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Abstract

Type one diabetes mellitus is a chronic disease that results in the dysregulation of
blood glucose levels. Current therapeutic approaches for patients with type one
diabetes include continuous monitoring of blood glucose levels and self-administration
of exogenous insulin. | s | e tcell eoransplantation allows for insulin-independency
and doesnd6t pose t he -oriogkmedidating theenselves.t With
increasing studies understanding the human pancreas during development and as an
adult, the field of islet transplantation has progressed greatly over the last decades
with specific interest in the areas of enhancing donor islet survival, improving stem
cell-derived b-cell differentiation protocols, and protecting islet transplants from the
immune system. In this thesis, the different aspects of islet transplantation and cell
monitoring modalities were addressed from a bioengineering perspective to improve
transplant outcomes. We investigated the use of lentiviral forward programming
protocols to improve the efficiency of b-cell differentiation, emphasizing the
importance of recapitulating the temporal expression of the mat u r -eell rbarkers as
in development. Further, t-aells postyrgnsplaritation, hwe mdyved
towards re-establishment of the human adult pancreatic environment using
extracellular matrix proteins strongly associated with insulin-producing cells within the
islets of Langerhans, decorin and nidogen-1. Interestingly, supplementation of these
recombinantly-pr oduced protei ns tcealline pseuda-istemmoddl
and isolated human donor islets improved glucose-responsiveness, and protected
them under hypoxic conditions as experienced in a post-transplantation environment.
Furthermore, decorin was observed to reduce the expression of fibrotic ECM proteins,
suggesting a role in preventing fibrotic capsule formation surrounding the transplant
which would otherwise render it ineffective. We also demonstrated the use of FLIM
tonon-i nvasively monitor t he -crlstbgllcase stinsulatiom
and changes in oxygen levels in its environment in real-time. Altogether, this thesis
highlights the importance of recapitulatingth e s i gn al s-cellsrexperienceeirs

Vvivo to best improve islet transplantation outcomes.
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Zusammenfassung

Typ-1-Diabetes mellitus ist eine chronische Erkrankung, die zur Beeintrachtigung der
Blutzuckerregulation fuhrt. Zu den derzeitigen Therapieansatzen fur Patienten mit
Typ-1-Diabetes gehoren die regelmaRige Kontrolle des Blutzuckerspiegels sowie die
Verabreichung von exogenem Insulin. Ein Alternative ist die Transplantation von
Langer hansoschen f(-Zelere luneelné emabhangdye endogene
Blutzuckerregulation wiederherstellen und das Risiko von Unter- und Ubermedikation
von Patienten zu reduzieren. Mit wachsendem Verstandnis Uber die
Zusammensetzung der menschlichen Bauchspeicheldriise wahrend der Entwicklung
und im Erwachsenenalter hat die Forschung im Bereich Transplantation von Spender-
Inselzellen in den letzten Jahrzehnten grof3e Fortschritte gemacht, insbesondere in
Bezug auf die Verbesserung von Stammzelldifferenzierungsprotokollen zur
Erweiterung von moéglichen Stammzellresourcen und dem Schutz des Transplantats
vor dem Immunsystem. In dieser Arbeit wurden die verschiedenen Aspekte der
Inselzelltransplantation aus biotechnologischen Perspektiven betrachtet, um die
Erfolgschancen von Transplantationen zu verbessern. Wir entwickelten und
verwendeten lentiviral-basierte induzierte Differenzierungsprotokolle mit besonderem
Augenmerk auf die zeitlich kontrollierte Expression von maturen b-Zellmarkern.
Dieser Ansatz zielt darauf ab, die Effizienz von b-Zelldifferenzierung zu verbessern
sowie die notwendige Differenzierungszeit zu verringern, um die Verfligbarkeit von b-
Zellen fur die Transplantation zu erh6hen. Um die b-Zellen nach der Transplantation
zu unterstitzen, haben wir die Nische der menschlichen adulten Bauchspeicheldriise
untersucht und mit Hilfe von extrazellularen Matrixproteinen wiederhergestellt, welche
besonders stark mit den insulinproduzierenden Zellen in Langerhans-Inseln assoziiert
sind, im Speziellen Decorin und Nidogen-1. Interessanterweise verbesserte die
Zugabe dieser rekombinant hergestellten Proteine sowohl die Funktionalitat und
Glukoseempfindlichkeit von unserem immortalisierten b-Zelllinien-Pseudoinseln-
Modell als auch von isolierten menschlichen Spenderinseln. Uberdies schiitzte die
Zugabe der Proteine die Zellen wahrend hypoxischen

