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Abstract

Twenty-years ago Shapiro et al. revolutionized islet transplantation (ITx), realizing the
potential for a cell-based diabetes treatment. Despite improvements, ITx remains restricted by
organ donor limitations and immunosuppression. Stem cell (SC)-derived ITx (SC Tx) could
eliminate these limitations, with potential for unlimited supply and immunosuppression free ITx.
This thesis presents results from several translational and clinical projects aimed at enabling in-
human implementation and evaluation of SC ITx.

Chapter 1.1 provides an updated review on ITx including recent advancements, regulations,
and future therapies including regulatory T-cells and immune reset. Subsection 1.2 reviews SC
ITx as a potential cure for diabetes, outlining key barriers including 1) optimization of SC islet
products, 2) scalability, 3) immunologic considerations, and 4) obstacles for clinical trials. The
remaining chapters of this thesis approach each of these barriers.

Chapter two focuses on scalability of SC ITx, with subsection 2.1 reviewing potential
solutions including automation and three-dimensional (3D) culture systems. We then present a
preclinical study comparing 3D and two-dimensional iPSC culture evaluating cell expansion,
pluripotency phenotype, and differentiation capacity. Results demonstrate that iPSCs grown in
3D culture achieve 93.8-fold expansion and characterization of cells demonstrates that 3D
expanded cells acquire a preferable naive phenotype. In keeping with this naive phenotype,
transplanted 3D cells produce comparatively more mature teratomas with fewer proliferating
graft cells. In summary, 3D culture enables increased iPSC expansion with enhanced in vitro and

in vivo cell quality, resulting in efficient cell production suitable for clinical implementation.
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Chapter three focuses on techniques and protocols to efficiently generate SC islets free from
off-target populations. Subsection 3.1 provides a review of all current protocols used to direct
embryological differentiation of SC islets. This is followed by a preclinical study comparing 32
different protocols to generate and characterize induced pluripotent SC islets. Additionally, this
study provides graft evaluation following transplantation of fully differentiated SC islets, rather
than pancreatic progenitors, demonstrating that despite further in vitro maturation ductal off-
target populations persist. Finally, we provide a yield and cost assessment and demonstrate that
our optimized protocol can be translated into scalable suspension culture within Vertical-
Wheel® bioreactors. This represents the first study to date reporting differentiation within
Vertical-Wheel® bioreactors, achieving >10x more islet cells than planar protocols.

Chapter four begins with a review of immunologic considerations for ITx, followed by a
preclinical study that evaluate ABH antigen expression of islets and SC islets to assess the
potential for ABO-incompatible ITx. In this study, characterization of isolated islets demonstrate
that neither ductal tissues or endocrine subpopulations express ABH antigens. Unfortunately,
contaminant acinar tissue within islet isolations do express ABH antigens, suggesting that ITx
should remain ABO-matched. However, embryonic SC-derived pancreatic progenitors and
resultant SC islets do not express ABH antigens, introducing the potential for ABO-incompatible
transplantation using SC islets. Such data is of particular relevance to Vertex SC products, which
are currently limited to A/AB recipients due to a blood type A starting stem cell product.

Chapter five focuses on current barriers facing SC ITx clinical trials, including uncertainty
regarding the optimal transplant site and the need for patient-centered outcome measures. First,
this chapter provides a review on humanized mouse models and their utility and limitation for

SC ITx immunogenic evaluation. While improved, the unidimensional immune recapitulation of

il



these models limit their utility, leading us to suggest that evaluation of SC ITx requires in-human
trials. Subsection 5.2 presents a clinical study comparing outcomes following intraportal and
extrahepatic I'Tx to appraise the potential for extrahepatic transplant sites to enable in-human SC
ITx evaluation. Results demonstrate that despite preclinical success of extrahepatic ITx within
the omentum, gastric submucosa, and prevascularized subcutaneous space, in-human
implementation achieves negligible islet engraftment compared to the intraportal site. Subsection
5.3 details a second clinical study of patients receiving ITx to define optimal C-peptide,
stimulated C-peptide, and BETA-2 cut-offs associated with patient-centered outcomes. This data
offers target thresholds to strive for with SC islet products in order to achieve hypoglycemia
freedom and insulin independence. Subsection 5.4 provides a review evaluating the potential of
expanding SC ITx for patients with type 2 diabetes subtypes, hypothesizing methods to expand
SCITx.

Finally, chapter 6 summarizes findings from this thesis and provides insight into areas for

future preclinical and clinical work.
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Preface
Dear Reader,

This thesis entitled “Clinical and Translational Studies Advancing Clinical
Implementation of Stem Cell-Derived Islet Transplantation” is submitted in partial fulfillment of
the requirement for the degree of Doctor of Philosophy in Surgery in the Department of Surgery
at the University of Alberta. The work presented herein provides advances to combat barriers to
stem cell-derived islet transplantation (SC ITx) including scalability, optimization of SC islet
generation, immunogenic considerations, and findings to enable clinical implementation and
evaluation. This thesis is divided in chapters containing subsections with preclinical and clinical
research, in which the author held a leading role within a collaborative and interdisciplinary
team. These chapter subsections are presented as a paper-based format, from manuscripts that are
either published (n = 11) or submitted for publication (n = 1).

Chapter 1 is titled “Update on Islet Transplantation and Stem Cell-Derived Islet
Transplantation” and provides two subsections including an introduction to current practices,
advances, and limitations to deceased donor islet transplantation, and a review of SC ITx, its
promise, and barriers that it faces limiting clinical implementation. Chapter 1 subsection 1 is
titled “Update on islet cell transplantation” and reviews the current outcomes from ITx, the
impact that anti-inflammatory agents have had on improving outcomes, the potential of
immunomodulatory agents like regulatory T-cells, and the current regulatory environment for
islets. This review is published in Current Opinion in Organ Transplantation (Verhoeft, K;
Marfil-Garza, B.A; Shapiro, A.M.J. Update on islet cell transplantation. Current Opinion in
Organ Transplantation. August 2021, 26(4), 397-404. DOI: 10.1097/MOT.0000000000000891).

For this publication, I performed the bibliographical review, prepared the figures and legends,



and wrote the manuscript. AMJS and BMG provided revisions to the final manuscript. Chapter
1 subsection 2 introduces SC ITx including a comparison of personalized iPSC ITx and
allogeneic embryonic SC ITx in a review and highlights the key barriers to SC ITx including
scalability, optimization of SC islet generation to eliminate off-target growth, immunogenic
considerations, and clinical implementation and evaluation as a frame work for the remaining
studies in this thesis. The review has been published in Cells and I performed the bibliographical
review, prepared the figures and legends, and wrote the manuscript. SJTH assisted with figure
creation and revisions to the final manuscript, AMJS and BMG provided revisions to the final
manuscript. (Verhoeff, K; Henschke, S.J; Marfil-Garza, B.A; Dadheech, N; Shapiro, A.M.J.
Inducible Pluripotent Stem Cells as a Potential Cure for Diabetes. Cells. January 2021, 10(2),
278. DOI: https://doi.org/10.3390/cells10020278).

Chapter 2 is titled “Optimizing Scalability of Stem Cell-Derived Islet Transplantation”
and includes one review manuscript and one preclinical study both focused on improving the
scalability of SC ITx. Chapter 2 subsection 1 provides a review titled “Scaling Stem Cells to
cure Millions of Patients with Diabetes: Approaches, Technology, and Future Directions” that
reviews current techniques to massively produce and expand stem cells and their ensuing islet
product. It reviews the use of artificial intelligence for selecting ideal stem cells, suspension
culture and bioreactors to grow and expand stem cells, and the future of engineered approaches
to automate and scale such processes. This review is published as a chapter within the book
“Handbook of Stem Cells: From Basic to Clinical Sciences” as a first author publication
(Verhoeff, K; Shapiro, A.M.J. Scaling Stem Cells to Cure Millions of Patients with Diabetes —
Approaches, Technology, and Future Directions. Handbook of Stem Cells: From Basic to

Clinical Sciences). I performed the bibliographical review, prepared the figures and legends, and
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wrote the manuscript and AMIJS provided revisions to the final manuscript. Chapter 2
subsection 2 provides a preclinical study titled “Suspension culture improves iPSC expansion
and pluripotency phenotype”, whereby we compare expansion, pluripotency phenotype, and
trilineage differentiation capacity of iPSCs cultured two-dimensions (2D) and in three-
dimensional (3D) suspension culture using Vertical-Wheel® bioreactors. Results demonstrate
that 3D expanded iPSCs have superior naive pluripotency phenotype and have improved
capacity for trilineage differentiation, providing an optimal stem cell starting product for islet
generation. This study is presented as a co-first author manuscript is published in Stem Cell
Research and Therapy (*Cuesta-Gomez, N; *Verhoeff, K; Dadheech, N; Jasra, I.T; Bermudez de
Leon, M; Pawlick, R; Marfil-Garza, B; Zapata-Morin, P.A; Jickling, G; Thiesen, A; Shapiro,
A.M.J. Suspension culture improves iPSC expansion and pluripotency phenotype. Stem Cell
Research and Therapy). For this co-first author publication I completed 90% of the
immunohistochemistry, all in vitro trilineage differentiation, 25% of cell culture, generated all
embryoid bodies, and completed 50% of manuscript writing and editing. NCG performed all
remaining experiments, 75% of figure creation, experimental methodology, and 50% of
manuscript writing and editing, ND, 1J, MBdL RP, BMG, PAZM GJ, AT, provided revisions to
the final manuscript. AMJS provided study conceptualization, supervision of work, revisions to
the final manuscript.

Chapter 3 is titled “Evaluation of Techniques for Efficient, Safe, and Reliable Stem Cell-
Derived Islet Generation” and is composed of two subsections. Chapter 3 subsection 1 presents
a review of current SC islet differentiation protocols. In it, each stage of differentiation is
reviewed to evaluate differentiation protocol duration, growth factors, and areas for future study

and hypothesizes an optimal islet differentiation protocol. This review is presented as a first
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author review manuscript (Verhoeff, K; Cuesta-Gomez, N; Jasra, [; Marfil-Garza, B; Dadheech,
N; Shapiro, A.M.J. Optimizing Stem Cell-Derived Islet Cells. Stem Cell Reviews and Reports.
May 2022. DOI: 10.1007/s12015-022-10391-3) whereby I performed the bibliographical review,
prepared the figures and legends, and wrote the manuscript and remaining authors provided
revisions to the final manuscript. Chapter 3 subsection 2 then provides a preclinical study
evaluating 32 different iPSC islet differentiation protocols to generate an optimized six-stage
protocol. iPSC islet cells from this protocol characterized in terms of their proteomics and
transcriptomics at each stage of differentiation, to enable future protocol optimization and
comparisons between currently published protocols. Following Stage 6 iPSC islet generation, we
evaluated the in vitro glucose stimulated insulin secretion, electrophysiological parameters, and
oxygen consumption of the generates islet-like cells. Following 16-weeks of in vivo maturation,
the iPSC islet grafts are evaluated using immunohistochemistry. This study also reports protocol
yield, translating the protocol to suspension culture in Vertical-Wheel® bioreactors to
significantly increase the end product yield. This manuscript is under consideration and
represents a co-first authorship study (Verhoeff, K*; Cuesta-Gomez, N*; Maghera, J; Dadheech,
N; Pawlick, R; Smith, N; O’Gorman, D; Razavy, H; Marfil-Garza, B; Young, LG; MacDonald,
PE; Shapiro, AMJ. Cell characterization, graft evaluation, and yield of islet-like cells
differentiated from patient-derived iPSCs). My contribution to this work included the original
manuscript draft, 50% of study conceptualization, and all in vitro work except 25% of
transcriptomic assays (completed by NCG), electrophysiology (completed by JM), oxygen
consumption assays (completed by NS). NCG completed 50% of study conceptualization and
50% of manuscript editing. RP and BMG completed 15% of in vivo work. ND, DO, LGY, PEM,

and AMJS contributed to manuscript conception and editing and AMJS supervised the study.
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Chapter 4 is titled “Immune Considerations for Pancreatic and Stem Cell-Derived Islet
Transplantation” and also includes two subsections. In Chapter 4 subsection 1, we provide a
review of the immune considerations for SC ITx, including comparing and contrasting
alloimmune and autoimmune destruction facing islets after transplant. In the review, we evaluate
strategies that may be helpful to combat these immune effects including regulatory T-cell
therapies and immune reset. We discuss the potential of those approaches to combat both
alloimmune and recurrent autoimmune destruction of SC-islets if applied together. This
subsection has been published as a book chapter in Translational Autoimmunity Volume 5
(Verhoeff, K; Shapiro, A.M.J. The Potential of Cellular Transplantation to Harness
Autoimmunity and Reverse Clinical Diabetes. Translational Autoimmunity Vol. 5 Challenges for
Autoimmune Diseases. Chapter 18. Pages 361-385.). Chapter 4 subsection 2 then provides a
preclinical study evaluating the expression of ABH antigens on human pancreatic tissues,
isolated islets, and embryonic SC islets to evaluate the potential of ABO-incompatible ITx. The
study demonstrates that within human pancreata, endocrine and ductal tissues do not express
ABH antigens, while exocrine tissue does. Unfortunately, isolated islets continued to contain
substantial exocrine tissue, leading us to conclude that ITx should remain ABO-matched.
However, SC islets did not have contaminant exocrine tissue and did not express ABH antigens
before or after transplant into the renal subcapsular space of mice, leading us to conclude that SC
ITx could potentially be ABO-incompatible. These results are of particular interest to SC ITx
considering that the current Vertex clinical trial product remains limited to those with blood
types A and AB, due to the original SC donor being blood type A. The study is published in
Transplantation (Verhoeff, K; Cuesta-Gomez, N; Albers, P; Pawlick, R; Marfil-Garza, B.A;

Jasra, I; Dadheech, N; O'Gorman, D; Kin, T; Halpin, A; West, LJ; Shapiro, A.M.J. Evaluating
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the Potential for ABO-Incompatible Islet Transplantation: Expression of ABH Antigens on
Human Pancreata, Isolated Islets, and Embryonic Stem Cell-Derived Islets. Transplantation.
October 2022. DOI: 10.1097/TP.0000000000004347). My roles including all in vitro
experimental work and manuscript writing, while PA, RP, completed in vivo work, and NCG,
BMG, 1IJ, ND, DO, TK, AH, LJW, AMJS provided study conceptualization and manuscript
editing.

Chapter 5 is titled “Strategies for Implementation, Evaluation, and Further Optimization
of Stem Cell-Derived Islet Transplantation” and contains four subsections including two clinical
studies and two reviews. Chapter 5 subsection 1 is a review of humanized mouse models to
contextualize their utility for SC ITx evaluation. It has been published in Advances in
Experimental Medicine and Biology and my role as the first author was to complete the
bibliographical review, prepare the figures and legends, and write the manuscript. BMG assisted
with figure creation, and BMG, NCG, 1J, ND, and AMJS provided revisions to the final
manuscript. (Verhoeff, K; Marfil-Garza, B.A; Cuesta-Gomez, N; Jasra, [; Dadheech, N; Shapiro,
A.M.J. Current Status, Barriers, and Future Directions for Humanized Mouse Models to Evaluate
Stem Cell Based Islet Cell Transplant. Advances in Experimental Medicine and Biology: Cell
Biology and Translational Medicine. March 2022. DOI: 10.1007/5584). Chapter 5 subsection 2
is a clinical study evaluating outcomes from ITx recipients comparing those receiving intraportal
infusions to extrahepatic transplant sites including the gastric submucosa, prevascularized
subcutaneous space, and omentum. The study demonstrates that, despite promising preclinical
data, extrahepatic sites fail to achieve islet engraftment and C-peptide production in human
clinical trials. The study has been published and as co-first author I was involved in data

collection, analysis, 50% of manuscript drafting and editing GS, DC, KD, DB, BA, AL, PS,



AMIS were involved in patient care. DO’G and TK performed the islet isolations. All co-authors
provided revisions. AMIJS provided final edits and revisions as the senior corresponding author
(Verhoeff, K*; Marfil-Garza, B.A*; Sandha, G; Cooper, D; Dajani, K; Bigam, D.L; Anderson,
B; Kin, T; Lam, A; O'Gorman, D; Senior, PA; Ricordi, C; Shapiro, AMJ. Outcomes Following
Extrahepatic and Intraportal Pancreatic Islet Transplantation: A Comparative Cohort Study.
Transplantation. May 2022. DOI: 10.1097/TP.0000000000004180). Subsequently, Chapter 5
subsection 3 provides a second clinical study evaluating recipients of ITx in Edmonton over the
last 20 years; specifically, the study evaluates the median C-peptide levels and optimal C-peptide
cut-offs in patients with insulin independence, without insulin independence but with
hypoglycemia freedom, and those with persistent hypoglycemia. These cut-offs will provide
important benchmarks to target and improve evaluation of current SC ITx clinical trials. The
manuscript is published as a first author publication (Verhoeff, K; Marfil-Garza, B.A; Dajani, K;
Anderson, B; Bigam, D.L; Kin, T; Lam, A; O'Gorman, D; Senior, P.A; Shapiro, A.M.J. C-
peptide Targets and Patient-Centered Outcomes of Relevance to Cellular Transplantation for
Diabetes. Transplantation. October 18 2022. DOI: 10.1097/TP.0000000000004328). As first
author I collected and analyzed data, created figures, and wrote the original manuscript draft;
BMG assisted with data collection, and all authors contributed to manuscript edits. Finally,
Chapter 5 subsection 4 offers a review that discusses updated diabetes subclassifications. Using
those diabetes subtypes, we provide a review that hypothesizes who, including a subset of
patients with type 2 diabetes, may benefit from SC ITx. This review is published in the Journal
of Clinical Endocrinology and Metabolism (Verhoeff, K; Marfil-Garza, B; Prus- Czarnechka, Z;
Cuesta-Gomez, N; Jasra, I.T; Dadheech, N; Senior, P.A; Shapiro, A.M.J. Stem Cell-Derived Islet

Transplantation in Patients with Type 2 Diabetes: Can Diabetes Subtypes Guide
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Implementation? Journal of Clinical Endocrinology and Metabolism. May 2023. DOLI:
10.1210/clinem/dgad257).

Finally, Chapter 6 provides insight from the collected studies to discuss preclinical and
clinical studies required to move SC ITx forward clinically. From this experience, I provide
views on key preclinical questions including islet encapsulation, SC islet off-target elimination,
and the scalability of SC ITx. I also discuss key questions that remain for SC ITx clinically,
specifically highlighting the need to evaluate immune destruction of islets for autologous iPSC
ITx versus embryonic allogeneic SC ITx, enrollment in clinical trials, and approaches to broaden

recipient pools.
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possible.
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A last note to our future children. If you manage to find this book on a shelf somewhere
don’t bother reading beyond this page. Everything in this thesis will probably be outdated by that
time anyways. Instead take just one thing away: Whatever you want to do in life, no matter how
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to impress people, do it to challenge yourself, to improve, and most importantly to fail and

succeed. Set your own bar and find your own success.
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Chapter 1: Update on Islet Transplantation
and Stem Cell-Derived Islet

Transplantation

Subsection 1.1: Update on islet cell transplantation

Subsection 1.2: Induced Pluripotent Stem Cells as a Potential Cure for Diabetes



Chapter Summary

The first chapter of this thesis serves as an introduction to both islet transplantation
(chapter 1.1) and stem cell-derived islet transplantation (chapter 1.2). The chapter’s first
subsection offers a review summarizing the last twenty years of advancement in clinical islet
transplantation, most notably highlighting the success of anti-inflammatories but also continued
barriers including the limited organ supply, immune destruction, and legislation. This is followed
by a second review focused on stem cell-derived islet transplantation as a potential solution to
those barriers, while also highlighting remaining questions for the field including discussing both
the allogeneic and autologous approaches, off-target risks, the scalability of stem cell
differentiation processes, and challenges to implementation. These limitations to the stem cell
field provide the impetus for this thesis’ structure, with each subsequent chapter focused on the

aforementioned barriers.



1.1 Chapter 1 subsection 1 — Update on islet cell transplantation
REVIEW

Update on islet cell transplantation

Kevin Verhoeff, Braulio A. Marfil-Garza®>°, and A.M. James Shapiro®

Purpose of review

Chronic diabetes-related complications continue to exert a rapidly growing and unsustainable pressure on
healthcare systems worldwide. In type 1 diabetes, glycemic control is particularly challenging, as intensive
management substantially increase the risk of severe hypoglycemic episodes. Alternative approaches to
address this issue are required. Islet cell transplantation offers the best approach to reduce hypoglycemic
risks and g|ycemic |c|bi|ity, while providing opﬁm0| g|ycemic control. Ahhough ongoing efforts have
improved clinical outcomes, the constraints in tissue sources and the need for chronic immunosuppression
limit the application of islet cell transplantation as a curative therapy for diabetes. This review provides an
update on islet cell transplantation, focusing on recent clinical experience, ongoing research, and future
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OHISABZIUIMH+EFNION.WNOTZ L ABYHAJOSHNQUE AQ UONBIUBIJSUBL}-00/WO00 MM"STBUINOl/dY WO papeojumoq

challenges.

Recent findings

Current evidence demonstrates advances in terms of long-term glycemic control, improved insulin
independence rates, and novel approaches to eliminate chronic immunosuppression requirements after islet
cell transplantation. Advances in stem cell-based therapies provide a promising path towards truly
personalized regenerative therapies, solving both fissue supply shortage and the need for lifelong
immunosuppression, enabling widespread use of this potentially curative treatment. However, as these
therapies enter the clinical realm, regional access variability and ethical questions regarding
commercialization are becoming increasingly important and require a collaborative solution.

Summary

In this state-of-the-art review, we discuss current clinical evidence and discuss key aspects on the present

and future of islet cell transplantation.

Keywords

diabetes, immune reset, immunosuppression, inducible pluripotent stem cells, islet cell transplant

INTRODUCTION

The prevalence of type 1 diabetes (T1D) is increas-
ing. Costs to treat the disease and its complications
are rapidly becoming unsustainable [1,2]. Despite
technological advances (i.e. continuous glucose
monitoring and subcutaneous insulin infusion
pumps/closed-loop wearable insulin delivery sys-
tems), most patients fail to meet glycemic targets
and experience recurrent hypoglycemia. A recent
report evaluating 20000 Americans showed that
only 21% of adults and 17% of children achieve
HbA1c goals [2]. Islet cell transplant (ICT) represents
arobust alternative for a subgroup of these patients,
and continued advancements could translate this
from treatment to potential cure over time.
Twenty-years ago, Shapiro et al. [3] in 2000 revo-
lutionized ICT and realized the potential of a cell-
based cure for T1D by achieving 100% insulin inde-
pendence 1 year post-ICT with glucocorticoid-free
immunosuppression in seven consecutive patients.
ICT has proven to be a highly efficacious treatment

1087-2418 Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.

for T1D patients with severe and recurrent hypogly-
cemia or severe glycemic lability [4"]. Long-term
insulin independence following this initial experi-
ence was inconsistent but ongoing improvements in
transplant techniques, immunosuppression regimes,
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1.1.1 Abstract

1.1.1.1 Purpose of review:

Chronic diabetes-related complications continue to exert a rapidly growing and
unsustainable pressure on healthcare systems worldwide. In type 1 diabetes, glycemic control is
particularly challenging, as intensive management substantially increase the risk of severe
hypoglycemic episodes. Alternative approaches to address this issue are required. Islet cell
transplantation offers the best approach to reduce hypoglycemic risks and glycemic lability,
while providing optimal glycemic control. While ongoing efforts have improved clinical
outcomes, the constraints in tissue sources and the need for chronic immunosuppression limit the
application of islet cell transplantation as a curative therapy for diabetes. This review provides an
update on islet cell transplantation, focusing on recent clinical experience, ongoing research and

future challenges.

1.1.1.2 Recent findings:

Current evidence demonstrates advances in terms of long-term glycemic control,
improved insulin independence rates, and novel approaches to eliminate chronic
immunosuppression requirements after islet cell transplantation. Advances in stem cell-based
therapies provide a promising path towards truly personalized regenerative therapies, solving
both tissue supply shortage and the need for lifelong immunosuppression, enabling widespread
use of this potentially curative treatment. However, as these therapies enter the clinical realm,
regional access variability and ethical questions regarding commercialization are becoming

increasingly important and require a collaborative solution.



1.1.1.3 Summary:

In this state-of-the-art review, we discuss current clinical evidence and discuss key

aspects on the present and future of islet cell transplantation.

1.1.2  Key Points

- Islet cell transplantation has become a robust therapy for patients with type 1 diabetes
and severe hypoglycemia, with 10-year outcomes including near complete abrogation
of severe hypoglycemic events, ~80% graft survival, as well as sustained
improvements in glycemic control and reductions in insulin doses.

- Anti-inflammatory therapies such as interleukin 1 antagonists (i.e., anakinra) and
TNF-a inhibitors (i.e., etanercept and infliximab) have significantly reduced innate
inflammatory responses and apoptosis in the immediate post-transplant period, and
have markedly improved clinical outcomes.

- Immunomodulatory approaches including gene editing techniques, regulatory T-cell
therapies, and immune reset strategies may revolutionize islet cell transplantation by
markedly reducing, or completely abrogating the need for chronic
immunosuppression.

- Alternative islet cell sources including stem-cell derived islets (i.e., human embryonic
and Induced pluripotent stem cells) have consistently demonstrated in vitro and in
vivo success, and early clinical trials show tremendous potential for an immune-

protected and unlimited supply of islet cells for transplant.



- Regulatory restrictions and privatization of islet cell isolation products represent
important ethical barriers to realizing islet cell transplantation as a true cure for type 1

diabetes, and require urgent collaborative attention.

1.1.3 Introduction

The prevalence of Type 1 diabetes (T1D) is increasing. Costs to treat the disease and its
complications are rapidly becoming unsustainable !, Despite technological advances (i.e,
continuous glucose monitoring and subcutaneous insulin infusion pumps/closed-loop wearable
insulin delivery systems), most patients fail to meet glycemic targets and experience recurrent
hypoglycemia. A recent report evaluating 20,000 Americans showed that only 21% of adults and
17% of children achieve HbAl¢ goals 2. Islet cell transplant (ITx) represents a robust alternative
for a subgroup of these patients, and continued advancements could translate this from treatment
to potential cure over time.

Twenty-years ago Shapiro et al. (2000) revolutionized ITx and realized the potential of a
cell-based cure for T1D by achieving 100% insulin independence one year post-ITx with
glucocorticoid-free immunosuppression in seven consecutive patients 3. ITx has proven to be a
highly efficacious treatment for T1D patients with severe and recurrent hypoglycemia or severe
glycemic lability #. Long-term insulin independence following this initial experience was
inconsistent, but ongoing improvements in transplant techniques, immunosuppression regimes,
and stem cell-based islet sources are moving ITx closer towards a more accepted therapy >©. This
review provides an update on ITx and discusses recent and ongoing trials since the last Current
Opinion in Organ Transplantation review of the topic in 2018 5. We highlight novel approaches

to address chronic immunosuppression and suboptimal engraftment, as well as alternative tissue



sources. Finally, we discuss regional and global challenges limiting ITx access, and touch on the

private sector’s role in overcoming these challenges.

1.1.4 Tslet cell transplantation: 21% century results

Current evidence strongly supports the long-term safety of ITx. Twenty-year patient
survival after ITx compares to other cohorts of patients with T1D, despite chronic
immunosuppression ’. Reports show 10-year graft survival rates of 78%, coupled with sustained
improvements in glycemic control and reductions in insulin doses 8. The primary indication for
ITx remains severe and recurrent hypoglycemia. In this regard, results demonstrate near
complete resolution of severe hypoglycemic episodes (SHEs) after ITx 19, Hypoglycemic
unawareness, a debilitating consequence of recurrent hypoglycemia, is substantially reduced for
up to three years after ITx, in parallel with SHEs, which decrease by 70-100% %!°. Resolution of
SHE:s is not at the expense of glycemic control. A recent multicenter phase 3 clinical trial
evaluating islet-after-kidney transplantation demonstrated that 62.5% achieved both abrogation
of severe hypoglycemic events and HbA I¢ <6.5%/> 1% reduction at one-year post-transplant 1°.
A 2020 single-center preliminary report including 272 ITx patients from the University of
Alberta, shows a 77.2% insulin independence rate after ITx, slightly lower than after pancreas
transplant, but with substantially less morbidity *. Simultaneously, advances in islet isolation
protocols, immunosuppression regimes and, overall, clinical experience, have demonstrated
improved insulin independence rates, with current 5-year insulin independence rates of 50-80%
1 Ongoing clinical trials hope to further improve outcomes to enable ITx for all T1D patients

(Table 1.1.1).



Table 1.1.1 Key Ongoing Islet Transplantation Clinical Trials

Study Name

ClinicalTrials.gov

Identifier

Location

Details

Clinical Trials Evaluating Novel Anti-Inflammatory, Inmunosuppression, and Immunomodulatory

Safety, Tolerability and
Efficacy of
Immunomodulation With
AT-1501 in Islet Cell
Transplantation
Anti-inflammatory
Therapy to Improve
Outcomes After TPIAT

Islet Transplantation
Using PKX-001

Stem Cell Mobilization
(Plerixafor) and
Immunologic Reset in
Type 1 Diabetes (T1D)
PolyTreg Immunotherapy
in Islet Transplantation

Study to Evaluate Safety
and Efficacy of
IBsolvMIR in Islet
Transplantation

Multicenter Trial of the
Effect of AAT on Islet
Transplant Engraftment
and Durability After
Renal Transplant

NCT04711226

NCT02713997

NCT03073577

NCT03182426

NCT03444064

NCT03867851

NCT02464878

Therapies

University of Alberta,
Edmonton, Alberta,
Canada

University of Minnesota,
Minneapolis, Minnesota,
United States

University of Alberta,
Edmonton, Alberta,
Canada

University of Alberta,
Edmonton, Alberta,
Canada

University of Alberta,
Edmonton, Alberta,
Canada

Karolinska
Universitetssjukhuset
Huddinge, Stockholm,
Sweden

University of lowa,
Massachusetts, United
States

Evaluating the safety of AT-
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1.1.5 Anti-Inflammatories, Inmunosuppression, and Immunomodulatory Therapies

Immunosuppression remains the major barrier precluding widespread ITx use '2.

Immunosuppression-related mortality after ITx has been reported at 0.19% 13, Opportunistic

infections represent an important concern. Raval et al. (2020) reported the following rates of

opportunistic infections after ITx: cytomegalovirus (15%), varicella zoster (5%), and Nocardia

sp. (2%), however, severe infections were rare '%!5. Another issue with chronic

immunosuppression is the incidence of neoplasms. Squamous and basal cell carcinoma, the most

common neoplasm after ITx, occur in 2% of ITx patients and post-transplant lymphoproliferative

disorder occurs in approximately 1% %13, Novel anti-inflammatory and immunomodulator
pp y ry Yy



agents, including cell-based therapies, are being explored and promise a more nuanced
immunosuppression with fewer adverse effects.

Peri-transplant anti-inflammatory therapies to ameliorate innate inflammatory responses,
such as the instant blood-mediated inflammatory reaction, and apoptosis have markedly
improved ITx outcomes. These include interleukin 1 antagonists (i.e., anakinra), and TNF-a
inhibitors (i.e., etanercept, infliximab) '%!7. Other agents with promising preclinical results, such
as reparixin, a CXCR1/2 chemokine receptor inhibitor, failed to demonstrate clinical benefit '8,
Importantly, additional anti-inflammatories to improve islet engraftment, such as alpha 1-
antitrypsin, have demonstrated preclinical efficacy with in-human clinical studies ongoing
(NCT02713997, NCT02464878).

Conversely, immunomodulatory medications may potentially reduce or eliminate ITx
immunosuppression requirements. Gene transfer therapies increasing islet cell expression of
specific cytokines (i.e., IL-10) have demonstrated delayed T1D recurrence after transplant in
preclinical models %!, Similarly, blocking costimulatory signals and impairing effector T cell
responses to prevent allo- and autoimmune responses by overexpressing molecules such as PD-
L1 show early promise 2?2, Both IL-10 and PD-L1 mechanisms are partly mediated through
regulatory T-cells (Tregs), so-called “living immunosuppressants,” have re-invigorated an
interest in these unique immune cells 222,

A Treg-related strategy that may be revolutionary is “immune reset”, first described in
two classical reports from the University of Sdo Paulo, Brazil. These showed that non-
myeloablative autologous hematopoietic stem cell transplantation early after T1D diagnosis
allowed medication and insulin independence in 87% and 96% of cases, respectively 2**. Their

approach relies on early elimination of autoreactive cells and repopulation with more tolerant
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cells. Islets that remain healthy survive within an immune tolerant milieu, partly mediated by
Tregs. A first-in-human clinical trial (NCT03182426) is ongoing, using a novel “immune reset”
approach hoping to provide better-tolerated and long-term autoimmunity remission. Newly
diagnosed T1D patients are undergoing immune ablation with Alemtuzamab, an anti-CD52
antibody, followed by plerixafor to mobilize hematopoietic stem cells into circulation as an
“immune reset” strategy that hopes to enable surviving islets to regenerate in a more immune
tolerant milieu. This strategy will be couple with anakinra and etanercept, along with trophic
support with liraglutide. As opposed to a single “immune reset” attempted in earlier trials,
sustained improvements will be promoted through repeated treatment after one year. This study
may foster an immune tolerant system that reverses early T1D and is maintained with a yearly
intervention Alternatively, for patients with longstanding T1D, combining this immune reset
technique with ITx may enable immunosuppression-free ITx. Hope for this trail is supported by
trials demonstrating up to 18-month insulin-free periods after exogenous Treg infusion in
adolescents with newly diagnosed T1D, demonstrating effectiveness of Treg-directed islet-
specific autoimmunity remission 2>26, Importantly, Treg induction in other settings, such as renal
transplantation, has demonstrated feasibility and safety with substantial immunosuppression
reductions 2”2, Marfil-Garza et al. (2021) provide a thorough review of Treg therapies in ITx

and T1D %,

1.1.6 Allogeneic Stem Cell-Derived Islets

In response to tissue supply limitations, investigation into islets derived from human
embryonic stem cells (ESC) is evolving rapidly. First described by Kroon et al. (2008), the

stepwise process for maturing islet cells from ESCs continues optimization 23932 (Figure 1.1.1).
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Figure 1.1.1 Embryological differentiation and maturation of islet cells.

Simultaneously, concerns regarding off-target growth led to exploration of implantation
sites for ITx that allow easy graft retrieval, such as the subcutaneous space. Preclinical studies
demonstrating efficient maturation and optimal function of ESC-based islets in the subcutaneous
space have demonstrated proof-of-concept 3. Alternatively, cellular encapsulation could provide
an additional safeguard for off-target growth, while potentially enabling immunosuppression-free
transplantation. In this regard, preclinical studies have shown that stem-cell-derived islets and
cellular encapsulation approaches are compatible 3, even when combined with a subcutaneous
implantation approach 33337, Recently, ViaCyte Inc. has tested two subcutaneous devices
enabling subcutaneous ESC-derived ITx, the PEC-Direct (VC02) and PEC-Encap (VCO1). The
VCO01 subcutaneous macro-encapsulation device enables oxygen and nutrient delivery to
contained ESC-derived islets and provides immunoprotection. On the other hand, the VC02 aims
to demonstrate maturation and survival of ESC-derived islets within the subcutaneous space but
using a perforated (non-immunoprotecting) macro-encapsulation device. Clinical trials with
these two approaches are ongoing (NCT02239354 and NCT03163511) with results anticipated in

2021. Preliminary unpublished data is promising and demonstrate that up to one third of T1D
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patients have detectable C-peptide in peripheral blood samples after VCO1 implantation, which
strongly correlates with mature insulin-expressing islet cells within devices.

The foreign body response to these encapsulation devices remains a barrier for long-term
insulin independence. Fortunately, research exploring novel low-fowling biomaterials is
ongoing. Anderson et al. (2020) have demonstrated immunosuppression-free long-term insulin
independence and a minimal foreign body response using subcutaneous and intraperitoneal
encapsulated ITx using low-fowling biomaterials 33-¢, Other groups continue to optimize novel
encapsulation devices that promote minimal foreign body responses and fibrosis *”-3%. Combining
the effectiveness of in vivo maturation of ESC-derived islets and immunoprotection from the
Viacyte trails with novel biomaterials for encapsulation could provide hope for long-term

immunosuppression-free subcutaneous stem cell-based B-cell therapies.

1.1.7 Induced Pluripotent Stem Cell-Derived Islets

Human Induced pluripotent stem cell (iPSC)-based ITx also represent a promising
avenue to address both chronic immunosuppression and limited organ donor supply. Discovery
of the reprogramming factors by Yamanaka et al. and Thomson et al. to induce stem cells from
various tissues opened the door to personalized cell-based therapies 3°. T1D represents a
prototypical disease for a cell-based cure, as ITx already provides clinical “proof-of-concept”,
while ESC-derived islets attest to a well-described pathway to differentiate stem cells into islets
30,

Work with iPSCs has enabled efficient maturation processes and improved islet cell
purity, building on the thoroughly-studied seven stage maturation process initially described for
ESC-derived islets (Figure 1.1.1) 23132 However, until recently, the final in vitro maturation

processes (Stages 5-7) have been incompletely understood, as has been demonstrated by the
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increased efficiency of in vivo or in three-dimensional (3D) culture maturation *'*°, Recent
findings highlight cellular microenvironment process related to the cytoskeleton,
cytoarchitecture, and mechanotransduction signals required to advance through these stages,
which are relevant to cell culture systems 3>*!. Complete understanding of the maturation process
is essential to drive efficient scale-up of iPSC ITx therapies, a sine qua non for a true cure for
diabetes 312,

Simultaneously, iPSC ITx may also enable elimination of immunosuppression. Genetic
modification of iPSCs may enable expression of immunotolerant molecules such as IL-10 or PD-
L1 2122, A robust theoretical approach currently being pursued is creating non-immunogeneic
iPSCs by eliminating typical HLA molecules. Han et al. (2019) and others have recently
generated iPSCs without HLA class I molecules and expressing the immunomodulatory factors
PD-L1, HLA-G, and CD47, which resulted in with blunted T-cell reactivity, minimal NK cell-
mediated death and macrophage phagocytosis #****. Viacyte’s PEC-QT multitiered approach
takes advantage of these concepts and combines a genetically-modified clonal ESC line
expressing PD-L1 and lacking HLA class I molecules (i.e., B microglobulin), with their PEC-
Direct maroencapsulation device *. PEC-QT is expected to enter clinical trials soon.

The most attractive advantage of iPSC islets is that these could be generated from each
T1D patient, echoing autologous ITx after total pancreatectomy. However, recurrent
autoimmunity remains a likelihood that will also need to be overcome if this therapy is to be
successful in the longer term. Combining autologous ITx with “immune reset” approaches in this
context may provide an effective solution to control recurrent autoimmunity. Unfortunately,
autologous iPSC ITx demands generation of unique cell lines requiring personalized screening to

identify genetic mutations and prevent off-target effects, including abnormal growth. The
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resources required for such personalized approach may initially appear prohibitive, but recent
advances in process automation, the introduction of large-scale bioreactors, standardized
protocols, cell banks and increased efficiency for islet generation may ultimately enable cost-

efficient autologous iPSC ITx in the longer term '2.

1.1.8 Regional and Global Challenges

An important barrier to widespread ITx pertains to access and regulations. The only
countries funding ITx under non-research, clinical care streams are Canada, Australia, the United
Kingdom, France, Switzerland, Norway, Sweden, and partial reimbursement in Italy. Only 11
ITxs have occurred between 2016 and 2019 in the United States (USA), compared to 88 in the

United Kingdom, and 87 in Edmonton, Canada 447

. This lag persists despite consensus
statements and national cost-analysis guidelines demonstrating that ITx is cost-effective when
provided to patients with labile T1D, or with T1D undergoing kidney transplant #44°, Other
clinical trials are ongoing comparing the cost-effectiveness of ITx vs. sensor augmented insulin
pump therapy, which are of great interest (NCT02854696). Witkowski et al. (2020) describe the
highly restrictive regulatory practices limiting ITx in the USA 46, where total pancreatectomy
with autologous I'Tx does not require a biologics license application (BLA) given the “minimal
manipulation” of islets, while allogeneic ITx, in which differences in isolation and transplant
processes pertain only to the source of the organ (autologous vs allogeneic) and the time in
culture (<24 hours vs 24-48 hours), are perceived to represent sufficient evidence against
“minimal manipulation”, thus requiring a BLA. While it is obvious that autologous and
allogeneic islets are not biologically different, substantial evidence demonstrates that islets are

not altered during the culture period; the latter being mainly implemented to properly administer

induction immunosuppression before ITx %6, Even after the USA-led, National Institutes of
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Health-funded, phase 3 trial demonstrating the effectiveness of ITx to substantially reduce SHEs
and improve glycemic control, allogeneic ITx has only been approved as a drug, with a BLA
limiting supply by a single private company '>°°, However, experts suggest that ITx be regulated
not by the FDA, but under the Health Resources and Services Administration with oversight by
the Organ Procurement and Transplantation Network and United Network for Organ Sharing to
enable equitable access. These historic and outdated regulations impose unrealistic barriers to
ITx in the USA with ITx costs of approximately $50,000 USD placed on individual institutions.
Continuing the advancement of ITx requires international collaboration and standardization of

regulations to eliminate these restricting regional barriers.

1.1.9 Commercialization of Islets

With current USA regulations, a BLA has recently been discussed and will likely be
approved allowing one specific private company (CellTrans) rights to market human islet for
transplantation under the Orphan Drug Designation Act *°. As ITx advances towards being a
potential cure for diabetes, this represents an exciting market for commercial investment.
Ethically, it remains unclear what role these commercial entities should play in the discovery
processes carried within University labs. As discussed by Witkowski et al. (2021),
commercialization of organs or their subparts (including islets) raises potential conflicts with
transparent and just allocation of these goods °!. This question will continue to evolve as results
continue to demonstrate positive results. The Viacyte and Vertex clinical trials are examples of
these relationships and attest to the growth in industry interest that will likely continue to expand.
These collaborative schemes will likely be required to expand B-cell replacement therapies and
meet demand, yet it will certainly be of utmost importance for academic labs to maintain

patient’s interests at the forefront of their investigation.
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Regardless of the private sector’s involvement, providing islets to >8 million T1D
patients will remain a challenge 2. Stem cell-based islets will certainly be required to fulfill the
demand and just allocation should be considered. The minimum number of islets required for
current ITx is approximately >5,000 IEQ/kg and ideally >11,000 IEQ/kg to ensure insulin
independence. However, stem cell-based-ITx is expected to improve islet purity from ~ 50% to
~100% allowing ITx with higher IEQs/kg (i.e. a larger functional reserve) with low risk of portal
vein thrombosis or complications. Under these circumstances, ~ 9.1 x 108 - 1.4 x 10° cells per
patient may be required. Thus, generating islets, differentiating them, and potentially genetically
altering them while ensuring quality will require substantial resources that will inevitably require

industry support.

1.1.10 Conclusion

ITx continues to improve and novel approaches to control engraftment and immune
mediated destruction promise a future of immunosuppression-free transplants. Meanwhile, ESC-
and iPSC islet cells are generating profound optimism for a potential and accessible cure for
T1D. To enable widespread access, integration and commercial relationships will surely be
required, however, the ethical considerations for these interactions should continue to be

scrutinized to ensure that patient interests remain at the forefront of discovery.
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Abstract: Over the last century, diabetes has been treated with subcutaneous insulin, a discovery that
enabled patients to forego death from hyperglycemia. Despite novel insulin formulations, patients
with diabetes continue to suffer morbidity and mortality with unsustainable costs to the health care
system. Continuous glucose monitoring, wearable insulin pumps, and closed-loop artificial pancreas
systems represent an advance, but still fail to recreate physiologic euglycemia and are not universally
available. Islet cell transplantation has evolved into a successful modality for treating a subset
of patients with ‘brittle” diabetes but is limited by organ donor supply and immunosuppression
requirements. A novel approach involves generating autologous or immune-protected islet cells for
transplant from inducible pluripotent stem cells to eliminate detrimental immune responses and
organ supply limitations. In this review, we briefly discuss novel mechanisms for subcutaneous
insulin delivery and define their shortfalls. We describe embryological development and physiology
of islets to better understand their role in glycemic control and, finally, discuss cell-based therapies
for diabetes and barriers to widespread use. In response to these barriers, we present the promise of
stem cell therapy, and review the current gaps requiring solutions to enable widespread use of stem
cells as a potential cure for diabetes.

Keywords: islet cell transplant; diabetes; inducible pluripotent stem cells; immunosuppression;
immune reset; insulin

1. Insulin as a Treatment, Not a Cure

In 1889, Oskar Minkowski and Joseph von Mering completed a canine pancreatectomy
and induced fatal diabetes mellitus (DM). This experiment demonstrated the central role
of the pancreas in glycemic control [1]. In 1893, Williams and Harsant working in Bristol,
UK, attempted to transplant pancreatic fragments taken from a freshly slaughtered sheep
and placed them subcutaneously in a boy dying of diabetic ketoacidosis, with unsuccessful
results [2]. Even throughout the journey to discover insulin, Banting’s initial trials focused
on subcutaneous injection of an unpurified pancreatic slurry, and the first patient treated
developed a sterile buttock abscess [3]. Although Banting, Best, Collip and Macleod
subsequently prepared more purified insulin extracts using acid-alcohol to dissolve the
insulin and prevent degradation by exocrine enzymes, Banting’s acceptance speech for the
1923 Nobel Prize in Physiology and Medicine concluded with these words:

“Insulin is not a cure for diabetes; it is a treatment. It enables the diabetic to burn
sufficient carbohydrates, so that proteins and fats may be added to the diet in sufficient
quantities to provide energy for the economic burdens of life [3].”
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1.2.1 Abstract

Over the last century, diabetes has been treated with subcutaneous insulin, a discovery
that enabled patients to forego death from hyperglycemia. Despite novel insulin formulations,
patients with diabetes continue to suffer morbidity and mortality with unsustainable costs to the
health care system. Continuous glucose monitoring, wearable insulin pumps, and closed-loop
artificial pancreas systems represent an advance, but still fail to recreate physiologic euglycemia
and are not universally available. Islet cell transplantation has evolved into a successful modality
for treating a subset of patients with ‘brittle’ diabetes but is limited by organ donor supply and
immunosuppression requirements. A novel approach involves generating autologous or immune-
protected islet cells for transplant from Induced pluripotent stem cells to eliminate detrimental
immune responses and organ supply limitations. In this review, we briefly discuss novel
mechanisms for subcutaneous insulin delivery and define their shortfalls. We describe
embryological development and physiology of islets to better understand their role in glycemic
control and finally, discuss cell-based therapies for diabetes and barriers to widespread use. In
response to these barriers, we present the promise of stem cell therapy, and review the current

gaps requiring solutions to enable widespread use of stem cells as a potential cure for diabetes.

1.2.2 Insulin as a Treatment, Not a Cure

In 1889 Oskar Minkowski and Joseph von Mering completed a canine pancreatectomy
and induced fatal diabetes mellitus (DM). This experiment demonstrated the central role of the
pancreas in glycemic control !. In 1893, Williams and Harsant working in Bristol, UK attempted
to transplant pancreatic fragments taken from a freshly slaughtered sheep and placed them
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subcutaneously in a boy dying of diabetic ketoacidosis, with unsuccessful results 2. Even
throughout the journey to discover insulin, Banting’s initial trials focused on subcutaneous
injection of an unpurified pancreatic slurry, and the first patient treated developed a sterile
buttock abscess 3. Although Banting, Best, Collip and Macleod subsequently prepared more
purified insulin extracts using acid-alcohol to dissolve the insulin and prevent degradation by
exocrine enzymes, Banting’s acceptance speech for the 1923 Nobel Prize in Physiology and

Medicine concluded with these words:

“Insulin is not a cure for diabetes, it is a treatment. It enables the diabetic to burn
sufficient carbohydrates, so that proteins and fats may be added to the diet in sufficient
quantities to provide energy for the economic burdens of life 3.”

- Banting

Nearly 100 years later this remains true. Despite novel, improved recombinant insulin
formulations, the potential of ‘smart’ insulins that are inactivated in a hypoglycemic
environment, the advent of continuous glucose monitoring (CGM) and wearable biomechanical
closed-loop pancreas systems, subcutaneous insulin remains a highly problematic treatment. The
United States type 1 DM (T1D) exchange registry with >20,000 participants from 2016-2018
demonstrated that only 21% of adults and 17% of children achieve the recommended HbAlc
goal of <7% and 7.5%, respectively 3. Current HbAlc levels of 9.0% in 13-17-year-olds are
only marginally lower with novel treatment options than the 9.5% seen in the same population
during the 1980s #°. Hypoglycemia also remains a significant but often overlooked complication

of DM. Hypoglycemia occurs in 31-41% of diabetic patients °, often at night due to the four-fold
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variability of overnight insulin requirements . Of 11,061 exchange registry respondents, 6%
reported hypoglycemic seizure or loss of consciousness within the previous three months - a risk
that increases with age and the presence of hypoglycemic unawareness +!°. These events may be
life threatening, with an incidence of 320 episodes per 100-patient years in patients that have
lived with T1D for more than 15 years !!. Unfortunately, this risk escalates with intensive insulin
therapy and improved control of hyperglycemia !!. Achieving euglycemia is nearly impossible
without flexible, dynamic insulin and glucagon responses and even the most advanced insulin
therapies still fail to recreate the precise and physiologic glycemic control orchestrated by almost
three million pancreatic islets of Langerhans.

