Given the
direct access of the subcutaneous space, it would be interesting for future studies to
directly measure oxygen tension in the DL space to dertermine if this site could be
further optimized to accommodate a cellular graft. Future use of biodegradable materials
that temporarily elute growth factors to promote neovascularization before
transplantation could be an attractive approach that further warrants preclinical

investigation.
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Given the therapeutic benefit of Tregs and their potential in inducing tolerance in
transplant recipients, ongoing studies by other graduate students in the Shapiro and
Korbutt laboratories are investigating the potential role of co-transplanting Tregs with
islets, or other immune-modifying cells into the DL space. Co-transplantation of such
cells may further augment an immune-protected environment. Such a strategy could
broaden the therapeutic reach of B-cell replacement therapy from patients with brittle
diabetes, to patients suffering from insulin-dependent T2DM, as well as children.

The chemical induction of ferroptosis, and its inhibition in human islets, is the
first study to our knowledge to address the incidence of this cell death modality in
human tissue. The identification of this novel regulated cell death pathway should
indeed lead to the exploration and potential identification of novel mediators that
contribute to impaired islet function and cell death. As these mediators are identified in
islets and other organ systems, future studies should aim to exploit these targets and
drive the development of novel therapeutic agents. As previously noted, given the fact
that TNF-a inhibition confers benefit on islet viability and engraftment, and TNF-a is a
key mediator of necroptosis, the utility of necroptosis-specific inhibitors may be
beneficial in islet isolation and transplantation.

Furthermore, the utility of the CRISPR/Cas9 system in islet transplantation may
hold promise as a therapeutic tool to directly promote islet survival by selective
insertion of one or multiple cytoprotective genes. In contrast to chemical delivery of
protective agents directly to the pancreas, or by brief culture of islets post-isolation as a
means to confer adequate uptake and subsequent therapeutic action, the CRISPR/Cas9

system could genetically modify islets with precision, mitigating the need for
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therapeutic drugs. The identification of existing, as well as novel mediators that
contribute to novel cell death pathways may serve as therapeutic targets that can be
exploited utilizing this methodology. Such an approach would reduce the need for
systemic administration of therapeutic agents that may have off-target or unwanted side
effects. Exploring genetically modified islets in the pre-clinical arena may open avenues
for this technology’s utility in the clinical setting. However, as noted above, safety and
ethical issues surrounding this technology should be addressed before genetically
modified cells become commonplace in the clinic.

Efforts aimed at augmenting islet survival and function offer promise to
circumvent a need for multiple donor pancreases. There are multiple areas for future
investigation; from pancreas procurement, islet isolation and culture, as well as
immediately post-transplant. The identification of novel, biochemically distinct
regulated cell death pathways in other disease states and transplant modalities has
opened a new area of investigation in islet transplantation, warrants further exploration.
With the potential identification of novel targets, the development of novel adjuvant
therapies may be used in a multi-therapeutic approach to prolong islet survival and
engraftment.

As a means to alleviate the burden upon available donor pancreases, the utility of
alternative cellular sources, including xenogeneic porcine islets, as well as insulin-
producing “islet-like” cells derived from pancreatic endoderm, continue to offer promise
as a means to treat patients with TIDM. As these cellular sources transcend from pre-
clinical investigation to clinical translation, safety and efficacy are imperative

milestones. Chronic, systemic immunosuppression is still required to mitigate recurrent
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auto- and alloimmune responses in the transplant recipient. Therapies that facilitate
immunological tolerance through co-transplantation of islets with Tregs are exciting
avenues now entering clinical trials. There is an abundance of approaches that
collectively will ultimately alleviate the burden of T1DM and offer hope that this

disease can once and for all be eliminated.
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