Posttransplantationsbedingungen. Dariber hinaus wurde beobachtet, dass Decorin

Vi



die Expression von fibrotischen ECM-Proteinen reduziert, was auf eine Rolle bei der
Verhinderung der Bildung einer fibrotischen Kapsel um das Transplantat herum
hindeutet, eine besonders interessante Eigenschatft fur die klinische Anwendung. Wir
demonstrierten ebenfalls die Vorteile von FLIM zur nicht-invasiven Kontrolle der
metabolischen Reaktion der b-Zellen auf Glukosestimulation durch Anderungen des
Sauerstoffgehalts in ihrer Umgebung in Echtzeit. Insgesamt unterstreicht diese Arbeit
die Wichtigkeit und Relevanznativer Signale sowie der extra- und intrazellulare
Kommunikation, um die Ergebnisse b-Zelldifferenzierung sowie das Uberleben und

die Funktionalitat der Zellen nach der Inseltransplantation zu verbessern.
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1. Introduction

1. Introduction

1.1.Pancreas and Islets of Langerhans

The pancreas is a heterocrine organ consisting of both exocrine digestive
glands and endocrine glands. The exocrine part makes up most of the pancreas
consisting of acinar and pancreatic ductal epithelial cells. This exocrine gland is
responsible for the production and secretion of digestive enzymes and bicarbonate
into the duodenum to support digestion. The endocrine part of the pancreas is
responsible for maintaining blood glucose homeostasis through the production and
secretion of hormones into the bloodstream?®. Cells of the endocrine pancreas are
found in clusters called the islets of Langerhans of around 1 0 0 & m d? ahmet er
majority of the endocrine cells are insulin-producing b-cells (70-80%), followed by
glucagon-producing U-cells (15-20%), somatostatin-producing U-cells (5-10%), and
pancreatic polypeptide cells (5-10%) that are involved in the maintenance of blood
glucose levels34. | n r odan dcelsappeat as distifct masses; however,
human islets show no clear organization of the cell types. The islets themselves are
highly vascularized and innervated with nerve fibers to support the exchange of
hormones, oxygen, and growth factors®. Dysfunction and/or death of the islets oells,
speci ficalsa aré the nfain cause for the onset and progression of diabetes

mellitus®.

1.1.1. b-cell Function and Maturation

b-cells are the insulin-producing cells of the endocrine pancreas responsible for
the production and secretion of insulin during high glucose episodes. Differentiating
from pancr eat i-alls pre init@ley sondideredimmatbre due to the lack
of functionality defined as glucose-r e sponsi ve insulin sec+etion.
cells are able the sense the levels of glucose in the bloodstream and regulate their
insulin production and secretion in response’.
Comparisons of islet functionality between infants and adults showed increased
basal insulin secretion in infants suggesting that the islets were only mature/functional

after the first year® 10, Interestingly, k ey di f f erences between i mmat i
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cells in mice could be attributed to differential expression of transcription factors.
Particularly increased RNA expression of Nkx6.1, NeuroD1, Ucn3, and MafA, and

decreased expression of MafBi n ma tcellsveasfoundc o mpar ed t o- i
cells® 19, While Ucn3 expression levels showed the greatest difference between the
immatureand maturec el | s, exogenous expr es scgelswaso f

not sufficient to promote their maturation!!. In human islets, expression of both MAFA
and MAFB allowed for greater expression of genes involved in sensing of glucose and
electrophysiological activity than those expressing only one of the two transcription
factors!?. The differences between these two studies in mice and humans emphasize
the importance of studying human pancreatic tissues and development to best
under s ical degdelopment and maturation.