This review briefly discusses novel insulin-based therapies but focuses primarily on the
future promise of a potential cure for DM using cell-based therapies and stem cell-derived islet
transplantation (SC ITx). We review novel mechanisms for insulin delivery and describe their
shortfalls. We describe in vivo and in vitro islet cell embryological development and physiology
to better understand its implications in the generation of functional stem cell-derived islet cells.
Finally, we discuss the evolution of islet cell transplantation (ITx) as a cell-based cure for DM
and its barriers to widespread use, as well as its importance in the future of stem cell-based
therapies. Finally, we present a response to these barriers and review the current gaps requiring
further research to enable widespread use of cell-based therapies, including pluripotent stem

cells, as a cure for DM.
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1.2.3 Novel Subcutaneous Insulin Delivery

The use of CGM, continuous subcutaneous insulin infusion (CSII i.e., insulin pump), and
closed-loop wearable insulin delivery (i.e., artificial pancreas) devices has increased substantially
in recent years, but are still only accessible to a relatively small subset of patients with DM.
From 2011 to 2017, CGM use increased from 7% to 30% and CSII from 57% to 63% *. CGM,
CSII, and artificial pancreas technologies all demonstrate lower HbA 1c levels compared to
standard insulin treatment *. CGM alone improves DM understanding and glycemic control. It
guides novel treatment modalities and glycemic optimization by demonstrating real time
glycemic targets and time spent in euglycemia, hypoglycemia, or hyperglycemia >'%13, CGM
also provides overnight and dynamic readings, and offers hypoglycemic and hyperglycemic
alarms. Both independently, and combined with novel insulin delivery tools, CGM users have
improved glycemic stability 4. Advances in wearable insulin pump technologies have also shown
clear benefits. A large meta-analysis of 33 randomized controlled trials demonstrated improved
glycemic control with CSIT compared to standard insulin delivery methods '*. Bekiari et al.
conducted a further meta-analysis comparing artificial pancreas to other forms of insulin
therapies, including CSII, and showed the greatest glucose stability using dual hormone artificial
pancreas devices %13, Improved overnight glycemic control with artificial pancreas therapy was
especially notable, as this has historically been difficult to manage with subcutaneous insulin
1415 For those who can access and afford these technologies (CGM, CSII, and closed-loop
wearable insulin delivery devices), DM care is clearly improved.

However, despite enhanced glycemic control offered by CGM, CSII, and artificial

pancreas technologies, they remain far from a cure (Table 1.2.1). HbAlc reductions with CSII,
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although statistically significant, are only 0.3-0.7% *!%!°, Even with fully automated, dual
hormone artificial pancreas treatment, average daily and overnight glucose improved by only
0.48 mmol/L and 0.8 1mmol/L respectively compared to standard insulin therapy °.
Additionally, normoglycemia was only achieved 16.4% of the time for patients using an artificial
pancreas technology '°. When provided structured DM training, patients can achieve similar
glycemic control, decreased incidence of hypoglycemia, and improved psychosocial outcomes
using self-directed subcutaneous insulin therapy compared to those with CSII '®, Technical
barriers also persist — issues with absorption, lipohypertrophy, rashes and skin reactions from the
adhesive devices and extended use in one site can lead to progressively worse glycemic control
despite automated insulin delivery "', Mechanical failure of infusion systems occurs
frequently, with catheter kinking or occlusion, leaking, bruising, or infection at the site of insulin
instillation occurring in up to 64% of devices over 7 days >!°-2!. The biggest risk involves
unrecognized discontinuity of insulin delivery, which occurs regardless of the needle/injection
type, and may lead to diabetic ketoacidosis 2°-*. CGM and CSII also have patient-related factors
limiting their utility. Even the most automated artificial pancreas systems require user input for
bolus dosing and mechanical errors can occur due to patient misunderstanding or misuse 2!
Additionally, 47% of patients report device discomfort as a barrier to use, and 35% dislike
devices on their body >2°. Others have reported skin irritation 2%, and sleep disruption from
bedtime alarms as problems >27. While these therapies offer specific glycemic benefits, the

absolute benefit, reliability, and usability concerns limit optimism (Table 1.2.1).
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Table 1.2.1 Benefits and drawbacks of novel subcutaneous insulin monitoring and delivery

devices.
Technology

Benefits

Drawbacks

Continuous Glucose Monitoring

Continuous Subcutaneous Insulin
Infusion (i.e., Insulin Pump)

Closed Loop, Wearable Insulin
Delivery Device (i.e., artificial
pancreas)

Immediate glycemic feedback.
Improved dynamic glycemic
understanding (real time glycemic
targets, time spent in euglycemia,
hypoglycemia, or hyperglycemia)
5,12,13

Hyper/hypo glycemic alarms.

Device discomfort .
Disrupted sleep (alarms) %’.

Improved glycemic control
compared to standard subcutaneous
insulin 413,

Modest HbA1c improvements (0.3-
0.7%)
Mechanical Failure (64% of
devices over 7 days).
Device discomfort %,

Improved glycemic control
compared to CSII or CGM .
Improved nighttime hyper- and
hypoglycemic control 5.

Poorly accessible.
Device discomfort 2.
Only 16.4% of the time spent in
normoglycemia '3,

*CGM: continuous glucose monitor, CSII: continuous subcutaneous insulin infusion

1.2.4  Islets of Langerhans

Current injectable insulin technologies fail to recreate physiologic glycemic control with

a tight 1-2 mmol/L glycemic variance. In situ physiologic intraportal hormone delivery from the

pancreatic islets of Langerhans maintains basal normoglycemia with insulin and counterbalances

hypoglycemia with glucagon. Insulin output can increase up ten-fold after a meal, and return

rapidly to basal levels with no hysteresis. In our opinion, exogenous subcutaneous insulin

delivery, even when provided by the most ideal closed loop systems, cannot recreate this degree

of dynamic control. Thus, developing a cell-based cure through islet cell generation and

transplantation remains an ideal to strive for. Achieving this goal, especially with stem cell

therapies, demands complete understanding of embryological differentiation and physiology of

the islets of Langerhans.
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1.2.4.1 Embryological Development and Structure

Islets form collections of cells that exist uniformly throughout the pancreas but represent
only 1-4%, 2g, or 2ml of the pancreatic volume 2%, Person-to-person heterogeneity is common
but islets are generally composed of approximately 60% B-cells, 30% a-cells, <10% od-cells, <5%
v and ¢ cells producing insulin, glucagon, somatostatin, pancreatic polypeptide, and ghrelin,
respectively 28, Islet mass varies throughout life, and expands during childhood growth and
during normal pregnancy. The exact mechanisms that regulate this expansion process remain
incompletely understood.

Mature B-cells develop from embryonic stem cells (ESC) in a continual process that may
be considered in seven steps beginning from definitive endoderm, to primitive gut tube, posterior
foregut, pancreatic endoderm, endocrine precursors, immature [3-cells, and finally mature B-cells
(Figure 1.1.1) 2°3!, Definitive endoderm forms during gastrulation from epiblast cells undergoing
epithelial to mesenchymal transition *2. This process is initiated by Wnt3a protein signaling
29.31.33.34 followed by Nodal signaling-mediated activation of the TGFp pathway that ultimately
leads to activation of intracellular Smad2 and differentiation into the primitive streak and
definitive endoderm 3337, Stable, bioactive Nodal does not exist. Fortunately, a similar protein
from the TGFp family, activin-A, acts as an in vitro biochemical analogue to activate Smad2 3%
40 In vitro, ESC exposure to Wnt3a and activin-A leads to 95% definitive endoderm cells that
express the phenotypic markers SOX17 and FOXA?2 4!. Patterning of anterior-posterior axis
occurs with exposure to KGF/FGF7 and creates the primitive gut tube 2%, Subsequent culture
with B27 supplement, retinoic acid, Noggin, and a smoothened inhibitor, such as cyclopamine or

Sant 1-4 molecules to prevent Hedgehog (Hh) signaling, induces differentiation into the posterior
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foregut that has potential to become pancreatic, hepatic, or duodenal tissues 293442

. Hepatic
tissues are favored through bone morphogenetic protein (BMP) signaling pathways, while
endocrine differentiation is blocked by FGF10 activation 43*, Exposure to Noggin or
LDN193189, potent inhibitors of both BMP and FGF10, produces pancreatic endoderm cells
(PDX1+) 293443

Further differentiation of pancreatic endoderm cells into islets has been incompletely
understood and until recently, only occurred in three-dimensional (3D) culture in vitro 314143,
Differentiation into pancreatic endocrine progenitors (PDX1*/NKX6.1%) utilizes TGFf receptor I
(TBRI/ALKY) inhibition and continued prevention of Hh signaling with Sant1-4 molecules
303141 Recent data has helped clarify why 3D culture and in vivo differentiation is required at
this stage for B-cell differentiation. Failure to produce NKX6.1" cells prior to expression of
endocrine genes such as neurogenin 3 (NEUROG3) produces non-functional poly-hormonal cells
3046 Hogrebe et al. (2020) recently demonstrated that the cellular microenvironment, actin
cytoskeleton, and cellular attachments, dictate NEUROG3 expression *°. Firm adhesion of stage
4 (PDX1%) cells to Type-I collagen coated culture plates leads to NKX6.1" cells, followed by
stage 5 actin depolymerization with latrunculin A to allow NEUROG3 expression. Similarly,
inhibition of YAP1 function increases NEUROG3 expression and favors endocrinogenesis #7.
Further maturation leads to insulin producing, NKX6.1 expressing, B-cells with islet-like glucose
response in vivo 3,

Maturation and differentiation specificity and efficiency may be further improved with

various compounds (Figure 1.1.1). It should be noted that use and timing of these compounds

varies widely by protocol. CHIR99021, a selective glycogen synthase kinase-3f inhibitor, has
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been used in stage 1 formation of definitive endoderm to increase cell viability %3148, Rezania et
al. added vitamin C from the primitive gut tube to pancreatic endoderm (stages 2-4), to increase
cell numbers and confluency and reduce NGN3 expression, which has demonstrated disruption
of pancreatic endoderm *'**°, Increased protein kinase C activity, demonstrated in vitro with -
(2S,55)-(E,E)-8-(5-(4-(trifluoromethyl)phenyl)-2,4-pentadienoylamino)benzolactam (TPPB) has
demonstrated improved induction of pancreatic progenitors from primitive gut tube (stages 3-4)
29.30.50-52 Thyroid hormone acts after stage 5 through the transcription factor MAFA to improve
glucose-responsive insulin release in mature cells 3%3141:33, Alongside thyroid hormone, gamma
secretase XX inhibitor (XXi1), which inhibits the Notch pathway and increases NGN3 expression,
has been used in step 6 to inhibit PTF1a guided exocrine differentiation to improve p-cell

30,31,38:41.43.49 ° Application of these compounds is not standardized, and no author to

maturation
date has combined all these additives to determine if an ideal, more efficient or specific B-cell
differentiation can be achieved. Greater understanding of their role, result replication, and
process standardization are needed to determine ideal additive compounds.

A major limitation in our understanding of islet developmental science is that many of the
concepts and protocols have been derived from work in murine models — mainly because the
relevant human targets and growth factors have yet to be defined. While there may be
conservation in the early developmental pathways between species, it seems unlikely that this
process will be fully optimized until these pathways are mapped out entirely in human cells.
Another important limitation of in vitro islet generation is that it only approximates but does not

replicate the continuum of cell-to-cell contact, dynamic intracellular signaling and participation

of the physiologic extracellular matrix present in the full complexity of a developing human
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embryo. Only when we can recapitulate the process with more accuracy will we be able to

optimize, perfect and avoid risk of off-target cell growth in this differentiation process.

1.2.4.2 Function

Glucose control is accomplished with both autonomic nervous and hormonal systems
(Figure 1.2.1). While interest focuses on B-cells, the a, 6, v, and ¢ cells also play increasingly
well understood and important roles in glycemic control.

In the fasting state, normoglycemia is achieved through activation of the autonomic
nervous system; sympathetic activation leads to glucagon release from a-cells, while
parasympathetic activity induces insulin release from B-cells >*. These actions are directed
through glucose-sensing cells located in peripheral locations such as the hepatoportal vein area,
and by specialized glucose-excited or glucose-inhibited neurons located in the hypothalamus or
brainstem region >*. This mechanism directs o and B-cells to release basal levels of glucagon and
insulin to promote appropriate hepatic gluconeogenesis for anabolism and cellular functions >4,
In anticipation of food, either by sight, mastication, or gastric distention, and prior to any blood
glucose changes, parasympathetic release of acetylcholine activates B-cell muscarinic receptors
(m3AchR), producing phospholipid-derived messengers to initiate protein kinase C (PKC)
directed calcium influx and efficient insulin release through the cephalic response >+,

Elevated blood glucose concentrations lead to biphasic insulin release lasting
approximately 60 minutes >>°, The first phase occurs with GLUT2 facilitated diffusion of

glucose into B-cells, which is oxidatively metabolized to produce ATP. In response, ATP

dependent K* channels (KATP) channels close, leading to cellular membrane depolarization and
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opening of voltage-dependent L-type calcium channels. Intracellular calcium promotes SNARE
protein mediated exocytosis of insulin-containing secretory granules with release into portal
circulation (Figure 1.2.1) 3¢, Depolarization and exocytosis oscillate every 3-6 minutes to avoid
insulin receptor downregulation >3,

A second phase of insulin release, accounting for approximately 50% of postprandial
insulin secretion, occurs via stimulation from parasympathetic inputs, glucagon-like peptide 1
(GLP-1), glucose-dependent insulinotropic peptide (GIP), free fatty acids (FFA), and
somatostatin (Figure 1.2.1) 3°¢3°, GLP-1 and GIP are incretins secreted from pancreatic a-cells,
as well as K-cells and L-cells located in the pancreas, ileum, and colonic bowel in response to
increase blood glucose concentration %>, This demonstrates the a-cell interaction with B-cells to
achieve euglycemia. GLP-1 and GIP act through B-cell G-protein-coupled receptors (GPCR),
increasing 3',5'-cyclic adenosine monophosphate (cAMP) and leading to protein kinase A (PKA)
dependent and non-PKA dependent insulin exocytosis >’°. Similarly, FFA act through the GP40
GPCR to further stimulate insulin release 378, 3-cell released somatostatin, and y-cell released
pancreatic polypeptide, also play a minor role for glucose homeostasis but mechanisms for such
are incompletely understood *¢!. Ablation of 8-cells impairs islet cell function *°, and infusion
of pancreatic polypeptide alongside insulin reduces insulin requirements > — further analysis of
these mechanisms may assist with improving glycemic control but also highlight the complex
interplay of cells required for glycemic control that is often overlooked with single or dual

hormone treatment systems.

34



incretins secreted from Free fatty acids

pancreatic a-cells and bowel
L-cells: (c]NEMCY m GP40 GPCR
o-cell released

PCR
s GPC GreR
cAMP
ATP l y-cell released
NG ancreatic
o O PKA dependent @) @) O 2 & p :
o e 0 [ polypeptide
o o insulin O @)
o o0 exocytosis (O OO
© non PKA dependent OO O insulin
@) exocytosis e
SNARE mediated >0 o°
glucose O O Soo
metabolism
/ increased
ATP
__ doporeaion_— L-type Ca
(Glucose ] channel

KATP

Figure 1.2.1 Mechanisms of p-cell insulin release and glycemic control.
Image adapted from Komatsu et al. (2013) with permission for reuse >

1.2.5 Islet Cell Transplantation

In 2000, Shapiro et al. revolutionized clinical outcomes with ITx demonstrating proof-of-
concept that cell-based therapy could offer huge potential for the treatment of DM. Their results
demonstrated 100% insulin independence at one year in seven T1D patients consecutively
treated with glucocorticoid-free immunosuppression using anti-CD25 monoclonal antibody
(mAb) induction immunosuppression and maintenance immunosuppression with tacrolimus and
sirolimus %44, Unfortunately, long-term insulin independence was not achieved, with most

patients returned to low doses of insulin over time. Protocol improvements now demonstrate
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five-year ITx insulin independence rates >50%, matching rates observed with whole pancreas
transplant, but with significant less morbidity after ITx !:436¢, Within-subject, paired comparison
of insulin injection versus CSII, and CSII versus ITx demonstrated stepwise improvement of
glycemic control, less glycemic variability, and fewer hypoglycemic events, with the best results
achieved after ITx ¢7. Notably, HbA1c improved from 8.2% using CSII to 6.4% with ITx ¢,
Glycemic stability and a lower incidence of hypoglycemia also persisted following ITx
regardless of insulin independence ¢7. Multicenter phase I1I clinical trial data also demonstrated
that 87.5% and 71% of patients, at one and two years’ post-transplant, respectively, achieved a
HbA lc <7.0% and median HbA lc of 5.6% 3. Similar HbA 1¢ results were observed by the
Vancouver group with HbAlc of 6.6% following ITx versus 7.5% with intensive insulin
treatment; they also reported significantly less retinopathy, nephropathy, and a trend towards less
neuropathy with ITx ©-7°, Others have also demonstrated improved retinal blood flow and
improved markers of polyneuropathy after ITx 7172,

ITx has revolutionized the care of patients with DM, with benefits beyond hyperglycemic
control. These results have been achieved through optimizing multi donor transplantation, islet

) 6673, and agents to resist the immune and non-

isolation ¢, good manufacturing practices (GMP
immune challenges presented in Figure 1.2.2. Detailed GMP-islet isolation procedures have been
made available from the clinical islet transplantation consortium, allowing clinical isolation
facilities to utilize >50% of donated organs 74 Once isolated, current islet cell culture
techniques have allowed a substantial decrease in the number of apoptotic cells and minimized

harmful cytokine release following transplant 7>778, Specific agents to mitigate inflammation and

apoptosis have also increased ITx clinical success, including the interleukin 1 antagonist
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anakinra and TNF-o inhibitor etanercept 667982 Similarly, adding manganese superoxide
dismutase decreases reactive oxygen species and has shown to enhance in vitro islet cell viability
with augments in vivo murine marginal islet mass engraftment 834, An improved understanding
of the blood-mediated inflammatory reaction (IBMIR) following ITx has led to post-ITx heparin
infusion to limit tissue factor-related IBMIR, while insulin infusion allows islet rest and reduced
inflammation to improve engraftment 3>%6, Finally, depleting T-cell populations with induction
therapy using alemtuzumab or thymoglobulin has been more effective that IL-2 receptor (anti-
CD25) blockade with less potent daclizumab or basiliximab. All these additions have contributed
to enhanced long-term insulin independence rates 7. Other agents that may further improve
ITx engraftment and success include liraglutide or pan-caspase inhibitors to further improve
insulin independence rates ''0>87%° Ongoing research promises to elucidate additional
modifications to improve graft success. Immunogenic protection with regulatory T cells (Tregs)
may enable optimal engraftment and a decrease (or complete elimination) of lifelong
pharmacologic immunosuppression °°2, Achieving this would closely resemble a true cure for

DM.
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Figure 1.2.2 Limiting factors for islet cell engraftment after islet cell transplant.
Adapted from Shapiro et al. (2011) with permission for reuse !'.

1.2.5.1 Barriers to Islet Cell Transplant

Despite excitement, numerous barriers to widespread use of ITx persist. The only current
islet cell source is human deceased donor pancreata, and the supply of potential organ donors is
severely limited in the context of the prevalence of DM. Each recipient requires > 5,000 islet
equivalents (IEQ) per kg and ideally >11,000 IEQ/kg for insulin independence, and typically 2-4
pancreata per recipient, further straining a small donor pool . Access is also limited by funding.

In 2012, the only countries that funded ITx under non-research, clinical care streams were
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Canada, Australia, the United Kingdom, France, Switzerland, Norway, Sweden, and parts of
Europe 3. Even in countries with access, lifelong immunosuppression requirements and
associated complications mean that strict recipient criteria must be met for islet-alone transplant
(i.e. without kidney). Patients must have recurrent severe hypoglycemic episodes with
hypoglycemic unawareness, glycemic lability not managed with intensive insulin, pumps and/or
continuous glucose monitoring therapies '!. They should also have had T1D for >5 years, be over
the age of 18, have normal renal function, and have a BMI (<30 kg/m?2) and/or weight <90 kg
and/or daily insulin requirement < 1.0 U/kg.

Even when patients access ITx, alloimmunity, and autoimmunity in type 1 diabetes
(T1D), mean patients must remain on lifelong potent immunosuppression. Infectious risks and
toxic effects from immunosuppression have improved but persist and must be balanced against
ITx benefits. Timing of the ITx must also be considered, as earlier ITx prior to diabetic
complications is ideal but increases length of immunosuppression exposure, in-turn increasing
the risk of infection, cancer and drug toxicity. Risk of opportunistic infections include
cytomegalovirus (15%), cytomegalovirus retinitis (20%), varicella zoster (5%), and nocardia
(2%), amongst other infections *+%. Severe infection remains rare and more commonly patients
experience minor concerns including acne, mouth ulcers, and diarrhea **. Calcineurin-inhibitors
are especially notable in that they are both nephrotoxic and diabetogenic %7, Malignancy,
namely squamous and basal cell carcinoma of the skin, occurs in 2% of ITx patients, and post-
transplant lymphoproliferative disorder (PTLD) occurs in approximately 1%. Mortality related to
immunosuppression in the context of ITx is 0.19% 698, These risks occur despite approximately

50% of ITx failing to achieve long-term insulin independence. Insulin independence is limited by
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auto- and alloimmunity, but also imperfect engraftment that decreases functional islet cell mass.
Engraftment is limited by apoptosis, thrombosis, ischemia, inflammation, and instant blood-
mediated inflammatory reaction (IBMIR) ¢%°%1%° While many ITx recipients benefit irrespective
of complete insulin independence, dynamic risk-benefit analysis should be contemplated and
individualized in every case. Considering evolution of artificial pancreas technology, carefully
designed randomized control trials with intention-to-treat analysis are required to compare ITx to

novel subcutaneous delivery systems.

1.2.6 The Promise and Future Challenges for Stem Cells

Islet/B-cell stem cell-derived therapies offer the potential to overcome many of the
barriers emphasized above to widespread application of ITx. SC ITx has the potential to resolve
limited access, donor shortage, and need for immunosuppression. Human embryonic stem cells
(ESC) and Induced pluripotent stem cells (iPSC) can be differentiated into mature B-cells that co-
express PDX1, NKX6.1, MAFA, Insulin, C-peptide, that have prohormone processing enzymes,
and most importantly, that are glucose responsive in vivo 2-313441 Stem cell differentiation and
expansion can now occur in 2D and 3D growth media following the seven-step embryological
process shown in Figure 1.1.1, with resultant islet-like cell clusters capable of consistently
reversing diabetes in murine models %3141,

Specific challenges relating to ESC/iPSC ITx approaches remain if this therapy is to one
day be applied as a widespread cure for all forms of DM. Determining the ideal source for islet

generating stem cells (allogeneic versus autologous iPSC), the optimal transplant site, and

identifying an approach to eliminate immunoreactivity remain unanswered (Figure 1.2.3). Lastly,
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if these therapies are to be used as a true cure for DM, economically viable scale up and supply

with standardized GMP protocols to generate these cells is vital (Figure 1.2.4).
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Figure 1.2.3 Comparison and advancement of subcutaneous insulin delivery, islet cell
transplant, and novel Induced pluripotent stem cell-based islet cell transplant for cure of
diabetes.

1.2.6.1 Stem Cell Source

The two primary sources of iPSC are allogeneic and autologous, both offer benefits and

drawbacks. Allogeneic sources allow for mass generation of islet-like cells from a single,
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optimized iPSC source. Large pools of HLA-specific iPSC-generated cell lines could be
generated to provide ‘haploidentical’ islet-like cells. This may offer a homogenous cell source
with optimal glycemic control, less off-target growth, and easily accessible HLA-matched islets
for SC ITx. However, despite major HLA matching, patients will certainly require some degree
of immunosuppression as inevitable minor HLA mismatches will still generate immunoreactivity
if not otherwise modified '°!. The most significant barrier to allogeneic transplant is therefore
immunoreactivity and post-SC ITx immunosuppression requirements. ViaCyte (previously
NovoCell) has been at the forefront of technologies attempting to resolve this barrier. They hope
to demonstrate successful allogeneic SC ITx engraftment, hormonal release, and
immunoprotection through clinical trials evaluating the PEC-Encap (VCO01) and PEC-Direct
(VCO02) devices. Albeit these clinical trials use ESCs as the cellular substrate for differentiation
and transplant, outcomes obtained from these groundbreaking efforts could prove valuable for
iPSC-based therapies. The VCO1 is a planar subcutaneous macro-encapsulation device for
pancreatic progenitors with oxygen and nutrient transport capacity but also allo and auto
immunoprotection to enable SC ITx without immunosuppression 92, Phase 1/2 clinical trials
have demonstrated pancreatic progenitor maturation without off-target growth. In ViaCyte’s
most recent clinical trials summarized in oral form, up to one third of patients demonstrated
detectable human C-peptide in peripheral blood in previously C-peptide negative individuals
with T1D. This correlated strongly with the persistence of polyhormonal insulin-expressing islet
cells contained within the subcutaneous devices over time (unpublished data). The perforated
VCO02 device does not provide immunoprotection, but ongoing clinical trials are assessing

efficacy of pancreatic progenitors to provide in-human insulin independence (Clinicaltrials.gov

42



Identifier: NCT03163511). Although long-term results were limited by the foreign body
response 2193106, discovery of novel biomaterials for encapsulation that abrogate this reaction
would provide promise for immunosuppression-free SC ITx. Anderson et al. (2020) have
demonstrated long-term insulin release in immunocompetent mice, without immunosuppression
requirements or foreign body response, using microspheres and selectively permeable silicone
devices coated with a synthetic polymer %1%, Previously successful microsphere and synthetic
polymers that have enabled islet cell survival and immunoprotection in murine models have

failed in humans due to a vigorous foreign body response %

. Testing novel polymers in humans
will certainly be required 7.

Autologous iPSC islet cell generation may allow for personalized SC ITx. Islet cell auto-
transplantation following pancreatectomy in the context of chronic pancreatitis is a crude first
representation of the potential of this approach. Zhao et al. have raised concerns that islet cell
maturation may alter cellular immunogenicity and thereby confer acute rejection ''°. Further
investigation has revealed that immunoreactivity is only conferred in retrovirus derived iPSCs
due to leakage of transgenes and activation of neighboring genes, whereas plasmid derived

iPSCs demonstrate negligible immune reaction '!!-113

. 1PSC ITx without immunosuppression
requirements would therefore be technically possible but remains to be tested. The costs and time
of generating person-specific iPSC and then maturing them into islet-like cell clusters confers an
astronomical barrier, but the hope is that with economies of scale, process automation and
increased efficiency, mass iPSC ITx manufacture will indeed be possible at reasonable cost. This

will be critically dependent on advances in robotic engineering, artificial intelligence and

machine learning, and collaboration with industry to take this from single patient to mass
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manufacture over time. HLA screening of individual autologous iPSC islet cell clusters would be
another barrier. Rather than a single screened HLA-specific pool of transplantable iPSC islet
cells, each patients autologous iPSC and matured islets would requiring screening for genetic

mutations and off target growth prior to transplantation !''?

. Additionally, variability exists
between different iPSC lines, mostly due to genetic background differences, and their ability to
differentiate into functional cells of a given lineage ''*!!%, Overall, a better understanding of the
in vivo immune response to HLA-matched iPSC islet cell clusters, or other alternatives to
immune acceptance (as discussed below), and calculation of the cost/time feasibility and
optimization for personalized autologous SC ITx is needed to better determine the best source of
iPSC islet cells.

Xenogeneic islet cell sources should not be overlooked. We have not reviewed them
thoroughly here, but O’Connell et al (2013) provide a complete review of this solution to ITx !!°,
It is important to be aware that xenogeneic (porcine) sources provide a potentially large source of
mature, insulin producing islet cells for transplantation. Two concerns for this islet cell source
are xenogeneic immune reaction and the risk of zoonotic infection of porcine endogenous
retrovirus. Genetic engineering and encapsulation devices have been utilized to prevent these
reactions and clinical trials may be within reach ''7-12!, Two trials by a single group have
evaluated encapsulated porcine ITx, both showing potential therapeutic benefit; unfortunately,

this is yet to be replicated by others '2>!123, Despite advances, xenogeneic sources currently

remain futuristic and require replication and larger scale studies to evaluate their clinical benefit.
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1.2.6.2 Transplant Sites

The ideal implantation site for SC ITx should first and foremost provide hormone release
in a physiologic location; other desired characteristics in decreasing importance include: vascular
and environmental support for islet cell engraftment, easy access for transplantation,
immunoprotection, and retrieval capacity. Potential sites include renal subcapsular, subcutaneous
(within devices or modified spaces), omental, and intraportal #1235, The renal subcapsular space
has demonstrated promising results in murine models, but has failed to achieve euglycemia due
to limited subcapsular space and exocrine contamination in larger animals and humans '23-127,
The subcutaneous and intramuscular sites have been also investigated due to their easy transplant
procedures, easy resection in case of off-target growth, and easy monitoring with non-invasive
imaging. Major issues include non-physiologic release of hormones, poor vascular and
environmental islet cell support, and immunoprotection. Recent unpublished results from
ViaCyte are encouraging and the PEC-Encap (VCO01) and PEC-Direct (VC02) devices may
enable viable subcutaneous SC ITx, as long as the foreign body response can be mitigated
through the use of novel biomaterials. Alternatively, Pepper et al. (2017) utilized this foreign
body response to create a subcutaneous transplant site with neovascularization and collagen
support for islet cell engraftment ', This technique enables optimized subcutaneous
engraftment; however, immunosuppression remains a barrier to its applicability for widespread
use. Overall, encapsulation devices offer a unique tool to study iPSC islet cell maturation and
insulin release for DM reversal. Their greatest benefit is enabling in-human evaluation of off-

target growth with easily retrievable devices and demonstrating applicability of iPSC islet cell

cluster maturation and survival in vivo.
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Insulin independence necessitates adequate islet engraftment without fibrosis, which is
currently only offered with omentum and intraportal ITx. Omental ITx has demonstrated positive
early results in animal and human studies '2>12%:129_ Stice et al. (2018) demonstrated successful
omental autologous ITx in four patients confirming prior promising animal studies. The
omentum releases hormones into portal circulation, supports islet engraftment, and is relatively
accessible if resection is needed '?%12°. The omentum also limits IBMIR, since no direct blood
contact occurs'?’. A limitation of this site is that surgical placement is required, which may limit
widespread use due to cost and access to operative time, but all clinical trials to date involving
omental implantation have used minimally invasive laparoscopic approaches 2512, Clinical
trials have begun to further evaluate the omentum, but direct comparisons with the intraportal
site are needed to guide future endeavors. Intraportal ITx remains the clinical gold standard
because it has demonstrated adequate hormone release into the portal circulation, islet cell
engraftment, and accessibility via radiologically-guided injection. Initial concerns regarding an
11% risk of portal venous thrombosis and bleeding following intraportal ITx has been
diminished and nearly eliminated through well-described techniques that ablate the hepatic
catheter tract and post-transplant heparinization to limit thrombosis 313!, The remaining barrier
to intraportal iPSC ITx, particularly due to the intrinsic inability to remove the infused islets
from the liver, is uncertain off-target growth and teratoma formation. Off-target growth and
teratoma formation has been demonstrated in 15-45% of cases when pancreatic progenitor cells
were transplanted 2%*, Off-target growth is likely reduced with more mature stage 6 cell-derived
products but longer term follow up is ongoing, as is investigation of treatment for off-target

intraportal growth with ablation techniques *%3!. Overall, the omentum and liver remain potential
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sites for transplantation but larger in-human trials of omental transplant have yet to be
completed; intraportal transplant remains the most viable long-term option with physiologic
hormone release, adequate islet cell engraftment, easy transplantation techniques, and is only
limited by the IBMIR, post-injection complications, and graft irretrievability. Novel genetic
techniques to biochemically eliminate transplanted cells with kill switches may enable intraportal

transplant without concerns for off target growth as we discuss below 132133,

1.2.6.3 Immunoreactivity

Immunosuppression requirements remain one of the largest limitations to ITx.
Autologous iPSC transplant offers a solution but may be limited due to its high costs.
Alternatively, HLA-matched allogeneic iPSC ITx would still require immunosuppression —
likely at least as potent as current immunosuppression protocols used in islet transplantation
today '%°. Approaches to managing or eliminating immunoreactivity for allogeneic iPSC islet
cells are under examination. Liu et al. demonstrated that sourcing iPSCs from less immunogenic
sources, such as umbilical mesenchymal cells instead of skin fibroblasts, could limit
immunogenicity '3*. These iPSCs had statistically significant less immune reactivity, with less
HLA expression and less T-cell expression of perforin and granzyme B, but results were modest
and unlikely to enable immunosuppression-free transplant !**. Micro and macro encapsulation
allow immunoprotection for first-in-human safety and off target growth assessment, but are
unlikely to provide a long-term solution with metabolic control and insulin independence due to
the foreign body response. More definitive options for eliminating immunosuppression include

immunomodulation, and iPSC gene editing.
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Gene editing may offer the most robust option for eliminating immunosuppression
requirements. It benefits from leaving the recipient’s immune system untouched and capable of
immune regulation and effective infection control. The CRISPR/Cas9 system has been widely
used to create and study genetic disease states such as Rett syndrome %5, HIV 3¢ and
Parkinson’s 1?7, but has also been used to modify iPSCs and reverse genetic disease states in
vitro 138140 These techniques may allow transplanted islet cell expression of tolerogenic
cytokines, and immunomodulatory proteins. Increased interleukin-10 (IL-10) expression has
demonstrated less immune activation, and improved graft survival without immunosuppression,
in animal models for liver, lung, and corneal autologous transplant 4143, However, results
demonstrate that although graft rejection is limited, it still occurs. On the other hand, complete
elimination of HLA class-I molecules from stem cells offers a cellular transplant source readily
available to all recipients independent of their genetic background or HLA type. HLA-silenced
iPSC lines have been generated by targeted disruption of both alleles of the Beta-2
Microglobulin gene, and produce non-reactive iPSC cells in lymphocyte reaction assays with
retained ability to differentiate into multiple cell lineages #4146, Further analysis with HLA-
silenced iPSC islet cells for transplantation is required to determine long-term efficacy.

Immunomodulation or immune protection with genetic alteration may also offer
protection from autoimmune re-activation. In patients transplanted with autologous or allogeneic
HLA-silenced islet cells, patients with T1D will likely still suffer from autoimmune graft

destruction. Exogenous IL-10 supplementation 47

, and more recently, gene transfer and
increased islet cell IL-10 expression has demonstrated delayed recurrence of DM after syngeneic

islet transplantation 48130, Similarly, increased PD-L1 expression may block effector T-cell
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mediated islet destruction and prevent autoimmune re-activation after SC ITx '!-154, Both IL-10
and PD-L1 mechanisms typically occur in vivo through the action of Tregs '4%!5°. Therefore,
increasing this cell population could provide SC ITxs a similar immune protection. Studies have
demonstrated alloantigen-specific immunosuppressive capacity of Tregs after transplant '*°, and
clear GMP protocols now exist to generate protective Tregs specific for recipient alloantigen’s
under GMP conditions '>®, Unfortunately, these protocols would require patients to receive
numerous Treg doses to maintain autoimmune protection.

An alternative to exogenous Treg infusions is a technique termed “immune reset” where
the inappropriately activated immune system is eliminated and replaced with one with decreased
effector T cells and proportionally more Treg cells to eliminate islet cell autoimmunity. This
method was first discovered through evaluation of bone marrow-derived hematopoietic and
mesenchymal stem cells (BMSC) as a source of Induced islet cells 7. Although iPSCs have
largely supplanted BMSC as a stem cell source, evaluating the pathway of islet cell regeneration
though BMSC transplant inadvertently led to immune reset discovery. Following experimentally
induced DM in streptozotocin-treated mice °%1%%, streptozotocin-treated rats !0, E2f1/E2f2
mutant mice ¢!, and non-insulin-dependent KK Ay mice '%2, early BMSC treatment induced DM
reversal. Despite insulin production and DM reversal, Hasegawa et al. (2007) demonstrated that
BMSC did not differentiate into islets but instead initiated islet regeneration from pre-existing
pancreatic progenitor cells 9. Voltarelli et al. (2007) tested these techniques clinically; they
mobilized patient’s CD34+ (hematopoietic BMSC), collected them via leukapheresis, and then
intensively immunosuppressed patients for five days with cyclophosphamide and rabbit

antithymocyte globulin for immune ablation. CD34+ cells were then re-introduced to patients

49



and 87% medication independence and 96% insulin-independence was achieved in 23 patients
with newly diagnosed T1D !37:164, Evaluation of this technique demonstrated that it not only
leads to maturation of pancreatic progenitor cells into islets, but also resets the immune system to
prevent cytotoxic T-cell activation through extended duration CD4+ T cell depletion .

Current immune reset techniques do not offer long-term insulin independence, primarily
due to recurrence of autoimmunity. However, we currently have an ongoing clinical trial in
Edmonton that is exploring the potential of the drug plerixafor to mobilize CD34+ stem cells into
the peripheral blood. This trial, approved for adults and adolescent children with new onset T1D
uses a single dose of T cell-depleting therapy, dual anti-inflammatory medications and a long-
acting GLP-1 analogue to promote immune reset. Using this technique, BMSC are mobilized
from a patient’s own bone marrow and may enable yearly doses to maintain autoimmune
protection.

Genetic modification may also resolve other barriers to iPSC ITx. Enabling non-
immunogenic islet cells eliminates cost of personalized medicine but may also eliminate
concerns regarding off-target growth. Off-target growth could be controlled using gene-edited
cell lines with drug-inducible kill switches. Liang et al. (2018) demonstrated effective drug
activation of an essential cell-division gene (CDK1), while Di Stasi et al. (2011) took this further
and genetically expressed a drug-inducible caspase-9 (iCasp9) that allowed complete apoptosis
of transplanted T-cells, even when they were not proliferating !3%!33, Incorporating a similar,
inducible mechanism for apoptosis in iPSC islet cells has not been demonstrated, but would

allow for mitigation of concerns for off-target growth and enable safe intraportal transplantation.
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Many of these solutions to immunoreactivity have been proven but have yet to be trialed
specifically for SC ITx and work remains to be done. Combining allogeneic protection with
HLA-silenced iPSCs, autoimmune protection with IL-10 or PD-L1 expression for Treg activity
upregulation, and immune reset together provides promise immunosuppression free SC ITx.
Meanwhile, successfully demonstrating drug-induced apoptosis and safe intraportal
transplantation may eliminate fears of off-target SC ITx growth. This would allow for a single
source of allogeneic, but HLA-silenced and autoimmune protected islet cells, with controlled

safety switches to enable immunosuppression-free intraportal transplant.

1.2.6.4 Scale out, Scale up, and Increased Culture Surface per Volume

As we move closer to a cell-based cure for DM, a significant challenge will be providing
them to >8 million T1D patients >!%6. A parallel can be drawn to chimeric antigen receptor
(CAR)-T-cell oncologic immunotherapy; once CD19-targeted CAR-T-cell therapy demonstrated
remarkable benefit for acute lymphoblastic leukemia, a significant bottleneck for widespread use
developed 67168, Personalized CAR-T-cellular therapy demonstrates remarkable similarity to
allogeneic iPSC-based therapies, with cell collection from patients, genetic modification using
CAR cDNA and then subsequent cellular expansion and selection with quality control prior to
patient use 7168, We expect a similar supply and demand bottleneck that will limit initial
widespread use of iPSC ITx once therapeutic benefit is demonstrated and the complex
manufacture processes have been stabilized. This bottleneck will be amplified if iPSC sources
are autologous, since each patient will require unique iPSC generation and expansion; however,

even if allogeneic sources are used, few labs currently exist that can make GMP iPSCs-based
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islet cell clusters. A step-by-step approach to enable scale up and treatment of the hundreds of
million patients with DM is needed. Learning from barriers faced by CAR T-cell therapy, we
suspect that iPSC supply shortage may be overcome by generating a consistent GMP protocol for
islet stem cell production, regionalization of iPSC islet cell generation, and technological
solutions for mass production to create an economy of scale and inexpensive DM cure (Figure

1.2.4).

Standard GMP
regulations

Mass production -
economy of scale

Consistent, safe,
efficient GMP

Regionalization

Figure 1.2.4 Steps to achieve widespread use of Induced pluripotent stem cell-based islet
cell transplant.

The first step of scale up will be consistently demonstrating a safe, and efficient GMP
protocol for iPSC ITx. CAR T-cell therapies initially struggled to achieve widespread use due to
product heterogeneity caused by variability in “manufacturing processes, source materials, viral
vectors, ancillary reagents, quality control, post-treatment immune monitoring, and government
regulation %8, iPSC ITx technologies should use this experience as a learning opportunity to
standardize GMP protocols including processes, reagents, and quality control (Figure 1.2.4).
Current iPSC islet cell production is variable, especially with regards to additives to improve
specificity and efficiency *%3!#!. Having standardized processes will enable creation of
consistent, homogenous products and facilitate government approval with common international
production standards and regulations. Standardization will also enable definition of critical

quality standards forand quality by design, which sets out required attributes of the final products
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and guarantee them via assurance of the design process rather than necessitating testing of each
product, thus saving money '%°. Well defined, standardized GMP protocols will enable
economically viable and consistent products for use.

Once standardized and approved, regionalization of processes should be then
implemented. CAR T-cell therapy outcomes are limited by “vein to vein” time, whereas islets are
capable of being preserved in culture '7°. CAR T-cell limitations initially forced patients to travel
long distances for treatment, which reduced production capacity and made CAR T-cell transport
difficult with specialized couriers required to maintain handling quality and proper therapy
identification !7°, With standardized GMP protocols, iPSC generation and purification expertise
may shift to regional centers to reduce laboratory production costs and ensure product
consistency — a concept already proven in islet isolation for ITx 6171174 This will require
significant collaboration between the iPSC laboratories, transplant coordinators, researchers,
technicians, physicians, and patients at the recipient’s center, but will significantly reduce costs
of producing GMP stem cell-derived islet cell clusters 174,

Lastly, aligning production and remuneration with demand and healthcare budgets may
be the final barrier to making SC ITx a first line therapy for DM. This will require creating
economies of scale. Centralized production lowers costs by spreading the initial monetary
investment of an approved GMP facility but limits production capacity. Maximizing the
production capacity of centralized facilities will become of utmost importance. Doses for most
cell-based therapies are approximately 107 to 10° cells 19%174 As above, ITx requires minimum
>5,000 IEQ/kg and ideally >11,000 IEQ/kg for insulin independence ®. Improved islet purity

from the current 30-50% up to 100% with iPSC based islets will enable safe SC ITx of minimum
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13,000 IEQ/kg and potentially up to 20,000 IEQ/kg to allow for functional reserve and improved
long-term insulin independence. With a standard 70kg patient, and estimated 1,000 cells/islet 7>,
at least 9.1 x 10%to 1.4 x 10° cells would be required. Engineering collaborations will be required
to enable single laboratories to create these large volume cell therapies within the size constraints
of a lab; this will be emphasized if autologous cells are used, where one person’s cells are
reverted into iPSCs and then expanded exponentially prior to islet differentiation to provide a
personalized cure, as opposed to a set number of HLA-matched, or HLA-silenced, allogeneic
iPSC lines that could be expanded and banked. Keys to achieving an economy of scale with
high-throughput and large-scale iPSC expansion (autologous or allogeneic) will be to identify an

appropriate growth medium, extracellular matrix (ECM), and environment for mass production

176

1.2.6.4.1 Growth Medium

Growth media provides important nutrients and cell signaling factors for iPSC expansion
and differentiation. An ideal growth medium for commercialization would allow cheap, ethical,
and easily reproducible products to be formed. This largely eliminates serum and animal-sourced
media. Historically, fetal bovine serum was required for stem cell expansion but more recently,
Chen et al. (2011) described the TeSR-E8 medium, which allows growth of various iPSC lines
with improved reprogramming and experimental consistency !”7. Sui et al. (2018) have used a
similar media (StemFlex), which claims to have fewer components and enables superior single-
cell passaging, gene editing, and reprogramming *!. Direct comparison of these two media is

required to help guide iPSC expansion standardization.
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1.2.6.4.2 Extracellular Matrix

Until recently, 2D culture was the only method for stem cell expansion. Stem cells grow
as adherent colonies and upon detachment, degrade into embryoid bodies (EB) '8, This is due to
the requirement of ECM-integrin interactions to maintain pluripotency and continued expansion.
Matrigel and Geltrex are two commonly used basement matrices used to allow ECM interactions
in cell culture for iPSC expansion %341, Unfortunately, these are semi-chemically defined,
xenogeneic substrates, that are difficult to sterilize with standard techniques and have significant
variability limiting them from clinical use !7%!78, Growth with recombinant laminin-511, a xeno-
free recombinant protein, represented a significant advancement of our understanding of ECM
importance !7%17_ Tt led to the discovery that the interaction between laminin -111, -332, and -
511 and its primary receptor integrin a6f1, supports stem cell expansion and blocks
differentiation into EB !7%13% Unfortunately, many of these recombinant protein surfaces were
limited by cost, therefore, novel synthetic surfaces have been developed to mimic these ECM
interactions. The hydrogel poly[2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium
hydroxide] (PMEDSAH), and polymer coating aminopropylmethacrylamide (APMAAm) have
demonstrated iPSC expansion with maintained pluripotency, but only APMAAm is capable of
being sterilized using common techniques but required growth with fetal bovine serum to enable
stem cell expansion 718! Qverall, no ideal 2D ECM has been discovered; moreover, 2D
cellular expansion is limited by cell growth surface area and would likely not be capable of
expanding iPSCs up to the required scale of 107 to 10° cells. However, discovery that stem cells
could be grown and expanded as spheroid clumps in 3D suspension culture has enabled

significant scale-up. Previously, stem cells required micro carriers to enable suspension culture
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and expansion, which significantly limited cell concentrations and expansion capabilities.
However, suspension culture with Rho-associated coiled-coil kinase inhibitors (ROCKi1) such as
Y-27632 has allowed iPSC re-aggregation and prevention of apoptosis 32184, Enabling
suspension-based iPSC culture and expansion will substantially increase scale-up capabilities,

with limitations primarily driven by environmental factors, as discussed below.

1.2.6.4.3 Environment

The ideal environment for commercial scale cellular expansion will be automated with
ideal oxygen, temperature, pH, and chemical factor conditions. To expand iPSC on a small scale,
planar plasma-treated polystyrene tissue culture flasks are a viable, economical option '¢°.
However, for larger-scale expansion, planar growth is expensive, requires highly trained
operators, and necessitates large GMP facilities 19%!74. With the advent of 3D stem cell
expansion, bioreactors present a favorable option to allow automation, standardization, and
reproducibility '%°. More importantly, they allow increased culture surface per volume by
removing all the gas layers typically required for oxygenation when using cell stacks. They do
this by conducting continuous nutrient replenishment, biochemical (pH, temperature, etc.)
control, and waste disposal with recirculated culture medium. This also eliminates open
processes, which require large clean rooms as necessitated in flask-based cultures '®. Complete
automation, as with the Lonza Cocoon platform, may provide adequate expansion, with
personnel savings, standardization, and cost efficacy provided through an economy of scale
169,174 Tt appears that with large volume demand, micro carrier technology is most economical

with costs approximately $700/dose of 10° cells, a value that could be further improved with
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greater growth concentrations and lower growth media costs !’*. One barrier that remains is
recovery of expanded iPSC cells. Following expansion, cells are washed and centrifuged for
recovery. Typical centrifuges technologies shear cells and are not suitable for iPSC retrieval,
requiring new technology such as closed continuous fluidized bed centrifuges to be optimized for
retrieval 174, With the advent of 3D iPSC expansion bioreactors will almost definitely be used to
produce the large volume cells for transplant. Once therapeutic success has been achieved with

iPSC ITx, bioreactor-based proof-of-concept first-in-human trials will occur soon after.

1.2.7 Conclusion

Subcutaneous insulin treatment remains the mainstay of T1D treatment. It enables
sufficient carbohydrate metabolism for patients to survive, but remains far from ideal. T1D
patients suffer from hypoglycemia, hyperglycemia, and associated complications that limit their
quantity and quality of life. These complications persist despite novel technologies for glycemic
monitoring and control. ITx has long provided hope for a cell-based cure. It continues to
demonstrate advances with improved glycemic stability, less hypoglycemia, and improved DM-
related complications. However, islet engraftment and long-term insulin independence remains
approximately 50% and patients must be exposed to potential risks associated with lifelong
immunosuppressant therapy. Deceased donor islet sources and funded access also remain
limited.

Stem cells derived from ESCs or iPSCs, can be differentiated into mature insulin
producing islet cell clusters capable of fully reversing diabetes in mice and rats. However, as [Tx

transforms from a deceased donor to ESC- or iPSC-based source, several questions will need
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resolution. Autologous versus allogeneic iPSC sources face unique challenges.
Immunosuppression remains a barrier for allogeneic iPSCs, whereas allogeneic sources facilitate
scale up with creation of HLA-matched iPSC islet cell cluster banks that can be standardized.
Results from ViaCyte’s clinical trials demonstrating successful allogeneic islet maturation and
resultant detectable C-peptide levels that correlate with persistence of polyhormonal islet cells
within subcutaneous devices provides enthusiasm that immunoprotected allogeneic SC ITx is
within reach. On the other hand, autologous iPSCs enable immunosuppression-free SC ITx, but
may be difficult to scale up with such personalized medicine. Further evidence is also required to
determine the safety and efficacy of other transplantation sites for SC ITx in comparison with the
intraportal site, particularly in terms of its potential for off-target growth. Generation of iPSC
islet cell clusters with inducible kill switches is also important to consider in this discussion.
With these answers, clinicians will require collaboration with multiple parties in the government
and industry to standardize GMP protocols, enable consistent international regulations, and
create economies of scale. This will likely be enabled with bioreactors utilizing 3D culture
expansion of iPSCs, regardless of allogeneic or autologous sources. Regionalization with
economies of scale will then enable economic generation of curative therapy for DM. It is
certainly an exciting time as we border a new frontier in diabetes care, transitioning from

treatment to cure.
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Chapter Summary

The second chapter of this thesis is composed of one review manuscript and one
preclinical study, both aimed at resolving issues with regards to the scalability of stem cell-
derived islet generation. Chapter 2.1 provides a review that discusses approaches that are being
investigated and may be useful to improved scale up and scale out of stem cell products,
focusing primarily on automation, artificial intelligence, three-dimensional culture, and
bioengineering approaches. This is followed by Chapter 2.2, whereby we demonstrate that three-
dimensional culture of induced pluripotent stem cell lines can generate millions of cells, is
scalable into large vessel formats, and an ideal environment for cells to maintain their

pluripotency and achieve a naive pluripotency phenotype that is superior for differentiation.
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2.1 Chapter 2 subsection 1 — Scaling stem cells to cure millions of patients with diabetes:
approaches, technology, and future directions

This chapter subsection is in press as a chapter within the book “Handbook of Stem Cells: From
Basic to Clinical Sciences.” All figures and tables in this chapter have been adapted from this
published work. Full citation: Verhoeff, K; Shapiro, A.M.J. Scaling Stem Cells to Cure Millions
of Patients with Diabetes — Approaches, Technology, and Future Directions. Handbook of Stem
Cells: From Basic to Clinical Sciences.
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2.1.1 Abstract

Stem cells offer a renewable and safe source of islets to enable widespread
immunosuppression-free islet cell transplantation as a potential cure for diabetes mellitus (DM).
Preliminary reports from current stem cell-derived islet cell transplantation clinical trials show
promise. More clinical trials are expected to report similarly favorable outcomes in the near
future that hope to drive stem cell-based technology from consideration into reality. Although
optimization is ongoing and proof of concept from these trials is crucial before implementation
to become standard care, early consideration of process scalability to enable accessibility for
millions of patients with diabetes is crucial. Planning for the success of these technologies means
considering approaches, techniques, and technology early during the introduction of stem cell-
derived treatments to optimize current investigation and maximize future utility.