l nvestigati on -walls senesenandniune their gespbnse to glucose
levels identified pathways involved in different steps of glucose metabolism. Normally,
glucose enters the cells passively using glucose transporters (GLUT). While GLUT2
was initially identified as the primary transporter in rodents, GLUT1 and GLUT3 were
found to be enriched in humans islets34; though investigation of genetic mutations
in patients with neonatal DM demonstrated that 5% of these patients had a
homozygous mutation in the gene encoding GLUT2. Upon entering the cell, glucose
is metabolized through the glycolytic pathway to produce energy / adenosine
triphosphate (ATP) and eventually depolarize the cell membrane allowing for the
exocytosis of insulin granules. An al y s i-cells foom aduwlt rats with different
metabolic rates identified differences in hexokinase phosphorylation of glucose in the

first step of glycolysis!®. Of the four mammalian hexokinases, hexokinase 4, with a

mmat |

ucn

low-af finity for gl uc ecsllewhileihexokinases with ahigh-affmégyt ur e b

for glucose are repressed”?°. T h e r o-dedsmwith Idw metabolic rates showed
similar hexoki na s-eellsawhite those with high imetabdaid rates also b
showed high levels of hexokinase 1'6. This suggested that the switch from hexokinase
1 to hexokinase 4 was i mp-celistarahe tigiit cegulatiom e
of glucose levels. This was also observed in vitro where fetal rat islets initially
expressed hexokinase 1, but with extended culture, they only expressed hexokinase
4,in line with t hecellsha tnterestingly, similar ofservatiores wdre

mat L
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made in mice where undernourished mice pups had increased hexokinase 1 activity
due to the poor diet not -calsf'g?p dexakinasegctitihh e mat ur
is the first step of the glycolytic pathway and does not account for all the differences
observed bet ween i muoelst lnislet-lika cellclusteastfront hemah
fetal tissue, hexokinase 4 had similar Michaelis coefficients between human fetal islet
clusters and human adult islets, while the maximal velocity of the enzyme was
significantly lower in the fetal islet clusters. As expected, the maximal velocity of
hexokinase 4 in the fetal islet clusters increased upon extended culture; however, this
did not improve insulin secretion, suggesting that events downstream in the glycolytic
pat hway are also altered bet wecellst. thital i mmat u
maturation is a complex process esgpeliscasal |y fo
each step of the glucose sensing and responding, as well as insulin production and

secretion processes need to be tightly regulated.

1.2. Diabetes Mellitus

Diabetes mellitus (DM) is a chronic disease resulting in the dysregulation of blood
glucose |l evels due to the bodyodissulin’h®Mdis|l i ty to
classified into two categories: type 1 (T1DM) and type 2 (T2DM)?>26, T1DM results
from the aut oi mmu n e-cdalg whided2DMascadised by the ifabilioyf b
of-cbl |l s to produce insulin and/ or Ratiemter <cell s
with DM suffer from hyperglycemic episodes that, when untreated, can lead to
blindness, kidney failure, heart disease, stroke, coma, and possibly death. Studies
have identified a few genetic predispositions of T1IDM; however, there is no clear
marker linked to the disease or its progression?’. T2DM is a result of desensitization
of the insulin receptors that could be attributed to genetic and lifestyle factors leading
to insulin resistance?®. Patients with DM rely on continuous monitoring of blood
glucose levels and self-administration of exogenous insulin. This also comes with the
risk of over- and/or under-administering the insulin resulting in poor blood glucose
homeostasis?®. Significant advances have been made in the development of glucose
sensors and insulin pumps; however, this technology still lacks the innate glucose

control at levels similar to the physiological activity of the pancreatic islets®.
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1.2.1. Islet Transplantation and the Edmonton Protocol