Herein, we discuss the two top contenders for stem cell-derived islet cell transplantation:
Induced pluripotent stem cell-based autologous islets and allogeneic embryonic stem cell-
derived islets, and evaluate their potential for scalability. Further, we introduce the current
investigation of artificial intelligence approaches to optimize cell selection and differentiation.
We also review two-versus-three dimensional culture techniques and technological advances that
hope to enable mass production of stem cell-derived islets in the future. Finally, we discuss an
essential real-life consideration for these technologies — the cost and accessibility to the 40
million patients with DM worldwide. We intend to highlight the importance of scalability
concerns early during the investigation to combat such problems and diminish potential

scalability barriers in promoting early widespread stem cell accessibility to millions of patients.
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2.1.2 Introduction

Type 1 diabetes mellitus (T1D) involves autoimmune destruction of the islets of
Langerhans, which are responsible for the endocrine function of the pancreas. Islets constitute
a- and B-cells, which respond to their local environment and are responsible for dynamic,
responsive, glycemic control. In simple terms, when blood sugar is too high (i.e. hyperglycemia),
insulin is released from B-cells to decrease blood sugar, and when blood sugar is too low
(hypoglycemia), glucagon is released from a-cells to increase blood sugar. In this way, islets
allow humans to achieve euglycemia (i.e. a glucose level from 3.9-10 mmol/L), in a physiologic
rapidly responsive fashion, regardless of their glucose intake. Therefore, in patients with T1D,
without islets to facilitate glycemic control, both hyperglycemia and hypoglycemia can occur,
leading to substantive consequences from both states. With hyperglycemia, patients acutely
experience increased urination (i.e. polyuria), thirst (i.e. polydipsia), nausea, vomiting,
abdominal pain, fatigue, and fruity smelling breath. Physiologically, diabetic ketoacidosis (DKA)
can occur, where the body fails to utilize energy sources appropriately, and transitions into a
catabolic state to generate non-glucose sourced energy '. DKA rapidly becomes a life-
threatening condition due to increasing dehydration, acidosis, and confusion, with a mortality
rate of 0.3-1.3% 2. Chronically, hyperglycemia leads to important microvascular and
macrovascular complications that drastically reduce quality and quantity of life, including
coronary artery disease, peripheral vascular disease, neuropathy, nephropathy, and retinopathy.
On the other hand, hypoglycemia leads to immediate autonomic and neuroglycopenic
complications including trembling, drowsiness, vision and speech problems, palpitations,

anxiety, and most concerningly, loss of consciousness (i.e. diabetic coma) and death *.

82



Chronically, hypoglycemia can lead to patients losing awareness of these events (i.e.
hypoglycemic unawareness) and confers a substantial morbidity and mortality risk in patients
with TID 5.

Prior to 1922, T1D had an exceedingly high death rate, often within weeks of patient’s
demonstrating symptoms, with no available cure or treatment. In January 1922, after
demonstrating success in animal models, Dr. Banting, Best, and Macleod, in Toronto, Canada
treated the first patient with T1D using isolated insulin who then survived 13 years with ongoing
treatment, a remarkable feat at the time. For their work, Banting and Macleod were awarded the
1923 Nobel Prize in medicine ©. Despite the remarkable discovery Banting understood that

insulin represented only a treatment, rather than a cure, noting this in his acceptance speech:

“Insulin is not a cure for diabetes, it is a treatment. It enables the diabetic to burn
sufficient carbohydrates, so that proteins and fats may be added to the diet in sufficient
quantities to provide energy for the economic burdens of life "

- Banting

Our utilization of insulin over the last 100-years has provided lived experience of this
statement. While the discovery of insulin allowed patients to survive the immediate
complications from hyper and hypo glycemia, glycemic control secondary to exogenous insulin
remained imperfect. Patients began experiencing the chronic complications of T1D and work to
optimize insulin, its delivery, and technologies has occurred in response. Although this has led to
substantive improvements over the last 100-years, even current technologies fail to achieve the

dynamic, physiologic glycemic control achieved by endogenous endocrine function provided by
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islet cells °. Using optimized insulin treatments, only 21% of adults in the United States with
T1D achieve HbAlc goals (<7%) >’. Furthermore, even with current technologies and insulin
formulations, the mean HbAlc levels of children aged 13-17 with T1D remains 9.0%, only
marginally lower than the 9.5% seen in the same population during the 1980s >’. Hypoglycemia
also remains prevalent, occurring in 31-41% of patients with T1D ¥, often at night when
morbidity risk is the greatest %1, Of 11,061 patients in the American diabetes exchange, 6%
reported hypoglycemic seizure or loss of consciousness during the previous three months from
the survey >'2.

The morbidity and mortality of diabetes mellitus (DM) is not restricted to those with
T1D. More than 400 million patients worldwide are diagnosed with type 2 DM (T2D), and also
experience substantial effects from hyper and hypo glycemia 7. Patients with T2D experience
glycemic variability because of deficient insulin secretion, relative tissue insulin resistance, and
poor compensatory insulin secretion 3. While these patients don’t experience absolute lack of
islets, the long-term metabolic outcomes remain similar. Patients with T2D experience similar
hyper and hypo glycemia, symptoms, and complication s*. Most patients with T2D are treated
with oral therapies '*. Oral agents act to increase the increase the physiologic insulin production
from remnant islets, or by increasing insulin sensitivity of peripheral tissues. When oral agents
are inadequate due to worsening insulin resistance or further functional islet loss, insulin is
introduced. Nearly 15% of patients with T2D require insulin therapy, a proportion that is
continuing to grow !4, Regardless of the therapy, oral agent or insulin, current treatments are
aimed at increasing insulin function. Therefore, islet transplantation (ITx) could provide a similar

result in these patients; however, ITx it is currently rarely applied for patients with T2D due to
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the risk associated with lifelong immunosuppression, and because of easily accessible oral
therapies. Despite those current limitations, as we discuss below, optimization of ITx techniques
may eliminate immunosuppression requirements, and open the door for ITx in patients with
T2D. This further highlights the need to optimize scalability during development processes, as
the number of patients who may benefit from these approaches far exceeds only patients with
T1D.

In hopes of optimizing glycemic control by providing patients with dynamic, physiologic
glycemic control, transplant researchers have developed techniques to restore islet mass
including whole pancreas transplant and ITx. Both techniques have shown promise, each with
their own benefits and drawbacks '3-17. While pancreas transplant offers a robust restoration of
endocrine function, the procedure and post-operative immunosuppression confers risk to
patients. On the other hand, ITx has limited perioperative complications, but also remains limited
due immunosuppression requirements, and sometimes fails to provide endocrine function due to
limited available islet mass, compounded by immune destruction. Further, both procedures are
limited by donor supply, and therefore cannot meet the needs of >400 million patients with DM.
Because of these limitations, and to optimize pancreas donor allocation, specific indications have
been constructed to delineate who should receive each of these approaches '2°. For ITx, only
patients with severe hypoglycemia, hypoglycemic unawareness, or brittle T1D with substantive
glycemic irregularity are currently candidates.

Stem cell-derived ITx offers an unparalleled opportunity to eliminate donor supply
limitations, immunosuppression, and further improve ITx outcomes. This would enable

consideration of a greater patient demographic for transplant, including those with T2D. In this
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approach, stem cells (SCs), including induced pluripotent stem cells (iPSCs) that we discuss in
this chapter, are guided through differentiation to produce large numbers of islets for ITx.
Currently, research to optimize these processes, and clinical trials evaluating their efficacy in
humans are underway and showing promising preliminary results 2!-?’. Using these approaches,
the hope is to provide a potential cure for DM that can be available widely to all affected
patients. While current deceased donor allogeneic ITx practices have shown remarkable success,
they also remain limited to patients with T1D due to the associated risks of lifelong
immunosuppression. However, using SC-derived ITx with the potential for immunosuppression-
free transplant the opportunity to treat all patients with diabetes, including those with T2D, is a
possibility. In fact, autologous or immune protected SC-derived ITx may offer the best results to
those patients, as their islet grafts won’t be impacted by the potential for recurrent autoimmune
attack. Therefore, the aim of SC-derived ITx isn’t just to cure approximately 8 million patients
with T1D, but to potentially >400 million patients living with all forms of DM 7.

In order to meet that aim, scalability must be integrated into research and development
processes. Consideration of scalability when evaluating the two primary approaches to stem cell
derived ITx (i.e. allogeneic and autologous) should be considered. Similarly, early consideration
and evaluation of techniques to optimize cell selection, including artificial intelligence, are
needed. Complete understanding of stem cell growth conditions and expansion conditions are
also required to produce a functional and rapidly expandable product. Finally, collaboration to
achieve integration of engineering and automated systems need to be promoted to achieve

efficient production. By considering and optimizing techniques for compatibility with these
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essential components early in process development, the goal of providing ITx as a cure to DM

can hopefully be recognized and provided to patients efficiently and economically (Figure 2.1.1).

Q e Scaling Stem Cells to Cure Millions of Patients with
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Figure 2.1.1 Chapter Summary and Overview of the Approaches to Scale Stem Cell-
Derived Islet Transplantation.

2.1.3 Scaling Allogeneic Versus Autologous Stem Cells

Two approaches to SC-derived ITx are currently under investigation 2>?*, Each has their
own benefits and drawbacks and have unique considerations for scalability. Within this section
of the chapter subsection we will discuss the scalability considerations for both of these

approaches. Allogeneic SC-derived ITx involves a small number of SC donors as the source for
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differentiation and islet generation 24. While potentially easier to scale for widespread application
because of fewer SC sources, the requirement for immunosuppression or immune protection may
limit its overall risk-benefit profile. Alternatively, autologous iPSC ITx involves generating
patient specific iPSCs for islet generation, in turn eliminating any immunosuppression
requirements; however because of the individualized iPSC and islets required for this approach,

techniques to optimize scalability will be key to enable widespread use.

2.1.3.1 Allogeneic Stem Cell-derived ITx

Allogeneic SC-derived ITx involves a small number of embryonic or induced pluripotent
SCs as the source for islet generation for all recipients. These SC sources are expanded and then
differentiated into islets and provided as an allogeneic ITx to patients. Using this technique, SCs
could potentially be expanded in large bioreactors to generate millions of cells for differentiation.
Similarly, differentiation from this expanded SC source could more easily produce a large
number of differentiated islets for ITx. While the scalability of this approach could eliminate the
islet source limitation for ITx, without further process modification, patients would still require
immunosuppression due to the allogeneic source of islets. Despite this limitation, recent clinical
trials have demonstrated success from this approach. Vertex Pharmaceuticals Inc. has initiated
their first-in-human phase 1/2 clinical trial, with promising early phase results testing the VX-
880 embryonic SC-derived islet product. In their study, following intraportal transplantation and
applied alongside immunosuppression, improved glycemic control and near complete insulin
independence has been shown in a patient living with T1D, demonstrating proof-of-concept for

these approaches 28, Similarly, ViaCyte Inc’s embryonic-derives stem cell islet like product has
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recently demonstrated C-peptide production following in-human transplant into subcutaneous
devices ?*. Future peer reviewed evaluation of more patients from these studies are needed to
better evaluate these outcomes, however, these preliminary results suggest very promising
potential for these therapies.

Currently, process optimization using the allogeneic approach hopes to either generate an
human leukocyte antigen (HLA) islet bank to allow matched allogeneic transplant, modify SCs-
derived islets to create a hypo-immune or immune protected product, or to transplant cells in
extrahepatic sites that are immunoprotected. While generating islet banks to allow HLA matched
ITx would likely be feasible, it is no different than current allogeneic ITx procedures where
recipients receive matched deceased donor islets. This process would therefore not reduce
immunosuppression requirements from current processes. Alternatively, generating a genetically
modified SC product to enable hypoimmunogenic SC-derived islets may reduce or eliminate
immunosuppression requirements. Genetically modifying ESCs to express immunotolerant
molecules such as interleukin-10 (IL-10) or programmed death ligand-1 (PD-L1) 2°*°, has been
completed with ensuing reduction in T-cell and macrophage reactivity, and minimal NK cell-
mediated death of islets 3133, Similarly, genetic modification has shown capacity to eliminate
HLA class 1 expression with a similar reduction in immunoreactivity *!-3*. Combining multiple
genetic approaches with both immunoprotective insertions and HLA elimination is also being
considered, for example in ViaCyte Inc’s PEC-QT system 22%34 but outcomes remain
unreported. Finally, transplantation of these SC-derived allogeneic islets into immune protected
devices or environments is also being evaluated ', Preclinical evaluation of devices capable of

engrafting islets, while protecting them from immune destruction have had promising
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preliminary results. For example, Anderson et al. (2020) have demonstrated insulin release in
immunocompetent mice following immunosuppression free ITx into microspheres within
selectively permeable silicone devices coated with a synthetic polymer 327, However, long-term
results and in-human evaluation are needed; previous encapsulation devices have initially shown
promising results in animal models but unfortunately failed to translate clinically into humans
secondary to the foreign body response 34°; discovery of novel biomaterials for encapsulation
that abrogate this reaction would provide promise for immunosuppression-free ITx. More
recently, a clinical trial (NCT03162926) evaluating safety and tolerability of ViaCyte Inc’s VC-
02 combination product, enabling subcutaneous immunoprotected SC-derived ITx has shown
promising safety data with positive C-peptide production, suggesting potential to offer SC-
derived transplant within subcutaneous devices if further optimization can be achieved 2446,
While investigation of an allogeneic SC line that can be rapidly expanded and
differentiated to create islets for allogeneic ITx initially appears feasible and scalable, more
studies are needed. HLA matched ITx is unlikely to enable widespread SC-derived ITx due to
immunosuppression requirements. Further, while genetic modification or immunoprotection may
be possible, it remains uncertain whether immunosuppression will remain a barrier and whether
genetic manipulation will affect the ability to produce functional, safe B-cells after
differentiation. In terms of scalability, it also remains unclear whether modified SCs will be
capable of exponential expansion and growth that currently enables generation of millions of
cells for differentiation. Finally, although extrahepatic sites and devices offer potential
immunoprotection, ITx into sites including the subcutaneous space, omentum, and gastric

submucosa have been trialed clinically, but often fail to match results achieved pre-clinically
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434754 Ongoing studies and experiences with these techniques will certainly be valuable to guide

future directions

2.1.3.2 Autologous iPSC-derived ITx

The second alternative approach for SC-derived ITx involves individualized iPSC
generation that could be differentiated into islets and transplanted autologously. This technique,
first involves patient specific generation of iPSCs. To accomplish this, somatic cells are
reprogrammed into pluripotent cells by over-expressing the reprogramming transcription factors
(Oct3/4, Sox2, Klf4 and c-Myc) discovered by Yamanaka et al. and Thomson et al. 357, Most
labs currently use peripheral blood mononuclear cells (PBMC) and a commercially available
Sendai virus transduction kit to efficiently produce good manufacturing practice (GMP)
compliant iPSCs %, Currently, this is one of the only mechanisms to generate iPSCs in a good
manufacturing practice compliant manner. Once iPSCs are generated, differentiation can occur
to generate completely autologous islets %760, This approach benefits from completely
personalized cellular therapy, thereby eliminating any immunosuppression requirements.
Because differentiation protocols and transplant techniques have been well described for
allogeneic SC-derived ITx with clinical success, these methods will almost certainly translate to
iPSC ITx and allow immunosuppression free ITx. In fact, preclinical studies have already
demonstrated capacity to generate iPSCs, differentiate them, and reverse diabetes in animal
models 375960 However, because each patient would require a unique iPSC line to be

generated, differentiated, and quality checked prior to transplant, scalability represents a
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substantial barrier to widespread use. Scaling approaches and technologies are therefore of
utmost importance to the applicability of this approach.

In order to enable widespread, scalable application of iPSC-derived autologous ITx,
optimization, standardization, and automation of each step will likely be required. As we discuss
below, generation of iPSCs involves optimal clone selection, which may be able to be
accomplished with artificial intelligence (Al) technology. Once iPSCs are generated, large scale
expansion in commercial bioreactors, and automated cell processing during differentiation may

enable this technique to be applied broadly for all patients with DM.

2.1.4 The Role of Artificial Intelligence to Optimize Cell Selection and Differentiation

As discussed above, the first step to autologous SC-derived ITx involves generation of an
individualized patient-specific iPSC line. To achieve this, somatic tissues (often PBMCs) are
collected and expanded in vitro. Once an adequate number of cells is grown, cells are then
cultured with Sendai virus that enables expression of reprogramming factors and development of
iPSCs. Sendai virus transduction efficiently delivers transgenes to recipient cells without
genomic integration ®1-%4, Despite being the most efficient method, only 1-3% of PBMCs

successfully become iPSCs 6°-¢7

. Additionally, cells must be passaged approximately ten times
for the Sendai virus to be undetectable in reprogrammed cells %-%7. Therefore, once cells are
transfected, colonies must be selected, passaged up to ten times, and then characterized to
determine the optimal iPSC clone. To accomplish that, each colony is selected manually based

on its morphology and transferred to a culture dish for expansion as a unique clone. Once clones

have been passaged ~10 times and reach adequate confluence (i.e. expansion over 2-4 weeks)
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each individual clone must undergo complete characterization including flow cytometry, genetic
analysis, viral screening, and RNA sequencing. Using these characteristics, an optimal clone,
with the best expression of pluripotency markers and without viral infection or genetic shift, is
selected as the final patient iPSC line. Cells from the optimal clone then require further
expansion until an adequate number is available for differentiation, again taking approximately
1-2 weeks. Finally, the expanded iPSC line undergoes a 27-day differentiation protocol to
generate islets for transplant. Prior to transplant, those cells then undergo re-characterization to
evaluate differentiation success, off-target growth, and to ensure product safety. Together, the
process takes approximately two-months, with cell maintenance, evaluation, and differentiation
actions required nearly daily.

Currently iPSC generation and differentiation is completed manually. However, there are
specific morphologic and growth kinetic cellular characteristics that may enable automated
selection of optimal PBMCs for iPSC generation. In similar fashion, the optimal iPSC clone may
be able to be selected with automated technology. Our own lab has shown capacity to identify,
track, and select optimal iPSC clones using artificial intelligence (AI) technology (Figure 2.1.2).
Artificial intelligence (Al) is capable of learning characteristic morphologic and growth features
of iPSCs to allow optimal clonal selection %8¢, Cellino Biotech is providing label free imaging
combined with Al algorithms to select optimal iPSC clones for expansion in a closed cassette
format 2!. Additionally, work to automatize these techniques has been ongoing since the mid
2000s, with several preliminary prototypes being reported from 2007-2015. This work was
further improved and compacted by Paull et al. (2015) who demonstrated an automated system

capable of growing somatic cells, selecting optimal cells for iPSC generation, and isolating the
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best iPSC clones for expansion prior to differentiation ®®. Similarly, Konagaya et al. (2015)
demonstrated the capacity to maintain and expand iPSCs in completely automated fashion for
60-days using similar techniques 7°. The StemCellFactory represents another recently described
model system to optimize these techniques using commercially available systems and
economically viable start-up costs %°. Using the StemCellFactory, iPSCs can be thawed and
cultured with the optimal clone selected for expansion ®; this is all achieved robotically without
manual requirements and within a closed system to maintain sterility and GMP conditions. Using
technology such as these, automated, optimized iPSC generation has not only shown to be
feasible, but has also led to improved cell quality. Cells grown in automated systems have less
variability and improved capacity for differentiation %%-7°, Continued optimization and integration
of these technologies into labs worldwide to enable scale up and SC product consistency will be

crucial as SC-derived islets move from a preclinical setting towards clinical implementation.

94



Figure 2.1.2 In vitro demonstration of induced pluripotent stem cell identification,
monitoring, and selection using artificial intelligence technology.

A) Automated selection of iPSC colonies to track growth and expansion. B) Artificial
intelligence selecting the optimal iPSC clone for selection according to cell morphology, growth,
and expansion rate. (Figure from the Shapiro Lab, Edmonton, Alberta, Canada)

In addition to selecting optimal iPSC lines for autologous ITx approaches, automated Al
directed technology also offers benefits to ESC-derived allogeneic ITx. While allogeneic
approaches for SC-derived ITx don’t face the challenge of first generating pluripotent lines, they
do require cell maintenance and expansion. If a single modified ESC is used for all patients, that
line must be grown, maintained in culture, and expanded prior to differentiation. While
automated systems have shown capacity to select optimal iPSC lines, they can also be used to
expand cells. Therefore, applying techniques and technology similar to these could be applied for
maintenance and expansion of ESCs to also improve scalability of allogeneic SC-derived ITx
approaches. These approaches are likely to maintain more consistent cell lines and reduce costs
associated with daily manual cell maintenance, improving the potential for allogeneic SC-

derived ITx.

2.1.5 Three-Dimensional Culture and Differentiation

Once iPSC or immunoprotected ESC lines are generated and maintained, expansion to
achieve adequate cell numbers prior to differentiation represents the next hurdle. As discussed
above, robotic and technological approaches have already demonstrated capacity for cell
expansion; however, these technologies currently remain limited to two-dimensional (2D) cell

culture conditions 774, More recently, the potential for exponentially greater expansion using
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three-dimensional (3D) cell culture systems has demonstrated promise for process scalability
7376 'While 2D cell expansion with automation enables expansion without manual action, cell
growth in these conditions is limited to the plated surface area. When cultured in 3D settings,
supported initially with ROCK inhibitor (i.e. Y27632) to allow aggregation and survival, cells
can expand within uniform cell clusters and achieve 50-100 fold expansion per week 7°.
Similarly, Kallos et al. and PBS Biotech have demonstrated the capacity to achieve 30-50 fold
expansion per week using vertical wheel 3D bioreactors, which can be introduced into labs
without any significant setup requirements '”-’%. Cells expanded in this way are of high quality
and capable of differentiating into islets and reversing murine diabetes 7>, Further, more recent
islet cell differentiation protocols have suggested that 3D culture conditions enable optimized
islet generation, especially during the later stages of cell maturation 6:60-79-80,

Due to the success of 3D SC culture and differentiation, optimization of previous
automated cell culture technologies is now underway. Tristan et al. (2021) recently demonstrated
an automated SC culture platform that is adaptable to 2D or 3D culture conditions ®'. While their
technology allows 3D culture, the current design is limited to free-floating growth within T175
flasks. Further optimization of these technologies, with potential integration of the unique three

dimensional culture systems discussed below, will be of great interest to the field as we hope to

provide cells for millions of patients with DM.

2.1.6 Engineering Modern Approaches to Scaling Three-Dimensional Stem Cell Culture

Due to the recent success and publication of 3D cell culture from several labs,

technologies to enable commercial scale cell expansion in these conditions are now being
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developed and investigated. Commercial for profit organizations including Lonza, and Treefrog
therapeutics have begun to take note, with development commercial sized 3D cell expansion
technologies. For example, Lonza has developed a cocoon platform capable of generating
personalized cell lines for hundreds to thousands of patients within confined spaces for patient-
specific cell therapies . Although these cocoons were originally developed for Chimeric antigen
receptor T (CAR-T) cell expansion, investigation with regards to their applicability for SC
expansion and islet differentiation is of great interest. Alternatively, Treefrog therapeutics has
recently demonstrated preliminary findings evaluating their C-stem technology™, showing
capacity to generate 15 billion cells per week in large 10 L suspension bioreactors (Figure 2.1.3).

This accounts for 276-fold hiPSC expansion per week, which is the largest fold expansion

reported to date *3.
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Figure 2.1.3 Commercial sized bioreactor from TreeFrog therapeutics providing an
example of expansion capacity for stem cells within large 3D culture conditions.
Image reproduced with permission from TreeFrog therapeutics 3.

The primary concern with these expansion technologies and commercial sized expansion
techniques remain their efficacy to produce similar quality SCs and islets as demonstrated in
individual labs. Using these large scale volumes and cell expansion techniques, it is possible that
important reaction and differentiation chemodynamics are altered leading to variable product
output. Further evaluation of these techniques, specifically to expand SCs and differentiate islets
will certainly be valuable to guide future directions. Optimizing these scalable technologies
simultaneously during initial clinical trials and investigation will enable direct implementation of
SC-derived ITx broadly once proof of concept is demonstrated. In turn, this will lead to

widespread application and improved accessibility of this revolutionary treatment.

2.1.7 Patient Accessibility and Costs

Fortunately, economic assessment of Al approaches, automated technologies, 3D culture
conditions, and technological advancements has already demonstrated substantial expected
savings. Economic analysis has demonstrated that although up-front costs are greater, automated
systems have an overall savings of 42% over the expected 8-year lifespan of the machine
compared to manual techniques when generating and maintain iPSC lines (Figure 2.1.4) 8.
Similarly, expanding cells under 3D culture conditions has shown to improve expansion capacity
by at-least 10-fold compared to 2D conditions, further reducing costs. By compounding the

potential 90% savings achieved through optimized 3D cell expansion, and 42% savings with
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automated systems, we suspect that delivery of a cost-efficient approach for SC-derived ITx is
achievable. Parallels may be drawn to the cost reductions recognized with CAR-T cell therapies,
where initial costs for each patient cell therapy treatment was >1 million dollars but has now
been reduced to < $100,000 per patient and with capacity for cost-efficient production in many
University settings. We suspect a similar trend for SC-derived 1Tx, with hopes of providing
widespread use to millions of patients. Considering the current cost of treating diabetes and its
complications are the leading health expense for most nations, the potential savings are

substantial.
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Figure 2.1.4 Cost analysis of automated versus manual generation, maintenance, and
expansion of induced pluripotent stem cells using the StemCellFactory over 8 years.

Image generated from data published by NieBing et al. (2021) ¥ with costs modified from Euros
to United States Dollars (USD) based on the exchange rate (1.2119 USD to 1 Euro) on January
28,2021 (date of study publication).

By combining Al, automation, and optimized 3D culture systems, the cost of generating

SC-derived islets for transplant is likely to decrease dramatically in the near future. Preclinical
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studies has already garnered interest from corporate partners including ViaCyte Inc. and Vertex
Pharmaceuticals to implement clinical trials. If clinical trials continue to show promising results,
that investment is likely to grow, with the capacity to cover up-front costs for automation and
large-scale commercial bioreactors. Despite the potential for accessible cost-appropriate SC-
derived ITx, researchers and funders alike should be understand the investment potential of these
therapies and consider accessibility to patients when partnering with the private sector. As
discussed throughout this text, millions of patients stand to benefit from these therapies;
providing an economically accessible therapy to all these patients is within grasp and remains in

the hands of researchers currently investigating and implementing these approaches.

2.1.8 Conclusion

As cell therapies continue to be optimized for a potential cure for diabetes mellitus, we
must continue to consider the scope of disease that we face. More than 8 million patients are
currently living with T1D, and >400 million patients are affected with DM. Developing a therapy
or potential cure that is inaccessible or non-scalable for the majority of patients should not be
considered an option. Throughout research, development, and clinical trials we must continue to
investigate and optimize techniques that enable scalable approaches. Early optimization and
collaboration to enable technological and automated scaling should remain a priority alongside
process development. If we continue to consider these techniques, generating a cell product that
is accessible and cost-efficient is possible with the goal of curing millions of patients being the

goal to aim for.
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2.2 Chapter 2 subsection 2 — Suspension Culture Improves iPSC Expansion and
Pluripotency Phenotype

This chapter subsection is in press in its current form within Stem Cell Research and Therapy (IF
8.4). All figures and tables in this chapter have been adapted from this published work. Full
citation: *Cuesta-Gomez, N; *Verhoeff, K; Dadheech, N; Jasra, I.T; Bermudez de Leon, M;
Pawlick, R; Marfil-Garza, B; Zapata-Morin, P.A; Jickling, G; Thiesen, A; Shapiro, A.M.J.
Suspension culture improves iPSC expansion and pluripotency phenotype. DOI:
10.1186/s13287-023-03382-9
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2.2.1 Abstract

2.2.1.1 Background:

Induced pluripotent stem cells (iPSCs) offer potential to revolutionize regenerative
medicine as a renewable source for islets, dopaminergic neurons, retinal cells, and
cardiomyocytes. However, translation of these regenerative cell therapies requires cost-efficient
mass manufacturing of high-quality human iPSCs. This study presents an improved three-
dimensional Vertical-Wheel® bioreactor (3D suspension) cell expansion protocol with

comparison to a two-dimensional (2D planar) protocol.

2.2.1.2 Methods:

Sendai virus transfection of human peripheral blood mononuclear cells was used to
establish mycoplasma and virus free iPSC lines without common genetic duplications or
deletions. iPSCs were then expanded under 2D planar and 3D suspension culture conditions. We
comparatively evaluated cell expansion capacity, genetic integrity, pluripotency phenotype, in

vitro and in vivo pluripotency potential of iPSCs.

2.2.1.3 Results:

Expansion of iPSCs using Vertical-Wheel® bioreactors achieved 93.8-fold (IQR 30.2)
growth compared to 19.1 (IQR 4.0) in 2D (p < 0.0022), the largest expansion potential reported
to date over 5 days. 0.5 L Vertical-Wheel® bioreactors achieved similar expansion and further

reduced iPSC production cost. 3D suspension expanded cells had increased proliferation,
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measured as Ki67" expression using flow cytometry (3D: 69.4% [IQR 5.5%] vs. 2D: 57.4%
[IQR 10.9%], p = 0.0022) and had a higher frequency of pluripotency marker
(Octd"Nanog*Sox2") expression (3D: 94.3 [IQR 1.4] vs. 2D: 52.5% [IQR 5.6], p = 0.0079).
qPCR genetic analysis demonstrated a lack of duplications or deletions at the 8 most commonly
mutated regions within iPSC lines after long-term passaging (> 25). 2D-cultured cells displayed
a primed pluripotency phenotype, which transitioned to naive after 3D-culture. Both 2D and 3D
cells were capable of trilineage differentiation and following teratoma, 2D-expanded cells
generated predominantly solid teratomas, while 3D-expanded cells produced more mature and
predominantly cystic teratomas with lower Ki67" expression within teratomas (3D: 16.7% [IQR

3.2%] vs.. 2D: 45.3% [IQR 3.0%], p = 0.002) in keeping with a naive phenotype.

2.2.1.4 Conclusion:

This study demonstrates nearly 100-fold iPSC expansion over 5-days using our 3D
suspension culture protocol in Vertical-Wheel® bioreactors, the largest cell growth reported to
date. 3D expanded cells showed enhanced in vitro and in vivo pluripotency phenotype that may

support more efficient scale-up strategies and safer clinical implementation.

112



2.2.2 Background

Human induced pluripotent stem cells (iPSCs) possess the potential to revolutionize the
field of regenerative medicine, offering the capacity to generate autologous tissues such as islets,
cardiomyocytes, retinal cells, or dopaminergic neurons !"!!. However, to implement iPSCs and
their ensuing islet, cardiomyocyte or other differentiated cell products clinically, up to 108-10'°
cells per patient would be required !>!3. Producing the required cells in a cost-effective and
scalable manner remains a challenge. Further, to ensure cell product safety, expanded cells
should ideally display a naive pluripotency phenotype and maintain consistent differentiation
capacity over time 214, While substantial work has evaluated the ideal approach for iPSC

15,16

generation and tissue differentiation '"!!, few studies have comparatively assessed iPSC

expansion protocols in terms of scalability, pluripotency phenotype, and differentiation potential
1721

After the discovery of human iPSCs in 2007 %2, initial iPSC expansion and differentiation
experiments utilized two-dimensional (2D) planar expansion using feeder layers or supporting
extracellular matrices, which resulted in approximately 10-fold expansion 1>617:23-25 More
recently, iPSC growth within three-dimensional (3D) suspension conditions using stirred
suspension bioreactors has been suggested to provide a superior environment for expansion. This
is due to improved mixing effects, which effectively distributes dissolved gasses and nutrients
throughout the culture environment 82!, While initial studies achieved 20 to 40-fold expansion
using suspension culture, some authors cautioned that the introduction of complex hydrodynamic
forces in the bioreactor could adversely affect cell viability and pluripotency 22528, To mitigate

these potentially deleterious effects, Vertical-Wheel® bioreactors have recently been
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investigated because of their unique geometry which reduces shear stress effects and improves
vessel content homogenization 273, Despite the proposed benefits of suspension culture using
Vertical-Wheel® bioreactors, protocol optimization with direct thorough comparison to 2D
planar expansion techniques are needed. Additionally, while cells grown in both conditions are

capable of differentiating into tissues of interest !!!

, comparison of their pluripotency phenotype
remains elusive. Optimization of 3D suspension expansion protocols to achieve maximal iPSC
expansion of homogeneous high-quality cells is essential to achieve adequate cell yield for safer,
efficient, and cost-effective in-human clinical implementation of iPSC-derived cell therapies.
Herein, we present a modified iPSC expansion protocol using 3D suspension culture

within Vertical-Wheel® bioreactors that achieves the largest cell expansion to date, in a single
passage, while maintaining a high-quality cell product. We evaluate the expansion potential of
this 3D suspension protocol in terms of growth kinetics, viability, genetic stability, pluripotency
phenotype, in vitro and in vivo pluripotency against iPSCs expanded in 2D planar conditions.

Results from this study elucidate opportunities and impediments for scalability of iPSC

expansion to improve future clinical implementation of iPSC-derived cell therapies.

2.2.3 Methods

2.2.3.1 Experimental model and subject details

All procedures and protocols were approved by the Stem Cell Oversight Committee
(SCOC), Canada and the University of Alberta Institutional Health Research Ethics Board
(PRO00084032). All animal protocols were conducted in accordance with the Canadian Council

on Animal Care Guidelines and Policies with approval from the Animal Care and Use
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Committee (Health Sciences) for the University of Alberta. Animals were euthanized under
anesthesia (5% isoflurane) by a combination of thoracotomy and exsanguination. Patients
recruited as blood sample donors provided written consent for the use of tissue, cell
reprogramming, and result disclosure. All experiments were planned a priori and completed in
technical and biological triplicates based on standard experimental procedures without exclusion
of experimental groups. The scientist performing analysis was blinded to the group allocation of

samples. Other confounders were not controlled for.

2.2.3.2 Cell culture

Cell culture was completed using good manufacturing practice (GMP) compliant
materials, where available, to replicate clinical conditions *!. Cell processing was performed in a
Class-1II biocontainment compliant lab with the manipulation of cells taking place in a sterile
environment with high efficiency particulate air filtration. Cells were maintained at 37°C with

5% CO» within humidified incubators.

2.2.3.2.1 Generation of induced pluripotent stem cell lines

In this study, 4 human iPSC lines were generated from peripheral blood mononuclear
cells (PBMCs) from healthy donors (patient demographics in Appendix Table S2.2.3). Donor
blood (20.0 mL) was collected into BD vacutainer spray coated K2EDTA tubes (Thermo Fisher
Scientific cat.13-680-61). Collected blood was diluted equally with Ca>*/Mg>" free phosphate
buffer solution (PBS, pH 7.2) with 2 mM ethylenediaminetetraacetic acid (EDTA; EMD

Millipore cat. 324506). The PBS-Blood solution (20.0 mL) was carefully layered over top of
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15.0 mL histopaque density gradient solution (Sigma, cat. 10771) in 2 tubes and centrifuged at
800 g for 30 minutes without breaks. The solution was washed with 20 mL PBS-EDTA and
centrifuged at 300 g for 10 minutes to create a density gradient from which the PBMCs were
isolated using a serological pipette. Isolated PBMCs were cultured in StemPro-34 Serum Free
Complete Media (Gibco, cat. A14509) supplemented with human recombinant cytokines (10
ng/mL IL3, IL6, SCF and FLT3; R&D, cat. 203-GMP, 206-IL, 7466-SC, and 308E-GMP
respectively) for 4 days. PBMCs were reprogrammed using the CytoTune iPS 2.0 Sendai
Reprogramming Kit (Thermo Fisher Scientific cat. A16517), whereby 500,000 PBMCs were
infected with the appropriate combination of Sendai virus particles (KOS, C-Myec, Kl1f4) for 24-
hours (h) as per manufacturer recommendations. This was followed by cell culture with
StemPro-34 Complete Media, supplemented with human recombinant cytokines (10 ng/mL IL3,
IL6, SCF and FLT3) for 2 days. Single floating virus infected cells were pooled and transitioned
to BioLite cell culture treated plates (Thermo Fisher Scientific cat. 130181) coated with human
recombinant vitronectin (thVTN) as per manufacturer recommendations (Thermo Fisher
Scientific cat. A27940) and grown with StemPro-34 Complete Media from days 3-6 with daily
media replacement. From day 7 onwards, attached cells were cultured using StemFlex media
(Thermo Fisher Scientific cat. A3349401). Between days 15-20, individual colonies (hereafter
referred to as clones) were handpicked under 10x phase objective (using ECHO inverted Rebel
microscope and ECHO image acquisition application). Each clonal cell line was scrutinized for
viral clearance and pluripotent stem cell quality control criteria (immunohistochemistry and flow
cytometry for Oct4, Sox2, SSEA4, Nanog, Tra-1-81, and Tra-1-60, expression of alkaline

phosphatase (ALP), and lack of duplications or deletions at the 8 most commonly mutated

116



regions within iPSC lines) with the best clone used to establish an iPSC cell line for this study.
During this process of colony development and expansion, the entire cell culture dish was
imaged to assess colony position and number of colonies reprogramed using the Cell
Observation System Biostudio-T microscope (Nikon, MLA10000); image acquisition and
processing was performed using NIS-element AR version 5.30.02 (Nikon, MQS31000)

combined with PCR-AR-02 iPSC Colony Area Package (Nikon, MQS60002) software.

2.2.3.2.2 Induced pluripotent stem cell culture maintenance

iPSC lines were maintained in 60 mm rhVTN coated tissue culture plates (Thermo Fisher
Scientific cat. 130181) with StemFlex media. thVTN plates in this study were used only once to
maintain GMP compliance, but we have also been successful using this technique with reuse of
plates for up to five passages. Cultures were monitored daily using a Nikon TE300 Inverted
Fluorescence Phase Contrast Microscope. Upon 80% confluency, cells were subcultured. For
subculture from thVTN plates, StemFlex media was removed and plates were washed with 2.0
mL of PBS. PBS was removed and plates were incubated for 2 minutes at 37°C and 5% CO>
with CTS EDTA Versene Solution (Thermo Fisher Scientific, cat. A4239101) supplemented
with 2 pl/mL Rho-kinase inhibitor (Rockl; Y-27632 STEMCell Technologies cat. 72304). After
incubation, the EDTA solution was removed and detachment of the cells was performed with
mechanical disruption using StemFlex media supplemented with RocklI (2 uL/mL). Cells were
then collected into a 1.5 mL tube and spun down at 450 g for 2 minutes. The supernatant was
removed, and cells were resuspended in culture media for subculture or used for experimental

purposes.
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Throughout this text, a cell passage is described as cell detachment from a culture dish in
2D planar conditions as described above, or dissociating clusters into single cells in 3D
suspension conditions as described below. Quality control of the cell lines was routinely
performed every 5 passages and prior to experimentation. Following each passage, cells were
counted and viability was assessed using the Thermo Fisher Scientific Invitrogen Countess 11
AMQAX1000 Cell Counter. To accomplish this, 20 pL of single cell solution was combined
with 20 pL of 0.4% trypan blue (Thermo Fisher Scientific cat. 15250061) and placed in a
Countess cell counting chamber. Live cell numbers were used to calculate cell requirements for

all processes.

2.2.3.2.3 Induced pluripotent stem cell expansion in 2D planar and 3D suspension conditions

Following cell passaging, iPSCs allocated for expansion were randomly assigned to 2D
planar or 3D suspension conditions.

For 2D planar expansion 2x10° live cells were seeded into 150 mm plates coated with
Geltrex (Thermo Fisher Scientific cat. A1413302) in 20 mL of StemFlex media with Rockl
(2uL/mL). Geltrex coating was prepared at 6 pg/mL concentration using cold DMEM-F12
media (Thermo Fisher Scientific cat. 10313021) and incubated for 1h at 37°C prior to cell
seeding as per manufacturer recommendations. 24 h post-seeding, media was removed and 20.0
mL of fresh pre-warmed StemFlex without Rockl was added. Media was replaced daily for 5
days during cell expansion. Media was collected daily to assess pH, glucose, lactate, lactate

dehydrogenase, ammonia, and glutamine using the Cedex bio analyzer (Roche cat.
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06395554001). Cells were lifted for evaluation by incubating them with CTS EDTA Versene
Solution for 8 minutes at 37°C.

The 3D suspension expansion protocol was modified from previously published reports
by Borys et al. (2020), Rohani et al (2020), and Dang et al. (2021) 2”32, For expansion, 2x10° live
iPSCs were seeded into 0.1 L Vertical-Wheel® bioreactors (PBS Biotech Inc.) in 55.0 mL of
pre-incubated StemFlex media with RocklI (2 pL/mL) (day 0) with constant rotational speed of
60 revolution per minute (rpm). Pre-incubation of StemFlex media is critical to allow
temperature and pH stabilization. After 24 h, clustered iPSCs were then supplemented with 45.0
mL of StemFlex media without RockI (day 1). On day 3, clusters were allowed to gravity settle
and the upper 50.0 mL of StemFlex was replaced with 50.0 mL of fresh pre-incubated media. On
day 5, clusters were harvested for experimental purposes or were dissociated for further
expansion. Media was collected on days 2-5 for 3D suspension when cells would settle by
gravity to allow media sampling.

For passaging of 3D suspension iPSCs, clusters were allowed to gravity settle and
StemFlex was removed. Clusters were washed with 30 mL of PBS with RockI (2 pL/mL) and
were allowed to gravity settle. Supernatant was removed and clusters were incubated within the
bioreactor with 10.0 mL of StemPro Accutase enzyme supplemented with Rockl (2 pL/mL) for
10 minutes at 20 rpm and 37°C. Following incubation, clusters were immediately disrupted with
mechanical forces aspirating the clusters up and down with a 10 mL serological pipette. Single
cells were transferred into a 15 mL conical tube and centrifuged at 450 g for 2 minutes.
Supernatant was discarded and cells were resuspended in 10 mL of StemFlex with RockI.

Finally, cells were counted for live and dead cells with trypan blue solution described above and
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subsequently cultured or prepared for experimental purposes. During media replenishment and
exchanges, spent media was collected for assessment.

To further compare the efficiency of our expansion protocol to other 3D protocols, we
replicated the protocol described by Dang et al. (2021) that previously reported the highest fold
expansion using Vertical-Wheel® bioreactors. To reduce inter-protocol variability, we cultured
cells using StemFlex rather than the modified B8 media initially reported by Dang et al. (2021).
In this protocol, 2x10° live iPSCs were seeded into 0.1 L Vertical-Wheel® bioreactors (PBS
Biotech Inc.) in 100.0 mL of StemFlex media with RocklI (2 pL/mL) (day 0) with a constant
rotational speed of 60 rpm (day 0). On days 3, 5 and 6, clusters were allowed to gravity settle and
the upper 50 mL of StemFlex was replaced with 50 mL of fresh pre-warmed StemFlex. Cell
counts and aggregate sizing samples were taken daily from the bioreactors to assess growth
kinetics and aggregate morphology. On day 7, clusters were harvested for experimental purposes

or were dissociated for further expansion.

2.2.3.2.4 Embryoid Body Formation

Embryoid body (EB) formation was performed using AggreWell 400 plates (STEMCell
Technologies, cat. 34425) as per manufacturer instructions. Briefly, each well of the AggreWell
400 plates was rinsed twice with 2.0 mL of Anti-Adherence Rinsing Solution (STEMCell
Technologies cat. 07010) followed by centrifugation at 1300 g for 5 minutes in a swinging
bucket rotor fitted with plate holders. Anti-Adherence Rinsing Solution was replaced with 5.0
mL of DMEM/F12 before use. Following preparation of the AggreWell 400 plates, 2D planar

cells or 3D suspension cells were lifted and/or dissociated and a single cell suspension in
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StemFlex media with RockI (2 uL/mL) was prepared. Next, 4x10° cells were seeded per well
and plates were incubated at 37°C for 24 h. After 24 h, the EBs were gently collected from the
AggreWell 400 plates by pipetting the media up and down with a wide bore 10 mL pipette and
were transferred into a 50 mL conical tube where they were allowed to gravity settle.
Supernatant containing StemFlex media with Rockl was removed and EBs were resuspended
into fresh StemFlex media and transferred into a 100 mm low adhesion plate. EBs were kept in

culture for an additional 4 days with media change on day 3.

2.2.3.2.5 [Trilineage differentiation

To evaluate the pluripotency potential of 2D planar and 3D suspension expanded cells we
completed trilineage differentiation using the Human Pluripotent Stem Cell Functional
Identification Kit (R&D cat. SC027B). 2D planar cells were seeded into a Geltrex-coated plate
(or coverslip for immunohistochemistry samples) then grown and differentiated according to
manufacturer instructions. We attempted to differentiate 3D suspension cell clusters by placing
2000 clusters into a 6-well suspension culture plate alongside 2.0 mL of differentiation media;
unfortunately, the trilineage differentiation kits were not capable of maintaining cells in 3D
culture leading to 100% cell death. Instead, 3D cell clusters were dissociated and seeded into a
60 mm rhVTN coated plate (or coverslip for immunohistochemistry samples), allowed to grow

until appropriate confluency, and differentiated as per kit instructions (R&D cat. SC027B).
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2.2.3.3 Molecular biology

2.2.3.3.1 Ribonucleic acid (RNA) extraction and reverse transcription

Prior to RNA extraction, all materials were cleaned with RNase AWAY to decontaminate
surfaces (Thermo Fisher Scientific cat. 10328011). A pellet of a maximum of 5x10° cells was
lysed with 350 uL. RLT buffer (Qiagen cat. 79216) and frozen at -80°C until RNA extraction.
Suspension of lysed cells in RLT buffer was thawed and cells were disrupted and homogenized
using the QIAshredder system (Qiagen) and total RNA was then extracted with the RNeasy Mini
Kit (Qiagen cat. 74104) according to the manufacturer instructions. Concentration and purity of
the isolated RNA samples was evaluated using spectrophotometry with the Multiskan SkyHigh
Microplate Spectrophotometer and pdrop plate (Thermo Fisher Scientific cat. A51119600DPC)
by assessing the 260/280 nm and 260/230 nm absorption of samples. Samples were then stored at
-80°C until needed; RNA was quantified after each defrost.

RNA was reverse-transcribed using the RevertAid First Strand cDNA Synthesis Kit as
per manufacturer guidelines (Thermo Fisher Scientific, cat. K1621). Complement DNA (cDNA)

was stored at -20°C until required for PCR.

2.2.3.3.2 Polymerase chain reaction (PCR)

cDNAs were thawed and combined with PCR mix as described in Appendix Table
S2.2.4. GoTaq G2 Hot Start Colorless Master Mix (Promega, cat. M7422) was used alongside
forward and reverse primers as described in Appendix Table S2.2.5. Samples were placed in a

thermocycler and underwent the sequence specified in Appendix Table S2.2.6. For mycoplasma
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detection, Mycoplasma PCR Detection Kit (ABM cat. G238) was used as per manufacturer
instructions. Samples were loaded into a 2% agarose gel (Invitrogen cat. 16520-050) with
GelRed 6X loading Dye (RCD cat. 41003) and ran for 35 minutes at 100 volts. Gels were

visualized using the Image Quant 300 Gel documentation station under ultraviolet light.

2.2.3.3.3  Genomic DNA extraction

Whole genomic DNA (gDNA) was extracted by lysing a maximum of 5x10° cells for 18-
24 h at 55°C in 487.5 pL TENS buffer (10 mM Tris-HCI (Sigma cat. T3253) pH 8.0, 25 mM
EDTA (Sigma cat. 324506) pH 7.5, 100 mM NaCl (Sigma cat. S1679), 0.5% SDS (Sigma cat.
71736)) with 12.5 pL of proteinase K (20 mg/mL; Sigma cat. 70663-4). Proteins were
precipitated using 250 puL of 6 M NaCl followed by centrifugation for 5 minutes at 12,000 g. The
supernatant was recovered, and gDNA was precipitated with 900 uL isopropanol followed by
centrifugation at 12,000 g for 10 minutes. The pellet was collected and washed with cold 70%
EtOH and allowed to dry. gDNA was resuspended in 50 uL of TE buffer (10 mM Tris-HCI pH
8.0, 1 mM EDTA pH 8.0) and purity was assessed using the Multiskan SkyHigh Microplate
Spectrophotometer and pdrop plate (Thermo Fisher Scientific). Sample purity was measured by
determining the 260/280 nm and 260/230 nm absorption ratios with samples achieving 1.7-2.0

and 2.0-2.2 respectively being used.

2.2.3.3.4 Quantitative PCR (q-PCR)

For genetic analysis, reactions were set up in 96-well plates using the hPSC Genetic

Analysis Kit (STEMCell technologies cat. 07550) as per manufacturer instructions. gPCR was
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performed using the StepOnePlus Real-Time PCR System (Thermo Fisher Scientific cat.
4376600) and gDNA was amplified as per Appendix Table S2.2.7. Samples were analyzed using
chromosome 4p as reference using the calculations below:
AC; = C; (target region) — C.(chromosome 4p)

AAC; was calculated by subtracting the average AC; of the gDNA from the control sample

(supplied with the kit) for each sample to be tested.
AAC, = C; (Asample of interest) — AC,(chromosome 4p)

Data were represented as 222D x 2. which enables the visualization of copy number for

the specific chromosomal regions of each sample.
Copy number = 2(=244C) . 2

The median of the RQ values of each sample was used for statistical analysis.

2.2.3.3.5 Quantitative reverse transcription PCR (qRT-PCR)

Custom designed gene TagMan Low Density Array Cards were used as per
manufacturer instructions (Thermo Fisher Scientific cat. 4342253); gene array set up is described
in Appendix Table S2.2.8. Briefly, 500 ng of cDNA was combined with 55 pL of nuclease free
water and 55 pL. TagMan Universal PCR Master Mix (Thermo Fisher Scientific cat. 4305719).
The combined solution was loaded into the gene array cards, centrifuged, and processed using
the FAST-384 well array program via the QuantStudio 12K Flex Real-Time PCR system.

Alternatively, pairs of primers were designed (sequences detailed in Appendix Table
S2.2.9) to quantify the amount of specific cDNA by SYBR Green qRT-PCR (Thermo Fisher

Scientific cat. 4385612). qRT-PCR assay was performed using the Applied Biosystems 7900HC
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Fast Real-Time PCR Systems detection system (Applied Biosystems). Samples were analyzed
using B2M as reference for data normalization.
In all cases, data was analyzed and represented as a heat map and/ or 2042¢D ysing

GraphBio * or GraphPad Prism version 9.3.1 for Mac, GraphPad Software, www.graphpad.com.

2.2.3.4 Protein biology

2.2.3.4.1 Alkaline phosphatase staining

iPSCs were seeded and grown on Geltrex-coated 24x24 mm glass coverslips in 6-well
plates. iPSC colonies were washed with PBS and fixed in 4% paraformaldehyde (PFA) for 20
minutes. Colonies were washed three times with PBS and ALP-substrate staining solution
(Abcam cat. Ab242287) was added as per manufacturer recommendations. Cells were incubated
for 20 minutes in the dark at RT and then washed with PBS. Colony images were acquired and

analyzed with the ECHO Rebel inverted microscope (ECHO).

2.2.3.4.2 Flow cytometry

1x10%live cells were filtered through a 40 pm cell strainer (Thermo Fisher Scientific cat.
22363547) and fixed with 4% PFA for 20 minutes at RT. Upon fixation, cells were centrifuged at
700 g for 2 minutes and supernatant was removed. Cells were then permeabilized and stained
using the BD Cytofix/Cytoperm Fixation/Permeabilization Solution Kit (BD Biosciences cat.
554714) as per manufactures instructions. Primary antibodies were incubated for 1 h and

secondary antibodies for 30 minutes according to the dilutions in Appendix Table S2.2.10. Cells
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were resuspended in fluorescence — activated cell sorting buffer (2% FCS, 2 mM EDTA in
DPBS) and kept on ice until flow cytometry acquisition and analysis.

Isotype controls were used to accurately gate positive staining and data were acquired
using the CytoFLEX S flow cytometer and analyzed using the CytExpert software (Beckman

Coulter).

2.2.3.4.3 Immunohistochemistry

For 2D planar cell immunohistochemistry, cells were grown on coverslips and fixed with
PFA as above. Cover slips were stored in PBS until staining. 3D suspension clusters were
washed with PBS and fixed with 4% PFA for 30 minutes on ice. The PFA was removed and
clusters were suspended in 1% low melting agarose within a silicone histology mold. The
solidified agarose-cluster preparation was removed from the mold, placed in wax on a histology
cassette for paraffin embedding and processing. Sections of 8 um on glass slides were used.
Slides were incubated for 40 minutes at 60°C to melt the paraffin and allow cell adherence to the
slides followed by rehydration. Slides underwent antigen retrieval in warmed citrate buffer
(0.0126 M citric acid, Sigma cat. C-0759; 0.0874 M sodium citrate, Sigma cat. S-4641; pH 6.0)
for a total of 20 minutes. Slides were then ready for staining.

Slides and cover slips were blocked for 1 h at RT with 5% normal donkey serum (Sigma
cat. S30-M) in FoxP3 permeabilization buffer (Biolegend cat. 421402). Primary antibodies were
diluted in FoxP3 permeabilization buffer as per Appendix Table S2.2.10 and were incubated for
2 h at RT in a humid dark chamber. Slides and cover slips were washed 3 times with 0.1%

Tween 20 in PBS followed by incubation with secondary antibodies diluted in FoxP3
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permeabilization buffer for 40 minutes at RT in the dark. Slides and coverslips were washed 3
times in 0.1% Tween 20 in PBS prior to incubation with DAPI (Sigma, D1306) for 4 minutes at
RT in the dark. Slides or cover slips were then washed with PBS and mounted with fluoromount-
G (Thermo Fisher Scientific cat. 00-4958-02). Slides were visualized using the Zeiss Observer

Z1 inverted fluorescence microscope and images were processed using Zeiss software.

2.2.3.5 Teratoma assay

Male immunocompromised SCID beige mice, aged 16-18 weeks (Charles River
Laboratories) were used. iPSCs were transplanted under the kidney capsule for 60-days (8
weeks), recovered, and assessed (n = 6 per group). For cells expanded in 2D planar, cells were
lifted as per passaging protocols and transferred to a 15 mL conical tube with StemFlex
supplemented with RockI (2uL/mL). Cells were aliquoted at 1x10° cells per tube, which were
centrifuged to remove media. Cells were combined with 15uL of matrigel (Sigma cat.
CLS354277) and placed on ice. For 3D suspension preparations, cell clusters were collected
from the bioreactor into microcentrifuge tubes and were ready for transplant (as clusters and
without matrigel). In both cases, 3D expanded iPSC clusters or 2D expanded single cells
embedded into matrigel were aspirated into polyethylene-50 tubing with a microsyringe. A left
lateral paralumbar incision was made and the left kidney was delivered. The kidney capsule was
incised and the cells were infused 3*3°. Mice were anesthetized with 5% isoflurane.
Buprenorphine (0.1 mg/kg subcutaneous) was administered for post-operative analgesia. Mice
were assessed daily for humane end-points described by any mouse distress or change in

physiologic condition. Throughout care, mice were housed within GM500 Mouse IVC Green
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Line cages in the Health Sciences Laboratory at the University of Alberta, in compliance with
the Canadian Council on Animal Care guidelines.

On post-operative day 60, non-recovery nephrectomy was performed. Kidney cross-
sections were performed, fixed in 10% formalin, and paraffinized. 8§ um sections were stained
with hematoxylin and eosin (H&E) or prepared for immunohistochemistry as above. H&E-

stained slides were assessed by a board-certified pathologist.

2.2.3.6 Statistical Analysis

Normality testing was performed using the D’ Agostino-Pearson normality test, which
determined the need for non-parametric testing. Between group comparisons were carried out
using the non-parametric Mann—Whitney U test or Kruskal-Wallis test with the alpha value set
at 0.05. Continuous values are presented as medians with interquartile ranges (IQR), and with
discrete values presented as absolute values with percentages. All statistical analysis was
completed using GraphPad Prism version 9.3.1 for Mac, GraphPad Software,

www.graphpad.com.

2.2.4 Results

2.2.4.1 Generation of iPSC lines from human peripheral blood mononuclear cells

Following Sendai virus infection of human donor PBMCs, iPSC-like colonies were
screened to select an optimal clone for iPSC line establishment (Figure 2.2.1A). PBMCs grew
independently with round shape, while iPSC-like colonies displayed compact cell-to-cell

connections, rounded colony margins, and condensed nucleus with minimum cytoplasm (Figure
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2.2.1B). Manually picked and individually isolated clones (10-12 clones) were characterized at
passage 3-5 according to current standards 223¢, Clones were assessed for expression of alkaline
phosphatase (ALP) (Figure 2.2.1C), Nanog, Tra-1-81, Sox2, Tra-1-60, and SSEA4 (Figure
2.2.1D and Appendix Figure S2.2.8A-B). A single ALP-stained clone attaining 99.9% Tra-1-
60"SSEA4" and 98.3% Sox2"Nanog" was selected for iPSC line establishment (Appendix
Figure S2.2.8A). Immunohistochemistry demonstrated the selected clone to be positive for Oct4,
Sox2, SSEA4, Nanog, Tra-1-81, and Tra-1-60 (Figure 2.2.1E). The clone’s lack of duplications
or deletions at the 8 most commonly mutated regions within iPSC lines was demonstrated by
lack of alteration in copy number (Figure 2.2.1F) 373, Upon establishment of the iPSC line,
genomic profiling of 48 key human pluripotency targeted genes using TagMan low density array
cards displayed downregulation of somatic cell markers, like Sox/7 and /L6, while observing
pronounced upregulation of pluripotency marker expression such as Lin28, Sox2 and PODXL
(Figure 2.2.1G-L). Furthermore, SEV and SEV-KOS levels were identical to uninfected PBMC
levels, which do not express SEV and SEV-KOS genes, ensuring lack of Sendai virus host-
genome integration (Figure 2.2.1M-N). PCR of the established iPSC cell lines at passage 10
using primers specific for the amplification of the Sendai virus further confirmed lack of Sendai
viral vector integration (Appendix Figure S2.2.8C). PCR of the genetic material present in the
supernatant confirmed lack of mycoplasma contamination (Appendix Figure S2.2.8C). These
results demonstrate efficient reprogramming of PBMCs into iPSCs. The process was repeated to

generate iPSC lines from four healthy volunteers.
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Figure 2.2.1 Establishment of iPSC line from human peripheral blood mononuclear cells.
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A) Overview of processes for generating an induced pluripotent stem cell line including patient
blood collection (day 1), peripheral blood mononuclear cell isolation, infection with
reprogramming factors discovered by Yamanaka et al. and Thomson et al., optimal clone
selection, and iPSC line establishment (day 30). B) Microscopy of peripheral blood mononuclear
cells and established iPSCs. C) Characterization of pluripotency of the established iPSC line
using alkaline phosphatase (ALP) staining. D) Flow cytometric analysis of the selected iPSC line
with isotype control and characterization of Tra-1-60 and SSEA4 expression. E)
Immunohistochemistry of the established iPSC line with expression of Oct4, Sox2, SSEA4, and
Tra-1-60. F) Quantitative PCR evaluation of the established iPSC line frequently for genetic
abnormalities within iPSCs comparing to commercially available control DNA (n =9, 3 per
iPSC line) G) Genetic microarray results comparing established iPSCs to fibroblasts and
peripheral blood mononuclear cells (n = 3, 1 per iPSC line). H Differential expression of
CXCR4, I Lin28,J Sox2, K PODXL, L POUSF1, M SEV and N SEV-KOS in PBMC, infected
PBMC and iPSC (n = 3).

2.2.4.2 3D suspension condition supports increased iPSC expansion

Following iPSC line establishment, 2x10° cells from 60 mm dishes were cultured in
either 2D planar or 3D suspension conditions for a 5-day expansion cycle followed by cell
harvest and head-to-head comparative assessment (Figure 2.2.2A). Cells expanded in 2D planar
conditions grouped tightly together to form compact colonies with well delineated borders,
which generated a monolayer sheet of cells upon confluency. Comparatively, cells grown in 3D
suspension formed tight clusters that grew outwards in all directions with a central cavity
(similar to epiblast structure during embryo formation), allowing cell microstructure support
from nearby cells (Figure 2.2.2B). 2D planar and 3D suspension expanded cells demonstrated no
difference in single cell size (Figure 2.2.2C) or viability (2D: 89.5% [IQR 6.5] vs. 3D: 86.0%
[IQR 7.0], p = 0.75; Figure 2.2.2D) throughout expansion. Notably, when 3D expanded cells
were dissociated and re-plated they acquired identical architecture to 2D expanded cells; they

generated compact colonies with delineated borders. The majority of iPSC clusters in 3D
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suspension were 175-250 um (range: 125-324 um) by the end of the 5-day expansion cycle
(Figure 2.2.2E). Following 3 days of expansion, comparatively more cells were generated using
3D suspension (2D: 13.5x10° [IQR 3.7x10%] vs. 3D: 54.2x10° [IQR 14.7x10%], p < 0.0001), with
even greater expansion in 3D suspension after 5 days (2D: 40.1x10° [IQR 8.5x10°] vs. 3D:
187.5x10° [IQR 60.4x10%], p < 0.0001; Figure 2.2.2F). Fold expansion was significantly greater
under 3D suspension condition both on day 3 (2D: 6.7-fold [IQR 1.9] vs. 3D: 27.1-fold [IQR
7.4], p <0.0001) and day 5 (2D: 19.1-fold [IQR 4.0] vs. 3D: 93.8-fold [IQR 30.2]; p < 0.0001;
Figure 2.2.2G). Results were similar for all iPSC lines (n = 4, Appendix Figure S2.2.9). At day
5, the number of cells generated per consumed mL of media was significantly higher for cells
grown in 3D suspension compared to 2D planar conditions (2D: 4.0x10° cells/ml [IQR 5.7x10*
cells/ml] vs. 3D: 1.2x10% cells/ml [IQR 4.0x10° cells/ml], p < 0.0001; Figure 2.2.2H).
Extrapolating from these data, the generation of 1x10° iPSCs would cost significantly less in 3D
suspension compared to 2D planar (2D: $417.7 [IQR $270.8] vs. 3D: $196.0 [IQR $58.9], p <
0.0001; 2022 Canadian Dollars; Figure 2.2.4). Similarly, the population doubling level was
significantly higher in 3D suspension condition (2D: 14.1 [IQR 1.0] vs. 3D: 21.4 [IQR 1.19], p =
0.0022; Figure 2.2.21). Increased population doubling level was confirmed by a significantly
increased percentage of proliferative (Ki67") cells in 3D suspension condition on day 5 (2D:

57.4% [IQR 10.9%] vs. 3D: 76.6% [IQR 6.5%], p = 0.0022, Figure 2.2.2J-K).
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Figure 2.2.2 Evaluation of iPSCs expanded in two-dimensional planar (2D) and three-
dimensional suspension (3D) cell culture.
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A) Schematic representation of the expansion protocols for 2D and 3D suspension conditions
with summary of techniques used to compare cells. B) Morphology of cells expanded in 2D
planar cell culture and 3D suspension expansion within Vertical-Wheel® bioreactors C) Cell size
following 3D cluster dissociation and 2D cell passaging on days 0, 3, and 5 of expansion (n = 6).
D) Cell viability following 5 days of cell expansion comparing 2D and 3D conditions (n = 6). E)
Cluster size for cells grown in 3D conditions with frequency of clusters characterized (n = 3). F)
Absolute cell number expansion using 2D and 3D cell culture (n = 6). G) Fold expansion
following 3 and 5 days of cell expansion in 2D and 3D cell culture (n = 6). H) Cell expansion per
milliliter of consumed media following 5 days of cell expansion in 2D and 3D cell culture (n = 6
per group). I) Population doubling level for cells expanded in 2D and 3D conditions (n = 6 per
group). J) Representation of the gating strategy followed for the quantification of Ki67+ cells in
2D and 3D conditions. K) Ki67 expression of cells expanded in 2D and 3D conditions (n = 6 per

group).

Media collected during 2D planar and 3D suspension iPSC expansion showed no
statistically significant difference in pH or glucose, lactate or glutamine concentrations
(Appendix Figure S2.2.10A-H). Supernatant from iPSCs expanded in 3D suspension had
significantly lower concentrations of lactate dehydrogenase and ammonia than those from iPSCs
expanded in 2D planar condition (Appendix Figure S2.2.10I-L).

In addition, we compared our expansion protocol (current protocol from hereon) to the
previously published 7-day 3D expansion protocol within Vertical-Wheel® bioreactors by Dang
et al (2021) 8. We performed parallel experiments using both protocols; to reduce inter-protocol
variability, we cultured cells using StemFlex rather than the modified B8 media initially reported
by Dang et al. (2021). The primary differences between the two protocols include inoculation
procedure (Current protocol: 2x10° cells into 55.0 mL of StemFlex with RockI (2 pL/mL) on
day 0 then top up to 100 mL on day 1; Dang et al (2021): 2x10° cells into 100 mL of StemFlex
with Rockl (2 pL/mL) on day 0) and feeding regime (Current protocol: 50% media replacement

on d3 and harvest on d5; Dang et al (2021): 50% media replacement on day 3, day 5 and day 6,
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and harvest on day 7) (Figure 2.2.3A). Regardless of the protocol used, cells were cultured with a
constant rotational speed of 60 rpm. In both cases, cells formed tight clusters that grew outwards
in all directions with a central cavity allowing cell microstructure support from nearby cells
(Figure 2.2.3B). Single cell size and viability were not different between cells from each protocol
(Figure 2.2.3C-D). However, replication of the Dang (2021) protocol produced iPSC clusters
with median size of 607.7 pum [IQR 271.1 um] after 7 days compared to 229.3 pum (IQR 10.8

um] after 5 days of expansion using our protocol (p < 0.001, Figure 2.2.3E); furthermore, the
cluster size distribution was wider following the Dang protocol (Figure 2.2.3F). Additionally,
comparatively more cells were generated using our protocol following 3 days of expansion
(Current protocol: 54.2x10° [IQR 14.7x10%] vs Dang (2021): 18.96x10° [IQR 6.83x10°], p =
0.0095) and after 5 days (Current protocol: 187.5x10° [IQR 60.4x10%] vs Dang (2021): 97x10°
[IQR 18.17x10°], p = 0.0095; Figure 2.2.3G). Similarly, fold expansion was significantly greater
following this study’s 3D suspension expansion protocol both on day 3 (Current protocol: 27.1-
fold [IQR 7.4] vs Dang (2021): 9.48-fol [IQR 4.5], p = 0.0095) and day 5 (Current protocol:
93.8-fold [IQR 30.2] vs Dang (2021): 48.5 [IQR 7.7], p = 0.0095; Figure 2.2.3H). Reduced fold
expansion after 5 days of the Dang (2021) expansion protocol is a result of reduced population
doubling (Current protocol: 21.4 [IQR 1.2] vs Dang (2021): 17.1 [IQR 2.9], p < 0.0001; Figure
2.2.31) which resulted in decreased cell number per mL of consumed media (Current protocol:
1.2x10% cells/ml [IQR 4.0x10°] cells/ml vs Dang (2021): 0.65x10° cells/ml [IQR 1.1x10°]
cells/ml, p = 0.0061; Figure 2.2.3J) and increased cost per 100 million cells (Current protocol:
$196.0 [IQR $58.9] vs Dang (2021): $308.0 [IQR $46.37], p = 0.0061; Figure 2.2.3K). However,

when the Dang protocol is continued until day 7, a significantly greater number of cells are
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generated (361.59x10° [IQR 116.81x10°], and a higher fold expansion is achieved (Current
protocol: 93.8-fold [IQR 30.2] vs Dang (2021): 180.8 [IQR 78.11], p = 0.0022), compared to our
5-day protocol (Figure 2.2.3G-H). This leads to a reduced cost per 100 million cells using the
complete 7-day Dang protocol compared to our protocol (Figure 2.2.3K). Interestingly, despite
reduced population doubling level on day 5, there were no differences in the population doubling
levels between protocols upon replication of the Dang et al. (2021) protocol all the way to day 7

(Current protocol: 21.4 [IQR 1.19] vs Dang (2021): 21.57 [IQR 2.03]; Figure 2.2.31).
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A) Schematic representation of the current protocol and the replicated Dang (2021) expansion
protocol. B) Cluster morphology at termination of iPSC expansion protocol using our current
protocol or replicated Dang (2021) protocols. C) Cell size following 3D cluster dissociation after
expansion using the current protocol and replicated Dang (2021) protocol on days 0, 3, and 5 of
expansion (n = 6). D) Cell viability following 5 days of cell expansion comparing the current
protocol and replicated Dang (2021) protocol (n = 6). E) Cluster size for cells grown using the
current protocol and replicated Dang (2021) protocol with frequency of clusters characterized (n
= 6). F) Cluster size distribution at termination of iPSC expansion protocol using the current
protocol and replicated Dang (2021) protocol. G) Absolute cell number expansion using the
current protocol and replicated Dang (2021) protocol (n = 6). H) Fold expansion following 3 and
5 days of cell expansion using the current protocol and 3, 5, 6 and 7 days of cell expansion using
the replicated Dang (2021) protocol (n = 6). I) Population doubling level for cells expanded
using the current protocol and replicated Dang (2021) protocol (n = 6 per group). J) Cell
expansion per milliliter of consumed media following 5 days of cell expansion using the current
protocol and 5 and 7 days of cell expansion using the replicated Dang (2021) protocol (n = 6 per
group). K) Cost of producing 100x106 cells in 2023 Canadian Dollars following 5 days or 5 and
7 days of cell expansion using the current protocol and replicated Dang (2021) protocol (n =6

per group).

2.2.4.3 3D suspension condition using Vertical-Wheel® bioreactors enables scalability

Following one passage of 3D suspension culture, iPSC clusters were dissociated and
10x10° cells from 0.1 L Vertical-Wheel® bioreactors were seeded into 0.5 L Vertical-Wheel®
bioreactor with a constant rotational speed of 60 rpm and cultured for a 5-day expansion cycle
(Figure 2.2.4A). 3D suspension expanded cells in 0.1 L or 0.5 L Vertical-Wheel® bioreactors
demonstrated no difference in single cell size (Figure 2.2.4B) or viability (0.1 L: 86.0% [IQR
7.0] vs. 0.5 L: 86.5% [IQR 12.0], p = 0.5979); Figure 2.2.4C) throughout expansion. Volume
capacity of the Vertical-Wheel® bioreactor did not alter the cluster size distribution; most iPSC
clusters in 3D suspension were 175-250 um (range: 125-324 pum) by the end of the 5-day
expansion cycle regardless of the size of bioreactor used (Figure 2.2.4D). Following 3 days of

expansion, comparatively more cells were generated using 0.5 L Vertical-Wheel® bioreactors
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(0.1 L: 54.2x10° [TIQR 14.7x10%] vs. 0.5 L: 272.7 x10% [IQR 30.4 x10%], p < 0.0001), with even
greater expansion in 3D suspension after 5 days (0.1 L: 187.5x10° [IQR 60.4x10%] vs. 0.5 L:
997.1 [IQR 164.3], p <0.0001; Figure 2.2.4E). Scale up to 0.5 L Vertical-Wheel® bioreactor did
not affect fold expansion at day 3 (0. 1L: 27.1-fold [IQR 7.4] vs. 0.5 L: 28.3-fold [IQR 10.3],p =
0.3676) or day 5 (0.1 L: 93.8-fold [IQR 30.2]; vs. 0.5 L: 94.5 [IQR 34.7], p = 0.4923; Figure
2.2.4F). The number of cells generated per consumed mL of media at day 5 was significantly
higher for cells grown in 3D suspension, regardless of the size of Vertical-Wheel® bioreactor
used, compared to 2D planar condition (2D: 4.0x10° cells/ml [IQR 5.7x10* cells/ml] vs. 0.1 L:
1.2x10° cells/ml [IQR 4.0x10° cells/ml], p < 0.0001; 0.5 L: 1.3x10° cells/ml [IQR 2.7x10°
cells/ml], p <0.0001; Figure 2.2.4G). Scale up did not affect the number of cells generated per
consumed mL of media at day 3 or 5. Extrapolating from these data, the generation of 1 x10°
iPSCs would cost significantly less in 0.5 L Vertical-Wheel® bioreactors compared to
suspension culture in 0.1 L Vertical-Wheel® bioreactors or 2D planar culture (2D: $417.7 [IQR
$270.8] vs. 0.5 L: $70.4 [IQR § 18.4], p <0.0001; 0.1 L: $196.0 [IQR $58.9], p < 0.0001; 2022
Canadian Dollars; Figure 2.2.4H). The cost breakdown and comparison between 2D planar and
3D suspension conditions using 0.1 L and 0.5 L Vertical-Wheel® bioreactors is shown in Figure

2.2.41.
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Figure 2.2.4 Comparison of expansion potential between 0.1 L and 0.5 L Vertical-Wheel®

bioreactors.
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A) Schematic representation of the expansion protocol used with 0.5 L Vertical-Wheel®
bioreactor. B) Cell size following 3D cluster dissociation from 0.1 L and 0.5 L Vertical-Wheel®
bioreactor on days 0, 3, and 5 of expansion (n = 6). C) Cell viability following 5 days of cell
expansion comparing 2D and 3D conditions (n = 6). D) Cluster size distribution for clusters
grown in 0.1 L and 0.5 L Vertical-Wheel® bioreactors with frequency of clusters characterized
(n=3). E) Absolute cell number expansion using 0.1 L and 0.5 L Vertical-Wheel® bioreactors
(n=6). F) Fold expansion following 3 and 5 days of cell expansion in 0.1 L and 0.5 L Vertical-
Wheel® bioreactors (n = 6). G) Cell expansion per milliliter of consumed media following 5
days of cell expansion in 0.1 L and 0.5 L Vertical-Wheel® bioreactors and 2D planar conditions
(n=6). H) Cost associated to the generation of 100x106 cells following 2D planar or 3D
suspension conditions using 0.1 L or 0.5 L Vertical-Wheel® bioreactors. I) Representation of
cost associated to media, plate and growth matrix or reactor.

2.2.4.4 3D suspension condition promotes superior pluripotency phenotype

Qualitative assessment of protein level pluripotency marker expression by cells expanded
under both conditions was completed using immunohistochemistry and demonstrated that both
2D planar and 3D suspension expanded iPSCs displayed classical markers of pluripotency
including Oct4, Nanog, SSEA4, Sox2, Tra-1-60, and Tra-1-81 (Figure 2.2.5A). Quantification of
pluripotency markers using flow cytometry demonstrated that significantly more 3D expanded
cells co-express Oct4, Nanog, and Sox2 (2D: 52.5% [IQR 5.6%] vs. 3D: 94.3% [IQR 1.4%], p =
0.0079, Figure 2.2.5B-C), with more cells expanded in 2D planar culture failing to co-express
Tra-1-60 and Tra-1-81 (2D: 3.3% [IQR 0.9%] vs. 3D: 0% [IQR 0%], p = 0.0476, Table 2.2.1)
Complete gating strategies and quantification can be found in Appendix Figure S2.2.8 and Table

2.2.1 respectively.
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Table 2.2.1 Pluripotency Marker Expression of 2D and 3D expanded cells.

2D planar 3D Suspension p-value
Tra-1-60" Tra-1-81" 3.31% (IQR 0.95%) 0.00% (IQR 0.00%) 0.0476
Tra-1-60" Tra-1-81* 0.08% (IQR 0.04%) 0.00% (IQR 0.00%) 0.0476
Tra-1-60" Tra-1-81" 11.05% (IQR 2.83%) 1.20% (IQR 0.87%) 0.0952
Tra-1-60" Tra-1-81" 85.57% (IQR 3.75%) 98.80% (IQR 0.87%) 0.0952
Oct4” Nanog™ Sox2- 5.47% (IQR 2.21%) 0.09% (IQR 0.09%) 0.0476
Oct4 Nanog™ Sox2* 26.92% (IQR 5.98%) 1.13% (IQR 0.42%) 0.0079
Oct4 Nanog* Sox2 0.09% (IQR 0.04%) 0.01% (IQR 0.01%) 0.0873
Oct4" Nanog* Sox2* 5.89% (IQR 0.85%) 3.95% (IQR 1.30%) 0.3095
Oct4* Nanog Sox2- 0.27% (IQR 0.16%) 0.01% (IQR 0.01%) 0.0873
Oct4* Nanog™ Sox2* 6.46% (IQR 2.19%) 0.25% (IQR 0.08%) 0.0079
Oct4* Nanog" Sox2 0.32% (IQR 0.15%) 0.00% (IQR 0.00%) 0.0476
Oct4* Nanog* Sox2* 52.45% (IQR 5.61%) 94.25% (IQR 1.40%) 0.0079

Quantitative pluripotency marker expression on day 5 characterized by flow cytometry of cells
expanded in 2D planar and 3D suspension conditions with percent of total cells and p-value.

To evaluate cells from both conditions for spontaneous trilineage differentiation cells
were stained for ectoderm, endoderm and mesoderm markers (Figure 2.2.5D) and transcripts for
these markers were evaluated. Immunochemistry assessment showed that neither 2D planar or
3D suspension expanded cells expressed markers for ectoderm (Pax6 and OTX2), endoderm
(Sox17 and FoxA2) or mesoderm (CD31 and TBXT) (Figure 2.2.5D). Similarly, qRT-PCR
demonstrated that both 2D planar and 3D suspension cells did not demonstrate expression of
trilineage transcripts (Figure 2.2.5E and Appendix Figure S2.2.11B-D). Additionally, embryoid
bodies generated from 2D planar and 3D suspension expanded cells did not express trilineage
markers on immunohistochemistry or within their transcripts (Appendix Figure S2.2.11A-D).
Assessment of pluripotency marker expression at transcript level can be found in Appendix
Figure S2.2.11E-K. Although no spontaneous differentiation was noted, both 2D planar and 3D
suspension cells were capable of trilineage differentiation (Figure 2.2.5D-E).
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To study the effect of 2D planar and 3D suspension expansion on pluripotency status we
evaluated cells for primed (CD24 and CD90) and naive (CD130 and CD75) pluripotency
phenotype markers using flow cytometry. The differential expression of these markers has
previously been reviewed by Collier et al. (2017) demonstrating these to represent the most
specific markers for naive and primed pluripotency phenotypes 3°. Under 2D planar conditions,
98.5% (IQR 1.0%) and 99.6% (IQR 0.3%) of cells were CD24"CD130-and CD90"CD75",
respectively (Figure 2.2.5F). Following the first 3D suspension passage, iPSCs began expressing
naive iPSC markers and became CD24"CD130" and CD90"CD75". Gradual transition of iPSCs
from primed (CD24*CD130" and CD90"CD75) to naive (CD24°CD130" and CD90-CD75")
occurred with continued 3D suspension culture, with 98.40% (IQR 1.14] of cells being CD24~
CD130" and 99.10% (IQR 0.75%) being CD90-CD75" after 5 passages under 3D suspension
conditions (Figure 2.2.5). Complete flow cytometric analysis including pluripotency and
primed/naive marker expression upon 10 subsequent passages in 2D planar or 3D suspension
conditions can be found in Appendix Figure S2.2.12. Due to these findings, further 2D planar
and 3D suspension comparisons were made on cells expanded using each condition for at least 5

passages.
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Figure 2.2.5 Comparative quantification of pluripotency marker expression.

A) Immunohistochemistry evaluation of pluripotency marker expression for cells expanded using
2D and 3D cell culture. B) Flow cytometric analysis to quantify pluripotency marker expression
of iPSCs expanded in 2D and 3D conditions (n = 6 per group). Single stained results for the right
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panel can be found in Appendix Figure S2.2.8B. C) Quantification of pluripotency marker
expression of iPSCs expanded in 2D and 3D conditions (n = 6 per group). D) Flow cytometric
analysis to show the expression of CD24, CD130, CD90 and CD75 upon the transition of iPSCs
from 2D to 3D conditions (n = 3 per group). E) Comparison of the expression of key mesoderm,
ectoderm and endoderm lineage associated genes among iPSCs cultured in 2D and 3D conditions
as well as differentiated cells cultured under 2D and 3D conditions. F) Flow cytometric analysis
of the transition of primed to naive cells. Single cells were selected and examined for the
expression of CD24, CD130, CD90 and CD75.

2.2.4.5 3D suspension conditions induce transcriptional changes without promoting copy

number variations

Genetic analysis evaluating the most frequently mutated genomic locations during iPSC
expansion showed that both 2D planar and 3D suspension conditions did not demonstrate any
deletions or duplications (Figure 2.2.6A). Transcriptomic analysis of pluripotency genes showed
that iPSCs expanded under both conditions had upregulated pluripotency gene transcription,
including POUS5F 1, Nanog and Sox2, compared to the patient derived PBMCs and the PBMCs 4-
days after Sendai virus infection (Figure 2.2.6B). More importantly, under 2D planar and 3D
suspension conditions biological replicates clustered independently from each other, highlighting
the effect that culture conditions have on iPSC transcriptomics. 2D planar cells transcribed
significantly more FGF2 (2D: 31114.0 [IQR 11024.0] vs. 3D: 6909.0 [IQR 3901.0], p = 0.0049),
DNMT3B (2D: 9.3 [IQR 3.8] vs. 3D: 3.7 [IQR 0.9], p = 0.0038), /D0I (2D: 1.8 [IQR 0.6] vs. 3D:
0.24 [TIQR 0.2], p =0.0131), and XIST (2D: 0.4 [IQR 0.08] vs. 3D: 0.08 [IQR 0.08], p = 0.0083)
than 3D suspension cells, while 3D suspension cells transcribed significantly more GDF3 (2D:

2852.0 [IQR 610.0] vs. 3D: 20211.0 [IQR 4420.0], p = 0.0068), KLF4 (2D: 38.0 [IQR 2.4] vs.
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3D: 57.6 [IQR 9.6], p = 0.0019), Nanog (2D: 234.7 [IQR 15.2] vs. 3D: 405.0 [IQR 37.9], p =

0.0002) and c-Myc (2D: 55.8 [IQR 18.1] vs. 3D: 145.5 [IQR 39.6], p = 0.0046) (Figure 2.2.6C).
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Figure 2.2.6 Comparative assessment of chromosomal stability and gene expression.

147



A) Quantitative PCR evaluation of the established iPSC line frequently for genetic abnormalities
within cells expanded in 2D and 3D conditions (n = 3 per group). B) Heat map showcasing
differential gene expression between cells expanded in 2D and 3D conditions. C) Differential
expression in 2D and 3D of primed markers FGF2, DNMT3B, IDO1 and XIST, and naive
markers GDF3, KLF4, Nanog and c-Myc (all n = 3 per group).

2.2.4.6 iPSCs expanded using 3D suspension conditions generate more mature teratomas with

fewer proliferative cells

To assess the impact of iPSC expansion conditions on in vivo pluripotency potential, cells
from both conditions underwent renal subcapsular transplantation followed by graft harvest and
assessment after 8§ weeks of in vivo maturation (Figure 2.2.7A). Cells from both conditions
produced teratomas of equal size (2D: 26.5 mm [IQR 7.5 mm] vs. 3D: 26.5 mm [IQR 6.5 mm], p
= 0.85; Figure 2.2.7B). However, morphology of the grafts generated by 2D planar and 3D
suspension conditions differed, with 2D planar cells generating solid grafts and 3D suspension
cells producing fluid-filled cystic grafts (Figure 2.2.7C). Histological assessment following H&E
staining of the recovered grafts showed that all grafts had representative tissues from the three
germ layer lineages (i.e. teratomas) (Figure 2.2.7D). Graft characterization with
immunohistochemistry demonstrated expression of PAX6 (ectoderm), SOX17 (endoderm), and
CD31 (mesoderm) further confirming trilineage differentiation capacity (Figure 2.2.7D).
Teratomas from 3D expanded iPSCs assessed by a trained pathologist represented more mature
ectoderm, mesoderm and endoderm tissues identified as exoskeletal stratified epithelial, mature
muscle fibers and duct-glandular regions compared to the less mature tissues found in teratomas
from 2D expanded cells visualized as neural rosettes, chondrocytes, and glandular tissue.

Immunohistochemistry labelling for Ki67 demonstrated statistically fewer proliferative cells
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within the grafts generated from 3D suspension cells (2D: 45.3% [IQR 3.0%] vs. 3D: 16.7%

[IQR 3.2%], p = 0.002; Figure 2.2.7E) regardless of the germ layer evaluated (Figure 2.2.7F).
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Figure 2.2.7 Teratoma formation assessment and comparison between iPSC expansion
protocols.
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A) Overview of process used for teratoma assay to characterize in vivo maturation of iPSCs (n =
6 per group). B) Teratomas excised from transplanted mice with size comparison of grafts
achieved from cells expanded in 2D planar and 3D suspension conditions. C) Hematoxylin and
eosin (H&E) staining of iPSC grafts transplanted into the renal subcapsular space following 2D
and 3D cell expansion. D) Histological characterization of iPSC derived tumors demonstrating
structures compatible with the three germ layers compatible with teratomas using H&E staining.
Immunohistochemistry staining of iPSC grafts transplanted into the renal subcapsular space
following 2D and 3D cell expansion with staining for PAX6 (ectoderm), SOX17 (endoderm),
and CD31 (mesoderm) markers. Immunohistochemistry evaluation of Ki67 expression within 2D
and 3D derived iPSCs with quantification of expression E) and F) All analyses represent n = 3
per group.

2.2.5 Discussion

This study presents a novel scalable iPSC expansion protocol using 3D suspension
culture within Vertical-Wheel® bioreactors, achieving the greatest fold iPSC expansion in 5 days
using these bioreactors reported to date. Cells expanded using this protocol acquire superior
pluripotency phenotype compared to 2D planar expanded cells. Overall, as opposed to 2D planar
culture, 3D suspension culture within Vertical-Wheel® bioreactors enables sufficient iPSC
expansion for clinical implementation and offers a superior biomanufacturing process for
economical, large volume generation of consistent, high quality cell products that advances
clinical implementation of iPSC-derived cell therapies.

Compared to previous iPSC expansion protocols (Table 2.2.2), our protocol offers
superior cell expansion with optimal cell cluster size consistency. Earlier studies by Nogueira et
al. (2019) and Rodrigues et al. (2018) expanded cells using single-use Vertical-Wheel®
bioreactors and achieved <10-fold expansion over 5-6 days %!, More recently, two parallel
studies by Borys et al. (2020) and Dang et al. (2021) demonstrated 30-fold iPSC expansion in 6

days and 62-fold iPSC expansion in 7 days, respectively, using Vertical-Wheel® bioreactors
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2728 Alternatively, Manstein et al. (2021) demonstrated 70-fold iPSC expansion after 7 days
using automated stirred tank bioreactors 2. However, evidence from Borys et al. (2021)
demonstrates caveats to horizontal-blade bioreactors due to high fluid force heterogeneity
resulting in significant variation in cluster size compared to Vertical-Wheel® bioreactors.
Replication of the Dang et al. (2021) protocol using StemFlex media in our hands achieved
180.8-fold expansion but unfortunately generated large >600 um clusters. Previous literature
demonstrates that cell clusters <400 um are optimal for differentiation and downstream cell

product generation by limiting central core necrosis 2’4

. Therefore, although the Dang et al.
(2021) protocol achieved substantial cell expansion, the updated 5-day protocol presented here
has superior cell expansion at day 5 and achieves an optimal iPSC cluster size with a more
consistent cluster size distribution that is better for subsequent differentiation *4. Overall, our
modified expansion protocol demonstrates increased expansion (93.8-fold) over 5 days while
maintaining consistent cell cluster sizes, indicative of a homogenous cell population. Reasons for

this substantial increase in expansion using this protocol include use of StemFlex growth media,

early dilution of RocklI on day 2 of expansion, and optimally timed media changes.

Table 2.2.2 Comparison of recent published 3D suspension iPSC expansions studies in
different bioreactor geometries.

Reference  Year iPSC Cell Lines Used Media Bioreactor Size Highest Fold
and Type Expansion/Days
Elanzew et al S0 mL, Tube
45 © 2015 iLB-C-31f-rl mTeSR1, E8 rotation 5-fold / 4 days
(BioLevitator)

100 mL, Horizontal-
2015 201B7, 253G1 mTeSR1 blade (Integra 10-fold / 12 days
Biosciences)

Haraguchi et
al. 46
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Badenes et al.
47

Kropp et al. 26

Meng et al. 48

Abecasis et al.
49

Kwok et al. 3

Rodrigues et
al. 4

Noguiera et al.
51

Borys et al. 7’

Borys et al. 2°

Manstein et
al. 32

2016

2016

2017

2017

2018

2018

2019

2020

2021

2021

Gibco CD34+ derived

hCBiPS2,

hHSC_F1285T iPS2

4YA, 4YF

ChiPS C4, ChiPS C12,
ChiPS C15, ChiPS
C18, ChiPS C22

AFiPS, FSiPS

F002.1A.13, Gibco
Human Episomal iPSC

F002.1A.13, Gibco
Human Episomal iPSC

4YA

4YA

MHHi006-A,
MHHi001-A,
MHHi008-A

E8

mTeSR1, E§

mTeSR1

Cellartis DEF-
CS Xeno-Free

mTeSR1,
StemMACs
1PS-Brew

E8

mTeSR1,
mTeSR3D

mTeSR1

mTeSR1

E8

50 mL, Horizontal-
blade (StemSpan)

250 mL, Eight blade
impeller (DASbox)

100 mL, Horizontal-
blade (NDS)

200 mL, Trapezoid-
paddle (DASGIP)

125 mL, Horizontal-
blade (Corning)

1000 mL,
Horizontal-blade
(Mobius)

0.1 L, Vertical-
Wheel® (PBS
Biotech)

0.5 L, Vertical-
Wheel® (PBS
Biotech)

0.1 L, Vertical-
Wheel® (PBS
Biotech)

0.1 L Vertical-
Wheel® (PBS
Biotech)
0.1 L, Vertical-
Wheel® (PBS
Biotech)

0.5 L, Vertical-
Wheel® (PBS
Biotech)

250 mL, Eight blade
impeller (DASbox)

3.5-fold / 10 days

6-fold / 7 days

12-to 13-fold / 5
days

19-fold / 4 days

16-fold / 7 days

6.7-fold / 6 days

9.3-fold / 5 days

32-fold / 6 days

32-fold / 6 days

70-fold / 7 days
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0.1 L mL, Vertical-
Wheel® (PBS

mTeSR1, Biotech)

28
Dangetal. ® 2021 4YA Modified B8

62-fold / 7 days
0.5 L, Vertical-
Wheel® (PBS
Biotech)
0.1 L mL, Vertical-
Wheel® (PBS
Biotech)
StemFlex 93.8-fold / 5 days
0.5 L, Vertical-
Wheel® (PBS
Biotech)

Current Healthy donor derived
2023 .
protocol cell lines

(Table adapted from Borys et al. (2020))?’

This protocol’s modifications were based on several iterations and prior literature. First,
StemFlex media was used as it contains thermostable FGF2; FGF2 has previously been
described as a limiting factor for the expansion of human iPSCs . FGF2 promotes
phosphorylation of mitogen-activated protein kinases (MEK) and extracellular signal-regulated
kinases (ERKs) to improve cell expansion, maintain cell pluripotency, reduce spontaneous

differentiation, and direct cells towards a naive pluripotency state 3457

. Replication of the Dang
et al. (2021) protocol using StemFlex resulted in higher fold expansion (180.8 vs. 62) than
reported by their group using either mTeSR1 or modified B8 media 28, supporting the importance
of thermostable FGF2 supplementation. However, considering that our protocol still achieves
superior fold expansion at day 5 compared to the Dang (2021) protocol, it is likely that StemFlex
alone is not the only factor contributing to this study’s results.

In addition to StemFlex use, early Rockl elimination and media change at day 3 also

contributed to the increased expansion potential of our protocol. Despite the role of Rockl in

early single cell survival and clustering, we diluted RockI on day 1 because it has also been
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described to reduce iPSC proliferation %. Similarly, media exchange on day 3 was utilized to
ensure appropriate nutrient availability during the exponential growth phase. Assessment of the
pH and metabolite concentration available in the culture supernatant during expansion ensured
that reduced proliferation in 2D planar expanded iPSCs was not a result of unfavourable
environment (pH or lactate) or decreased metabolite availability (glucose or glutamine).
Interestingly, lactate dehydrogenase and ammonia concentration were increased in the 2D planar
expansion media compared to the 3D suspension media, which suggests increased cell death and
catabolism of amino acids in 2D planar conditions. Indeed, the combination of early RockI and
ensuring adequate nutrient conditions for cells with only 2 media changes maximizes cell growth
and economic benefits of our updated protocol.

Overall, it is likely that a combination of StemFlex media, early Rockl removal, and
optimally timed media exchanges promotes superior expansion demonstrated using this protocol.
These changes optimized cell expansion and correlated with an increased percentage of
proliferative (Ki67") iPSCs and increased population doubling level. Practically, this means that
although our protocol requires expensive bioreactors and uses more media, the total cost to
generate 100x10°iPSCs using 3D suspension condition is only 46.9% of the total cost compared
to 2D planar condition — an attractive advantage for scalability. Furthermore, expansion using 0.5
L bioreactors offers even greater opportunity for cell expansion with increased cost savings and a
much more scalable, robust process with fewer user interventions and the option of future
automation to further increase repeatability.

In addition to demonstrating improved iPSC expansion, this study shows that 3D

suspension expanded cells better express pluripotency markers and transition to a naive
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pluripotency phenotype >, Stem cell culture with thermostable FGF2 has previously resulted
in similar findings, potentially accounting for some of these results >+37. Notably, the
requirement for exogenous FGF2 supplementation should not be confused with reduced
endogenous FGF?2 expression by 3D suspension expanded cells, as this represents independence
from the MEK-ERK pathway, an important marker of naive pluripotency phenotype '4%4.
Regardless, both 2D planar and 3D suspension cells benefited from thermostable FGF2.
Therefore, we hypothesize that phenotypic changes in 3D expanded cells occur due to growth
within clusters that mimics epiblastic structures with supporting integrin microstructure provided

65-67

by nearby cells . This structural support allows aktl activation downstream from FGF2,

resulting in FGF2 independence ¢’. Key advantages of the naive pluripotency state have

68,69, and

previously been well described including their improved capacity for differentiation
expansion with cell doubling time half that of their primed counterparts 8.

While cells expanded using each method were capable of in vitro trilineage
differentiation, more thorough in vivo evaluation using the teratoma assay further supports the
findings of a naive phenotype of 3D suspension expanded cells. Teratomas generated from 3D
suspension expanded cells had increased tissue maturity and decreased proliferation; others have
demonstrated that lineage potential is protected in naive cells, whereby naive pluripotent cells
can better differentiate and form mature teratoma tissue . Clinically, increasingly mature
teratomas have reduced risk of malignant transformation %!, Although limited studies exist
evaluating the safety of iPSC therapies clinically, tumorigenic risk due to residual iPSCs remains

a concern. As iPSC-derived cell therapies transition towards clinical applications, further

optimization of expansion protocols is crucial to ensure scalability and safety of cell therapies.

156



Assessment of the in vitro and in vivo characterization of cells expanded in 2D planar and 3D
suspension conditions suggests that 3D suspension condition offers a potentially safer cell
product with reduced risk of malignant and proliferative off-target growth originating from
remnant non-differentiated iPSCs 773,

These promising findings supporting iPSC expansion within Vertical-Wheel®
bioreactors should be considered in the context of important limitations. First, while we provide
one of the first direct comparisons of 2D planar to 3D suspension expansion techniques, both
remain specific to the cell source origin, iPSC reprogramming techniques, matrices, bioreactors,
and media used in this study. Previous studies have demonstrated that iPSC cell source does not
affect subsequent expansion, however, limited studies have compared iPSC generation
techniques (Sendai virus vs. other) ™. It is possible that other 2D planar matrices could provide
similarly high quality iPSCs during expansion as those achieved in 3D suspension conditions;
however, these matrices would confer an even greater cost limiting their translational
applicability. Similarly, while we have demonstrated identical expansion capacity and cost
savings by using 5-fold larger 0.5 L bioreactors, further expansion using large commercial
bioreactors (e.g., 3 L-15 L) remains untested and may not achieve similar efficacy due to
differences in metabolism, hydrodynamic forces experienced by the cells, and the introduction of
computer-controlled systems. Further evaluation of these factors during scale up remain of
importance for future investigation. However, the ability to control pH and dissolved oxygen at
precise levels in the liquid in larger bioreactors would most likely offset any additional
complexities during scale up. Future studies evaluating larger bioreactors are needed, especially

with regards to potential allogeneic cellular transplantation techniques whereby a single cell
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source could be expanded for many patients. Additionally, the mice used for teratoma assay were
all male since female mice were allocated for breeding at the time of these experiments; sex has
previously been shown to not affect the outcome of teratoma assays 7> but could potentially
impact our results. Finally, this study offer data from 4 healthy donor iPSC lines and it remains
unclear if patient factors will affect iPSC generation or expansion.

Considering ongoing optimization of iPSC-derived cell products, the importance of
generating and exponentially expanding a reliable iPSC starting product should not be
overlooked and will continue to become increasingly valuable as we approach broader clinical
implementation. Despite these limitations, this study offers an updated iPSC expansion protocol
achieving the greatest fold growth over 5 days reported to date using Vertical-Wheel®
bioreactors. Not only does this protocol achieve superior cell expansion to previously reported
2D planar, and 3D suspension protocols using Vertical-Wheel® reactors, but yields iPSCs with

superior pluripotency marker expression and a naive pluripotency phenotype.

2.2.6 Conclusions

This study demonstrates an improved iPSC expansion protocol using 3D Vertical-
Wheel® bioreactors achieving almost 100-fold expansion over 5-days, representing the largest
iPSC expansion reported to date. The ensuing 3D suspension expanded cell product appears to
have improved expression of pluripotency markers with transition towards a naive stem cell
phenotype. Additionally, 3D suspension expanded cells are capable of trilineage differentiation

and generate more mature and less proliferative teratomas. These results support application of
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3D suspension techniques using Vertical-Wheel® bioreactors to efficiently produce high-quality

iPSCs for subsequent differentiation into cell products for clinical implementation.
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Figure S2.2.8 Extended quality control performed on reprogrammed iPSC lines.
A) Gating strategy used for flow cytometric analysis of the selected iPSC line with isotype
control. Briefly, forward and side scatter was used to identify the cell population and remove

debris and other events of non-interest based on size and complexity. Width and height of cells
was used to exclude the double or multiple cells from single cells. Single cells were selected for

further analysis and examined for the expression of Oct4, SSEA4, Nanog and Sox2. Isotype
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controls were used to accurately gate positive staining and data were acquired using the
CytoFLEX S flow cytometer and analysed using the CytExpert software (Beckman Coulter). B)
Gating strategy for cytometric analysis of Tra-1-60 and Tra-1-81 with single stain results. C)
Clearance of reprogramming vectors and lack of mycoplasma contamination. To test the absence
of the Sendai reprogramming vectors a PCR that detects the Sendai virus genome and the
transgenes, was used. PCR products were analysed by 1% agarose gel electrophoresis. iPSCs
were tested for the expression of Sev, KOS, KLF4, and c-Myc with -actin as an internal control.
Infected PBMC were used as positive control for transgene presence while un-infected PBMC
were used as negative control. F) Similarly, Mycoplasma PCR Detection Kit was used to detect
contamination by 200+ strains of Mycoplasmas. This kit includes a positive Mycoplasma control
and water was used as negative control. Full-length blots/gels are presented.
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Figure S2.2.9 Expansion and evaluation of four iPSC lines expanded in 2D planar and 3D

suspension cell culture.

A) Cell size following 3D suspension cluster dissociation and 2D cell passaging on days 0, 3,

and 5 of expansion of three iPSC lines. B) Absolute cell number expansion using 2D planar and
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3D suspension cell culture of three iPSC lines. G) Fold expansion following 3 and 5 days of cell
expansion in 2D planar and 3D suspension cell culture of three iPSC lines.
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Figure S2.2.10 pH and metabolite concentration in media of induced pluripotent stem cells
(iPSCs) expanded in two-dimensional planar (2D) and three-dimensional suspension (3D)
cell culture conditions.

A) pH of cell culture media over time for expanded iPSCs in 2D and 3D conditions (n = 3 per
group). C) Glucose concentration of cell culture media over time for expanded iPSCs in 2D and
3D conditions (n = 3 per group). E) Lactate concentration of cell culture media over time for
expanded iPSCs in 2D and 3D conditions (n = 3 per group). G) Glutamine concentration of cell
culture media over time for expanded iPSCs in 2D and 3D conditions (n = 3 per group). I)
Lactate dehydrogenase concentration of cell culture media over time for expanded iPSCs in 2D
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and 3D conditions (n = 3 per group). K) Ammonia concentration of cell culture media over time
for expanded iPSCs in 2D and 3D conditions (n = 3 per group).

164



A) Ectoderm

OTX2/PAX6

Endoderm
Sox17/FoxA2

Mesoderm
TBXT/CD31

Morphology

s

[aa]
w
[a]
N
m
w
[m]
(30
B) Ectoderm C) Endoderm D) Mesoderm
Pax6 omx2 Sox17 FoxA2 CD31 TBXT
20 20 p<0.0001 20 20 p<0.0001 20 <0.0001
<0001 <0000 p<00001
15 p <0.0001 15 p <0.0001 p<0.0001 <0.0001 00001 <0007
. . 15 p< 15 P <0.0001
<0.0001 =0.0428
P <0.0001 p <0001 p <0.0001
_ p<00001 _ p <0.0001 _ - = 5
g 3 ERT) g 10 g g 10
& & 3 p<0.0001 ] % i
p<0.0001
0.5 0.5 05 0.5 0.5
00 00 0 00 00
S Q@ & QL A 5 QS Q@ A S @ .S & A S Q.S L d QS &K
PRI S R 57 sC 8 s E TS 557
Q & S & T © o & o & o S
S P T ¢ ® S P HF ¢ & e
& E S E &
E) F) FGF2 G) DNMT3B H) D01
400000 0.0010 0.005
p =0.02686
. 0.0008 N 0.004
300000 .
_ _0.0006 0003
8 3 3
3200000 E * E
] 2 S
0.0004 0.002
100000
0.0002 0.001
0 0.0000 0.000
2 2 2 2 Q2 2
& < Q@ 0@ 0@ 0@
[ LS § L D
N GDF3 J) Nanog K) c-Myc
20000 400 1001 p-00286
p=0.0286
p=0.0286 4
‘ 80
4 15000 300
_ _ 60
8 3 3
2 10000 3 200 El
& X a
40
.
5000 100
20
0 0 0
& & & L & &
S [N Y [ Y

Figure S2.2.11 Comparison of embryoid bodies generated from iPSCs expanded through
2D planar and 3D suspension culture conditions.
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A) Microscopy showing embryoid body morphology and immunohistochemistry of embryoid
bodies evaluating ectoderm, mesoderm, and endoderm markers to assess spontaneous
differentiation. B) Transcriptomic assessment of embryoid bodies generated from 2D planar and
3D suspension iPSCs with comparison to cells expanded in 2D planar and 3D suspension culture
conditions. C) Transcriptomic assessment of ectoderm, mesoderm, and endoderm gene
expression within embryoid bodies generated from 2D planar and 3D suspension conditions and
iPSCs expanded using 2D planar and 3D suspension culture conditions.
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Figure S2.2.12 Flow cytometric cell characterization following 1, S, and 10 passages using
2D planar and 3D suspension iPSC expansion.
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Characterization of Oct4, SSEA4, Sox2, Nanog, Tra-1-60, and Tra-1-81 pluripotency markers,
CD24, CD130, CD90, CD75, naive/prime markers, and Ki67 during iPSC expansion using 2D

planar and 3D suspension approaches following A) 1 passage, B) 5 passages, and C) 10

passages.
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Figure S2.2.13 Transcript assessment of iPSCs expanded using 2D planar and 3D
suspension protocols.
Only statistically significant differences are noted within graphs.
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Table S2.2.3 Patient demographics used in this study.

iPSC line Age Sex Gender
#1 53 Female Female
#2 43 Female Female
#3 28 Male Male
#4 29 Male Male

Health status
Healthy
Healthy
Healthy
Healthy

Table S2.2.4 Polymerase chain reaction mix used for assessment of viral clearance in

iPSCs.
Reagent 10 pL total volume
*Template DNA 1.0 uL
Primers F & R 2.0 uL
Master Mix 5.0 uL
Nuclease free water 2.0 uL
Total Volume: 10 uL

x3.2 reactions
6.4 uL
16.0 uL

6.4 uL
32 ul

*x3.2 reactions were prepared to allow for 1 tube containing the test sample one for the positive
control (Beta actin) well and one for the negative control (nuclease free water).

Table S2.2.5 Forward and reverse primer sequences for polymerase chain reaction

assessment of viral clearance in induced pluripotent stem cells.

Product Size

Gene ID Forward Primer Reverse Primer .
(base pair)
SEV GGA TCA CTA GGT GAT ATC ACC AGA CAA GAG TTT AAG 181
GAGC AGA TAT GTA TC
KOS ATG CAC CGC TAC GAC GTG ACCTTG ACA ATC CTG ATG 578
AGC GC TGG
CMYC TAA CTG ACT AGC AGG CTT TCC ACA TAC AGT CCT GGA 532
GTC G TGA TGA TG
KLF TICCTG CAGTC(C}CCC AGA GGA AAT GTA TCG AAG GTG CTC AA 410
H‘g‘;g‘l‘l EEE TT&éTG AGGGCT | 500 ATC TCG TTC TCG AAG TC 195

These sequences were adapted from CytoTune iPS 2.0 Sendai Reprogramming Kit (Thermo

Fisher cat. A16517).
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Table S2.2.6Thermocycler sequence for Viral Screening PCR

Temperature
95°
95°
55°
72°
72°

Duration
5 minutes
30 seconds
30 seconds
30 seconds
5 minutes

Cycles
1

34

1

Table S2.2.7. Quantitative Polymerase Chain Reaction Sequence for Karyotype Analysis

Stage

Polymerase

Activation
Denature
Anneal

Table S2.2.8 Thermo Fisher TagMan Micro Array configuration.
Amplicon
Length

Assay ID

Hs01053790_m
1

Hs00923299 m
Hs006019603_m
Hs010219144_m
Hs001817842_m
Hs0020a257_m
Hs010213895_m
H5001712106_m
Hs001715480_m
1

Hs00607978_s1

Hs99999905_m
H5009919691_m
Hs009115142_m
H5002312764_m

Gene

ABCG2
ACVRI1
B

ACVR2
B

ALPL

B2M

CD274

CDH1

CIITA

CTLA4

CXCR4

GAPDH

FGF4

FGFR1

FOXA2

Gene Name(s)

ATP binding cassette
subfamily G member 2
(Junior blood group)
activin A receptor type
1B
activin A receptor type
2B

alkaline phosphatase
beta-2-microglobulin
CD274 molecule
cadherin 1

class I1

cytotoxic T-lymphocyte
associated protein 4
C-X-C motif
chemokine receptor 4

fibroblast growth factor
4
fibroblast growth factor
receptor 1

forkhead box A2

Cycles Temperature (°C)
1 95.0
95.0
40 60.0

Species

Human

Human

Human

Human
Human

Human

Human
Human
Human
Human
Human

Human

Cycling Time
(min:sec)

3:00

0:05
0:30

83

74

101

64

77

80

93

153

130

62

66

Best
Coverage

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

3!
Most
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Hs00231106_m
1
Hs01106466_s1
Hs00171403_m
1
Hs00220998_m
1

Hs01058806_g
1

Hs00818803 g
1

Hs00167041_m
1
Hs00230853_m
1

Hs99999909_m
1

Hs00961622_m

Hs001711131_m

Hs002315006_m

Hs010411011_m

Hs0017{1029_m

Hs003518836_m
1

Hs00702808_s1

Hs00153408_m
1

Hs04260366_g
1
Hs00240871_m
1
Hs00236830_m
1
Hs01574644_m
1
Hs00210532_m
1
Hs04260367_g
H
Hs00751752_s1

Hs01053049_s1

FOXO1
FUT4
GATA4

GDF3

HLA-A

HLA-B

HNF1A

HNF4A

HPRT1

IL10

IL6

ITGALI

ITGA6

KIT

KLF4
LIN28A

MYC

NANOG

PAX6

PDX1

PODXL

PODXL2

POUSF1

SOX17
SOX2

forkhead box O1

fucosyltransferase 4
GATA binding protein
4
growth differentiation
factor 3
major
histocompatibility
complex
major
histocompatibility
complex
HNF1 homeobox A

hepatocyte nuclear
factor 4 alpha
hypoxanthine
phosphoribosyltransfer
ase 1

interleukin 10
interleukin 6
integrin subunit alpha 1

integrin subunit alpha 6

KIT proto-oncogene
receptor tyrosine kinase

Kruppel like factor 4
lin-28 homolog A
v-myc avian

myelocytomatosis viral
oncogene homolog

Nanog homeobox

paired box 6

pancreatic and
duodenal homeobox 1

podocalyxin like

podocalyxin like 2

POU class 5 homeobox
1
SRY-box 17

SRY-box 2

Human
Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

Human

103
152
68

65

96

49

100

74

95

87

64

64

110
143

107

99

76

73

82

73

77

149
91

Yes
Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes
Yes

Yes
Yes

Yes

Yes

Yes

Yes

Yes
Yes

Yes

Yes

Yes

Yes

Yes
Yes
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Hs00165814_m

IIs00262645_n1

IIs009li929_n1

11s009f;656_nn

IIs0090i219_n1
1

Hs00864535_s1

Hs01938187_s1

Mr04269880
mr

Mr04421257_
mr

SOX9

FGF2

TBX2

TERT

TPBG

UTF1

ZFP42

SEV

SEV-
KOS

SRY-box 9

fibroblast growth factor
2

T-box 2

telomerase reverse
transcriptase
trophoblast
glycoprotein
undifferentiated
embryonic cell
transcription factor 1
ZFP42 zinc finger
protein

Sendai

Sendai-KLF4-KOS

Table S2.2.9 Sequences and amplicon length of primers used for RT-PCR assessment.

Gene Forward Primer
GTTAGGGACAGTGAGTTAGAAATTG
XIST T
DNMT3B CTGGCGTCTGAGCCTTCG
CD31 CTGAGGAATTGCTGTGTTCTGTG
TBXT CCAGTGCGTTCAGCATCG
CACTTAAAAGTGATGGGATTGACTG
Paxé6
TCT
NES CACCCCTAAGTCCCCAGTG
oTx2 CCCTCTAAGGCCCTTCGTTTIT
IDO1 CCCTGTGATAAACTGTGGTCACT

Table S2.2.10 Antibodies and concentrations used for flow cytometry and

immunohistochemistry.
Primary
Antibody
Antibody Fluorophore Supplier
(catalog
number)

Human 102 Yes Yes
Human 82 Yes No
Human 60 Yes No
Human 79 No No
Human 100 No No
Human 102 Yes Yes
Human 146 Yes Yes
Markers
&
Reporter ) Ne e
S
Markers
&
Reporter 80 No No
S
. Amplicon
Reverse Primer Length
CTGGACTCAGTAACACCCCTTTC 512
ATTGAGATGCCTGGTGTCTCC 268
CTGCTTTGCATTTTCTTTGAGAAG
274
TG
CTACCAAGAGCTGCCTCCAC 254
ACAGCCCTCACAAACACCTAC 244
GGAGCAGTCTGAGGAAGTGG 234
GCTTGGATTATAAGGACCAAACT
GC 266
CCACAGTTGTTCAGTAGAAGTTA 274
ACTTG
Secondary
Antlquy Dilution Dilution for
Supplier for flow . . .
immunohistochemistry
(catalog cytometry
number)
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Tra-1-60
Tra-1-81
Oct4
Nanog
Nanog
Sox2
Ki-67

Ki-67

SSEA4

CD-24
CD130

PAX6
CD184
CDh31
Sox17
FoxA2
Otx2

TBXT

FITC
Cy3
BV421
PE
FITC

FITC

PerCP-Cy
5.5

Secondary
PE

Secondary
APC

BV-786
BB700

Secondary:

APC

BV421
Secondary
PE
Secondary
FITC
Secondary
PE
Secondary
FITC
Secondary
FITC

Invitrogen
(A25617)
EMD Millipore
(MAB4381C3)
EMD Millipore
(MAB4419A4)
Invitrogen (PAS-
46891)
EMD Millipore
(MABBD24A4)
Invitrogen (53-
9811-82)

BD (561284)

Abcam
(ab15580)

Invitrogen
(MA1-021)

BD (740971)
BD (746079)

Fisher (42-6600)

BD (562448)
Abcam
(ab28364)

R&D (963121)
Abcam (108422)
R&D (963273)

R&D (963427)

Sigma
(A11036)
Jackson
Immuno
(115-135-
164)

(Jackson
Immuno)
115-135-
164
Sigma
(A11036)
Thermo
(A16000)
Sigma
(A11036)
Thermo
(A16000)
Thermo
(A16000)

1:100

1:100

1:100

1:100

N/A

1:100

1:50

N/A

1:100

1:100
1:100

N/A

N/A

N/A

N/A

N/A

N/A

N/A

1:100

1:100

1:100

N/A

1:100

1:100

N/A

:50

1:100

1:100
1:100

1:200

1:100

1:50

1:10

1:50

1:10

1:10

*All secondaries for flow cytometry were used at a 1:500 concentration and all secondaries for

immunohistochemistry were used at a 1:250 concentration.
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Chapter Summary:

Chapter 3 includes a review and preclinical study both focused on optimizing generation
of stem cell-derived islets. Subsection 3.1 first provides an overview of current differentiation
protocols and the embryological pathway for islet generation. The review also discusses potential
approaches to optimize differentiation but also to reduce off-target populations. This knowledge
is then translated into a preclinical study (chapter 3.2) where 32 different protocols are evaluated
to generate an optimized islet differentiation process. Subsequently, islet-like cells from this
differentiation are characterized throughout their transition from induced pluripotent stem cells
to islets with transplant into a mouse model and graft evaluation. Most importantly, we
demonstrate that this differentiation protocol is applicable in three-dimensional suspension
culture within Vertical-Wheel® bioreactors, demonstrating an approach to maximize cell product

and reduce costs.
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Abstract

Islet transplantation is a highly effective treatment for select patients with type 1 diabetes. Unfortunately, current use is limited
to those with brittle disease due to donor limitations and immunosuppression requirements. Discovery of factors for induction of
pluripotent stem cells from adult somatic cells into a malleable state has reinvigorated the possibility of autologous-based regen-
erative cell therapies. Similarly, recent progress in allogeneic human embryonic stem cell islet products is showing early success
in clinical trials. Describing safe and standardized differentiation protocols with clear pathways to optimize yield and minimize
off-target growth is needed to efficiently move the field forward. This review discusses current islet differentiation protocols with
a detailed break-down of differentiation stages to guide step-wise controlled generation of functional islet products.

Keywords Islet cell transplant - Diabetes - Inducible pluripotent stem cells - Differentiation

Introduction

Islet transplantation (ITx) has shown to be a highly effective
treatment for type 1 diabetes mellitus (T1D) in patients with
hypoglycemia and brittle disease [85]. Recent long-term
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outcomes have demonstrated 10-year graft survival rates
of 78% coupled with substantial improvements in insulin
requirements, glycemic control, and mortality [71, 113,
133, 138]. Despite these promising outcomes, the primary
barriers for ITx remain immunosuppression requirements
and limited donor organ supply. Stem cell (SC)-derived
islet cell production has long been considered as an option
to surmount these barriers [18, 152]. Drs. Takahashi and
Yamanaka’s discovery of controllable factors for induction
of pluripotent stem cells (iPSCs) from adult somatic cells,
has reinvigorated the possibility of autologous-based cell
regenerative therapies [137]. Similarly, recent progress in
human allogeneic embryonic stem cell (hESC) islet products
is showing early success in clinical testing [102, 114], while
efforts are underway to make these cells less immunogenic
through gene editing. Efficiently and safely differentiating
SCs into functional islets could provide an unlimited supply
of hypo- or non-immunogenic cells for p-cell replacement
therapies [67, 137, 138].

Multiple groups have successfully generated mature and
functional islets from SCs that are capable of reversing dia-
betes in preclinical models [S1, 52, 92, 99, 134]. Despite
success, differentiation protocols remain highly heterog-
enous [51, 52, 92, 99, 134]. Inadvertent production of off-
target cells remains a major issue, with numerous techniques
to ensure product safety by eliminating off-target growth
described [9-12, 121, 136]. To move the field forward,
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3.1.1 Abstract

Islet transplantation is a highly effective treatment for select patients with type 1 diabetes.
Unfortunately, current use is limited to those with brittle disease due to donor limitations and
immunosuppression requirements. Discovery of factors for induction of pluripotent stem cells
from adult somatic cells into a malleable state has reinvigorated the possibility of autologous-
based regenerative cell therapies. Similarly, recent progress in allogeneic human embryonic stem
cell islet products is showing early success in clinical trials. Describing safe and standardized
differentiation protocols with clear pathways to optimize yield and minimize off-target growth is
needed to efficiently move the field forward. This review discusses current islet differentiation
protocols with a detailed break-down of differentiation stages to guide step-wise controlled

generation of functional islet products.
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3.1.2 Introduction

Islet transplantation (ITx) has shown to be a highly effective treatment for type 1 diabetes
mellitus (T1D) in patients with hypoglycemia and brittle disease. Recent long-term outcomes
have demonstrated 10-year graft survival rates of 78% coupled with substantial improvements in
insulin requirements, glycemic control, and mortality *. Despite these promising outcomes, the
primary barriers for ITx remain immunosuppression requirements and limited donor organ
supply. Stem cell (SC)-derived islet cell production has long been considered as an option to
surmount these barriers 3. Drs. Takahashi and Yamanaka’s, and concomitantly Dr. Thomson’s,
discovery of controllable factors for induction of pluripotent stem cells (iPSCs) from adult
somatic cells, has reinvigorated the possibility of autologous-based cell regenerative therapies .
Similarly, recent progress in human allogeneic embryonic stem cell (ESC) islet products is
showing early success in clinical testing 3°, while efforts are underway to make these cells less
immunogenic through gene editing. Efficiently and safely differentiating SCs into functional
islets could provide an unlimited supply of hypo- or non-immunogenic cells for B-cell
replacement therapies 3719,

Multiple groups have successfully generated mature and functional islets from SCs that
are capable of reversing diabetes in preclinical models '!"1°. Despite success, differentiation
protocols remain highly heterogenous '!"!°, Inadvertent production of off-target cells remains a
major issue, with numerous techniques to ensure product safety by eliminating off-target growth
described 162!, To move the field forward, developing safe and standardized differentiation

protocols capable of efficiently generating glucose responsive, insulin producing, highly specific
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B-like cells free of off-target growth, while enabling scalability under good manufacturing
practices (GMP) conditions, remain critical for clinical translation.

This review discusses SC-derived ITx and the two pathways, autologous and allogeneic,
that may be taken to achieve a T1D cure. We also highlight their primary barrier, which remains
optimization of differentiation protocols and off-target growth elimination. The review focuses
on current islet differentiation protocols, with clear pathophysiological break-down of each
differentiation stage, including stage-specific approaches to optimize islet generation. We aim to
provide a clear experimental pathway for researchers to collectively improve islet differentiation

protocols, and efficiently move in-human SC-derived islet cell therapy trials forward.

3.1.3 Stem Cell-Derived ITx

Allogeneic ITx has already provided proof-of-concept for a cell-based T1D treatment
with substantial long-term benefits !2%%22-26. However, allogeneic ITx currently remains limited
by immunosuppression requirements and organ supply, which SC-derived ITx aims to overcome.
Currently, there are two approaches to generating SC-derived replacement therapies, autologous

and allogeneic.

3.1.3.1 Allogeneic Stem Cell-Derived ITx

Two options for allogeneic SC-derived ITx exist. The first, which remains untested,
involves creating a human leukocyte antigen (HLA) SC-derived islet bank to enable HLA-
matched ITx. The more robustly tested approach, with clinical trials already in place

(NCT03525444 and NCT04678557), involves generating a genetically-modified ESC line to
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produce hypoimmunogenic ESC-derived islets. Both options enable scalability, but currently
remain untested with regards to their potential for immunosuppression freedom.

Generating SC-derived islet cell banks to provide HLA-matched allogeneic ITx would
enable scalability, but in our opinion will remain limited by immunosuppression requirements.
Although immunosuppression requirements could theoretically be decreased using HLA-
matched islets, the inability to match every HLA antigen (including minor antigens), and a
growing recognition of non-HLA mediated allograft responses suggest that lifelong
immunosuppression will almost certainly be required 2”-?%. This approach markedly
underestimates the destructive power of minor HLA antigen epitopes, and the assumption that
this could be overcome by reduced need for immune suppression is likely false.

To potentially eliminate the need for immunosuppression, generating modified
hypoimmunogenic SC-derived islets has been proposed. Genetically modifying ESCs to express
immunotolerant molecules such as IL-10 or PD-L1 2*3°, or eliminating HLA class 1 molecule
expression has been accomplished and shown reduced T-cell and macrophage reactivity, and
minimal NK cell-mediated death 3!-3*. Combinatorial approaches are also being actively tested,
for example in ViaCyte’s PEC-QT system *7-4, but outcomes remain unreported. More recently,
Vertex Pharmaceuticals Inc. has initiated their first-in-human phase 1/2 clinical trial, with
promising early phase results testing the VX-880 ESC-derived islet product in their first subject,
but less so with two subsequent cases. With intraportal transplantation and immunosuppression,
optimal glycemic control and near complete insulin independence has been shown in a patient
living with T1D, demonstrating proof-of-concept for these approaches °. Despite promising

early results, it remains uncertain whether immunosuppression will remain a barrier and whether
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genetic manipulation will affect the ability to produce functional, safe B-cells following

differentiation.

3.1.3.2 Autologous iPSC-Derived ITx

Autologous iPSC ITx offers a potential solution to both immunosuppression, and donor
limitations 719, It involves personalized regenerative medicine, with patients providing cells
(likely blood) for iPSC generation, and subsequent differentiation into iPSC islets for autologous
transplantation without immunosuppression *’. This technique parallels autologous ITx, which
has proven to be highly successful for patients undergoing pancreatectomy *6-3. Drawbacks
include the potential for recurrent autoimmunity, and scalability issues to generate autologous
iPSCs for >8 million patients with T1D 7-*°,

Work to eliminate substantial barriers for autologous iPSC ITx is ongoing. To combat
potential recurrent autoimmunity, immune reset techniques to increase regulatory T-cells and

combat autoimmune responses show promise *0-44

, with a first in-human clinical trial to prevent
T1D autoimmunity underway (NCT03182426). Regarding scalability, artificial intelligence,

automated systems, commercial-sized bioreactors, and standardized efficient protocols, offer

promise to enable cost-effective production of autologous iPSC islets, but remain to be delivered

7

3.1.3.3 Commonalities of Optimized ESC and iPSC Differentiation Protocols

Currently, the major limitation to moving either technique further within clinical trials

remains potential off-target growth risks !%1%1°, Teratomas and off-target growth occur in these
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cell products because of remnant pluripotent or proliferating cells #>#6. To decrease that risk,
elimination of off-target cells can be achieved through immunologic selection, genetic
manipulation, and pharmacologic/chemical or mechanical techniques, as we discuss below.
Developing an optimized, standard, and safe process without teratoma risk is crucial to moving

the field forward, regardless of whether allogeneic or autologous approaches are applied 2144748,

3.1.4 Current Differentiation Protocols for Stage 1-7

Current differentiation protocols manipulate SCs through embryological stages to
produce glucose-responsive islets. A month-long differentiation protocol transitions cells from
iPSCs to definitive endoderm, primitive gut tube, posterior foregut, pancreatic endoderm,
endocrine precursors, immature B-cells, and mature B-cells (Figure 3.1.1). Here, we discuss the
generation of iPSCs, detail the embryologic pathways for islet cell differentiation, and

summarize current protocols used to guide cells from iPSCs to mature p-cells.
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Stage 1 Stage 2 Stage 3 gtage 4 Stage 5 Stage 6 Stage 7
Stage Definitive Primitive Posterior E::géi?:r‘s‘ Endocrine Immature Mature
Endoderm Gut Tube Foregut Pragenfior Precursor Islets Islets
Cell ocT3 NKX 6.1 INS
Markers 0CcT4 NKX 6.1 PDX1 C-
HNF1B PDX1 GP2 peptide
HNF4A CGA NKX 6.1
FGF2b ;
W?T m BMP qﬁi(:'X ONGN3 T3 X}Xl O
] ToFP o shivi FGF ALKS| e
Biochemical o ﬁ o iO FeF ) : | ® “g'&':;‘
Pathways [ MNX1
¥S o) | o o o ° Xy
Q J ‘ e |
Stage 3-4 days 2-3 days 2-4 days 2-4 days 2-3 days 7 days 7 days
Duration
Cumulative 27 day differentiation
Duration >

Figure 3.1.1 Seven stage differentiation of islet-like clusters from induced pluripotent stem
cells.

*WNT: Wnt signaling pathway; TGFf: transforming growth factor ; FGF2b: fibroblast growth
factor receptor 2b; shh-i: sonic hedgehog inhibitor; Smo: Smoothened; RA: retinoic acid; BMP:
bone morphogenic protein; FGF: fibroblast growth factor; shh: sonic hedgehog; NGN3:
neurogenin 3; ALKSi: ALKS inhibitor; T3: L-3,3",5-Triiodothyronine; XXi: Gamma secretase
XX inhibitor.

3.1.4.1 iPSC Generation

To reprogram somatic cells into iPSCs, reprogramming transcription factors (Oct3/4,
Sox2, KIf4 and c-Myc) discovered by Yamanaka et al. and Thomson et al. are overexpressed to
induce pluripotency **"4°. Most frequently, peripheral blood mononuclear cells are used as
somatic cells and a commercially available Sendai virus transduction kit efficiently produces
GMP-compliant iPSCs *°. Following iPSC generation, cells must be passaged approximately ten
times to ensure the absence of Sendai viruses, followed by cell purity evaluation prior to

differentiation >!. Once iPSCs are generated and confirmed virus free, a seven-stage
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differentiation protocol begins. Several protocols have been published (Table 3.1.1), with work

to optimize these protocols ongoing.

Table 3.1.1 Key differentiation protocols and their reported efficiency of islet cell

generation

Protocol

Rezania
et al.
(2014) 48

Yabe et al.
(2017)%

Sui et al.
(2018) 33

Nair et al.
(2019) 5

Stage 1

Duration:

3d

GDF8
GSK3p
inhibitor
(only day

1)

Duration:
5d

Bovine
serum
albumin
Sodium
pyruvate
Activin A
FGF2
BMP
CHIR990
2 (only
days 1-2)

Duration:
4d

Activin A
Wnt3a

Duration:
2d

Activin A
Wnt3a

Stage 2

Duration:

2d

FGF7
Vitamin

C

Duration:
2d

FGF2
B27
EC23
Dorsomo
rphin
SB43154
2
Sant-1

Duration:
2d

FGF7
B27

Duration:

3d

KGF

Stage 3

Duration:
2d

FGF7
Vitamin
C
RA
Sant-1
TPB
LDN1931
89

Duration:
4d

FGF2
B27
Dorsomo
rphin
Sant-1

Duration:

2d

Cyclopa
mine
RA
B27
LDN193
189

Duration:

3d

RA

Stage 4

Duration:
3d

FGF7
Vitamin
C
RA
Sant-1
TPB
LDN1931
89

Duration:

4d

FGF10
B27
Dorsomo
rphin
Sant-1
ALKS5
inhibitor
Indolacta
mV

Duration:
4d

EGF
FGF7
B27

Duration:
5d

RA
EGF

Stage 5

Duration:
3d

Sant-1
RA
ALKS5
inhibitor
T3
LDN1931
89

Duration:
4d

B27
Dorsomo
rphin
Sant-1
ALKS5
inhibitor
Exendin-
4

Duration:

1d

B27
ALKS5
inhibitor
FGF7
Y-27632

Duration:

5d

T3
XXi

Stage 6

Duration:
7-15d

ALKS5
inhibitor
T3
LDN1931
89
XXi

Duration:
6d

B27
FGF2
BMP4

HGF
IGF-1
ALKS5S

inhibitor

Exendin-
4

Nicotina

mide

forskolin

Duration:
7d

T3
B27
XXi

ALKS5
inhibitor
Y-27632

Cell
sorting

Stage 7

Duration:
7-15d

ALKS
inhibitor
T3
N-acetyl
cysteine
R428
(AXL
inhibitor)

No stage
7

Duration:

7d

FBS

Duration:

7d

T3

Protocol
Efficiency*

56.1%
insulin

33.6%

peptide

70% C-
peptide

59.7%
C-
peptide
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Velazco-
Cruz et al.
(2019)3

Hogrebe et
al (2021)'5

(only day
1

Duration:
3d

Activin A
CHIR990
21 (only
day 1)

Duration:
3d

Activin A
CHIR990
21 (only
day 1)

TGFb
inhibitor
1AY

Duration:

3d

KGF

Duration:

3d

KGF

Cyclopa
mine
Noggin

Duration:
1d

KGF
Sant-1
RA
LDN193
189 (only
day 7)
PdBU

Duration:
2d

KGF
LDN193
189
TPB
RA
Sant-1

KGF
Noggin

Duration:
5d

KGF
Sant-1
RA
Y27632

Activin A

Duration:
4d

KGF
LDN193
189
TPB
RA (low
dose)
Sant-1

LDN193
189
TPB
ALKS5S
inhibitor
Noggin
Duration:
7d

Sant-1
RA
ALKS
inhibitor
XXi
T3
Betacellul
in
Duration:
7d

ALKS5S
inhibitor
XXi
RA
Sant-1
T3
latrunculi
n A (only
day 1)

Duration:
>9d

ESFM

Duration:
7d

ESFM

Dispersed

and

reaggrega

ted

ALKS5
inhibitor

No stage
7

Duration:
7d

ESFM

*Protocol efficiency was determined by flow cytometry evaluating the percent of cells
expressing C-peptide or insulin.

3.1.4.2 Stage 1 (Definitive Endoderm Formation):

93% C-
peptide
after cell
sorting

75% C-
peptide

60% C
peptide

The first stage of differentiation involves transitioning SCs into definitive endoderm, a

process that is comprehensively reviewed by D’ Amour et al. (2005) °°. During embryologic islet

development, this occurs during gastrulation as epiblast cells undergo epithelial to mesenchymal

transition

56,57

. Initial investigations demonstrated that WNT and TGF-f signaling are crucial,

with transition failure observed when either pathway was disrupted >>3%%°, Further work showed

that the WNT pathway activator (Wnt-3a) provides canonical protein signaling that upregulates
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intracellular B-catenin and initially directed cells to an endoderm fate %°-52. Activation of the
TGF-p pathway by Nodal with subsequent intracellular Smad2 induces the primitive streak and
differentiation into definitive endoderm 34, Therefore, together Wnt-3a and Nodal act to
advance iPSCs into definitive endoderm that express the phenotypic markers SOX17, FOXA2,
and CXCR4 47564,

In vitro, a commercially available endoderm differentiation kit using Wnt3a and activin-
A produces definitive endoderm cells with 95% efficiency >. Using this approach, activin-A
replaces Nodal as an alternative biochemical analogue to activate the TGF-p pathway because
GMP-compliant, stable, bioactive Nodal currently does not exist 33066, Others have also
reported success using CHIR99021, a selective glycogen synthase kinase-3f inhibitor, instead of
WNT3a during the first 1-2 days of differentiation 2154852 Qverall, stage 1 involves transition
of SCs into definitive endoderm over a 2-3 day period through exposure to activin-A and Wnt3a

or CHIR99021.

3.1.4.3 Stage 2 (Primitive Gut Tube Formation):

Stage 2 involves anterior-posterior axis patterning to create the primitive gut tube. During
this stage, elimination of activin-A/Nodal signaling is crucial 47>, In addition to Nodal
downregulation, inhibition of Sonic hedgehog (shh) signaling is needed to support both primitive
gut tube formation (stage 2) and posterior foregut differentiation (stage 3) 476768, Activation of
fibroblast growth factor (FGF) receptor 2b, either with FGF2/KGF, FGF7 or FGF10, leads to
early expression of growth response gene (EGR1) and ultimately induction of primitive gut tube

formation ©°.

193



In vitro, all studies report removal of activin-A, but several different FGFs and shh
inhibitors are reported. For FGF, in order of oldest publication to most recent, D’ Amour et al.
(2006) and Kroon et al. (2008) use FGF10, Rezania et al. (2012) and Sui et al. (2018) use FGF7,
Velazco-Cruz et al. (202) and Hogrebe et al. (2021) use keratinocyte growth factor (KGF) in
their stage 2 media 21347537071 Similarly, for shh inhibition some authors use cyclopamine #7-33,
while others describe use of Sant 1 molecules '%!472; both Santl and cyclopamine act through
smoothened (Smo) inhibition to prevent shh expression. In summary, stage 2 involves

elimination of Nodal signaling, shh inhibition, and FGF2b activation to produce primitive gut

tube cells expressing Hepatocyte nuclear factor (HNF) 1B and HNF4A 7375,

3.1.4.4 Stage 3 (Posterior Foregut Formation):

Stage 3 encompasses generating posterior foregut cells capable of becoming pancreatic,
hepatic, and duodenal tissues 7%717¢, Continuous inhibition of shh with FGF is needed .
Additionally, retinoic acid (RA) signaling further inhibits shh in the dorsal prepancreatic
endoderm and also inhibits Notch signaling, which is crucial for patterning of the posterior
foregut that gives rise to liver and pancreas 7", Once completed, cells express HNF1B,
HNF4A, and pancreatic and duodenal homeobox 1 (PDX1).

During this stage, Santl or cyclopamine are used variably for shh inhibition. All
protocols use RA during this stage for Notch inhibition and posterior foregut patterning
12,1447.5371 Finally, while nearly all protocols incorporate neurotrophic factors to their media

47,53,70,71

from stage 3 onwards, some authors report B27 supplementation , while others use

nicotinamide '4, or (2S,5S)-(E,E)-8-(5-(4-(trifluoromethyl)phenyl)-2,4-pentadienoylamino)
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benzolactam (TPB) !*#¥, Overall, stage 3 most commonly occurs over 2-4 days and requires

ongoing shh inhibition and additional RA signaling to generate posterior foregut cells.

3.1.4.5 Stage 4 (Pancreatic Endoderm/Progenitor Formation):

Stage 4 encompasses differentiating posterior foregut cells into pancreatic progenitors (i.e
pancreatic endoderm). During stage 4, posterior foregut cells can differentiate into hepatic or
endocrine tissues. Hepatic tissues are favored through bone morphogenetic protein (BMP)
signaling, while endocrine differentiation is blocked by FGF10 activation of shh 83! Therefore,
inhibition of both BMP and FGF10 signaling is required to generate pancreatic endoderm cells
expressing NKX 6.1 and PDX1.

Current protocols use different approaches for FGF10 and BMP inhibition, with some
authors using Noggin #7771 "and others LDN193189 %1433 Both molecules are BMP and
FGF10 inhibitors and have successfully produced pancreatic endoderm cells %7180, In summary,
stage 4 occurs over 2-4 days and directs cells from posterior foregut tissues towards pancreatic

progenitors through inhibition of both BMP and FGF10.

3.1.4.6 Stage 5 (Endocrine Precursor Formation):

At this stage, cells can potentially become pancreatic epithelial progenitors or endocrine
precursors. To generate endocrine precursors, ongoing inhibition of shh is continued. Next, for
cells to become endocrine precursors they must first express NKX6.1 and subsequently express
NEUROG3 (NGN3) 82; expression of NGN3 prior to NKX6.1 produces non-functional

polyhormonal cells '4#3, Temporal control of expression is controlled by the cellular
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microenvironment, with the actin cytoskeleton and cellular attachments directing NGN3
expression !4, The impact of cellular microenvironment explains why stage 5 differentiation
historically only occurred in 3D culture 12144833 Alternatively, in 2D culture adhesion of stage 4
(PDX17) cells to Type-I collagen coated culture plates leads to NKX6.1 expression, which can
be followed by stage 5 actin depolymerization using latrunculin A and YAP1 inhibition to
increase NGN3 expression and direct differentiation into endocrine precursors '413%, Later in
this stage, TGFP receptor I (TBRI/ALKS) inhibition can further prevent B-cell de-differentiation
and improve NGN3 expression 8387,

Importantly, B-cells fail to mature from polyhormonal populations, which produce
glucagon and somatostatin but not insulin 8. Polyhormonal cells express a small amount of C-
peptide (CPEP) (~10%), and also express PDX1 and NKX6.1 to a lesser extent. On the other
hand, endocrine precursors differentiate into insulin-producing cell populations 488; those cells
express glycoprotein 2 (GP2), and isolation of only GP2 populations enables generation of
mono-hormonal B-cells %8,

As previously mentioned, current protocols use variable techniques for shh inhibition,
with most continuing the FGF inhibitor they use in stage 4 2. Because of the newly discovered
utility of ALKS5 inhibition, protocols have also added this to their stage 5 media '>!47!, Similarly,
because of studies suggesting improved B-cell specificity with epidermal growth factor (EGF)

activation 8°-%0

, authors have begun adding betacellulin/EGF or heparin to their stage 5 media
onwards 214154 D’amour et al. (2006) also reported the addition of DAPT and exendin-4 here,
but noted limited benefits *°. Finally, during stages 5-7, higher glucose media (~10mM) is

required for cell survival, to improve cell maturation, and to improve glucose responsiveness of
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the cell product 345254 Tn summary, stage 5 involves a key transition towards endocrine
precursors, which occurs due to ongoing shh inhibition, EGF activation, and temporal control of

NGN3 and PDX1 expression prior to NKX6.1.

3.1.4.7 Stage 6 (Immature Islet Cluster Formation):

Stages 6 and 7 offer endocrine cells time to mature and become functional with hormone
expression. During stage 6, persistent NGN3 expression is needed to inhibit PTF1a exocrine

14,48,53,55,80,

differentiation and improve B-cell maturation %1, Increased NGN3 expression occurs

via inhibition of the Notch pathway through Gamma secretase XX inhibitors (XXi), which may

also prevent apoptosis of islet cells 2>

. Thyroid hormone L-3,3’,5-Triiodothyronine (T3) is also
added because embryologically it increases following day 12.5 with substantial expression after
day 17.5; T3 activates thyroid hormone receptors and increases NGN3 expression to promote
endocrine lineages *+*7.

In vitro protocols first attempt to recreate these processes using XXi; D’amour et al.
(2006) use DAPT as their XXi, while others typically use small molecule inhibitors %1447, More
recently published protocols have also added T3 to their media during this stage !21448:53,
D’amour et al. (2006) have also added exendin-4, and IGF-1 to this stage but noticed minimal
benefit. Overall, stage 6 cells begin producing the five pancreatic endocrine hormones (insulin,

glucagon, somatostatin, pancreatic polypeptide and ghrelin), with exposure to XXi and T3

allowing their maturation #’.
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3.1.4.8 Stage 7 (Mature Islet Cluster Formation):

Stage 7 descriptions are heterogeneous, with many authors only reporting in vitro or in
vivo cell maturation. A growing body of evidence suggests that, with time, cells mature and
express INS, MAFA, SIX2, MNX1, and G6PC?2 that correlate with insulin secretion 3%,
Similarly, studies have shown that cellular insulin content increases sixfold 3-weeks after
transplantation as cells mature in vivo *1%°, Despite maturation and transcriptional differences,
the biochemical pathways driving these changes are poorly understood. However, similar post-
natal islet maturation occurs in vivo with increased capacity for glucose-stimulated insulin
secretion over time %!, Most protocols report the continuation of all stage 6 supplements with
removal of XXi and addition of enriched serum-free medium '*#’. These culture conditions aim
to provide amino acid, protein, vitamin, and growth factor to support cell maturation, with

improved in vitro function recognized '°.

3.1.5 Protocol Optimization and Selective Teratoma Elimination in Stage 1-7

Although studies have comparatively evaluated, and often demonstrated benefits of
specific techniques, no current study has optimized differentiation at every stage. In this section,
we evaluate protocol differences and propose an optimal islet differentiation protocol. Because
the primary barrier for iPSC ITx remains potential off-target growth, we also review stage-
specific approaches to eliminate this risk '¢. The risk of teratoma and off-target growth occurs
due to persistence of a small number of pluripotent cells following maturation *-#6; therefore,
achieving optimal differentiation efficiency using the techniques discussed should be the first

approach. If needed, selectively eliminating any remaining pluripotent populations will enable
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safe iPSC ITx. Three general approaches exist to eliminate off-target cells including
immunologic selection, genetic manipulation, and chemical or mechanical strategies; each of

these approaches offer specific benefits and drawbacks that are discussed below.

3.1.5.1 iPSC Generation

Generation of iPSCs can be achieved using numerous techniques that allow cells to
express the reprogramming factors (Oct4, Sox2, KIf4, and c-myc)®. Briefly, this can be achieved
by cell exposure to reprogramming vectors, non-integrating viruses, plasmids, mRNA
transfection and other techniques !. More extensive review of these approaches is conducted by
Malik et al. (2013) and Mabherli et al. (2008) >1192, We suggest Sendai virus transduction be used,
as it is the only GMP-compliant, well-defined, technique that can achieve adequate
reprogramming efficiency without genomic integration %,

Once an iPSC line is generated, genetic modification has been considered to eliminate

off-target risks. This may be accomplished by modifying tumor-progression genes 194103,

or
introducing drug-activated apoptosis genes to enable selective apoptosis in case of off-target
growth 19199 Alternatively, genetically labelling proliferating cells for future immunologic
separation has also been evaluated !°. These techniques have not been evaluated for iPSC-
derived islet generation; thus, it remains uncertain whether differentiation would still occur
following genetic manipulation and whether cell functionality would be affected. The cost of
genetically editing cells prior to autologous transplant would also likely be too high. However, if
an immune-silenced iPSC line could be generated and undergo genetic manipulation to eliminate

off-target risks, it may enable immunosuppression free allogeneic iPSC ITx 3233,
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3.1.5.2 Stage 1

The two points of contention for stage 1 are the use of Wnt3a versus CHIR99021 and the
stage’s duration. For Wnt3a versus CHIR99021, the only comparative evaluation has been
completed by Yabe et al. (2017), who reported improved cell viability and efficiency of
definitive endoderm formation with CHIR99021 compared to Wnt3a >2. However, their cell
product after stage 1 was >90% SOX17 and FOXAZ2 positive, which others have reported using

commercially available kits 47->3

. In terms of duration, Toivonen et al. (2013) demonstrate that
three days is optimal to generate tissues of pancreatic lineage, with Wnt3a or CHIR99021
exposure only during the first 24-hours !1°,

Overall, stage 1 should likely occur over three days, with Wnt3a or CHIR99021 exposure
limited to the first 24-hours. No evidence suggests better outcomes with Wnt3a compared to

CHIR99021 and both are available under GMP-compliant presentation, meaning either product

is likely acceptable.

3.1.5.3 Stage 2

In stage 2, authors agree that Nodal downregulation is required. However, it remains
uncertain what type of FGF to use, and which chemicals to apply for shh inhibition. For FGF
selection, KGF, FGF2, FGF7, and FGF10 have all been trialed. Kroon et al. (2008) improved
pancreatic progenitor formation using FGF10 as compared to KGF 7°, Similarly, D’ Amour et al.
(2006) demonstrated that addition of FGF10 and hedgehog-signaling inhibitor cyclopamine
increased efficiency of primitive gut tube formation by 160-fold *’. Ye et al. (2005) also provide
comparative results demonstrating improved differentiation efficiency with FGF10 compared to
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FGF7 %. A recent comparative study evaluating FGF2, FGF7, and FGF10 supports these
findings and demonstrates that FGF7 and FGF10 have similar capacity to produce PDX1
positive cells, but that both are significantly better than FGF2 !!'!. They demonstrate that FGF2
acts through FGFR1c¢/3¢ and that culture using FGF7 and PD-173074, a small molecule inhibitor
of this receptor, significantly improved differentiation efficacy !'!. Therefore, FGF10 and
potentially the addition of PD-173074 may be the most efficient approach for stage 2
differentiation.

With regards to Smo inhibitor-directed shh inhibition, few studies have compared
cyclopamine to Santl. Evaluating their biochemical pathways, we see that they both bind
directly to Smo for inhibition, but have variable effects 7. Comparing Sant 1, to Sant 1, 2, and 3
and cyclopamine demonstrates that Sant1 inhibits shh signaling 60-times more 7®. Using these
biochemical findings, it is possible that Santl may be ideal for islet differentiation efficacy in
both stage 2 and 3, although this remains to be studied.

Stage 2 durations of 2-3 days have been reported, but optimal timing of stage 2 based on
embryological studies in mice should be 2.5 days considering that anterior-posterior patterning

occurs from days 4-5.5 112-114

. For off-target cell elimination during stage 2, Nodal down-
regulation appears crucial. If persistent Nodal exposure persists, Oct3 and Oct4 are expressed
and development of teratomas occurs 47%4, Additionally, including vitamin C from stages 2-4

may reduce premature NGN3 expression and potentially reduce teratogenicity 431,
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3.1.5.4 Stage 3

Chemicals used variably in stage 3 include B27 versus nicotinamide. Cogger et al. (2017)
have suggested that nicotinamide from stages 3 onwards increases the proportion of cells
expressing GP2 38, Others have suggested nicotinamide coupled with phosphoinositide 3-kinase
(PI3K) inhibition may yield the best results. This was originally suggested by Hori et al. (2002),
who cultured stage 3-5 cells with nicotinamide and the phosphoinositide 3-kinase (PI3K)
inhibitor LY294002 and developed ESC-derived islet cells without tumorigenicity !'°. More
recently this has reliably been reproduced with PI3K inhibitors (LY294002 or TGX-221) added
alongside nicotinamide, producing more mature and islet like cells compared to culture with B27
alone 116117,

Activation of protein kinase C (PKC) also appears to increase expression of PDX1 in the
posterior foregut and decrease development of other hepatic or duodenal cells 718, Authors
have reported use of PKC activators including Indolactam V, TPB, and phorbol 12, 13-dibutyrate
(PBDu). Rezania et al. compared TPB to PBDu and reported similar differentiation efficacy but
better safety profiles with TPB 7!, Similarly, Hogrebe et al. (2020) and others used TPB to
improve induction of pancreatic progenitors from primitive gut tube (stages 3-4) !471.119-121,
Others have reported similar outcomes using indolactam V 2%122 but comparative evaluation has
not been completed.

Durations ranging from 1-4 days have been reported for stage 3. Few studies have
evaluated optimal timing of this stage but it appears that FGF and RA activation is crucial during

123

days 8-9 of differentiation '=. Therefore, we suggest a duration of at least 2.5 days for stage 3.
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3.1.5.5 Stage 4

The primary difference during stage 4 is the use of Noggin or LDN-193189 for BMP
inhibition. Rezania et al. (2014) provide preliminary evidence suggesting that LDN-193189 is
optimal, but few other studies have provided comparative data *8. Interestingly, when Noggin or
LDN-193189 are compared to antibody-directed BMP inhibition, immunologic inhibition
appears to be more efficient during stage 4 '24. Comparatively evaluating antibody mediated
BMP inhibition to LDN-193189 or Noggin during islet cell differentiation may be of interest in
future studies 12,

For stage 4 duration, Jorgensen et al. (2007) provide a comprehensive review of the
timing for embryonic pancreatic endoderm and endocrine precursor formation '2°. They show
that PDX1 and NKX 6.1 increase substantially from days 8-11 and that HBIx9, a marker of the
dorsal endoderm is lost at day 11 '?°, Considering these findings, stage 4 duration should be 3

days, and occur from days 8-11 of the differentiation process.

3.1.5.6 Stage 5

Protocols remain poorly defined following stage 5 of differentiation. For stage 5, the
selection of FGF molecule for inhibition of shh is variable and typically carried forward from
stage 4, but no comparative evaluation has been completed. Considering the potential for
improved shh inhibition with FGF10, future studies evaluating its use as the FGF isoform from
stages 4-5 may be of interest. Additionally, some authors have reported the addition of heparin or
EGF/betacellulin to stage 5-6 media '*!>*, which may activate EGF receptors to promote B-cell

proliferation 26127, Rezania et al. (2014) noted improved cell viability with heparin at stage 5 *%,
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and others have also reported improved PDX1 sustained expression with its use 2%, Biochemical
evaluation suggests that they act through heparin-binding EGF to selectively increase B-cell
differentiation and proliferation as opposed to pancreatic ductal cells #-°°. Therefore, the most
specific EGF activator is likely heparin, although no direct comparison to betacellulin exists.

Culture of stage 5-7 cells is also conducted in higher glucose media 3485254 which
improves their glucose responsiveness and insulin secretion, with the potential added benefit of
SC cytotoxicity '2%13°, Lower glucose levels prior to this stage are required to maintain cellular
pluripotency and enable differentiation 31132, In terms of stage 5 duration, the optimal timing
corresponds to increased NGN3 expression during embryonic days 11.5 to 12.5 23, Thus, we
suggest achieving > 2-day stage 5 duration to ensure NGN3 expression 2%,

Several chemical approaches to eliminate off-target growth have been considered during
stage 5. These methods act by selectively killing proliferating or pluripotent cells and include
PluriSIn1, aphidicolin, querceptin or YM155, clostridium perfringens exotoxin, AT7867, and
MitoBloCK-6 !7-19:2L.133-135 'For PluriSIn1, high throughput screening of 52,000 molecules
identified, PluriSIn1 as the most efficient pluripotent cell inhibitor '8; further studies
demonstrated that it induces apoptosis through inhibition of stearoyl-coA desaturase (SCD1), the
key enzyme in oleic acid biosynthesis for pluripotent cells 718, Similarly, the DNA polymerase
inhibitor aphidicolin inhibits G1 to S phase transition and can selectively eliminate iPSCs 72!,
Inhibition of the pro-oncogene survivin with quercetin or YM155 has also demonstrated targeted
iPSC cell death 34, Alternatively, evaluation of cell pathways of undifferentiated pluripotent
cells has shown that the tight-junction protein Claudin-6 is specific to pluripotent cells and can

be targeted by selective antibodies or Clostridium perfringens exotoxin to prevent tumorigenicity
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of iPSCs !°. Application of these drugs during stage 5, once cells have reached adequate
maturation, may enable targeted elimination of any remnant off-target cells.

Alternatively, mechanical approaches during stage 5 to eliminate teratogenicity also exist.
The most evaluated approach involves disaggregation and reaggregation of islet cell clusters at
the conclusion of stage 5 2°. Similar techniques have been described to purify islets during
differentiation from ESCs !¢, and during porcine pancreas islet isolation to achieve ~98%

endocrine cells specificity '*7.

3.1.5.7 Stage 6

To optimize in vitro islet maturation most protocols incorporate ALKS inhibition, XXi,
and T3 to increase NGN3 expression. Numerous studies also demonstrate that islet cell survival
is dependent on zinc, with culture concentration of 0.02 mM leading to optimized insulin
secretion 13140 Therefore, authors added zinc sulfate (ZnSOs) to stage 6-7 media to improve

48

cell’s glucose-stimulated insulin secretion *°. However, maturation has also been reported in

vivo following transplantation of stage 5 cells 127071

, which could improve scalability of iPSC-
derived products if equal results were shown.

In terms of stage 6 and 7 duration, Hogrebe et al. (2021) recently reported that optimal in
vitro glucose responsive insulin release following static stimulation testing occurs after 14 days

of culture and deteriorated thereafter '°. Therefore, we suggest a 7-day stage 6, and 7-day stage 7

duration.
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3.1.5.8 Stage 7

Stage 7 also remains poorly described and primarily involves maturation. However, several
techniques have been considered to reduce tumorigenicity. The first method involves
immunologically selecting iPSCs from mixed colonies during maturation. Selectively eliminating

iPSCs immunologically has been trialed using cell sorting techniques !%141-143

, and antibody
mediated cytotoxicity *14+14 Immunologic selection techniques are achievable for cells grown
in 2D culture where antibodies can access the individual cells %!, but remain limited for cells
grown in 3D culture due to their growth within cell clusters. Disaggregation of cell clusters during
3D differentiation to expose antigenic targets is possible, but leads to substantially reduced cell

141 "1f used during 3D culture,

yield as a result of apoptosis during the dissociation process
immunologic selection or elimination would be required for each islet preparation thereby
reducing efficiency and increasing costs substantially, which could significantly hamper efficient

clinical translation 103,

3.1.6 Optimal Cell Stage and Location for Transplantation

Beyond to optimization of each stage, evaluation of the ideal cell maturity and transplant
location also remains largely unaddressed. In terms of the optimal stage for SC-derived ITx,
experimental results have demonstrated success for SC-derived ITx with diabetes reversal in
animal models following transplantation of stage 3, 4, 5, and 6 cells that mature into islets in vivo
20.52,70.146 " Tn fact, promising first in-human data from ViaCyte clinical trials was achieved by
transplanting stage 5 pancreatic progenitors into patients, with detectable meal-regulated C-peptide

secretion in a subset of recipients 3. Transplantation of earlier stage cells could potentially
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improve scalability, and a more rapid delivery of these cell therapies. However, as we have
discussed, elimination of any risks related to off-target growth remains a priority for the field; we
hypothesize that these off-target risks would increase if earlier stage, less mature cells that include
progenitors are used. Although capable of reversing diabetes in animal models, reports have also
suggested a substantial rate of teratoma formation if proliferative cell populations are not
eliminated 2%21370 Therefore, we hypothesize that stage 7, mature B-like cells would be the
optimal cell product to be evaluated, particularly during early proof-of-concept clinical trials.
However, the potential to further optimize differentiation and enable a scalable, rapid, and safe
cell product requiring shorter in vitro differentiation may further enable expanded islet cell
therapies and may supplant longer differentiation protocols once safety has been demonstrated.
Further to optimizing the cell stage for transplantation, ongoing studies continue to evaluate
the site of transplant for SC-derived islets. While data from allogeneic ITx suggests that, with
current techniques, the intraportal route remains superior to extrahepatic sites such as the

omentum, gastric submucosa, subcutaneous space, and within devices 47-14°

, optimization of
extrahepatic sites is ongoing '>°. These novel sites may enable SC-derived ITx transplant within
retrievable sites that reduce any risk of off-target growth. Once more, ViaCyte’s recent clinical
trial where cells were transplanted within macroencapsulation devices provides evidence for such
endeavors. Optimizing and evaluating transplant in these retrievable extrahepatic sites, or
implementing them alongside potential islet organoids may enable alternative transplant sites that

1 151-153

optimize SC-derived islet surviva , and offer retrievability as a safety measure for islet cell

therapies. Organoid environments may also offer potential immunoprotection to islets and may

152

serve as a barrier to recurrent autoimmunity for recipients '°<. Overall, extrahepatic sites may offer
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safe options during phase I-II clinical trials and with ongoing optimization of both extrahepatic

sites and organoids may further enhance applicability of SC-derived islets.

3.1.7 Concluding Remarks and Future Directions

SC-derived ITx offers a potentially curative option for T1D; however, ongoing
optimization of differentiation protocols remains crucial as we embark into clinical trials.
Optimized protocols must generate functional cells without teratogenic risk in a scalable, cost-
efficient way. Considering this, we believe that genetically modifying patient-specific iPSCs to
allow optimal cell selection is likely not economically feasible using current techniques. Similarly,
immunologic selection, cell sorting, or antibody-mediated cytotoxicity requires cells to be
disaggregated, resulting in substantial product loss, which likely precludes clinically relevant cell
yields for in-human use in its current state.

We hypothesize that optimization of each stage, with chemical ablation of any remnant
teratogenic cells, remains the most feasible technique to generate a cell product without off-target
growth risk. Herein, we provide a review of each differentiation stage, and from that, propose the
following hypothetical SC-derived islet cell differentiation protocol (Figure 3.1.2). Future studies
should evaluate this hypothesized differentiation protocol with comparison to the three most
efficient protocols previously reported !>1533 Furthermore, evaluation of chemical methods to
eliminate teratogenicity during differentiation is required. If chemical elimination methods are
unsuccessful, secondary evaluation of immunologic or genetic manipulation may be required to

ensure SC-islet safety without off-target growth. Certainly, demonstrating product safety
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following differentiation remains crucial regardless of whether allogeneic or autologous SC-

derived ITx is to be pursued.

Teratogenicity Removal With:

PluiSIn1, aphidicolin, querceptin or
YM155, clostridium perfringens
exotoxin, AT7867, MitoBloCK-6

or
disaggregation/reaggregation

Low Glucose (~2mM) High Glucose (~10mM)
Indolactam V/TPB
Activin A RA LDN-193189/Noggin  |LDN-193189/Noggin _ ALKS
< > Sant-1 TPB/Indolactam V Sant-1 inhibitor
< > FGF10 nicotinamide ALKS inhibitor T3
FGF10 nicotinamide LY294002 T3 N XXi
PD-173074 LY294002 Sant-1 XXi eparin - EgEM
CHIR99021/WNT3a Vitamin C Vitamin C Vitamin C Heparin ZnS04  7ns04
«—> < B < > < > i< > —> —>
v

DO D1 D2 D3 D4 DS D6 D7 D8 D9 D10 D11 D12 D13 D20 D27

< > < > < > ¢ > < > ¢—> —>
Stage 1 Stage 2 Stage 3 Stage 4 Stage5  Stage6 Stage?7
D03 D355 D558 D11 D1113  D1320 02027

Figure 3.1.2 Proposed optimized islet cell differentiation schedule.

209



3.1.8 References

10.

Vantyghem M-C, Chetboun M, Gmyr V, et al. Ten-Year Outcome of Islet Alone or Islet
After Kidney Transplantation in Type 1 Diabetes: A Prospective Parallel-Arm Cohort
Study. Diabetes Care. 2019:dc190401.

Lemos JRN, Baidal DA, Ricordi C, Fuenmayor V, Alvarez A, Alejandro R. Survival
After Islet Transplantation in Subjects With Type 1 Diabetes: Twenty-Year Follow-Up.
Diabetes Care. 2021:dc202458.

Verhoeff K, Marfil-Garza BA, Shapiro AMJ. Update on islet cell transplantation. Current
Opinion in Organ Transplantation. 2021;26(4).

Shapiro AMJ, Lakey JRT, Ryan EA, et al. Islet Transplantation in Seven Patients with
Type 1 Diabetes Mellitus Using a Glucocorticoid-Free Immunosuppressive Regimen.
New England Journal of Medicine. 2000;343(4):230-238.

Caulfield T, Ogbogu U, Isasi RM. Informed consent in embryonic stem cell research: are
we following basic principles? CMAJ : Canadian Medical Association journal = journal
de l'Association medicale canadienne. 2007;176(12):1722-1725.

Zarzeczny A, Scott C, Hyun I, et al. iPS cells: mapping the policy issues. Cell.
2009;139(6):1032-1037.

Verhoeff K, Henschke SJ, Marfil-Garza BA, Dadheech N, Shapiro AM. Inducible
Pluripotent Stem Cells as a Potential Cure for Diabetes. Cells. 2021;10(2).

Shapiro AMJ, Thompson D, Donner TW, et al. Insulin expression and C-peptide in type
1 diabetes subjects implanted with stem cell-derived pancreatic endoderm cells in an
encapsulation device. Cell Reports Medicine. 2021;2(12):100466.

Ramzy A, Thompson DM, Ward-Hartstonge KA, et al. Implanted pluripotent stem-cell-
derived pancreatic endoderm cells secrete glucose-responsive C-peptide in patients with
type 1 diabetes. Cell Stem Cell. 2021;28(12):2047-2061.e2045.

Latres E, Finan DA, Greenstein JL, Kowalski A, Kieffer TJ. Navigating Two Roads to
Glucose Normalization in Diabetes: Automated Insulin Delivery Devices and Cell

Therapy. Cell Metab. 2019;29(3):545-563.

210



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Millman JR, Xie C, Van Dervort A, Gurtler M, Pagliuca FW, Melton DA. Generation of
stem cell-derived beta-cells from patients with type 1 diabetes. Nat Commun.
2016;7:11463.

Pagliuca FW, Millman JR, Gurtler M, et al. Generation of functional human pancreatic
beta cells in vitro. Cell. 2014;159(2):428-439.

Velazco-Cruz L, Song J, Maxwell KG, et al. Acquisition of Dynamic Function in Human
Stem Cell-Derived B Cells. Stem Cell Reports. 2019;12(2):351-365.

Hogrebe NJ, Augsornworawat P, Maxwell KG, Velazco-Cruz L, Millman JR. Targeting
the cytoskeleton to direct pancreatic differentiation of human pluripotent stem cells.
Nature Biotechnology. 2020;38(4):460-470.

Hogrebe NJ, Maxwell KG, Augsornworawat P, Millman JR. Generation of insulin-
producing pancreatic 3 cells from multiple human stem cell lines. Nature Protocols.
2021;16(9):4109-4143.

Ben-David U, Benvenisty N. The tumorigenicity of human embryonic and induced
pluripotent stem cells. Nat Rev Cancer. 2011;11(4):268-277.

Ben-David U, Benvenisty N. Chemical ablation of tumor-initiating human pluripotent
stem cells. Nature Protocols. 2014;9(3):729-740.

Ben-David U, Gan QF, Golan-Lev T, et al. Selective elimination of human pluripotent
stem cells by an oleate synthesis inhibitor discovered in a high-throughput screen. Cell
Stem Cell. 2013;12(2):167-179.

Ben-David U, Nudel N, Benvenisty N. Immunologic and chemical targeting of the tight-
junction protein Claudin-6 eliminates tumorigenic human pluripotent stem cells. Nature
Communications. 2013;4(1):1992.

Veres A, Faust AL, Bushnell HL, et al. Charting cellular identity during human in vitro
B-cell differentiation. Nature. 2019;569(7756):368-373.

Sui L, Xin Y, Du Q, et al. Reduced replication fork speed promotes pancreatic endocrine
differentiation and controls graft size. JCI insight. 2021;6(5):¢141553.

Marfil-Garza BA, Shapiro AMJ, Kin T. Clinical islet transplantation: Current progress
and new frontiers. J Hepatobiliary Pancreat Sci. 2021;28(3):243-254.

211



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Marfil-Garza BA, Lam A, Bigam D, Senior P, Shapiro AMJ. 116-OR: Comparison of
Pancreas vs. Islet Transplantation Outcomes from a Large Single Center. Diabetes.
2020;69(Supplement 1):116-OR.

Shapiro AM, Pokrywczynska M, Ricordi C. Clinical pancreatic islet transplantation. Nat
Rev Endocrinol. 2017;13(5):268-277.

Markmann JF, Rickels MR, Eggerman TL, et al. Phase 3 Trial of Human Islet-after-
Kidney Transplantation in Type 1 Diabetes. American journal of transplantation : official
journal of the American Society of Transplantation and the American Society of
Transplant Surgeons. 2020.

Zarinsefat A, Stock PG. Chapter 34 - Islet vs pancreas transplantation in nonuremic
patients with type 1 diabetes. In: Orlando G, Piemonti L, Ricordi C, Stratta RJ, Gruessner
RWG, eds. Transplantation, Bioengineering, and Regeneration of the Endocrine
Pancreas. Academic Press; 2020:417-423.

Petersdorf EW. HLA matching in allogeneic stem cell transplantation. Curr Opin
Hematol. 2004;11(6):386-391.

Zhang Q, Reed EF. The importance of non-HLA antibodies in transplantation. Nat Rev
Nephrol. 2016;12(8):484-495.

Xu A, Zhu W, Li T, et al. Interleukin-10 gene transfer into insulin-producing [ cells
protects against diabetes in non-obese diabetic mice. Mol Med Rep. 2015;12(3):3881-
38809.

Falcone M, Fousteri G. Role of the PD-1/PD-L1 Dyad in the Maintenance of Pancreatic
Immune Tolerance for Prevention of Type 1 Diabetes. Frontiers in Endocrinology.
2020;11(569).

Han X, Wang M, Duan S, et al. Generation of hypoimmunogenic human pluripotent stem
cells. Proc Natl Acad Sci U S A. 2019;116(21):10441-10446.

Deuse T, Hu X, Gravina A, et al. Hypoimmunogenic derivatives of induced pluripotent
stem cells evade immune rejection in fully immunocompetent allogeneic recipients. Nat

Biotechnol. 2019;37(3):252-258.

212



33.

34.

35.

36.

37.

38.

39.

40.

41.

Shi L, Li W, Liu Y, et al. Generation of hypoimmunogenic human pluripotent stem cells
via expression of membrane-bound and secreted B2m-HLA-G fusion proteins. STEM
CELLS. 2020;38(11):1423-1437.

Sluch VM, Swain D, Whipple W, et al. CRISPR-editing of hESCs allows for production
of immune evasive cells capable of differentiation to pancreatic progenitors for future
type 1 diabetes therapy. Paper presented at: 55th EASD Annual Meeting of the European
Association for the Study of Diabetes2019; Barcelona, Spain.

Inc. VP. Vertex Announces Positive Day 90 Data for the First Patient in the Phase 1/2
Clinical Trial Dosed With VX-880, a Novel Investigational Stem Cell-Derived Therapy
for the Treatment of Type 1 Diabetes. https.//newsvrixcom/press-release/vertex-
announces-positive-day-90-data-first-patient-phase- 1 2-clinical-trial-dosed-vx. 2021.
Marfil-Garza BA, Hefler J, Dajani K, Kin T, James Shapiro AM. Total pancreatectomy
with islet cell autotransplantation in a 2-year-old child with hereditary pancreatitis due to
a PRSS1 mutation. American journal of transplantation : official journal of the American
Society of Transplantation and the American Society of Transplant Surgeons. 2021.
Witkowski P, Savari O, Matthews JB. Islet autotransplantation and total pancreatectomy.
Adv Surg. 2014;48:223-233.

Sutherland DER, Radosevich DM, Bellin MD, et al. Total pancreatectomy and islet
autotransplantation for chronic pancreatitis. Journal of the American College of
Surgeons. 2012;214(4):409-426.

Mobasseri M, Shirmohammadi M, Amiri T, Vahed N, Hosseini Fard H, Ghojazadeh M.
Prevalence and incidence of type 1 diabetes in the world: a systematic review and meta-
analysis. Health Promot Perspect. 2020;10(2):98-115.

Voltarelli JC, Couri CE, Stracieri AB, et al. Autologous nonmyeloablative hematopoietic
stem cell transplantation in newly diagnosed type 1 diabetes mellitus. Jama.
2007;297(14):1568-1576.

Couri CE, Oliveira MC, Stracieri AB, et al. C-peptide levels and insulin independence
following autologous nonmyeloablative hematopoietic stem cell transplantation in newly

diagnosed type 1 diabetes mellitus. Jama. 2009;301(15):1573-1579.

213



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Zielinski M, Zalinska M, Iwaszkiewicz-Grzes D, et al. 66-LB: Combined Immunotherapy
with T Regulatory Cells and Anti-CD20 Antibody Prolongs Survival of Pancreatic Islets
in Type 1 Diabetes. Diabetes. 2020;69(Supplement 1):66-LB.

Bluestone JA, Buckner JH, Fitch M, et al. Type 1 diabetes immunotherapy using
polyclonal regulatory T cells. Sci Trans! Med. 2015;7(315):315ra189-315ral89.
Marfil-Garza BA, Hefler J, Bermudez De Leon M, Pawlick R, Dadheech N, Shapiro
AMIJ. Progress in Translational Regulatory T Cell Therapies for Type 1 Diabetes and
Islet Transplantation. Endocrine Reviews. 2021;42(2):198-218.

Fu W, Wang SJ, Zhou GD, Liu W, Cao Y, Zhang WJ. Residual undifferentiated cells
during differentiation of induced pluripotent stem cells in vitro and in vivo. Stem Cells
Dev. 2012;21(4):521-529.

Lee AS, Tang C, Cao F, et al. Effects of cell number on teratoma formation by human
embryonic stem cells. Cell Cycle. 2009;8(16):2608-2612.

D'Amour KA, Bang AG, Eliazer S, et al. Production of pancreatic hormone—expressing
endocrine cells from human embryonic stem cells. Nature Biotechnology.
2006;24(11):1392-1401.

Rezania A, Bruin JE, Arora P, et al. Reversal of diabetes with insulin-producing cells
derived in vitro from human pluripotent stem cells. Nat Biotechnol. 2014;32(11):1121-
1133.

Takahashi K, Tanabe K, Ohnuki M, et al. Induction of pluripotent stem cells from adult
human fibroblasts by defined factors. Ce/l. 2007;131(5):861-872.

Fisher T. User Guide: CytoTune-iPS 2.0 Sendai Reprogramming Kit.
https://www.thermofisher.com/order/catalog/product/A16517#/A16517.

Malik N, Rao MS. A review of the methods for human iPSC derivation. Methods Mol
Biol. 2013;997:23-33.

Yabe SG, Fukuda S, Takeda F, Nashiro K, Shimoda M, Okochi H. Efficient generation of
functional pancreatic B-cells from human induced pluripotent stem cells. J Diabetes.

2017;9(2):168-179.

214



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Sui L, Leibel RL, Egli D. Pancreatic Beta Cell Differentiation From Human Pluripotent
Stem Cells. Curr Protoc Hum Genet. 2018;99(1):e68.

Nair GG, Liu JS, Russ HA, et al. Recapitulating endocrine cell clustering in culture
promotes maturation of human stem-cell-derived P cells. Nature Cell Biology.
2019;21(2):263-274.

D'Amour KA, Agulnick AD, Eliazer S, Kelly OG, Kroon E, Baetge EE. Efficient
differentiation of human embryonic stem cells to definitive endoderm. Nature
Biotechnology. 2005;23(12):1534-1541.

Shook D, Keller R. Mechanisms, mechanics and function of epithelial-mesenchymal
transitions in early development. Mech Dev. 2003;120(11):1351-1383.

Robb L, Tam PPL. Gastrula organiser and embryonic patterning in the mouse. Seminars
in Cell & Developmental Biology. 2004;15(5):543-554.

Liu P, Wakamiya M, Shea MJ, Albrecht U, Behringer RR, Bradley A. Requirement for
Wnt3 in vertebrate axis formation. Nature Genetics. 1999;22(4):361-365.

Vincent SD, Dunn NR, Hayashi S, Norris DP, Robertson EJ. Cell fate decisions within
the mouse organizer are governed by graded Nodal signals. Genes Dev.
2003;17(13):1646-1662.

Katoh M. Canonical and non-canonical WNT signaling in cancer stem cells and their
niches: Cellular heterogeneity, omics reprogramming, targeted therapy and tumor
plasticity (Review). International journal of oncology. 2017;51(5):1357-1369.

Katoh M, Katoh M. WNT signaling pathway and stem cell signaling network. Clin
Cancer Res. 2007;13(14):4042-4045.

Wang H, Ren Y, Hu X, et al. Effect of Wnt Signaling on the Differentiation of Islet -
Cells from Adipose-Derived Stem Cells. Biomed Res Int. 2017;2017:2501578-2501578.
Conlon FL, Lyons KM, Takaesu N, et al. A primary requirement for nodal in the
formation and maintenance of the primitive streak in the mouse. Development.

1994;120(7):1919-1928.

215



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Takenaga M, Fukumoto M, Hori Y. Regulated Nodal signaling promotes differentiation
of the definitive endoderm and mesoderm from ES cells. Journal of Cell Science.
2007;120(12):2078-2090.

de Caestecker M. The transforming growth factor-beta superfamily of receptors. Cytokine
Growth Factor Rev. 2004;15(1):1-11.

Kubo A, Shinozaki K, Shannon JM, et al. Development of definitive endoderm from
embryonic stem cells in culture. Development. 2004;131(7):1651-1662.

Kim SK, Melton DA. Pancreas development is promoted by cyclopamine, a hedgehog
signaling inhibitor. Proc Natl Acad Sci U S A. 1998;95(22):13036-13041.

Hebrok M, Kim SK, Melton DA. Notochord repression of endodermal Sonic hedgehog
permits pancreas development. Genes Dev. 1998;12(11):1705-1713.

Ye F, Duvillié B, Scharfmann R. Fibroblast growth factors 7 and 10 are expressed in the
human embryonic pancreatic mesenchyme and promote the proliferation of embryonic
pancreatic epithelial cells. Diabetologia. 2005;48(2):277-281.

Kroon E, Martinson LA, Kadoya K, et al. Pancreatic endoderm derived from human
embryonic stem cells generates glucose-responsive insulin-secreting cells in vivo. Nat
Biotechnol. 2008;26(4):443-452.

Rezania A, Bruin JE, Riedel MJ, et al. Maturation of human embryonic stem cell-derived
pancreatic progenitors into functional islets capable of treating pre-existing diabetes in
mice. Diabetes. 2012;61(8):2016-2029.

Bruin JE, Rezania A, Xu J, et al. Maturation and function of human embryonic stem cell-
derived pancreatic progenitors in macroencapsulation devices following transplant into
mice. Diabetologia. 2013;56(9):1987-1998.

Coffinier C, Barra J, Babinet C, Yaniv M. Expression of the vHNF1/HNF 1beta
homeoprotein gene during mouse organogenesis. Mech Dev. 1999;89(1-2):211-213.
Barbacci E, Reber M, Ott MO, Breillat C, Huetz F, Cereghini S. Variant hepatocyte
nuclear factor 1 is required for visceral endoderm specification. Development.

1999;126(21):4795-4805.

216



75.

76.

77.

78.

79.

80.

81.

82.

83.

Duncan SA, Manova K, Chen WS, et al. Expression of transcription factor HNF-4 in the
extraembryonic endoderm, gut, and nephrogenic tissue of the developing mouse embryo:
HNF-4 is a marker for primary endoderm in the implanting blastocyst. Proc Natl Acad
Sci U S A. 1994;91(16):7598-7602.

Chen JK, Taipale J, Young KE, Maiti T, Beachy PA. Small molecule modulation of
Smoothened activity. Proceedings of the National Academy of Sciences.
2002;99(22):14071.

Ostrom M, Loffler KA, Edfalk S, et al. Retinoic acid promotes the generation of
pancreatic endocrine progenitor cells and their further differentiation into beta-cells. PloS
one. 2008;3(7):e2841-e2841.

Chen Y, Pan FC, Brandes N, Afelik S, Solter M, Pieler T. Retinoic acid signaling is
essential for pancreas development and promotes endocrine at the expense of exocrine
cell differentiation in Xenopus. Developmental Biology. 2004;271(1):144-160.
Lorberbaum DS, Kishore S, Rosselot C, et al. Retinoic acid signaling within pancreatic
endocrine progenitors regulates mouse and human f cell specification. Development.
2020;147(12).

Mfopou JK, Chen B, Mateizel I, Sermon K, Bouwens L. Noggin, retinoids, and fibroblast
growth factor regulate hepatic or pancreatic fate of human embryonic stem cells.
Gastroenterology. 2010;138(7):2233-2245, 2245.e2231-2214.

Hart A, Papadopoulou S, Edlund H. Fgf10 maintains notch activation, stimulates
proliferation, and blocks differentiation of pancreatic epithelial cells. Dev Dyn.
2003;228(2):185-193.

Gu G, Dubauskaite J, Melton DA. Direct evidence for the pancreatic lineage: NGN3+
cells are islet progenitors and are distinct from duct progenitors. Development.
2002;129(10):2447-2457.

Johansson KA, Dursun U, Jordan N, et al. Temporal control of neurogenin3 activity in
pancreas progenitors reveals competence windows for the generation of different

endocrine cell types. Dev Cell. 2007;12(3):457-465.

217



&4.

85.

86.

87.

88.

&9.

90.

91.

92.

93.

94.

Mamidi A, Prawiro C, Seymour PA, et al. Mechanosignalling via integrins directs fate
decisions of pancreatic progenitors. Nature. 2018;564(7734):114-118.

Toren-Haritan G, Efrat S. TGFf Pathway Inhibition Redifferentiates Human Pancreatic
Islet B Cells Expanded In Vitro. PloS one. 2015;10(9):e0139168-e0139168.

Dhawan S, Dirice E, Kulkarni RN, Bhushan A. Inhibition of TGF-3 Signaling Promotes
Human Pancreatic B-Cell Replication. Diabetes. 2016;65(5):1208.

Kunisada Y, Tsubooka-Yamazoe N, Shoji M, Hosoya M. Small molecules induce
efficient differentiation into insulin-producing cells from human induced pluripotent stem
cells. Stem Cell Research. 2012;8(2):274-284.

Cogger KF, Sinha A, Sarangi F, et al. Glycoprotein 2 is a specific cell surface marker of
human pancreatic progenitors. Nature Communications. 2017;8(1):331.

Kozawa J, Tokui Y, Moriwaki M, et al. Regenerative and therapeutic effects of heparin-
binding epidermal growth factor-like growth factor on diabetes by gene transduction
through retrograde pancreatic duct injection of adenovirus vector. Pancreas.
2005;31(1):32-42.

Miettinen PJ, Huotari M, Koivisto T, et al. Impaired migration and delayed
differentiation of pancreatic islet cells in mice lacking EGF-receptors. Development.
2000;127(12):2617-2627.

Rukstalis JM, Habener JF. Neurogenin3: A master regulator of pancreatic islet
differentiation and regeneration. Islets. 2009;1(3):177-184.

Mason MN, Mahoney MJ. Inhibition of Gamma-Secretase Activity Promotes
Differentiation of Embryonic Pancreatic Precursor Cells into Functional Islet-like
Clusters in Poly(Ethylene Glycol) Hydrogel Culture. Tissue Engineering Part A.
2010;16(8):2593-2603.

Dror V, Nguyen V, Walia P, Kalynyak TB, Hill JA, Johnson JD. Notch signalling
suppresses apoptosis in adult human and mouse pancreatic islet cells. Diabetologia.
2007;50(12):2504-2515.

Mastracci TL, Evans-Molina C. Pancreatic and Islet Development and Function: The

Role of Thyroid Hormone. J Endocrinol Diabetes Obes. 2014;2(3):1044.

218



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Aiello V, Moreno-Asso A, Servitja JM, Martin M. Thyroid hormones promote endocrine
differentiation at expenses of exocrine tissue. Exp Cell Res. 2014;322(2):236-248.
Furuya F, Shimura H, Asami K, et al. Ligand-bound thyroid hormone receptor
contributes to reprogramming of pancreatic acinar cells into insulin-producing cells. J
Biol Chem. 2013;288(22):16155-16166.

Aguayo-Mazzucato C, Zavacki AM, Marinelarena A, et al. Thyroid hormone promotes
postnatal rat pancreatic B-cell development and glucose-responsive insulin secretion
through MAFA. Diabetes. 2013;62(5):1569-1580.

Augsornworawat P, Maxwell KG, Velazco-Cruz L, Millman JR. Single-Cell
Transcriptome Profiling Reveals B Cell Maturation in Stem Cell-Derived Islets after
Transplantation. Cell Reports. 2020;32(8):108067.

Velazco-Cruz L, Goedegebuure MM, Maxwell KG, Augsornworawat P, Hogrebe NJ,
Millman JR. SIX2 Regulates Human 3 Cell Differentiation from Stem Cells and
Functional Maturation In Vitro. Cell reports. 2020;31(8):107687-107687.

Balboa D, Barsby T, Lithovius V, et al. Functional, metabolic and transcriptional
maturation of stem cell derived beta cells. bioRxiv. 2021:2021.2003.2031.437748.
Sanavia T, Huang C, Manduchi E, et al. Temporal Transcriptome Analysis Reveals
Dynamic Gene Expression Patterns Driving -Cell Maturation. Frontiers in Cell and
Developmental Biology. 2021;9(796).

Mabherali N, Hochedlinger K. Guidelines and Techniques for the Generation of Induced
Pluripotent Stem Cells. Cell Stem Cell. 2008;3(6):595-605.

Haase A, Glienke W, Engels L, et al. GMP-compatible manufacturing of three iPS cell
lines from human peripheral blood. Stem Cell Res. 2019;35:101394.

Blum B, Bar-Nur O, Golan-Lev T, Benvenisty N. The anti-apoptotic gene survivin
contributes to teratoma formation by human embryonic stem cells. Nature Biotechnology.
2009;27(3):281-287.

Menendez S, Camus S, Herreria A, et al. Increased dosage of tumor suppressors limits
the tumorigenicity of iPS cells without affecting their pluripotency. Aging Cell.
2012;11(1):41-50.

219



106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Schuldiner M, Itskovitz-Eldor J, Benvenisty N. Selective Ablation of Human Embryonic
Stem Cells Expressing a “Suicide” Gene. STEM CELLS. 2003;21(3):257-265.

Rong Z, Fu X, Wang M, Xu Y. A Scalable Approach to Prevent Teratoma Formation of
Human Embryonic Stem Cells *<sup></sup>. Journal of Biological Chemistry.
2012;287(39):32338-32345.

Liang Q, Monetti C, Shutova MV, et al. Linking a cell-division gene and a suicide gene
to define and improve cell therapy safety. Nature. 2018;563(7733):701-704.

Di Stasi A, Tey SK, Dotti G, et al. Inducible apoptosis as a safety switch for adoptive cell
therapy. N Engl J Med. 2011;365(18):1673-1683.

Toivonen S, Lundin K, Balboa D, et al. Activin A and Wnt-dependent specification of
human definitive endoderm cells. Experimental Cell Research. 2013;319(17):2535-2544.
Dettmer R, Cirksena K, Miinchhoff J, et al. FGF2 Inhibits Early Pancreatic Lineage
Specification during Differentiation of Human Embryonic Stem Cells. Cells. 2020;9(9).
Yamaguchi TP. Heads or tails: Wnts and anterior—posterior patterning. Current Biology.
2001;11(17):R713-R724.

Beddington RS, Robertson EJ. Axis development and early asymmetry in mammals.
Cell. 1999;96(2):195-209.

Tam PP, Gad JM, Kinder SJ, Tsang TE, Behringer RR. Morphogenetic tissue movement
and the establishment of body plan during development from blastocyst to gastrula in the
mouse. Bioessays. 2001;23(6):508-517.

Hori Y, Rulifson IC, Tsai BC, Heit JJ, Cahoy JD, Kim SK. Growth inhibitors promote
differentiation of insulin-producing tissue from embryonic stem cells. Proceedings of the
National Academy of Sciences. 2002;99(25):16105.

Mao G-h, Lu P, Wang Y-n, et al. Role of PI3K p110p in the differentiation of human
embryonic stem cells into islet-like cells. Biochemical and Biophysical Research
Communications. 2017;488(1):109-115.

Ptasznik A, Beattie GM, Mally MI, Cirulli V, Lopez A, Hayek A. Phosphatidylinositol 3-
kinase is a negative regulator of cellular differentiation. J Cell Biol. 1997;137(5):1127-
1136.

220



118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

van der Meulen T, Huising MO. Maturation of stem cell-derived beta-cells guided by the
expression of urocortin 3. Rev Diabet Stud. 2014;11(1):115-132.

Suzuki T, Dai P, Hatakeyama T, et al. TGF-} Signaling Regulates Pancreatic $-Cell
Proliferation through Control of Cell Cycle Regulator p27 Expression. Acta Histochem
Cytochem. 2013;46(2):51-58.

Chen S, Borowiak M, Fox JL, et al. A small molecule that directs differentiation of
human ESCs into the pancreatic lineage. Nat Chem Biol. 2009;5(4):258-265.

Rezania A, Bruin JE, Xu J, et al. Enrichment of human embryonic stem cell-derived
NKX6.1-expressing pancreatic progenitor cells accelerates the maturation of insulin-
secreting cells in vivo. STEM CELLS. 2013;31(11):2432-2442.

Thatava T, Nelson TJ, Edukulla R, et al. Indolactam V/GLP-1-mediated differentiation of
human iPS cells into glucose-responsive insulin-secreting progeny. Gene Ther.
2011;18(3):283-293.

Johannesson M, Stahlberg A, Ameri J, Sand FW, Norrman K, Semb H. FGF4 and
retinoic acid direct differentiation of hESCs into PDX1-expressing foregut endoderm in a
time- and concentration-dependent manner. PloS one. 2009;4(3):e4794-e4794.

Calpe S, Correia ACP, Sancho-Serra MdC, Krishnadath KK. Comparison of newly
developed anti-bone morphogenetic protein 4 llama-derived antibodies with
commercially available BMP4 inhibitors. mAbs. 2016;8(4):678-688.

Jorgensen MC, Ahnfelt-Renne J, Hald J, Madsen OD, Serup P, Hecksher-Sgrensen J. An
[lustrated Review of Early Pancreas Development in the Mouse. Endocrine Reviews.
2007;28(6):685-705.

Dahlhoff M, Dames PM, Lechner A, et al. Betacellulin overexpression in transgenic mice
improves glucose tolerance and enhances insulin secretion by isolated islets in vitro. Mol
Cell Endocrinol. 2009;299(2):188-193.

Oh YS, Shin S, Lee Y-J, Kim EH, Jun H-S. Betacellulin-induced beta cell proliferation
and regeneration is mediated by activation of ErbB-1 and ErbB-2 receptors. PloS one.

2011;6(8):€23894-¢23894.

221



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Cho YM, Lim JM, Yoo DH, et al. Betacellulin and nicotinamide sustain PDX1
expression and induce pancreatic -cell differentiation in human embryonic stem cells.
Biochemical and Biophysical Research Communications. 2008;366(1):129-134.
Rebelato E, Santos LR, Carpinelli AR, Rorsman P, Abdulkader F. Short-term high
glucose culture potentiates pancreatic beta cell function. Scientific Reports.
2018;8(1):13061.

Saki N, Jalalifar MA, Soleimani M, Hajizamani S, Rahim F. Adverse effect of high
glucose concentration on stem cell therapy. Int J Hematol Oncol Stem Cell Res.
2013;7(3):34-40.

Spyrou J, Gardner DK, Harvey AJ. Metabolism Is a Key Regulator of Induced
Pluripotent Stem Cell Reprogramming. Stem Cells Int. 2019;2019:7360121-7360121.
Madonna R, Geng Y-J, Shelat H, Ferdinandy P, De Caterina R. High glucose-induced
hyperosmolarity impacts proliferation, cytoskeleton remodeling and migration of human
induced pluripotent stem cells via aquaporin-1. Biochimica et Biophysica Acta (BBA) -
Molecular Basis of Disease. 2014;1842(11):2266-2275.

Kimura A, Toyoda T, Nishi Y, Nasu M, Ohta A, Osafune K. Small molecule AT7867
proliferates PDX1-expressing pancreatic progenitor cells derived from human pluripotent
stem cells. Stem Cell Res. 2017;24:61-68.

Lee MO, Moon SH, Jeong HC, et al. Inhibition of pluripotent stem cell-derived teratoma
formation by small molecules. Proc Natl Acad Sci U S A. 2013;110(35):E3281-3290.
Dabir DV, Hasson SA, Setoguchi K, et al. A small molecule inhibitor of redox-regulated
protein translocation into mitochondria. Developmental cell. 2013;25(1):81-92.
Agulnick AD, Ambruzs DM, Moorman MA, et al. Insulin-Producing Endocrine Cells
Differentiated In Vitro From Human Embryonic Stem Cells Function in
Macroencapsulation Devices In Vivo. Stem Cells Transl Med. 2015;4(10):1214-1222.
Britt LD, Stojeba PC, Scharp CR, Greider MH, Scharp DW. Neonatal Pig Pseudo-Islets:
A Product of Selective Aggregation. Diabetes. 1981;30(7):580.

222



138.

139.

140.

141.

142.

143.

144.

145.

146.

Kim G, Shin K-H, Pae E-K. Zinc Up-Regulates Insulin Secretion from 3 Cell-Like Cells
Derived from Stem Cells from Human Exfoliated Deciduous Tooth (SHED).
International journal of molecular sciences. 2016;17(12):2092.

Ohta S, Ikemoto T, Wada Y, et al. A change in the zinc ion concentration reflects the
maturation of insulin-producing cells generated from adipose-derived mesenchymal stem
cells. Scientific Reports. 2019;9(1):18731.

Nygaard SB, Larsen A, Knuhtsen A, Rungby J, Smidt K. Effects of zinc supplementation
and zinc chelation on in vitro B-cell function in INS-1E cells. BMC Res Notes.
2014;7(1):84.

Fong CY, Peh GS, Gauthaman K, Bongso A. Separation of SSEA-4 and TRA-1-60
labelled undifferentiated human embryonic stem cells from a heterogeneous cell
population using magnetic-activated cell sorting (MACS) and fluorescence-activated cell
sorting (FACS). Stem Cell Rev Rep. 2009;5(1):72-80.

Tang C, Lee AS, Volkmer J-P, et al. An antibody against SSEA-5 glycan on human
pluripotent stem cells enables removal of teratoma-forming cells. Nature biotechnology.
2011;29(9):829-834.

Wang YC, Nakagawa M, Garitaonandia I, et al. Specific lectin biomarkers for isolation
of human pluripotent stem cells identified through array-based glycomic analysis. Cell
Res. 2011;21(11):1551-1563.

Choo AB, Tan HL,, Ang SN, et al. Selection against undifferentiated human embryonic
stem cells by a cytotoxic antibody recognizing podocalyxin-like protein-1. Stem Cells.
2008;26(6):1454-1463.

Tan HL, Fong WJ, Lee EH, Yap M, Choo A. mAb 84, a cytotoxic antibody that kills
undifferentiated human embryonic stem cells via oncosis. Stem Cells. 2009;27(8):1792-
1801.

Alipio Z, Liao W, Roemer EJ, et al. Reversal of hyperglycemia in diabetic mouse models
using induced-pluripotent stem (iPS)-derived pancreatic beta-like cells. Proc Natl Acad

Sci U S 4. 2010;107(30):13426-13431.

223



147.

148.

149.

150.

151.

152.

153.

Echeverri GJ, McGrath K, Bottino R, et al. Endoscopic gastric submucosal
transplantation of islets (ENDO-STI): technique and initial results in diabetic pigs.
American journal of transplantation : official journal of the American Society of
Transplantation and the American Society of Transplant Surgeons. 2009;9(11):2485-
2496.

Verhoeff K, Marfil-Garza B, Sandha G, et al. Outcomes Following Extrahepatic and
Intraportal Pancreatic Islet Transplantation: A Comparative Cohort Study.
Transplantation. 2022.

Gala-Lopez B. L. PAR, Dinyari P. , Malcolm A. J., Kin T. , Pawlick L. R. , Senior P. A.
, Shapiro A.M. J. Subcutaneous clinical islet transplantation in a prevascularized
subcutaneous pouch — preliminary experience. CellR4. 2016;4(5):e2132.

Marfil-Garza BA, Polishevska K, Pepper AR, Korbutt GS. Current State and Evidence of
Cellular Encapsulation Strategies in Type 1 Diabetes. Comprehensive Physiology.
2020:839-878.

Lebreton F, Lavallard V, Bellofatto K, et al. Insulin-producing organoids engineered
from islet and amniotic epithelial cells to treat diabetes. Nat Commun. 2019;10(1):4491.
Yoshihara E, O'Connor C, Gasser E, et al. Immune-evasive human islet-like organoids
ameliorate diabetes. Nature. 2020;586(7830):606-611.

Wang D, Wang J, Bai L, et al. Long-Term Expansion of Pancreatic Islet Organoids from
Resident Procr(+) Progenitors. Cell. 2020;180(6):1198-1211.e1119.

224



3.2 Chapter 3 subsection 2 — Cell characterization, graft evaluation, and yield of islet-like
cells differentiated from patient-derived iPSCs

This chapter subsection has been submitted for publication in May 2023 and is currently under
review. All figures and tables in this chapter have been adapted from this submitted work. The
preliminary citation is: *Verhoeff, K; *Cuesta-Gomez, N; Maghera, J; Dadheech, N; Pawlick, R;
Smith, N; O’Gorman, D; Razavy, H; Marfil-Garza, B; Young, LG; MacDonald, PE; Shapiro,
A.M.J. Cell characterization, graft evaluation, and yield of islet-like cells differentiated from
patient-derived iPSCs. Manuscript submitted for publication.

*Represents co-authors
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3.2.1 Summary

Induced pluripotent stem cells (iPSCs) offer the potential to generate autologous iPSC-
derived islets (iPSC islets). Differentiation protocol optimization with stage-wise
characterization, off-target evaluation, and cell yield assessment are necessary to inform clinical
implementation. Herein, we report stage-wise characterization of cells generated following an
improved differentiation protocol capable of generating 90.4% PDX1/NKX6.1* pancreatic
progenitors and 100% C-peptide’/NKX6.1" iPSC islet cells. However, 82.1%, 49.6% and 0.9%
of the cells expressed SOX9 (duct), SLC18A1 (enterochromaffin cells) and CDX2 (gut cells),
respectively. Explanted grafts contained mature monohormonal islet-like cells, however, CK19*
ductal tissues persist. Importantly, planar differentiation achieved 8.3x10° cells, whereas
complete suspension differentiation within Vertical-Wheel® bioreactors significantly increased
cell yield to 105.0x10° cells, reducing costs by 88.8%. This study offers improved stage-wise
characterization of iPSC islet cells that will enable future protocol comparison and evaluation of
approaches for off-target cell elimination. Proof-of-concept for complete suspension-based

differentiation highlights an important advancement to facilitate clinical implementation.
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3.2.2 Introduction

Islet transplantation (ITx) provides clear proof-of-concept for a cell-based regenerative
diabetes therapy!. Allogeneic ITx from deceased donors remains limited to patients with severe
glycemic lability and recurrent hypoglycemia due to inadequate organ supply and requirement
for lifelong immunosuppression; however, the advent of stem cell-derived ITx (SC-ITx) could
generate unlimited cells for transplant to expand application®. Recent clinical trials have
demonstrated meal-stimulated C-peptide secretion following in-human subcutaneous embryonic
SC-ITx, with studies underway evaluating genetically modified stem cell-derived islets (SC
islets) to eliminate immunosuppression required to combat allorejection™”. Alternatively,
induced pluripotent stem cells (iPSCs) offer the possibility to generate autologous SC islets,
which would inherently circumvent the need for immunosuppression, but are far more complex
to manufacture in bulk. Clinical translation of iPSC ITx relies on protocols to reliably generate
large numbers of high quality iPSC islets without risk of off-target growth®. While numerous
differentiation protocols have been published’!4, thorough stage-wise characterization, product
yield, and detailed post-transplant graft evaluation remain underreported.

Early first-generation SC islet differentiation protocols directed cells into
PDX1"/NKX6.1" expressing pancreatic progenitors (PPs) that were transplanted and underwent

15-18 'To eliminate off-target

further differentiation into glucose responsive SC islets in vivo
populations and improve cell product safety, recent protocols have further differentiated PPs into

SC islets in vitro prior to transplant!'!°. In doing so, newer protocols have successfully generated

SC islets that exhibit immature glucose-stimulated insulin release and metabolism but that can
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mature either in vitro or in vivo®'%142921 However, review of previous studies reporting islet
differentiation highlights uncertainty regarding the optimal protocol to direct cells from their
pluripotent state towards SC islets®2. Furthermore, previous studies lack cell characterization at
each Stage of differentiation, fail to evaluate or report cell yield, and often do not adequately
report post-transplant evaluation of off-target tissues within grafts (Table 3.2.1), making it
difficult to compare results. In depth characterization of cells during each Stage of differentiation
will facilitate ongoing stage-wise protocol optimization®, while understanding the yield of SC
islet differentiation protocols and the safety of the final cell product remains paramount for
clinical translation.

Table 3.2.1 Evaluation of Stage wise characterization, yield assessment, functional

characterization, off-target graft evaluation, and electrophysiological testing of SC islets
from key studies since 2010

Protocol Reported Within Study
Stage-Wise Final Off-Target Functional Electrophysiologic ' Unique Data
Characterization = Product Graft Characterization Evaluation
Yield Evaluation
Schulz et Stage 1-4 No Yes In vivo only No Suspension
al. (2012)'% | transcriptomic culture of PPs
evaluation with transplant
showing in vivo
maturation
Pagliuca et No No No Yes No Production of
al. (2014)1! iPSC and ESC
islets capable of
GSIS using
suspension
culture within
spinner flasks
Rezania et Stages 4-7 Minimal Yes, 10 Yes No Added an
al. (2014) reporting: week additional Stage
1 SCislet  evaluation 7 maturation
per 2 SCs phase and
characterized
Stages 4-7
Russ et al. No No Yes, Yes No Thorough
(2015) or aggregated evaluation of
SC islet
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Nair et al.
(2019)
Velazco-
Cruz et al.
(2019)

Hogrebe et
al. (2020)
and (2021)

Aghazadeh
et al.
(2022)

Balboa et
al. (2022)

Stage 5-6

Yes

No

0.5—-
0.75x10°
cells per

cm?

Unclear
overall
yield.
Reported
84% and
76% cell
loss
following
cell
sorting
No

cells did not
have masses
No

No, only
included
evaluation
of
endocrine
markers 3
weeks post-
transplant.
Stated that
“no
overgrowths
were
observed”
Yes,
reported
teratoma
elimination
with GP2*
cell sorting

Yes

Yes

In vivo

evaluation only

Yes, thorough

characterization

throughout in
Vitro
maturation.

metabolic
maturation
No Update from
Pagliuca (2014)
with Stage 5-6
optimization
No Entirely two-
dimensional
planar culture
due to use of
latrunculin-A.

No Magnetic-
activated cell
sorting of GP2"
PPs to eliminate
teratoma
formation

Yes Characterization
following
prolonged in
vitro maturation

*Pagliuca et al. (2014), Velazco-Cruz et al. (2019) and Hogrebe et al. (2020) and (2021)
represent protocols established in the same lab.

This study aims to comparatively evaluate protocols for iPSC islet generation using

patient-derived iPSC lines. More critically, we provide stage-wise characterization of the cell

product achieved from an updated and optimized protocol with determination of product yield,

function, and safety through graft characterization after in vivo maturation. Understanding these
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aspects of SC islet differentiation protocols will enable ongoing advancement of efforts towards

a definitive stem cell-based cure for diabetes.

3.2.3 Methods

3.2.3.1 Experimental model and subject details

Blood sample donors for this study provided written consent for use of tissue, cell
reprogramming and differentiation, and result disclosure. This study and its methods have been
approved by the Stem Cell Oversight Committee of Canada (SCOC), and the University of
Alberta Institutional Health Research Ethics Board (PRO00084032). Animal protocols were
conducted in accordance with the Canadian Council on Animal Care Guidelines and Policies and
have been approved by the Animal Care and Use Committee (Health Sciences) at the University
of Alberta. Euthanasia was performed by filling the euthanasia chamber with 25% CO>. All
experiments were planned a priori and intended to complete technical and biological triplicates
as a minimum for all experiments based on standard experimental procedures. Contaminated
iPSC islet preparations and intraperitoneal glucose tolerance tests at 8-weeks for one cohort of
mice (n =7 due to a suspected protocol failure) were excluded from analysis. Randomization and

blinding were not performed.

3.2.3.2 Cell culture

Cell culture was completed using good manufacturing practice (GMP) compliant
materials, where available, to ensure clinical applicability of these protocols?’. Cells were

cultured at 37°C with 5% CO: within humidified incubators. Cell processing was performed in a
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Class-1II biocontainment compliant lab with the manipulation of cells taking place in a sterile

environment with high efficiency particulate air filtration.

3.2.3.2.1 Generation, maintenance and expansion of induced pluripotent stem cell lines

Human iPSC lines (n = 3) generated from peripheral blood mononuclear cells (PBMCs)
of three healthy donors (patient demographics in Appendix Table S3.2.2) were used in this
study. iPSC lines were generated using Sendai virus transfection of PBMCs, clone selection, and
culture according to previously published protocols?*. Detailed iPSC line establishment,
maintenance, and quality control were completed according to previously reported protocols.
iPSCs were cultured on 60 mm tissue culture plates (Thermo Fisher Scientific cat. 130181)
covered with recombinant human vitronectin (Thermo Fisher Scientific cat. A27940) in
StemFlex media (Stem Cell Technologies, cat. A3349401) and passaged using CTS EDTA
Versene Solution (Fisher Scientific, cat. A4239101) supplemented with 10 pM Rho-kinase
inhibitor (Rockl; Y-27632 STEMCELL Technologies, cat. 72304). To prepare cells prior to
differentiation experiments, iPSCs were passaged and seeded on 150-mm Geltrex (Fisher
Scientific cat. A1413301) coated plates at a density of ~0.06 million cells/cm?, and grown for 3-4

days to achieve 80-90% confluency prior to differentiation.

3.2.3.2.2 Differentiation of induced pluripotent stem cell lines

For protocol optimization, 32 different media and additive compositions were tested from
Stages 1-4, modified from key publications!#?52¢ and are described in Appendix Table S3.2.3.

Protocol evaluation was based on the proposed quality control standards to assess the efficiency
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and safety of differentiation protocols established by Cuesta-Gomez et al. (2022)3; upon identical
quality control results, yield and cost were also considered. For a pathophysiological insight of
each differentiation stage, including stage-specific approaches to optimize islet generation refer
to Verhoeff et al. (2022)22.

Upon establishment of the optimized differentiation protocol described in Appendix
Table S3.2.3, iPSCs were expanded and differentiated in 150 mm plates. To determine protocol
yield and for stage-wise characterization, independent differentiations were carried out with
discontinuation and cell collection at each Stage to allow cell counting and sample collection for
flow cytometry and RNA assessment. Briefly, cells on 150 mm plates were lifted using
6 minutes (min) TrypLE treatment (10 mL; Thermo Fisher Scientific, cat. 12605010)
supplemented with 10 uM ROCK:i followed by enzyme dilution with 10 mL of ROCKi
supplemented (10 uM) DMEM (Sigma cat. D0822) and cell lifting using a cell scraper. Single
cells were centrifuged for 2 min at 2000 rotations per min (rpm) and resuspended in PBS. Cells
were counted and viability was assessed using the Thermo Fisher Scientific Invitrogen Countess
IT AMQAX1000 Cell Counter. Live cell numbers were used to calculate cell requirements for all
processes. Following pancreatic progenitor differentiation, cells on 150 mm plates were lifted as
described above and seeded into microwells (6-well AggreWell® 400 plates, Stem Cell
Technologies, cat. 34460) at a density of 800-1,000 cells per microwell using the protocol
described by Barsby et al. (2022)*’. After 48 hours within microwell plates, the clusters were
gently resuspended using the media within each well and transferred to a 50 mL conical. Two
additional washes of the microwell plates with 2 mL/well of Stage 5 media ensured maximal

cluster transfer. Clusters were allowed to settle by gravity in the 50 mL conical followed by
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media removal, cluster resuspension in Stage 5 media, and transfer to suspension culture in 0.1L
Vertical-Wheel® Bioreactors that were set to rotate at 60 rpm. Media changes were performed
according to the differentiation schedule (typically every two days, as described in Appendix
Table S3.2.3). Within Vertical-Wheel® bioreactors, cells were allowed to gravity settle with
supernatant removed and media replacement. Cell number and samples for RNA and flow
cytometry were also collected at the end of Stages 5 and 6. Clusters in suspension culture were
dissociated by transferring cells into a 1.5 mL Eppendorf tube with 1 mL of accutase (Thermo
Fisher Scientific cat. A11105-01) for 10 min followed by mechanical disruption using a pipette;
single cells and viability were measured as above.

We also report differentiation occurring entirely (i.e. from Stages 1-6) within Vertical-
Wheel® bioreactors. To achieve this, 2x10°iPSCs were seeded within Vertical-Wheel®
bioreactors with 55 mL of media, followed by cell expansion for 5 days according to our
previously reported protocol?4. Following expansion, a cell sample was collected for counting
and assessment of pluripotency markers prior to differentiation. Throughout differentiation 100
mL of media was used and Vertical-Wheel® bioreactors were set at 60 rpm. Media changes
involved allowing cell clusters to gravity settle followed by 100 mL media exchange according
to the same schedule and media composition as completed in planar conditions (Appendix Table

$3.2.3).

3.2.3.2.3 Isolation of primary adult islets

S6 iPSC islet morphology and function were compared to data from human islets isolated

from deceased donor pancreata for research by The Alberta Diabetes Institute IsletCore
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(University of Alberta, Canada) using previously described methods?8. All human islet studies
were approved by the Human Research Ethics Board (Pro00013094; Pro00001754) at the
University of Alberta and all families of organ donors provided written informed consent. Islet

donor characteristics are listed in Appendix Table S3.2.2.

3.2.3.3 Immunohistochemistry and image analysis

Differentiation in planar conditions was carried out on Geltrex coated coverslips with
wells washed with PBS and fixed in 4% PFA for 20 min at room temperature (RT). Samples
differentiated in suspension conditions and explanted iPSC islet grafts were fixed overnight in
4% PFA and embedded in paraffin. Paraffin embedded samples were sectioned at 8§ um and were
deparaffinized, rehydrated, and subjected to antigen retrieval using hot citrate buffer (0.0126 M
citric acid, Sigma cat. C-0759; 0.0874 M sodium citrate, Sigma, cat. S-4641; pH 6.0) for a total
of 20 min prior to staining. Coverslips and slides were then blocked and permeabilized with 5%
normal donkey serum (Sigma, cat. S30-M) in FoxP3 permeabilization buffer (Biolegend, cat.
421402) for 1 hour (hr) at RT and incubated with primary antibodies diluted in permeabilization
buffer overnight at 4°C. Secondary antibodies were diluted similarly and incubated for 1 hr at RT
followed by DAPI (Sigma cat. D1306) staining for 4 min at RT. Antibodies and concentrations
used are listed in Appendix Table S3.2.4. Slides were visualized using the Leica DMI 6000
inverted fluorescence microscope and images were processed using the LAS X Life Science

Microscope Software.
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3.2.3.4 Flow cytometry

Upon lifting of cells from plates or dissociation of the clusters, 5x10° single cells were
filtered through a 40 um strainer and then fixed with 4% PFA for 20 min at RT and stored at 4°C
until staining. Prior to staining, cells were permeabilized using Cytofix/Cytoperm (BD
Biosciences, cat. 554714) for 20 min on ice followed by 2 washes with 1x Perm/Wash buffer
(BD Biosciences, cat. 554714). Primary antibodies were incubated for 1 hr hour on ice, or
overnight at 4 °C for NKX6.1, and secondary antibodies for 30 min according to the dilutions in
Appendix Table S3.2.4. Cells were resuspended in fluorescence-activated cell sorting buffer
(2% FCS, 2 mM EDTA in DPBS). Data were acquired using the CytoFLEX S flow cytometer

and analysed using the CytExpert software (Beckman Coulter).

3.2.3.5 Quantitative reverse transcription PCR (qRT-PCR)

Cells were lysed in 350 uLL RLT buffer (Qiagen, cat. 79216) and frozen at -80°C until
RNA extraction. Suspension of lysed cells in RLT buffer was defrosted and cells were
homogenized using the QIAshredder system (Qiagen, cat. 79656) and total RNA was then
extracted with the RNeasy Mini Kit (Qiagen, cat. 74104) according to the manufacturer’s
instructions. Concentration and purity of the isolated RNA samples were evaluated using
spectrophotometry with the Multiskan SkyHigh Microplate Spectrophotometer and pdrop plate
(Thermo Fisher, cat. A51119600DPC) by assessing the 260/280 nm and 260/230 nm absorption
of samples. Samples were then stored at -80°C until needed; RNA was quantified after each

defrost. RNA was reverse-transcribed using the RevertAid First Strand cDNA Synthesis Kit as
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per manufacturer guidelines (Thermo Fisher, cat. K1621). Complement DNA (cDNA) was
stored at -20°C until required for PCR.

Custom designed gene TagMan Low Density Array Cards were used as per manufacturer
instructions (Thermo Fisher Scientific cat. 4342253); gene array set up is described in Appendix
Table S3.2.5. Briefly, 500 ng of cDNA was diluted in 55 pL of nuclease free water and
combined with 55 pL. TagMan Universal PCR Master Mix (Thermo Fisher Scientific cat.
4305719). The combined solution was loaded into the gene array cards, centrifuged, and
processed using the FAST-384 well array program via the QuantStudio 12K Flex Real-Time
PCR system. Separately, pairs of primers were designed (sequences detailed in Appendix Table
S3.2.6) to quantify the amount of specific cDNA by SYBR Green qRT-PCR (Thermo Fisher
Scientific cat. 4385612). qRT-PCR assay was performed using the Applied Biosystems 7900HC
Fast Real-Time PCR Systems detection system (Applied Biosystems). Samples were analysed
using GAPDH as reference for data normalization. Data was then analyzed as above and

represented as a heat map, 2(-AACT), or volcano plots.

3.2.3.6 Glucose-stimulated insulin secretion

Static tests of insulin secretion were carried out in 1.5 mL Eppendorf tubes. A total of 50
iPSC islets or human islets were handpicked and equilibrated in Krebs-Ringer buffer with
2.8 mM glucose (G3) for 120 min, and then subjected to sequential 30-min incubations of G3,
16.8 mM glucose (G17), 100 nM Exendin-4 (Sigma, cat. E7144) and 30 mM KCl in G3.
Following incubations, the clusters were lysed with Triton X-100 buffer (Sigma, cat. 9002-93-1)

with total insulin content analyzed.
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Dynamic tests of insulin secretion were carried out using a perifusion apparatus (BioRep
Technologies Perifusion System) with a flow rate of 0.1 mL/min, and sampling every 2 min. A
total of 50 handpicked iPSC islets or human islets were used for each test. The islets were
equilibrated in G3 for 120 min prior to sample collection. Samples were then exposed to 16 min
G3, 16 min G17, and 12 min KCI-G3. iPSC islets were also exposed to 100 mM Exendin-4 in
G3 for 16 min after G17 and before KCI-G3. Insulin content of secretion fractions and iPSC islet
lysates were analyzed with enzyme-linked immunosorbent assay (ELISA) (Alpco, cat. 80-

CPTHU-CHO1).

3.2.3.7 Electrophysiology

iPSC islets and human islets were hand-picked and dissociated using enzyme-free
Hanks’-based Cell Dissociation Buffer (Thermo Fisher Scientific, cat. 13150-016) and cultured
in DMEM (Fisher Scientific cat. 11885092) supplemented with 10% FBS, and 100 U/mL
penicillin/streptomycin and 10 uM Y-27632, (Stem technologies cat. 72302) for 1-2 days ata
glucose concentration of 5.0 mmol/L on 35-mm tissue culture dishes (Thermo Fisher Scientific
cat. 430165).

For whole-cell patch-clamping, fire polished thin wall borosilicate pipettes coated with
Sylgard (3-5 MOhm) were filled with an intracellular solution containing (in mM): 125 Cs-
glutamate, 10 CsCl, 10 NaCl, 1 MgCI2-6H20, 0.05 EGTA, 5 HEPES, 0.1 cAMP, and 3 MgATP
(pH 7.15 with CsOH) solution. Patch-clamp measurement of voltage-dependent Ca?* currents
and exocytotic responses in dispersed islet-like cells were performed at 32-35°C as described

previously?’, in bath solution containing (in mM): 118 NaCl, 20 TEA, 5.6 KCl, 1.2
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MgCl2-6H20, 2.6 CaCl2, 5 HEPES, and 5 glucose (pH 7.4 with NaOH). Electrophysiological
measures were collected using a HEKA EPC10 amplifier and PatchMaster Software (HEKA
Instruments, Lambrecht/Pfalz, Germany) within 5 min of break-in. Data were analyzed using

FitMaster (HEKA Instruments).

3.2.3.8 Oxygen consumption

Oxygen consumption was assayed using the Agilent Seahorse XFe24 analyzer. To
prepare calibrant plates, 1 mL of calibrant solution was placed into wells of the extracellular flux
assay kit and incubated at 37°C overnight without CO». On the day of the experiment, 70 iPSC
islets or human islets were hand-picked and placed within DMEM (Agilent 103575-100)
supplemented with 1% FBS, 2.8mM D-glucose (Sigma G8270), 2mM sodium pyruvate (Gibco
11360-070) and 2mM L-glutamine (Gibco 25030-081). iPSC islets and human islets were then
placed within the depression of the islet capture microplates with the protective mesh positioned
overtop. Supplemented DMEM was then topped off to a volume of 500 uL per well and
incubated at 37°C with no CO? for one hour. Cells were sequentially exposed to glucose 16.7
mM, oligomycin 5 um, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) 3 pum,

and rotenone/antimycin A 5 um. Data was standardized to DNA content.

3.2.3.9 iPSC islet transplantation

2,500 IEQs were transplanted under the kidney capsule of immunocompromised SCID

beige mice (12-16 weeks old) balanced for sex 3. IEQs were described according to the
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Integrated Islet Distribution Program?’!. Institutional guidelines for perioperative care, anesthesia,

and pain management were followed.

3.2.3.10 Evaluation of iPSC islet graft function

In vivo iPSC islet function was evaluated with intraperitoneal glucose tolerance tests at 8,
12 and 16 weeks after transplant. Animals were fasted overnight for 12-15 hr before receiving an
intraperitoneal glucose bolus (3 g/kg). Blood was collected and it’s C-peptide content measured
at 0 and 60 min after glucose injection using enzyme-linked immunosorbent assay (ELISA)
(Mercodia, cat. 10-1132-01). Blood glucose levels were monitored at 0, 15, 30, 60, 90 and 120
min after glucose administration.

iPSC islet grafts were retrieved by nephrectomy 16 weeks after transplantation®.
Retrieved grafts were characterized using IHC. For IHC, complete or partial grafts were fixed

overnight in 4%PFA and embedded in paraffin.

3.2.3.11 Cost Calculation

Cost evaluation and comparison in this study were completed solely for the purpose of
comparing the bioeconomics of iPSC islet generation and should not be extrapolated to the true
cost of clinically translating these findings. All costs are represented using 2023 Canadian
Dollars ($CAD). Costs included media supplements, media, materials, and cost of technician
time, as further described below. Cost of media supplements and media included the supplement
costs, taxes, and shipping costs for all supplements needed for differentiation detailed in

Appendix Table S3.2.3. Material costs included the price of plates, reactors, AggreWell® plates,
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TryPLE, cell scrapers, and media needed during AggreWell® plate rinsing with costs including
taxes and shipping. Material costs did not include the cost of pipettes, or any materials needed
during evaluation of cell products. Technician time was calculated by timing media changes at
all Stages for at least three different differentiations for two different personnel. Technician cost
was calculated by assuming a technician wage of $28/hr according to the average wage for cell
culture technicians in North America. Technician cost did not include the time needed to pre-
prepare and freeze media or supplement aliquots nor did it include time for quality control and
cell evaluation. Notably, no costs included materials or time needed for cell quality assessment,
clinical costs of ITx, instrument cost or depreciation, or costs associated with clinical
biomanufacturing, as it was assumed these would be similar regardless of the differentiation

technique.

3.2.3.12 Data collection and statistical methods

Normality testing was performed with the D’ Agostino-Pearson normality test to
determine the need for non-parametric testing, which was utilized for all subsequent analyses.
Between group comparisons of data were carried out using the non-parametric Mann—Whitney U
test or Kruskal-Wallis tests with the alpha value set at 0.05. The alpha was modified post hoc to
0.01 for volcano plot evaluation of transcriptomic data to better display key gene expression
changes. In the text and figures, continuous values are presented as medians with interquartile
range (IQR), with discrete values presented as absolute values with percentages. All statistical
analysis was completed using GraphPad Prism version 9.3.1for Mac, GraphPad Software, San

Diego, California USA, www.graphpad.com.
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Flow cytometry, transcriptomics, and functional assessments represent the median of
technical triplicates from independent iPSC islet differentiations. Gross pathology and
immunohistochemistry display representative images from grafts and iPSC differentiations.
Electrophysiology and measurements of Ca?* and exocytosis represent recordings from

individual cells from n = 7 differentiations. /n vivo data is derived from independent animals.

3.2.4 Results

3.2.4.1 Increased efficiency of pancreatic progenitor differentiation with alternative media

composition

Following review of previously published islet differentiation protocols several media
and additive variations were compared from Stages 1-4 to generate PPs (Figure 3.2.1A).
Specifically, use of MCDB, RPMI, DES, and MCDB supplemented with 1x insulin-transferrin-
selenium-ethanolamine (ITS-X), 1x non-essential amino acids (NEAA), and 1% human serum
albumin (HSA) (referred to as MCDB+) as a basal media were compared during Stages 1-2.
Additionally, addition of nicotinamide was tested at Stage 3, and/or Stage 4.

Morphological comparison of cells following differentiation using different media at
Stage 1 showed cytoplasmic enlargement and cell spacing compared to iPSCs, with more
fibroblastic-appearing cells when using RPMI and MCDB+ and reduced cell confluency with
MCDB+ (Figure 3.2.1B). Flow cytometric evaluation showed that MCDB (91.2%; IQR 90.2-
95.9%) and DES (90.4%; IQR 83.5-94.1%) produced a similar (p = 0.23) proportion of
CD1177/SOX17" cells, which was superior to RPMI (64.9%; IQR 46.6-71.0%), and MCDB+

(34.0%; IQR 18.6-48.7%) (all p < 0.05; Figure 3.2.1B).
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When cells from the best Stage 1 conditions (DES and MCDB) underwent primitive gut
tube differentiation (Stage 2) using RPMI or MCDB, those grown in RPMI were densely
confluent but retained cell spacing, while plate confluency was reduced when using MCDB,
especially when MCDB was also used for Stage 1 (Figure 3.2.1C). In keeping with this, when
using RPMI in Stage 2, 97.6% (IQR 95.7-99.2%) and 95.2% (IQR 93.9-96.9%) of cells were
SOX17*/FOXA2" for cells grown in MCDB and DES, respectively, during Stage 1 (p =0.17).
This was significantly more than when MCDB was used in Stage 2 (p = 0.008 for both).
Notably, no differences in cell morphology or proportion of PDX17/FOXA2" or
PDX17/NKX6.1" cells were observed regardless of nicotinamide supplementation in Stage 3,
and/or Stage 4 (Figure 3.2.1D-E). Morphology and efficiency of differentiation, measured as
percentage of positive cells for key markers from Stages 1-4, was similar regardless of MCDB or
DES at Stage 1. However, we elected to proceed with MCDB due to higher costs associated with
DES ($567 DES vs. $81.25 MCDB for 100 mL of Stage 1 media and supplements). The
optimized protocol for PP generation used MCDB for Stage 1, RPMI for Stage 2, and did not
include nicotinamide. Of the PP cells generated after Stage 4 using this protocol 90.4% (IQR

83.9-92.0%) were PDX1"/NKX6.1".
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Figure 3.2.1 Protocol optimization to maximize pancreatic progenitor generation during
Stages 1-4 of differentiation using different media compositions.
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A) Graphical representation of the media and supplements evaluated from Stages 1-4. Red “X”
represents protocols that did not achieve > 90% positive cells for stage-wise markers evaluated
with flow cytometry. B) Microscopy and CD117*/SOX17* flow cytometry results for different
media conditions evaluated during Stage 1. C) Microscopy and SOX17/FOXA2" flow
cytometry results for different media conditions evaluated during Stage 2. D) Microscopy and
FOXA2"/PDX1" flow cytometry results for different media conditions evaluated during Stage 3.
E) Microscopy and PDX17/NKX6.1* flow cytometry results for different media conditions
evaluated during Stage 4.

ns represents p > 0.05, “represents p < 0.05, and ““represents p < 0.001. 'TMCDB+ represents
MCDB media supplemented with 1x insulin-transferrin-selenium-ethanolamine (ITS-X), 1x non-
essential amino acids (NEAA), and 0.5% human serum albumin (HSA). Nicotin in A and “N” in
D-E represents either the addition (+) or not (-) of Nicotinamide. Full media composition and
supplements are presented in Appendix Table S3.2.3.

3.2.4.2 Stage-wise characterization throughout differentiation highlights transition from iPSC to

islet-like cells using an optimized protocol

Stage-wise proteomic characterization of the optimized protocol (Figure 3.2.2A)
demonstrates promising progression of important islet differentiation markers (Figure 3.2.2).
Flow cytometry quantification of Stage 1 cells demonstrates that in addition to 96.2% (IQR
94.45-98.2%) of cells being CD1847/SOX17", 91.2% (IQR 90.2-95.9%) of cells were also
CDI117*/SOX17*, and 99.1% (IQR 95.4-99.4%) were SOX17°/CD55" (Figure 3.2.2B).
Interestingly, 95.2% (IQR 95.1-98.3%) of cells stained positive for pluripotency markers
NANOG and SSEA4. Of Stage 1 cells, 75.9% (IQR 75.3-79.5%) of cells were proliferative as
determined by Ki67" staining. Flow cytometric gating and immunohistochemistry supporting
findings for Stages 1-5 can be found in Appendix Figure S3.2.8.

At Stage 2, 95.2% (IQR 93.9-96.9%) of cells were SOX177/FOXA2" and 39.4% were
Ki67* (IQR 36.7-42.3%; Figure 3.2.2C). A proportion of cells also expressed PDX1 (48.7%
[IQR 45.7-53.1%]) but <2% of cells were NKX6.1" or SOX2*. At Stage 3, 97.9% (IQR 96.7-
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99.1%) of cells expressed PDX17/FOXA2", and 92.4% (IQR 90.8-92.4%) expressed
SOX2*/FOXA2" (Figure 3.2.2D). Many of these Stage 3 cells were Ki67* (93.3% [IQR 92.4-
98.0%]), and 92.3% (IQR 91.4-92.5%) were PDX17/Ki67". Only 0.8% (IQR 0.7-0.9%) of Stage
3 cells were CDX2".

Stage 4 PPs were 90.4% (IQR 83.9-92.0%) PDX1"/NKX6.1" and 97.1% (IQR 94.9-
97.3%) PDX1*/GP2* (Figure 3.2.2E). Interestingly, 88.0% (IQR 83.3-89.5%) of Stage 4 cells
were NKX6.17/ChgA*, while 98.5% (IQR 98.1-99.9%) and 89.3% (IQR 88.2-98.7%) of the cells
were positive for the non-endocrine markers SOX9* and SOX2*, respectively. Few CDX2" cells
existed at Stage 4 (1.2% [IQR 0.8-1.3%]). The proportion of Ki67* cells was 39.3% (IQR 34.4-
46.3%), yet notably most of these cells were Ki67/PDX1" (34.4% [IQR 24.3-46.3%]).

Following clustering using AggreWell® plates and Stage 5 differentiation, PPs
generated, round pancreatic endocrine progenitor aggregates that were PDX17/NKX6.1"/ChgA™*
on immunohistochemistry (Figure 3.2.2F). Flow cytometry further confirmed that 97.4% (IQR
96.8-98.3%) of cells were PDX17/NKX6.1%, 94.9% (IQR 93.5-95.4%) were PDX17/ChgA", and
94.3% (IQR 93.8-95.6%) were NKX6.1"/ChgA™ (Figure 3.2.2G). The percentage of Ki67" cells
was 8.2% (IQR 7.7-13.8%) at the end of Stage 5. Similarly, the percentage of cells positive for
non-endocrine markers including SOX9 (89.7% [IQR 87.6-91.5%]), and SOX2 (43.4% [IQR
41.3-47.2%]) decreased, and the percentage of CDX2" (1.2% [IQR 0.8-1.3%]) cells remained
low.

At Stage 6, cell clusters (S6 iPSC islets) co-expressed INS* and GCG* on
immunohistochemistry (Figure 3.2.2H). Flow cytometric evaluation demonstrated that nearly all

cells were INS*/GCG* (99.0% [IQR 98.3-99.2%]) and 39.2% (IQR 36.0-42.0%) were
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INS*/STT*. Additionally, most cells were also C-peptide™/ISL-1" (99.4% [99.3-99.9%]), C-
peptide”/NKX6.17 (100.0% [IQR 99.9-100.0%]), C-peptide”/UCN3" (97.8% [IQR 96.2-99.1%)]),
and C-peptide*/ChgA™ (79.7% [IQR 78.7-80.5%]). In addition to being C-peptide”, a proportion
of S6 iPSC islet cells were also GP2" (56.7% [IQR 48.0-59.4%]) and PDX1" (89.5% [IQR 86.4-
94.5%]). Additionally, a proportion of cells stained positive for non-endocrine markers such as
SOX9 (82.1% [IQR 76.2-84.7%]), SLC18A1 (49.6% [IQR 47.1-53.7%]), SOX2 (13.8% [IQR
11.2-17.7%]), NANOG/SSEA4 (9.5% [IQR 5.5-10.8%]), and CDX2 (0.9% [IQR 0.2-1.6%]).
Few cells were Ki67" (5.9% [IQR 4.7-7.4%]), with 3.9% (IQR 3.3-6.1%) being SOX9*/Ki67"
and few cells being SLC18A17/Ki67" (1.8%), SOX2/Ki67"(1.3%), SSEA4/Ki67" (0.8%), or
CDX2"/Ki67" (0.07%) (Figure 3.2.21). Overall, S6 iPSC islets were comprised by polyhormonal
endocrine cells that expressed islet maturation markers. Non-endocrine populations were SOX9*
and SLC18A1" and had limited proliferation based on Ki67* expression. Flow cytometric gating
and supporting immunohistochemistry findings for S6 iPSC islets characterization can be found
in Appendix Figure S3.2.9A. Results were similar in three independent S6 iPSC islet cell lines

(Appendix Figure S3.2.9B-D).
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Figure 3.2.2 Stage-wise proteomic characterization using flow cytometry of the optimized
induced pluripotent stem cell islet differentiation protocol.
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A) Complete optimized protocol showing media and concentration of supplements. Detailed
manufacturer and catalog information for differentiation reagents can be found in Appendix
Table S3.2.3 Differentiation media and supplements. B) Percent of single cells after Stage 1
expressing definitive endoderm (DE) markers, pluripotency markers, and Ki67 as a proliferation
marker. C) Percent of single cells after Stage 2 expressing primitive gut tube (PGT) markers,
PDX1, and Ki67. D) Percent of single cells after Stage 3 expressing posterior foregut (PF)
markers, CDX2, and Ki67 as a proliferation marker. E) Percent of single cells after Stage 4
expressing pancreatic progenitor (PP) markers, SOX9, SOX2, CDX2, and Ki67 as a proliferation
marker. F) PP cells within AggreWell plates (top left) and following aggregation with
immunohistochemistry demonstrating cell co-expression of ChgA/PDX1/NKX6.1. G) Percent of
single cells after Stage 5 expressing pancreatic endocrine progenitor (PEP) markers, SOX9,
SOX2, and CDX2. H) Immunohistochemistry of cell clusters following Stage 6 evaluated for
Cpep/GCQG (left) and ChgA/PDX1/NKX6.1 (right). I) Percent of single cells after Stage 6
expressing islet hormones, beta cell maturation markers, pancreatic progenitor markers, and non-
endocrine markers including SOX9, SLC18A1, SOX2, NANOG/SSEA4, CDX2 and their co-
expression with Ki67.

tCpep: C-peptide; INS: Insulin; GCG: Glucagon; STT: Somatostatin; ChgA: Chromogranin A.

3.2.4.3 Transcriptomic analysis demonstrates transition of iPSCs towards immature islet-like

clusters

Transcriptomic analysis throughout differentiation of iPSCs into iPSC islets supported
proteomic cell characteristics described at each Stage of differentiation. During Stage 1 CXCR4
(p =0.0065), SOX17 (p=0.0011), and FOXA2 (p = 0.011) were significantly upregulated
compared to iPSCs (Figure 3.2.3A). At Stage 4, cells had upregulated NEUROG3 (p < 0.001),
PDXI (p <0.001), NKX6.1 (p <0.001), and GP2 (p <0.001) compared to iPSCs (Figure
3.2.3A). Notably, NEUROG?3 expression initiated at Stage 3 followed by PDXI and NKX6.1 in
Stage 4 (Figure 3.2.3A). STT expression initiated at Stage 4 then decreased over time, while
other endocrine-associated hormonal genes including /NS and GCG did not increase until Stages
5 and 6 (Figure 3.2.3A). Assessment of 33 genes that are known to be associated with pancreatic
differentiation showed expression that was progressively more similar to human islet expression
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from Stage 1 through Stage 6 (Figure 3.2.3B). Stage-wise trends in gene expression compared to
iPSCs for all 95 genes is demonstrated in Appendix Figure S3.2.10 to Figure S3.2.12.

Comparison of Stage 4 cells to iPSCs showed that PP genes including PDX1, NKX6.1,
ONECUTI, GP2, and NEUROG3 were significantly upregulated (Figure 3.2.3C). Genes
associated to endocrine lineage commitment such as CHGA, NEUROD1, UCN3, HNF4A, ISL1,
TSPANI, and STT were also significantly upregulated in PPs compared to iPSCs (Figure
3.2.3C). Additionally, genes associated with Stages 2-3 (SOX17, FOXA2, CXCR4), and genes
associated with enterochromaftfin cells (SLC18A41) were significantly upregulated at the Stage 4
PP Stage compared to iPSCs (Figure 3.2.3C).

Comparing Stage 6 iPSC islet cells to Stage 4 PPs there was significant induction of
endocrine hormone genes including /NS, GCG, and CHGA (Figure 3.2.3D). Additionally,
pancreatic endocrine associated genes including SYP, ARX, GP2, GLPIR, TSPANI, HNF4A,
NKX6.1, PCSKI, CHGB, and ABCCS8 were significantly upregulated at Stage 6 compared to
Stage 4. Similar to flow cytometric assessment, SLC18A4 1, associated with enterochromaffin
cells, was upregulated in Stage 6 iPSC islets (Figure 3.2.3D).

Despite upregulation of endocrine genes, significant differences between Stage 6 iPSC
islets and human islet transcriptomics existed (Figure 3.2.3E-F). Importantly, hormonal genes
including INS, STT, and GCG, and islet maturation genes including UCN3, ISL-1, GLPIR, and
MAFB remain significantly lower in Stage 6 iPSC islets compared to human islets (Figure
3.2.3E). Additionally, G6PC2, GP2, PDXI, and GLPIR were significantly less expressed, while
NKX6.1, ABCG2, GATA4, and SLC18A41 were upregulated significantly more in Stage 6 iPSC

islets compared to human islets (Figure 3.2.3F).
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A) Temporal expression trends of key genes associated with early (top row), middle (middle
row), and late (bottom row) islet differentiation throughout the six Stages of islet differentiation.
B) Heat map of 33 genes previously associated with pancreatic islet differentiation
demonstrating expression trends from Stage 1 to 6 during iPSC islet differentiation. C) Volcano
plot demonstrating relative gene expression between cells at the end of Stage 4 compared to
iPSCs. D) Volcano plot demonstrating relative gene expression between cells at the end of Stage
6 compared to cells at the end of Stage 4. E) Comparison of expression for key endocrine and
islet maturation genes in Stage 6 iPSC islets and human islets. F) Volcano plot demonstrating
relative gene expression between cells at the end of Stage 6 compared to human islets.

ns represents p > 0.05, * represents p < 0.05, and **represents p < 0.001. Diamond (as opposed
to square) symbols within the volcano plots with names that are starred* represent genes where
the p-value was beyond the y-axis maximum. fsignificance is set at p < 0.01 for all volcano plots
to highlight key genes. Cpep: C-peptide; INS: Insulin; GCG: Glucagon; STT: Somatostatin;
ChgA: Chromogranin A.

Fold expression of all 84 genes and p-value of genes at Stage 4 compared to iPSCs, Stage
6 compared to Stage 4, and Stage 6 compared to human islets is provided in Appendix Table

S3.2.7.

3.2.4.4 iPSC islets demonstrate in vitro glucose stimulated insulin secretion inferior to human

islets with immature metabolic profile

Following aggregation in AggreWell® plates cell clusters continue to grow from (118.0
um; (IQR 104.5-124.0 pm), forming 196 pm (IQR 146.8-254.0 um) clusters at Stage 5 and 326.6
um (IQR 235.5-409.3 pum) clusters at Stage 6, which were significantly larger than human islets
(223.5 pm [IQR 175.0-266.0 um]; p < 0.001; Figure 3.2.4A). However, S6 iPSC islets were
more homogeneous in size than human islets and lack contaminating acinar tissue that is present
in human islets as determined by lack of dithizone staining (Figure 3.2.4B). Insulin content was
similar between S6 iPSC islets and human islets (12.0 ng/IEQ vs. 11.6 ng/IEQ, p > 0.99; Figure

3.2.4C), and S6 iPSC islets were capable of static glucose and GLP1 agonist stimulated insulin
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secretion, producing 0.48 ng (IQR 0.31-0.56 ng) of C-peptide per IEQ in G3, 0.75 ng/IEQ (IQR
0.68 -0.89 ng/IEQ) in G17, 0.89 ng/TEQ (IQR 0.73-1.46 ng/IEQ) following exendin exposure,
and 2.49 ng/IEQ (IQR 1.65-3.09 ng/IEQ) after cell depolarization with KCI (Figure 3.2.4D).
GSIS results were similar from S6 iPSC islets generated using three independent cell lines. The
stimulation index of S6 iPSC islets was 1.69 (IQR 1.47-1.80) in G17, 1.82 (IQR 1.38-2.52) in
exendin, and 4.83 (IQR 3.71-5.45) in KCL (Figure 3.2.4E). Despite glucose stimulated insulin
secretion, the stimulation index of S6 iPSC islets to G17 was significantly lower than human
islets (5.08 [IQR 2.04-12.6]; p = 0.026; Figure 3.2.4F). Dynamic perifusion of S6 iPSC islets
showed a biphasic response to G17 glucose (Figure 3.2.4G), which was again lower than human
islets (22.4 AUC S6 iPSC islet vs. 60.8 AUC human islet; p < 0.05; Figure 3.2.4H). S6 iPSC
islets responded to exendin during dynamic perifusion (stimulation index: 3.49), and S6 iPSC
islets had similar insulin secretion in response to KCI as human islets (29.67 AUC S6 iPSC islet

vs. 37.61 AUC human islet; p = 0.07).
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Figure 3.2.4 In vitro characterization of Stage 6 induced pluripotent stem cell-derived islets
(S6 iPSC islet) morphometry and function compared to human islets.
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A) Cell cluster size distribution for cell clusters following AggreWell® plate aggregation, after
Stage 5, and following Stage 6 (S6 iPSC islet) compared to human islet cluster sizes. B)
Microscopy of S6 iPSC islets and human islets without (top row) and with (bottom row)
dithizone staining. C) Total insulin content of S6 iPSC islets and human islets following glucose
stimulated insulin secretion (GSIS) assays. D) Absolute insulin secretion (ng/mL) per islet
equivalent (IEQ) in response to low (G3), high (G17), Exendin, and KCI during static GSIS of
S6 iPSC islets. E) Stimulation index of S6 iPSC islets during static GSIS assay. F) Comparison
of the stimulation index of S6 iPSC islets and human islets in response to glucose.

ns represents p > 0.05, *represents p < 0.05, and ““represents p < 0.001.

Electrophysiologic evaluation demonstrated S6 iPSC islet cells to have larger surface
area based on capacitance recordings than human primary (1°) B cells (10.49 pF [IQR 9.19-13.83
pF] vs. 6.37 pF [IQR 5.23-7.85 pF]; p < 0.001; Figure 3.2.5A-B). In response to series of
depolarization in 5.0 mM glucose, S6 iPSC islets had significantly more exocytosis compared to
human 1° f cells (32.62 fF/pF [IQR 16.7-61.47 fF/pF] vs. 6.75 {F/pF [IQR 1.85-15.88 {F/pF]; p
<0.001; Figure 3.2.5C). Upstream to exocytosis, depolarization induced Na* influx (-32.2 pA/pF
[IQR -5.4 to -103.3 pA/pF] vs. -10.8 pA/pF [IQR -6.3 to -18.8 pA/pF]; p <0.001 ; Figure
3.2.5D) and early Ca®* influx (-5.5 pA/pF [IQR -2.6 to -10.0 pA/pF] vs. -3.5 pA/pF [IQR -2.1 to
-5.2 pA/pF]; p <0.001; Figure 3.2.5E) into cells that was larger for S6 iPSC islet cells compared
to human 1° f cells respectively. Electrophysiological results signify that the machinery required
to elicit exocytosis, which is downstream from their metabolic and glucose sensing capacity, is
present and highly functional within S6 iPSC islets.

Evaluation of S6 iPSC islet oxygen consumption demonstrated significant differences
across all conditions (Figure 3.2.5F). S6 iPSC islets had a higher basal metabolism (82.3 pmol
min/ng [IQR 77.1-86.9 pmol™"/ug] vs. 28.8 pmol™"/ug [IQR 21.3-50.9 pmol™/ug]; p < 0.001;

Figure 3.2.5G) and had higher non-mitochondrial oxygen consumption (21.7 pmol™"/ug [IQR
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21.0-29.3 pmol™/ug] vs. 10.1 pmol™"/pg [IQR 6.5-15.2 pmol™"/ug]; p = 0.01; Figure 3.2.5H)
compared to human islets. Despite overall higher metabolic activity, S6 iPSC islets had a
significantly lower glucose stimulated oxygen consumption index (1.06 [IQR 1.0-1.1] vs. 1.71
[IQR 1.4-1.8]; p = 0.04; Figure 3.2.51) even though S6 iPSC islets had a higher spared capacity
than human islets (22.4 pmol™"/ug [IQR 17.2-29.2 pmol™"/ug] vs. 8.8 pmol™"/ug 6.4-13.8
pmol™/ug]; p < 0.001; Figure 3.2.5J). Results were confirmed in three independent iPSC lines.
Overall, these results suggest that S6 iPSC islets have comparatively higher metabolic function

and capacity, yet fail to sense and respond metabolically to glucose stimulation.
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Figure 3.2.5 Electrophysiological and metabolic evaluation of Stage 6 induced pluripotent
stem cell-derived islets (S6 iPSC islets) with comparison to human islets.
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A) Representative patch clamp traces including an outline of calculations to determine cell size,
exocytosis, Na+ charge entry, and Ca2+ charge entry. B) Cell size surface area of S6 iPSC islets
based on capacitance recordings compared to human primary (1°) B cells. C) Cell exocytosis of
S6 iPSC islets in response to depolarization based on capacitance recordings compared to human
primary (1°) B cells. D-E) Na+ and Ca2+ influx into S6 iPSC islets in response to depolarization
compared to human primary (1°) B cells. F) Oxygen consumption ratio of S6 iPSC islets and
human islets in response to glucose, oligomycin A, FCCP, and Antimycin A. G-J) Evaluation of
basal metabolism, glucose stimulated oxygen consumption index, non-mitochondrial oxygen
consumption, and spared capacity of S6 iPSC islets and human islets calculated from seahorse
oxygen consumption ratio evaluation.

ns represents p > 0.05, * represents p < 0.05, and **represents p < 0.001.

3.2.4.5 Transplantation of S6 iPSC islet like clusters results in stimulated human C-peptide

secretion that augments over time

Following renal subcapsular transplantation in SCID-beige mice, intraperitoneal glucose
tolerance tests were completed on post-transplant weeks 8, 12, and 16 followed by non-recovery
nephrectomy and evaluation of transplanted cells immunohistochemistry. /n vivo glucose
tolerance tests demonstrated glucose responsive C-peptide production by week 8, which was
significantly higher than sham mice (5.95 pM [IQR 2.5-10.2 pM] 8 weeks vs. 1.86 pM [IQR 0.8-
2.1 pM] sham; p = 0.028; Figure 3.2.6A). Compared to week 8, grafts produced significantly
more stimulated C-peptide after 12 weeks of in vivo maturation (5.95 pM [IQR 2.5-10.2 pM] 8
weeks vs. 17.1 pM [IQR 13.7-24.2 pM] 12 weeks; p < 0.001). Similar C-peptide production was
demonstrated from weeks 12 to 16 (17.1 pM [IQR 13.7-24.2 pM] 12 weeks vs. 23.9 pM [IQR
17.2-30.0 pM] 16 weeks; p = 0.42; Figure 3.2.6A). Despite increased overall glucose stimulated
C-peptide secretion, the stimulation index remained similar (1.8 [IQR 1.6-5.2] at 8 weeks, 1.8

[IQR 1.4-2.6] at 12 weeks, and 1.9 [IQR 1.7-2.0] at 16 weeks; p = 0.71; Figure 3.2.6B).
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3.2.4.6 Explanted grafts demonstrate monohormonal endocrine cells within multiloculated cysts

Gross pathological assessment of grafted kidneys demonstrated them to weigh
significantly more than non-grafted kidneys (1.24 g [IQR 1.2-1.3 g] grafted vs. 0.36 g [IQR 0.31-
0.40 g] non-grafted; p=0.008) and to be approximately 2 times larger in size (1.98 cm [IQR 1.83-
2.04 cm] grafted vs. 1.00 cm [IQR 0.91-1.04 cm] non grafted; p < 0.001; Figure 3.2.6C). Kidney
enlargement was primarily composed of multiloculated polycystic masses contained within the
kidney capsule. Haematoxylin and eosin staining of kidney sections further confirmed cystic
duct-like masses within the non-invaded kidney capsule (Figure 3.2.6D). Immunohistochemistry
staining demonstrated that grafts were composed of CK19* lined cysts with SOX9" interductal
tissues (Figure 3.2.6E). Between cysts, and frequently pushed to the outside of grafts there were
INS™ cell clusters. Evaluation of the endocrine structures within grafts demonstrated islet-like
structures composed primarily of monohormonal INS™ cells with fewer monohormonal GCG*

and STT" cells on the periphery of endocrine tissues (Figure 3.2.6F).
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Figure 3.2.6 In vivo function and post-transplant graft evaluation of Stage 6 induced

pluripotent stem cell-derived islets (S6 iPSC islets).

A) In vivo glucose stimulated insulin secretion (GSIS) of human insulin from transplanted S6
iPSC islets following intraperitoneal glucose tolerance testing at 8, 12, and 16 weeks after
transplant. B) /n vivo glucose stimulation index of S6 iPSC islets at 8, 12, and 16 weeks after
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transplant evaluated using intraperitoneal glucose tolerance testing. C) Representative graft gross
pathology of S6 iPSC islets following 16 weeks of in vivo maturation. D) Representative
hematoxylin and eosin stained microscopy of grafts transplanted with S6 iPSC islets following
16 weeks of in vivo maturation. E) Representative immunohistochemistry of grafts transplanted
with S6 iPSC islets following 16 weeks of in vivo maturation.

ns represents p > 0.05, * represents p < 0.05, and **represents p < 0.001. TSignificance is set at p
< 0.01 for all volcano plots to highlight key genes.

3.2.4.7 Anti-aging glycopeptide or complete suspension differentiation within differentiation

Vertical-Wheel® bioreactors enables improved S6 iPSC islet yield

To evaluate the applicability of the proposed protocol for clinical ITx we estimated the
number of cells required to hypothetically achieve insulin independence. Based on previous
literature suggesting a minimum ITx mass of 10,000-15,000 IEQ/kg to achieve insulin
independence, approximately 1750 cells per IEQ, and an average weight of 62 kg from

1.2.32.33 " we estimated that approximately 1,250x10° iPSC islet cells would be

worldwide data
required to manufacture an effective ITx mass.

Following differentiation in 150 mm culture plates we generated 8.29x10° (IQR
7.12x105-9.13x10°) cells per 150 mm plate. Considering the estimated number of cells required
to achieve an effective ITx mass, 152.81 large 150 mm plates would be required per patient
using the current protocol. Using this protocol, differentiation started with 121.3x10° (IQR
114.3x10°%-142.6x10%) cells with notable cell loss at Stage 1 (43.7% loss from Stage 0) and
during the transition to 3D culture in Stage 5 (78.2% loss from Stage 4) (Figure 3.2.7A). Despite
substantial cell loss in Stage 1, plates were nearly 100% confluent from Stages 2-4 and cell loss
was attributed primarily to significantly larger cells in Stage 2 onwards compared to Stage 1
(12.0 pm [IQR 11.1-13.5 pm] Stage 1 vs. 21.1 um [IQR 18.3-24.9 um] Stage 2; p = 0.03).
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Because cell confluency was nearly 100% during Stages 1-4, it is unlikely that further
optimization could be achieved from Stages 1-4 in 2D conditions. Therefore, our efforts to
improve yield focused on optimizing Stages 5-6, with particular focus on Stage 5 due to the
78.2% cell loss that occurred compared to Stage 4.

Application of the small molecule antiaging glycopeptide (AAGP) during cell clustering
within AggreWell® plates led to significantly increased cell death within 100 mL of media
(36.0x10° [IQR 35.1x10°-37.7x10%] control vs. 42.2x10° [IQR 39.1x10°%-44.0x10%] AAGP; p =
0.029) and reduced yield following aggregation (20.3x10° [IQR 16.1x10%-21.6x10%] control vs.
14.6x10° [IQR 11.7x10%-16.8x10%] AAGP; p = 0.026). However, application of AAGP following
aggregation from days 14-18 within Vertical-Wheel® bioreactors led to significantly more cells
at the end of Stage 5 (5.44x10° [IQR 4.22x10°-7.48x10°] control vs. 10.7x10° [IQR 8.59x10°-
14.4x10%]1 AAGP; p = 0.004) and subsequently Stage 6 (8.15x10° [IQR 6.83x105-8.53x10°]
control vs. 20.0x10° [IQR 18.5x10°%-21.1x10%] AAGP; p = 0.004; Figure 3.2.7B). Quality
assessment of cells treated with AAGP demonstrated no significant effect on final cell
composition or in vitro function (Appendix Figure S3.2.13A-D). When applying AAGP after
aggregation during Stage 5, 62.5 large 150 mm plates would be required to achieve our
hypothesized effective ITx mass.

Due to substantial limitations of 2D differentiation, including the need to pool multiple
differentiation preparations to achieve sufficient transplant mass, limited scalability, and the
substantial technical and time constraints associated with aggregation, we performed this
optimized differentiation protocol completely within Vertical-Wheel® bioreactors (hereafter

referred to as suspension differentiation protocol and labelled VWB within the text results). With
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this, we achieved 105.0x10° (IQR 103.0x10%-113.0x10%) S6 iPSC islet cells in a single 0.1 L
Vertical-Wheel® bioreactor (Figure 3.2.7A-B). Cell quality assessed by flow cytometry and
function were not significantly affected (Appendix Figure S3.2.13A-D). Considering these
results, 11.9 Vertical-Wheel® bioreactors of this size (0.1 L) would be required to achieve our

hypothesized effective ITx mass.

3.2.4.8 Suspension differentiation within Vertical-Wheel® bioreactors reduces cost of S6 iPSC

islet generation

Cost evaluation, including technician time, supplements, media, and materials needed to
generate the hypothesized effective ITx mass demonstrated that suspension differentiation within
Vertical-Wheel® bioreactors reduced costs compared to the control protocol ($248,135 [IQR
$224,735-$271,749] control vs. $27,718 [IQR $26,352-$27,987] VWB; p < 0.001; Figure
3.2.7C). However, during our differentiation, we typically pooled 10 large 150 mm plates
together following Stage 4 into a single Vertical-Wheel® bioreactor, significantly reducing the
material cost of differentiation in planar conditions ($248,135 [IQR $224,735-$271,749] control
vs. $79,635 [IQR $72,715-$84,923] pooled; p < 0.001). Despite pooling 10 large 150 mm plates
together, the suspension differentiation within Vertical-Wheel® bioreactors continued to cost
significantly less ($79,635 [IQR $72,715-$84,923] pooled vs. $27,718 [IQR $26,352-$27,987]
VWB; p <0.001; Figure 3.2.7C-D). Additionally, even when AAGP was added after aggregation
and 10 plates were pooled together, the cost per 1,200x10° cells remained significantly lower in
Vertical-Wheel® bioreactors ($42,500 [IQR $40,784-$34,757] AAGP pooled vs. $27,718 [IQR

$26,352-$27,987] VWB; p < 0.001; Figure 3.2.7C-D). A higher proportion of costs were
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attributed to media supplements using Vertical-Wheel® bioreactors (61.3% control vs. 72.5%
VWB), while a higher proportion of costs were due to materials using planar differentiation
(27.6% control vs 14.4% VWB). We highlight that these results were achieved with limited
optimization within Vertical-Wheel® bioreactors and do not include the cost of AAGP. Notably,
differentiation using only Vertical-Wheel® bioreactors also significantly reduced technician time
compared to pooling 10 plates (7.03 hr [IQR 6.95-7.10 hr] control vs. 4.11 hr [IQR 4.05-4.20 hr]
VWB; p <0.001; Figure 3.2.7E). There were no differences in technician time regardless of

AAGP addition in planar differentiation.
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Figure 3.2.7 Yield assessment and cost evaluation to generate Stage 6 induced pluripotent
stem cell-derived islets (S6 iPSC islets) using anti-aging glycopeptide and differentiation
completed entirely within Vertical-Wheel® bioreactors.

A) Cell number following each stage of differentiation using the optimized protocol, with the
addition of AAGP after aggregation during Stage 5, and with differentiation completely within
Vertical-Wheel® bioreactors. B) Comparison of cell yield after Stage 5 and Stage 6 using the
optimized control protocol, following addition of AAGP after aggregation during Stage 5, and
with differentiation completely within Vertical-Wheel® bioreactors. C) Cost of generating
1,200x106 cells (i.e. the estimated number of cells to achieve insulin independence) using the
optimized differentiation protocol (control), with pooling of 10 plates into one bioreactor at
Stage 5 using the optimized differentiation protocol (Control 10 plates), with pooling of 10 plates
into one bioreactor and the addition of AAGP after aggregation during Stage 5 (AAGP 10
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plates), and following differentiation completely within 0.1 L Vertical-Wheel® bioreactors
(Vertical-Wheel). D) Total cost to generate 1,200x106 cells and proportion of cost spent on
materials, media, media supplements, and technicians for the optimized differentiation protocol
and pooling of 10 plates (red), with pooling of 10 plates into one bioreactor and the addition of
AAGP after aggregation during Stage 5 (brown), and following differentiation completely
within 0.1 L Vertical-Wheel® bioreactors (purple). E) Technician time required to complete a
single differentiation protocol from Stage 1-6 including using 10 plates compared to
differentiation completed entirely within a Vertical-Wheel® bioreactor.

ns represents p > 0.05, * represents p < 0.05, and **represents p < 0.001.

3.2.5 Discussion

This study offers an optimized scalable protocol with stage-wise characterization capable
of generating glucose responsive iPSC-derived islet-like clusters. Key aspects of the protocol
optimization include targeting better basal media for pancreatic progenitor generation using
sequential MCDB (Stage 1), RPMI (Stage 2) and DMEM without nicotinamide (Stages 3 and 4).
Stage-wise proteomic and transcriptomic evaluation with functional characterization of the iPSC
islet product demonstrates effective transition towards human islet-like insulin producing cell
populations, yet still highlights the relative immaturity of these iPSC-derived cells. While oft-
target proliferation leading to cystic growth persists following this protocol, we describe a
comprehensive stage-wise characterization to enable ongoing protocol optimization. Such
detailed characterization is absent from much of the existing literature (Table 3.2.1) and we
suggest that such characterization will facilitate better comparison of protocols in the field and
thereby accelerate progress. Additionally, assessment of yield, preliminary proof-of-concept for
a fully suspension-based differentiation protocol within Vertical-Wheel® bioreactors, and cost

evaluation highlight a novel approach to enable scalability for clinical translation.
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Current protocols report heterogeneous cell populations following differentiation with
potential risks associated with proliferative non-endocrine populations. While a well-defined
homogeneous population remains the goal, stage-wise characterization intends to inform future
protocol comparisons and enable optimization throughout differentiation to reduce off-target cell
populations to improve safety of cell products. In this study, differentiation efficiency was
evaluated by assessing SOX177/CD117* co-expression and CD55" for definitive endoderm (DE),
SOX17*/FOXA2" for primitive gut tube (PGT), FOXA2"/PDX1" for posterior foregut (PF), and
PDX1"/NKX6.1" for PP Stages. Previous literature supports these as differentiation markers in
keeping with the transition from stem cells to pancreatic progenitors that are capable of further
islet differentiation®2%-3+38, Stage-to-stage comparisons are currently limited due to a lack of
reporting in prior studies. Certainly, we agree with others that highly efficient DE induction with
>90% SOX17*/CDI117" is critical for successful downstream differentiation®>-¢, Notably, while
others reported DE induction in 3 days, in our experience some cell lines may require 4 days to
achieve >90% SOX177/CD117", leading us to use a 4-day Stage 1 to allow applicability across
cell lines. Considering the nearly 100% induction of DE, PGT, and PF markers, it is unlikely that
further protocol optimization could improve cell quality from Stages 1-3. Additionally, this study
demonstrates generation of cells that are >90% PDX1"/NKX6.1" and >95% PDX1*/GP2", key
markers associated with PPs that mature into functional endocrine cells!®2°, This is the highest
proportion of PDX17/NKX6.1" PP co-expression achieved at Stage 4 reported to date, including
in comparison to Balboa et al. (2022) and Aghazadeh et al. (2022) who showed approximately
80% and 85%, respectively, with application of nicotinamide®>*®. Despite these promising

findings, the majority of Stage 4 PPs were ChgA" and transcriptomic analysis showed early
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NEUROGS3 induction, followed by NKX6.1 expression, which some have suggested as being
associated with non-functional polyhormonal cells that degranulate into alpha cells following in
vivo maturation'®*°, However, more updated studies evaluating single cell sequencing, along
with comparison to cells generated using previous protocols, demonstrate that cells expressing
NKXG6.1, regardless of its acquisition before or after NEUROG3, can become monohormonal
cells following maturation®’. While our protocol led to polyhormonal iPSC islets at Stage 6, C-
peptide” cells also co-expressed NKX6.1, the key marker associated with islet function,
suggesting a B-cell like phenotype*!. In keeping with single cell data from Petersen et al (2017),
the polyhormonal cells from this study likely represent early immature B-like cells with lower
PCSK1, ISL1, MAFA, and PCSK2 compared to human B cells*’. This likely accounts for the low
glucose responsiveness of our Stage 6 iPSC islets and maturation into monohormonal cells,
including B-cells, following transplant. Regardless, in addition to demonstrating the stage-wise
transition of cells during this study, it is our hope that data presented here will allow inter-
protocol comparisons and most importantly, will inform stage-specific release criteria to enable
consistent and safe clinical translation of iPSC islet therapies®.

Functional, electrophysiological, and metabolic evaluation of the S6 iPSC islets
generated with this protocol further support their immature phenotype. Similar to Nair et al.
(2019) and Balboa et al. (2022), S6 iPSC islets had similar insulin content but had significantly
reduced GSIS compared to human islets?>>>. While lower than human islets, the GSIS response
of our S6 iPSC islets is comparable to the blunted response seen in neonatal mouse islets and
fetal human islets*?. Additionally, patch clamp evaluation of S6 iPSC islets demonstrate that the

functional machinery needed for excitability and exocytosis is present, and in fact the
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depolarization induced currents and exocytotic responses were larger than in adult B-cells.
Considering the capacity of iPSC islets to exocytose, the insulin secretion deficit in response to
glucose likely relates to the cell’s immaturity and decreased glucose sensing capacity and
metabolism*?#3. Like others, we have demonstrated that the immature B-cells generated
following differentiation have significantly higher oxygen consumption with limited metabolic
response to glucose stimulation?®?>. Metabolite tracing analysis completed by Balboa et al.
(2022) highlights the immature -cell metabolism of SC islets with a primarily glycolytic
metabolism that limits glucose responsiveness®-**. Like others, we demonstrate comparatively
lower G6PC?2 expression in SC islets, as a likely contributor to this immature glycolytic
metabolism?. Despite these consistent metabolic findings across numerous studies?%2>44,
considering the capacity of immature SC islets to mature in vitro and in vivo and improve their
GSIS capacity, the clinical importance of this finding remains uncertain. While in vitro
maturation may allow manipulation to further purify SC islets, a more likely clinical product
involves transplant of immature cells with in vivo maturation that would reduce technician time
and costs. Overall, SC islets appear to have the machinery required for exocytosis and with
maturation achieve improved in vivo GSIS. Their relative immaturity at this stage of
differentiation should therefore, in our opinion, not restrict clinical implementation.

Despite demonstrating an optimized protocol with in vivo maturation of iPSC islets, the
presence of cystic growth following transplant remains a substantial translational barrier. Similar
to our results, Rezania et al. (2014) and Schulz et al. (2012) demonstrated substantial CK19*
ductal tissues in grafts transplanted with PPs, while Aghazadeh et al. (2022) demonstrate

trilineage off-target tissue after transplanting heterogeneous PPs!®-26. Unfortunately, despite
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substantial discussion regarding approaches to eliminate off-target growth, including
differentiating PPs into SC islets, few authors reporting differentiation protocols have described
post-transplant graft evaluation. It is difficult to assess whether this is due to lack of off-target
cells or lack of reporting; however, we believe this should be a priority for the field to enable
clinical implementation and suggest that all future studies include graft reporting. Notably,
within this study, a substantial proportion of cells from Stages 4-6 also express SOX9, SOX2,
and SLC18A1, markers of ductal, intestinal, and enterochromaffin cells, respectively, that likely
led to the off-target cystic growths following transplant.

Moving towards clinical translation will require better strategies to mitigate risk of cyst
formation. Ongoing studies in our lab are looking at factors such as mouse strain, site of
implantation, local paracrine stimulators of growth and differentiation, and use of targeted anti-
proliferative agents to ensure the safety of these products. Additionally, others including Balboa
et al have recognized the challenge of these vastly accelerated differentiation protocols (27-days
compared to 9 months in a human infant), and have found that an additional period of 6-12
weeks in vitro in bioreactors may be a promising approach to improve maturation with less risk
of off-target contaminating SOX9* and other components. Alternatively, considering the
presence of off-target markers from Stage 4 onwards, reducing their induction earlier during
differentiation may be a useful approach. Future work to apply previously presented chemical
approaches for off-target cell elimination within recently published protocols are needed*->!.
Alternatively, cell cluster disaggregation and reaggregation have also shown promise to

eliminate off-target growth®? 3, but evaluation of their effect on yield are unclear. Application of
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these methods in this differentiation protocol will certainly be interesting to determine their
effect on cell quality, yield, and off-target cell populations.

Potentially most important to the field are the results of yield and cost analysis from this
study. The only previous studies reporting yield are Rezania et al. (2014), who reported a 50%
yield of embryonic stem cells to islets, and Hogrebe et al. (2020) who reported 0.5 - 0.75x10° SC
islet cells per cm? corresponding to 108x10° islets per 150 mm plate. The Hogrebe et al. yield
would be substantially higher than reported in this study, while the Rezania et al. (2014) yield
would correspond with findings using Vertical-Wheel® reported here; unfortunately, the method
to determine yield, details on cell number at each Stage, and absolute cell counts were not well
discussed in these studies, making it difficult to accurately compare to those results. More so, the
lack of yield evaluation and reporting in previous studies highlights the need to include these
results in future work to evaluate the utility of protocols for clinical implementation. Our results
demonstrate significant cell loss at Stage 1 and with aggregation at the beginning of Stage 5,
resulting in increased costs with planar differentiation. Addition of AAGP following aggregation
at Stage 5 achieved 2.5 times more cells and reduced costs significantly. Despite this promising
finding, we highlight the potential of this protocol to generate iPSC islets using entirely
suspension differentiation within Vertical-Wheel® bioreactors. While others have previously
used Vertical-Wheel® bioreactors for specific stages, use from iPSC expansion through to iPSC
islet generation has never been reported. This eliminates highly complex aggregation stages
where substantial cell loss has previously been reported and where significant inter-user
variability exists with pooling of cells from numerous plates to generate a final cell product. The

variability, time, cost, and pooling of heterogeneous cells likely precludes widespread clinical
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application of two-dimensional differentiation techniques. We have previously shown the
potential of Vertical-Wheel® bioreactors to generate a superior iPSC starting product, but more
importantly to be scalable**. We demonstrate that a single mini 0.1 L Vertical-Wheel®
bioreactor offers 31.4% cost savings and 7.1-fold yield increase compared to planar conditions
with AAGP and requires less technician time. Theoretically, assuming scalability of the
suspension differentiation protocol within Vertical-Wheel® bioreactors, a single 3 L bioreactor
would be capable of generating an adequate number of iPSC islets to achieve our hypothesized
clinically meaningful islet mass. However, substantial cell loss remains an issue at Stage 1 of
differentiation and ongoing optimization of differentiation within Vertical-Wheel® bioreactors is
still needed. Optimization of these protocols to allow scalability of these approaches to larger 3
L, or 15 L bioreactors will be important to further expand cost savings and applicability of these
technologies. Other studies have evaluated the optimal biophysical properties and rotational
speed to maximize iPSC viability and expansion, and study of these properties at each stage is of
interest. Due to the optimal conditions created within Vertical-Wheel® bioreactors, with superior
oxygen and nutrient mixing whilst reducing shear stress compared to other bioreactor
configurations, we believe these reactors will provide a superior format for ongoing optimization
and scale up®*>¢. Considering the nearly 400 million patients with diabetes®’, we suspect that
fully suspension-based protocols are the most likely approach to generate the islet mass needed
for clinical implementation and should be of focus for future study.

The findings of this study should be contextualized within specific limitations. Most
importantly, this protocol has been replicated in only three patient-derived iPSC lines generated

with Sendai virus transfection of PBMCs and results may vary based on origin cell source, iPSC
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generation technique, and patient factors including age, sex, or health conditions. Considering
the ultimate goal of autologous iPSC ITx to treat patients with diabetes, evaluation of the
efficiency of this protocol using iPSC lines from patients with diabetes (or other comorbidities)
will be of importance. Additionally, while others, including Petersen et al. (2017)*°, Balboa et al.
(2022)%, Veres et al. (2019)32, and Augsornworawat et al. (2020)°® have reported single cell
RNA sequencing of SC islet cells, this study offers data on whole cell populations. Future
evaluation of the SC islets generated using this protocol with RNA sequencing, with post-
transplant maturation sequencing would be of interest. Following transplant, our protocol also
required 16-weeks to generate significant insulin, and evaluation of protocols that generate
ChgA-" cells at Stage 4 that may produce more mature endocrine cells is of interest. Of course,
our results and others in the field remain limited to mouse models and in-human safety and
efficacy data is needed to confirm promising results. Costs presented here should only be
interpreted as a comparison between techniques and should not be extrapolated directly to
clinical application; costs do not include the substantial resource requirement of clean rooms,
cost recuperation of innovation and discovery, building maintenance, cell quality control, or
clinical costs associated with ITx. Finally, this study presents only preliminary data on
differentiation within Vertical-Wheel® bioreactors with limited optimization using this format
and it is likely that superior cell yield will be achievable with ongoing improvements of this
approach. However, it is worth noting that the scalability of Vertical-Wheel® bioreactors to 0.5
L for iPSC expansion has been demonstrated, and that 3 L and 15 L versions allow dynamic
temperature, mixing, gas, and metabolite control that should allow scalability of these

approaches. Optimization of our Vertical-Wheel® bioreactor protocol followed by proof of
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scalability in larger 0.5 L, 3 L, or 15 L Vertical-Wheel® bioreactors will certainly be valuable
for future clinical implementation.

Despite these limitations, we present a modified and updated iPSC islet differentiation
protocol with stage-wise characterization, graft evaluation, and yield assessment. We highlight
that few previous studies have reported yield or graft evaluation and suggest that all future
studies should include this key data necessary for clinical implementation of SC islet therapies.
Considering the field’s advancements, it is no longer sufficient to simply report protocols that
generate insulin producing SC islets. We believe that stage-wise characterization with previously
defined markers will enable ongoing optimization to improve purity, safety, and yield. This
study’s proof of concept for bioreactor-based differentiation offers promise to improve yield and
allow future scalability. Indeed, evaluation of large-scale suspension differentiation with

approaches to improve yield and eliminate off-target growth are of interest moving forward.
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3.2.6 Appendix: chapter 3 subsection 2
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Figure S3.2.8 Flow cytometry gating strategy and immunohistochemistry of key stage-wise
markers from Stages 1-5.

A) Stage 1 flow cytometry and immunohistochemistry of CD117 and SOX17. B) Stage 2 flow
cytometry and immunohistochemistry of SOX17 and FOXA2. C) Stage 3 flow cytometry and
immunohistochemistry of FOXA2 and PDX1. D) Stage 4 flow cytometry and
immunohistochemistry of PDX1 and NKX6.1. E) Stage 5 flow cytometry and
immunohistochemistry of Chromogranin A (ChgA), PDX1 and NKX6.1. Microscopy imaging
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demonstrating cell clustering within aggrewell plates and the ensuing cell clusters (bottom left)
following cell clustering.
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Figure S3.2.9 Stage 6 flow cytometry gating and comparison of the cell characteristics
including flow cytometry, oxygen consumption ratio, and glucose stimulated insulin
secretion (GSIS) from Stage 6 iPSC islets generated from three unique cell lines.

A) Flow cytometry of Stage 6 iPSC islets. B) Flow cytometry results from Stage 6 iPSC islets
generated from three unique iPSC lines. Line 1 is also presented in Figure 21. C) Oxygen
consumption results from Stage 6 iPSC islets generated from three unique cell lines. Note that
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results parallel those in Figure SE. D) Glucose stimulated insulin secretion normalized to islet
equivalents (IEQ) of Stage 6 iPSC islets generated from three unique iPSC lines.
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Figure S3.2.10 Stage-wise (Stages 1-6) relative expression (2- AACT) of genes compared to

iPSCs (alphabetical order).
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Figure S3.2.11 Stage-wise (Stages 1-6) relative expression (2- AACT) of genes compared to

iPSCs (alphabetical order).

279



SLC30A8 CZOOOO SOX17 D) 209 SOX2 E)m— SOX9
L 151 T
5 . =~ Lad 3 g o=
3 . 2 s000 2 104 - 3 59 < {‘
& b N &
oo 5 .
= ee 00 o, be ¢ o= =
S e S e B AL B B p a o O =1 11 0=
O N a4 ) ™ ) © O N 42 5l ™ “ © O 9@ L) o O ] “ o O N v % ™ ) ©
S o o @ @ 9 @ IR MR ) ) o ¢ & & e &g e e e e e e
o P P o P P o o o o o T o o o o 4P o o o 5P o P P P P
20 ) ) 10
F) 150 SST G) H)so0 TBX2 | 10+ J) PBG
TERT
SYP 400
o g 30 * ~ 8
2 - 9 54 3 5
T 200 3 &
— < o
i 100 & >
- . ¢ — b
%0 0o on - oo =
T T u T T T c: \\ ﬂl PT ; «; e; o e & — ofts 0 T T T T T T T
O N 9 X O T T T ! ! T T O N Y > X 6 o
NI A A IR A N 6 © ARSI A
€ S S S S S P P P P P P © Voo o SOV AN S -
N 6\0 6\0 %\b o_,\’b o}_’b 0_)\‘0 ¥ ¥ ¥ &F \Q"O \'D(g) \'D(g) \'D(g) \’b& \’D& \’D& N @\_‘b e\_‘zy e\_‘b %\’b %\’b %\’b
¥ ¥ 5 S
) 200 N) 104 ZFP42
100000 UCN3 UTF1
300 150 T
= & O 3 g
3 3 5
2 50000 3 200 . 3 _I_ g 100 ER
e R IS ot ISl . a
100 oo 50 e 1
- oo
i e e p e Olspe—F—F————7—— 0 + 0=
O N X o © O N v ] > © o O N v > b 9 © O N v > ™ “ ©
2 e g g e g @ 20 ¢ g g e & @ 2 g g g e & @ o0 @ & @ @ & &
RSPV - - K < SIS
o o o o o o o o o 5 o o Co o o o o o o o o o
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Figure S3.2.13 Flow cytometry, morphology, and functional characteristics of cells grown
with the addition of anti-aging glycopeptide (AAGP) after aggregation during Stage 5 or
completely in suspension culture within Vertical-Wheel® bioreactors.

A) Flow cytometry results Stage 6 iPSC islets generated using the control protocol, with addition
of AAGP after aggregation during Stage 5, or in suspension culture within Vertical-Wheel®
bioreactors. B) Microscopy of Stage 6 iPSC islets without (top row) and with (bottom row)
dithizone staining generated with addition of AAGP after aggregation during Stage 5, or in
suspension culture within Vertical-Wheel® bioreactors. C) Aggregate cluster size of Stage 6
iPSC islets generated using the control protocol, with addition of AAGP after aggregation during
Stage 5, or in suspension culture within Vertical-Wheel® bioreactors and compared to human
islets. D) Glucose stimulated insulin secretion normalized to islet equivalents (IEQ) of Stage 6
iPSC islets generated using the control protocol, with addition of AAGP after aggregation during
Stage 5, or in suspension culture within Vertical-Wheel® bioreactors.

ns represents p > 0.05, *represents p < 0.05, and ““represents p < 0.001.
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Table S3.2.2 Patient demographics for human donors of peripheral blood mononuclear

cells to generate induced pluripotent stem cell lines and human islet donors

iPSC line
#1
#2
#3
Human Islet ID
R474

R475

R430

R473

R471

R417

R218

R219
R224

Age
53
43
28

Age
48

51

49

34

67

48
73

53
30

Table S3.2.3 Differentiation media and supplements.

Stage 1

Stage 2

Basal Media

MCDB (Thermo Fisher

Scientific, cat.
10372019)
*DES (STEMCELL
Technologies, cat.
05111)
*RPMI 1640 (Thermo
Fisher Scientific, cat.
22400-089)
*MCDB 131 (Thermo
Fisher Scientific, cat.
10372019)
RPMI
*MCDB

Sex Gender Health status
Female Female Healthy
Female Female Healthy
Male Male Healthy
Sex Gender Use
Male N/A -GSIS
-Oxygen
consumption
testing
Female N/A -GSIS
-Oxygen
consumption
testing
Male N/A -GSIS
-Oxygen
consumption
testing
Female N/A -GSIS
-Oxygen
consumption
testing
Female N/A -Oxygen
consumption
testing
Male N/A -GSIS
-Perifusion
Female N/A -GSIS
-Perifusion
Male N/A -Perifusion
Male N/A -Perifusion
Supplements Duration
Activin A (7.7 nM, STEMCELL 4 days
Technologies, cat. 78001.2)
CHIR 99021 (43.0 nM, Thermo Cell line
Fisher Scientific, cat. 2520691) dependent:
Glutamax (1x, Thermo Fisher 3 days is
Scientific, cat. A12860-01) effective
D-Glucose (5 mM, Sigma, cat. for some
G7021-100G) cell lines
*Human serum albumin (1%, Arkon
Biotechnology, cat. AK8228-0100)
*[TX (Ix, Thermo Fisher Scientific,
cat. 51500-056)
KGF (2.6 nM, R&D Biotechnology, 2 days

cat. 251-GMP)
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Stage 3

Stage 4

Stage 5

Glutamax (1x)
Human serum albumin (1%)
ITX (1x)

Retinoic acid (27.9 uM, Cedarlane,
cat. 0695
Alpha-Tocopherol (4.5 uM, Sigma,
cat. T3251-5G)

DMEM (Sigma, cat. KGF (1.3 nM) 2 days
D0822-500ML) LDN 193189 (0.25 uM, Cedarlane,
cat. 04-0074)

TPPB (1 uM, Cedarlane, cat. 5343/1)
Sant-1 (0.25 uM, Thermo Fisher
Scientific, cat. J65294)
Y-277632 (10 uM, STEMCELL
Technologies, cat. 72304)
Glutamax (1x)

Human serum albumin (1%)
ITX (1x)

Retinoic acid (29.9 uM, Cedarlane,
cat. 0695
Alpha-Tocopherol (4.5 pM, Sigma,
cat. T3251-5G)
*Nicotinamide
DMEM KGF (1.3 nM) 4 days

LDN 193189 (0.25 pM)
Sant-1 (0.25 uM)
EGF (8.33 uM, Cedarlane, cat. 236-
GMP)
Glutamax (1x)
Human serum albumin (1%)
ITX (1x)

Retinoic acid (29.9 uM, Cedarlane,
cat. 0695
Alpha-Tocopherol (4.5 pM, Sigma,
cat. T3251-5G)
*Nicotinamide

DMEM GC-1 (1 uM, Biotechne, cat. 4554) 7 days
Gamma-secratase inhibitor XXi
Compound E (100 nM, Cedarlane,
cat. 15579-10MG)

ALK inhibitor (10 uM, abcam, cat.
abl41364)
Heparin Sodium (10 pg/mL, Sigma,
cat. H3149-500KU)
ZnS04 (10 uM, Sigma, cat. Z0251-
100G)
Y-277632 (10 uM)
Glutamax (1x)
Human serum albumin (1%)
ITX (1x)
Retinoic acid (27.9 uM, Cedarlane,
cat. 0695
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Stage 6

*Starred and italicized basal media and supplements were evaluated but not included in the

optimized protocol

Alpha-Tocopherol (4.5 uM, Sigma,
cat. T3251-5G)

RPMI 1640 Knockout Serum (10%, Life 7 days
Technologies, cat. 10828-028)
GC-1 (1 uM)
Gamma-secratase inhibitor XXi
Compound E (100 nM)

ALK inhibitor (10 uM)
Heparin Sodium (10 pg/mL)
ZnS04 (10 uM)
Y-277632 (10 uM)
Glutamax (1x)

Human serum albumin (0.5%)
ITX (0.5x%)

Retinoic acid (13.95 uM, Cedarlane,
cat. 0695
Alpha-Tocopherol (2.25 pM, Sigma,
cat. T3251-5QG)

Table S3.2.4 Antibodies and concentrations used for flow cytometry and
immunohistochemistry.

Antibody Fluorophor Primary Secondary  Dilution Dilution for
e Antibody Antibody for flow immunohistochemistr
Supplier Supplier cytometr
(catalog (catalog y
number) number)
CD117 AF488 Invitrogen - 1:100 1:100
(11-1178-42)
SOX17 AF647 Cedarlane - 1:20 1:100
(IC1924A)
CD184 BV421 BD (562448) - 1:100 1:100
CDS5S BV786 BD (742681) - 1:100 1:100
NANOG PE BD (560873) - 1:100 1:100
SSEA4 mouse MC-813-70  Invitrogen 1:100 1:100
(A31571) or
Jackson
(115-115-
164)
FOXA2  rabbit Abcam FITC/AF64 1:100 1:100
(108422) 7
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Ki67

PDX1

PDX1

NKXe6.1

GP2

CDX2
Ki-67

Ki-67

SSEA4

SOX9

SOX2

ChgA

Rabbit
secondary
AF405 or
AF568
PE
Mouse
secondary
AF647 or
PE

Mouse
secondary
AF647 or
PE

AF405

AF647
PerCP-Cy
5.5
Mouse

secondary
AF 647 or
PE

Mouse
secondary
APC or PE

Mouse

secondary
APC or PE

AF488

Rabbit
secondary
AF568

Abcam
(ab15580)

BD (562161
Cedarlane
(AF2419)

DSHB
(F55A10-c)

Novus
(NBP3-
08243 AF405
)

BD (560395)
BD (561284)

Abcam
(ab15580)

Invitrogen
(MA1-021)

Abcam
(ab76997)

Abcam
(ab195358)
Novus
(NB120-
15160SS)

Invitrogen
(A48258) or
Invitrogen
(A11036)

Invitrogen
(A31571) or
Jackson
(115-115-
164)
Invitrogen
(A31571) or
Jackson
(115-115-
164)

Invitrogen
(A31571) or
Jackson
(115-115-
164)
Invitrogen
(A31571) or
Jackson
(115-115-
164)
Invitrogen
(A31571) or
Jackson
(115-115-
164)

Invitrogen
(A11036)

1:50

1:100

N/A

1:20

1:50

1:100
1:50

N/A

1:100

1:100

1:100

N/A

1:50

N/A

1:5

1:5

1:50

1:100
N/A

:50

1:100

1:100

1:100

1:50
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ChgA
FOXA2

INS

GCG

STT

ISL-1

UCN3

SLC18A
1

C-
peptide
C-

peptide

405

Secondary
PE

Guinea pig
secondary
AF488
Mouse
secondary
APC or PE

Rat
secondary
AF647 or
AF488

PE

Rabbit
secondary
AF405 or
AF568
Rabbit
secondary
AF405 or
AF568
AF647

Rabbit
secondary
AF405 or
AF568

Biotium
(Bnc050798)
Abcam
(108422)
Gibco
(12585-014)

Sigma
(G2654)

Cedarlane
(FAB4224P)

BD (Q11-
465)

Cedarlane
(abx100886)

Atlas
Antibodies
(HPA063797

)
BD (565831)

Abcam
(ab14181)

Sigma
(A11036)
Invitrogen
(A11073)

Invitrogen
(A31571) or
Jackson
(115-115-
164)
Invitrogen
(A21247) or
Thermo
Fisher
(a21208)

Invitrogen
(A48258) or
Invitrogen
(A11036)
Invitrogen
(A48258) or
Invitrogen
(A11036)

Invitrogen
(A48258) or
Invitrogen
(A11036)

1:50

N/A

1:500

1:800

1:100

1:100

1:100

1:100

1:100

1:100

N/A

1:50

1:500

1:800

1:100

1:100

1:100

1:100

1:100

*All secondaries for flow cytometry were used at a 1:500 concentration and all secondaries for

immunohistochemistry were used at a 1:250 concentration.

Table S3.2.5 Thermo Fisher TagMan Micro Array configuration.
Amplicon
Length

Assay ID

Hs01053790_m1

Gene

ABCG2

Gene Name(s)

Species

ATP binding cassette

subfamily G member

Human

2 (Junior blood group)

83

Best
Coverage

Yes

3'
Most

No
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Hs01093752_ml1
Hs00923299 m1

Hs00609603_m1
Hs01029144 m1
Hs00292465 m1

Hs00187842_m1
Hs00204257 m1
Hs01023895_m1
Hs00900370_m1
Hs01084631_m1
Hs00172106_m1
Hs00175676_m1

Hs00175480_m1

Hs00607978_s1
Hs00610298_m1
Hs00266645_m1
Hs00999691_m1

Hs00915142_m1

Hs00232764_m1
Hs00231106_m1
Hs01106466_s1

Hs01549772_m1
Hs99999905_m1
Hs00171403 m1

Hs01031536_m1
Hs01564555_m1

Hs00220998_m1

Hs00157705_m1

ABCCS8

ACVRI1B

ACVR2B
ALPL
ARX

B2M
CD274
CDH1
CHGA
CHGB
CIITA

CPE

CTLA4

CXCR4

FGF10

FGF2

FGF4

FGFR1

FOXA2
FOXO1
FUT4

G6PC2
GAPDH
GATA4

GCG
GCK

GDF3

GLPIR

ATP binding cassette
subfamily C member 8
activin A receptor type

1B
activin A receptor type
2B

alkaline phosphatase

aristaless related
homeobox

beta-2-microglobulin
CD274 molecule
cadherin 1
chromogranin A
chromogranin B
class II

carboxypeptidase E

cytotoxic T-
lymphocyte associated
protein 4
C-X-C motif
chemokine receptor 4
fibroblast growth
factor 10
fibroblast growth
factor 2
fibroblast growth
factor 4
fibroblast growth
factor receptor 1

forkhead box A2
forkhead box O1

fucosyltransferase 4

glucose-6-phosphatase
catalytic subunit 2

GATA binding protein
4

glucagon

glucokinase

growth differentiation
factor 3
glucagon like peptide
1 receptor

Human

Human

Human

Human

Human
Human
Human
Human

Human

Human

Human

Human

Human

Human

Human

Human

Human
Human

Human
Human
Human
Human

Human

Human

Human

Human

58

74

101

96

64
77
80
67
112

106

93

153

70

82

130

62

66
103
152

97

68

86
72

65

78

Yes

Yes

Yes

Yes

Yes
Yes
Yes
Yes
Yes

Yes

Yes

Yes

Yes

Yes
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Hs00426805_m1

Hs01058806_g1

Hs00818803_g1

Hs00167041_m1
Hs00230853_m1

Hs99999909_m1

Hs00169095_m1

Hs00961622_m1
Hs00174131_m1
Hs00355773_m1
Hs01383002_m1
Hs00158126_m1

Hs00235006_m1

Hs01041011_m1

Hs01116799_m1

Hs00605529_m1

Hs00174029_m1

Hs00358836_m1
Hs00761767_s1
Hs00702808_s1

Hs04419852_s1

Hs00534343_s1

Hs00153408_m1

GP2

HLA-A

HLA-B

HNF1A
HNF4A

HPRT1

IAPP

IL10
IL6
INS

IRX2

ISL1

ITGALI

ITGA6

KCNK1

KCNK3

KIT

KLF4
KRT19
LIN28A

MAFA

MAFB

MYC

glycoprotein 2
major
histocompatibility
complex
major
histocompatibility
complex
HNF1 homeobox A

hepatocyte nuclear
factor 4 alpha
hypoxanthine
phosphoribosyltransfe
rase 1
islet amyloid
polypeptide
interleukin 10
interleukin 6
insulin
iroquois homeobox 2

ISL LIM homeobox 1

integrin subunit alpha
1
integrin subunit alpha
6
potassium two pore
domain channel
subfamily K member
1
potassium two pore
domain channel
subfamily K member
3
KIT proto-oncogene
receptor tyrosine
kinase

Kruppel like factor 4
keratin 19

lin-28 homolog A

MAF bZIP
transcription factor A
MAF bZIP
transcription factor B
v-myc avian
myelocytomatosis
viral oncogene
homolog

Human

Human

Human

Human

Human

Human
Human
Human
Human

Human

Human

Human

Human

Human

Human

Human
Human

Human

Human

Human

Human

75

96
49

100

61

74
95
126
85
57

87

64

140

134

64

110
116
143

107

86

107

Yes

Yes

Yes

Yes

Yes
Yes
Yes
Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes
Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
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Hs04260366_g1
Hs01922995 s1

Hs01875204_s1
Hs00159616_m1
Hs00232355_m1
Hs00413554_m1
Hs00173014_m1
Hs00240871_m1

Hs01026107_m1
Hs00159922_m1

Hs00236830_m1

Hs01574644_m1
Hs00210532_m1

Hs04260367_gH
Hs00358111_gl

Mr04269880 m
r

Mr04421257 m
r

Hs01560299_m1
Hs00915193_m1
Hs00168966_m1

Hs00545183_m1

Hs00751752_s1
Hs01053049 s1
Hs00165814_m1
Hs00356144_m1
Hs00300531_m1
Hs00911929 m1

NANOG
NEURODI1

NEUROG3
NKX2-2
NKX6-1

ONECUTI1

PAX4
PAX6

PCSK1

PCSK2

PDX1

PODXL
PODXL2

POUSF1
PPY

SEV

SEV-KOS

SLCI16A1

SLCI18A1

SLC2A4

SLC30A8

SOX17
SOX2
SOX9

SST
SYP
TBX2

Nanog homeobox

neuronal
differentiation 1

neurogenin 3
NK2 homeobox 2
NK6 homeobox 1

one cut homeobox 1

paired box 4

paired box 6

proprotein convertase
subtilisin/kexin type 1
proprotein convertase
subtilisin/kexin type 2
pancreatic and
duodenal homeobox 1

podocalyxin like

podocalyxin like 2

POU class 5
homeobox 1

pancreatic polypeptide

Sendai

Sendai-KILLF4-KOS

solute carrier family
16 member 1

solute carrier family

18 member Al
solute carrier family 2
member 4

solute carrier family

30 member 8

SRY-box 17
SRY-box 2
SRY-box 9

somatostatin

synaptophysin
T-box 2

Human
Human

Human
Human
Human
Human
Human

Human

Human
Human

Human

Human

Human
Human

Human

Markers
&
Reporte
rs
Markers
&
Reporte
rs

Human
Human
Human

Human

Human
Human
Human
Human
Human

Human

99
110

127
114
93
76
115
76

96

76

73

82
73

77
68

59

80

95

63

89

73

149
91
102
86
63
60

Yes

Yes
Yes
Yes
Yes
Yes

Yes

Yes

Yes

Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes
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Hs00972656_m1

Hs00907219_m1

Hs00371661_m1
Hs00846499_s1

Hs00864535_s1

Hs01938187_s1

Table S3.2.6 Sequences and amplicon length of primers used for RT-PCR assessment.

telomerase reverse

TERT .
transcriptase
TPBG trophoblas't
glycoprotein
TSPANI1 tetraspanin 1
UCN3 urocortin 3
undifferentiated
UTF1 embryonic cell
transcription factor 1
ZEP4D ZFP42 zinc finger

protein

Gene Forward Primer

mTOR AGTGGACCAGTGGAAACAGG
RPTOR actgatggagtccgaaatge
MLSTS tgattgctgctgcaggttac
PRAS40 agtgataatggagggctctt

Deptor caccatgtg tgtgatgagcea
AMPK TGCGTGTACGAAGGAAGAATCC
mTOR AGTGGACCAGTGGAAACAGG
RPTOR actgatggagtccgaaatge

Human

Human

Human

Human

Human

Human

79

100

87
85

102

146

Reverse Primer

TTCAGCGATGTCTTGTGAGG

tcatccgatccttcatecte

gttaatgggtgcgttcacct

acttggcgtactgetgtgtg

tgaaggtgcgctcatacttg
TGTGACTTCCAGGTCTTGGAGTT
TTCAGCGATGTCTTGTGAGG

tcatccgatccttcatecte

Yes

Yes

Yes

Yes

Table S3.2.7 Fold expression of 84 genes and p-value of genes at stage 4 compared to iPSCs,

stage 6 compared to stage 4, and stage 6 compared to human islets.
Stage 4 compared to

iPSCs
Gene Median p-value
Fold
Expression
ABCCS8 0.2 0.0064387
ABCG2 0.01 0.1077761
ACVRI1B 0 0.0059885
ACVR2B 0.01 0.1391238
ALPL 0.01 0.2091719
ARX 0.95 0.4117616
B2M 0.05 0.2842063
CD274 0.05 0.5703809
CDH1 0.05 0.2551658
CHGA 0.05 0.0038215
CHGB 0.2 0.0237983
CIITA 0.02 0.0879112

Stage 6 compared to

Stage 4

Median p-value

Fold
Expression

723.55 0.00001048

1552.26 0.01737967
8.29 0.18183399
37.61 0.27551044
78.92 0.29961660
82.18 0.00001659

396.39 0.04382416
0.94 0.76014944
7.86 0.44033540

1553.00 0.00010261
84.68 0.00048807
127.84 0.03486068

Median Fold
Expression

0.022680
96083.142977
32.618026
8251.048000
3817.543693
0.001229
599.981151
0.168045
484.469102
0.087948
0.011838
13.143317

Stage 6 compared to Human
Islets

p-value

0.00005418
0.00000085
0.00004633
0.00000493
0.00003105
0.00000597
0.00009069
0.00554795
0.00014243
0.00022236
0.00002583
0.03546218
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CPE
CTLA4
CXCR4
FGF10

FGF2
FGF4
FGFR1
FOXA2
FOXO1
FUT4
G6PC2
GATA4
GCG
GCK
GDF3
GLPIR

GP2
HLA-A
HLA-B
HNF1A
HNF4A
HPRT1

IAPP
IL10
ILe6
INS
IRX2

ISL1
ITGA1
ITGA6
KCNK1
KCNK3

KIT

KLF4
KRT19
LIN28A
MAFA
MAFB
MYC
NANOG
NEUROD1
NEUROG3
NKX2.2
NKXe6.1

10.86
0.02

46.26
0.01

0.03
0.15
0.02
1.93
0.95
0.04
0.95
0.95

0.15
60.92
0.05
0.21
1.84
0.06
0.14
1.66
0.02
0.02
0.95
0.16
40.2
0.2
0.04
0.15
0.15

2.35
4.34
0.18
0.7
1.86
0.01
0.06
190.5
46.11
8.46
243.7

0.0008762
0.6489281
0.0395220
0.0000379
0.1126751
0.0063775
0.3882649
0.5090598
0.1313078
0.3780159
0.4117616
0.3616146
0.4117616
0.4117616
0.0012986
0.0013928
0.0000209
0.2195596
0.8837510
0.1646144
0.4901506
0.6568105
0.2531302
0.0879112
0.0055202
0.4117616
0.0142429
0.0001859
0.6250826
0.2732315
0.0032820
0.0798124
0.0973831
0.1223965
0.0010556
0.4337722
0.0883283
0.1946566
0.0937403
0.0033110
0.0017626
0.0001611
0.1246582
0.0000034

0.59
127.84
83.15
3.24
0.55
58.79
127.84
29.64
0.47
24.50
7.44
0.93
264.99
20026.35
54.97
83.93
30.19
5.11
22.84
46.80
86.48
12.14
20.73
0.49
3644.85
1.48
12243.76
1.50
1.51
0.15
41.36
0.20
15.57
117.62
1.27
0.47
2.81
0.58
10.65
274.85
3.30
4.47
1.95
25.27

0.43811278
0.27072554
0.01082630
0.13779988
0.24385439
0.03652477
0.45964315
0.23953575
0.23275957
0.01372676
0.64179768
0.09015999
0.00000048
0.00001441
0.03844061
0.00007784
0.00039952
0.14959703
0.20364161
0.01782568
0.00345327
0.41335437
0.28552468
0.00341982
0.77069915
0.00000088
0.57405362
0.09082697
0.00482820
0.24427153
0.02797627
0.06141983
0.21290997
0.52206572
0.44638826
0.77440390
0.63949181
0.01089404
0.05964536
0.07044910
0.04850251
0.11356874
0.01142426
0.00799324

0.025012
429.932231
5.783548
0.539981
285.286843
202.990252
128.006040
7.809426
191.387046
104.598774
0.000004
13884.367288
0.001537
0.003501
4939.051258
0.061226
0.000027
27.309092
158.386831
4.622734
0.591228
138.264178
0.000145
3346.694765
0.023367
0.000054
0.016547
0.029760
0.041779
1134.960453
0.021502
0.019642
40355.462874
0.009461
0.356720
1666.362799
0.002538
0.088263
338.645341
175.747126
0.010160
267.717617
0.004593
2.188525

0.00070383
0.00973740
0.00604377
0.06876522
0.00003024
0.00002434
0.00010341
0.00028328
0.00019015
0.00004484
0.00000258
0.00000376
0.00000532
0.00000718
0.00002459
0.00027134
0.00000094
0.00044044
0.00021865
0.00097203
0.08502429
0.00013839
3.67043E-06
0.00003092
0.06899274
0.00000118
0.00039548
4.63157E-05
0.00007522
0.00003328
0.00108976
0.00200924
0.00000186
0.00004866
0.17490372
0.00001229
0.00022981
0.00166935
0.00007240
0.00012404
0.00002286
0.00004615
0.00002957
0.00799324
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ONECUT1
PAX4
PAXe6

PCSK1
PCSK2
PDX1
PODXL
PODXL2
POUSF1
PPY
SEV
SEVKOS
SLC16A1
SLC18A1
SLC2A4
SLC30A8
SOX17
SOX2
SOX9
SST
SYP
TBX2
TERT
TPBG
TSPAN1
UCN3
UTF1
ZFP42

12.33
0.15
6.39
0.2
2.61
182.58
0
0.05
0.62
2.99
0.02
0.02
0.29
40.69
0.41
41.21
53.54
0.23
1.25
42.14
0.05
0.39
0.16
0.1
1388.25
145.37
0.02
0.02

0.0002026
0.0105294
0.0168902
0.0190803
0.0046533
0.0000089
0.0642248
0.2737629
0.3149670
0.2940963
0.0879112
0.0879112
0.0220614
0.0000450
0.0641598
0.0012549
0.0001686
0.5557901
0.4739302
0.0009105
0.0002809
0.0490879
0.0672913
0.0025543
0.0001684
0.0000102
0.0879112
0.0879112

2.19
2.21
20.65
99.10
39.86
27.65
30.83
0.77
29.68
38.91
0.01
0.18
127.84
111.84
0.32
127.60
0.15
1.34
10.77
8.94
2.92
0.42
224.67
11.41
1.68
4.90
51.79
1.13

0.00715320
0.00191226
0.23088532
0.00504205
0.00013338
0.38060238
0.35848189
0.16112888
0.003216258
0.55781365
0.03652477
0.04123040
0.03116010
0.00002885
0.00350801
0.24136420
0.15574060
0.31815672
0.06681842
0.31878228
0.00000773
0.00194258
0.89964491
0.01166502
0.00201138
0.34338343
0.00386359
0.03149547

3.133384
373.540520
225.066829

0.017176

0.182391

11.230868
249.198485

97.541437

14.782665

0.000003
202.990252
142.544310
144.974659
1300.384553

3.679129

0.011311

0.305591

9736.557076

0.008344

0.001308

0.398636

69.569681

6.752616
109.214662

11.766749

0.328699

6878.915703
405.980504

0.00744050
0.00001289
0.00006650
0.00343932
0.00331336
0.00048035
0.00002199
0.00002762
0.019437177
0.00016018
0.00002434
0.00005116
0.00008038
8.82245E-06
0.01674965
1.53806E-05
0.093022771
0.00001759
0.000108584
6.27853E-06
0.009261743
0.00002708
0.00107510
0.00010401
0.000231386
0.00340379
0.00000484
0.00005139
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Chapter 4: Immune Considerations for
Pancreatic and Stem Cell-Derived Islet

Transplantation

- Chapter 4 subsection 1: The Potential of Cellular Transplantation to Harness
Autoimmunity and Reverse Clinical Diabetes

- Chapter 4 subsection 2: Evaluating the Potential for ABO-Incompatible Islet
Transplantation: Expression of ABH Antigens on Human Pancreata, Isolated Islets,

and Embryonic Stem Cell-Derived Islets
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Chapter Summary:

Chapter four focuses on the immunologic considerations for stem cell-derived islet
transplantation. This includes a review (chapter 4.1) where the immunologic considerations and
approaches to combat immune destruction is discussed in the context of stem cell-derived islets.
Subsequently subsection 4.2 presents a preclinical study evaluating the ABH antigen expression
of human pancreata, isolated islets, and embryonic stem cell-derived pancreatic progenitors
before and after in vivo maturation. The study is of particular importance considering recent
developments for the Vertex VX-880 clinical trial, which is currently limited to patients with
blood type A or AB. This inclusion criteria is included due to the blood type (A) of the starting
stem cell product. However, considering the results of chapter 4.2, considering ABH blood types

may not be required for stem cell-derived islet transplantation.
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4.1 Chapter 4 subsection 1 — The Potential of Cellular Transplantation to Harness
Autoimmunity and Reverse Clinical Diabetes

18

The potential of cellular
transplantation to harness
autoimmunity and reverse clinical
diabetes
Kevin Verhoeff and A.M. James Shapiro*

Department of Surgery and Clinical Islet Transplant Program, University of Alberta,
Edmonton, AB, Canada

*Corresponding author

Abstract

Diabetes is a long-standing disease with increasing prevalence that contributes to significant health care costs
and patient morbidity. Over the last 100 years, since the discovery of insulin by Banting and Best, the pri-
mary treatment has remained subcutaneous insulin delivery. Although novel insulin formulations, glycemic
measurement techniques, and delivery methods have been developed, complications remain common and a
cure is desperately required. Understanding the pathophysiology and cellular mechanisms of autoimmunity
driving diabetes is key to engineering a cure for this important disease.

Islet cell transplantation has evolved over the last 20 years as an attempt to disease cure and has now
reached nearly 50% success rates due to improved understanding and management of the alloimmune
and autoimmune response following implantation. However, limited cadaveric supply and ongoing im-
mune barriers has led to the development of novel islet cell transplant via inducible pluripotent stem cells
(iPSC). This novel therapy offers unlimited supply and multiple unique solutions for alloimmune control.
Autologous iPSC-based islet cell transplant may resolve alloimmune concerns but requires expensive and
time-consuming personalized medicine. Meanwhile, allogeneic iPSC-based islet cell transplant may enable
HLA-matched transplant with less cost and time requirements but has persistent autoimmune and alloim-
mune barriers. Genetic modifications with CRISPR/Cas9 techniques could theoretically provide immune
silenced or immune protected iPSCs for islet cell transplant but this requires further trials to strengthen the
evidence. Parallel studies continue to evaluate the utility of diabetes reversal with immune reset. Clinical
trials are ongoing evaluating the efficacy of resetting the immune system at the onset of diabetes to eliminate
autoimmunity and prolong insulin free periods for patients. Combining these techniques with allogeneic or
HLA-matched iPSC-based islet cell transplant provides a bright future for diabetes treatment and cure.

Translational Autoimmunity, Vol. 5 361 Copyright © 2023 Elsevier Inc. All rights reserved.
https:/doi.org/10.1016/B978-0-323-85389-7.00018-1

A version of this section has been published as a chapter in the book Translational
Autoimmunity Vol. 5. All figures and tables in this chapter have been adapted from this
published work. Full citation: Verhoeff, K; Shapiro, A.M.J. The Potential of Cellular
Transplantation to Harness Autoimmunity and Reverse Clinical Diabetes. Translational
Autoimmunity Vol. 5 Challenges for Autoimmune Diseases. Chapter 18. January 2023. Pages
361-385
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4.1.1 Abstract

Diabetes is a long-standing disease with increasing prevalence that contributes to
significant health care costs and patient morbidity. Over the last one-hundred years, since the
discovery of insulin by Banting and Best, the primary treatment has remained subcutaneous
insulin delivery. Although novel insulin formulations, glycemic measurement techniques, and
delivery methods have been developed, complications remain common and a cure is desperately
required. Understanding the pathophysiology and cellular mechanisms of autoimmunity driving
diabetes is key to engineering a cure for this important disease.

Islet cell transplantation has evolved over the last twenty years as an attempt to disease
cure and has now reached nearly 50% success rates due to improved understanding and
management of the allo and auto immune response following implantation. However, limited
cadaveric supply and ongoing immune barriers has led to the development of novel islet cell
transplant via Induced pluripotent stem cells (iPSC). This novel therapy offers unlimited supply
and multiple unique solutions for alloimmune control. Autologous iPSC-based islet cell
transplant may resolve alloimmune concerns but requires expensive and time-consuming
personalized medicine. Meanwhile, allogeneic iPSC-based islet cell transplant may enable HLA
matched transplant with less cost and time requirements but has persistent autoimmune and
alloimmune barriers. Genetic modifications with CRISPR/Cas9 techniques could theoretically
provide immune silenced or immune protected iPSCs for islet cell transplant but this requires
further trials to strengthen the evidence. Parallel studies continue to evaluate the utility of

diabetes reversal with immune reset. Clinical trials are ongoing evaluating the efficacy of
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resetting the immune system at the onset of diabetes to eliminate autoimmunity and prolong
insulin free periods for patients. Combining these techniques with allogeneic or HLA-matched
iPSC-based islet cell transplant provides a bright future for diabetes treatment and cure.

This chapter discusses drawbacks of historic subcutaneous insulin treatment methods,
novel continuous glucose monitoring, continuous subcutaneous insulin infusion (CSII i.e.,
insulin pump), and closed-loop wearable insulin delivery (i.e., artificial pancreas) devices. We
review our current understanding of the physiologic function and microstructure of islet cells,
pathophysiology of diabetes, and current islet cell transplant methods including the autoimmune
approach. We also discuss future directions for advancement including iPSC-based islet cell
transplant (isogeneic versus allogeneic), genetically modified iPSC therapies, and immune reset

trials.
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4.1.2 Introduction

Descriptions of diabetes mellitus (DM) are ubiquitous across the ancient literature, with
the first accurate description of the disease linked back to second century AD !, In 1889, its
relation to pancreatic secretions was finally recognized when Oskar Minkowski and Joseph von
Mering completed a canine pancreatectomy that induced fatal DM. Despite this understanding of
the pancreas’s importance, type 1 diabetes mellitus (T1D) remained a devastating, rapidly fatal
autoimmune disease for another 30 years until 1922. It was only then that 