Pancreatic islet transplants from donor tissues hold great promise for TADM
treatment3’, Islet isolation methods have been optimized to maximize the usable
tissue obtained from donor pancreases. A couple of milestones in the islet
transplantation process were the generation of the Ricordi chamber3? and
development of the Edmonton protocol®3. Following enzymatic digestion, the
pancreatic tissue is treated within the Ricordi chamber consisting of an isolation
chamber with stainless steel balls for the mechanical disruption of the pancreatic
tissue and a filtration chamber to separate the islets from the rest of the pancreatic
tissue. Over the years, the Ricordi chamber has been modified to improve islet yield
through the use of hooks to mechanically tear the tissue allowing for the reduction in
enzymatic digestion time3*. The Edmonton protocol improved the success rates of
islets transplantation through optimization of the transplant site and changes to the
post-transplantation treatment. Following islet isolation using the Ricordi chamber,
islets were transfused into the patient through the portal vein of the liver333> and
implemented a steroid-free immunosuppressive regimen to protect the islets from the
immune system. These changes allowed for the reduction of the adverse effects from
the use of steroids as immunosuppressants®®, and for insulin-independency for up to

a decade?’.

1.2.2. Limitations of Islet Transplantation

An obstacle that limits the applicability of islet transplantation for all patients with
T1DM is the availability of islets. While many advances in islet isolation have allowed
for increased procurement of healthy islets, it still does not allow for 100% isolation of
the islets in a healthy state and further, transplanted islets are often lost in the initial
weeks post-transplantation as a result of an immune reaction and unfavourable
conditions. To meet the demand for the number of islet requires, on average, two
donor pancreases are needed for one patient®38, As such, other islet cell sources
such as stem-cell derived insulin-producing cells are being heavily explored to meet
the high demand for endocrine replacement therapy. Once enough islets are

procured, they need to be protected and supported during the initial hypoxic conditions
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and instant blood-mediated inflammatory reaction3®4°, |slets are highly vascularized
structures; however, this vasculature is lost during the isolation process and not re-
established until the transplant site

in a hypoxic environment during which islets lose their functionality and eventually die,
resulting in the failure of the transplant*4?. Incorporating accessory cells such as
endothelial cells to quicken the vascularization process and/or oxygen-releasing
molecules with the transplant has been shown to support islet function and transplant
survival®. Many advancements in the field of encapsulation have been made to co-
transplant accessory cells, extracellular matrix (ECM) proteins, and small molecules
while also protectingt he i sl ets fr om t he howeverttlissalsa
poses the limitation of inducing a foreign body response where excessive fibrogenesis
andfibrot i ¢ ti ssue formation isolates the

it ineffective. As such, encapsulation devices made of polymers such as modified
alginates or incorporation of molecules for regulation of fibrogenesis are being
investigated to improve transplant outcomes®. Future studies on optimizing stem cell

differentiation protocols to increase the availability of transplantable b-cells and how

i s vasc

mmun e

transpl

to best support t he s ufcells woald be aenydbenéficiat ®t i on of

increase the efficacy of islet transplantation.

1.3. Stem cell -derived Insulin -producing Cells

Stem cells act as a renewable source of cells capable of differentiating into multiple
cell types. When isolated from later stages of development, their potency to
differentiate into specific cell types becomes restricted, where they have the greatest
potency when derived from the pre-implantation embryo. These embryonic stem cells
(ESCs) are considered pluripotent and can generate cells of all lineages. When
derived from tissues of the fetus or adult, they are considered multipotent stem cells
and are restricted in their differential potential to the germ layer from which the tissue
originated*®. Furthermore, adult somatic cells can also be reprogrammed back into
pluripotent stem cells (PSCs). Human adult somatic cells can be reprogrammed into
human induced pluripotent stem cells (hiPSCs) using the Yamanaka factors OCT4,
KLF4, SOX2, and MYC. These hiPSCs obtain ESC-like characteristics, avoiding the

S
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ethical concerns regarding the use of human ESCs (hESCs). Through extensive
culture protocols, these stem cells can be directed to differentiate towards a specific
cell type, resulting in generation of large numbers of cells for therapeutic purposes*44°.
Over the past decade, many groups have studied the use of stem cells for the
generation of glucose-responsive insulin-p r o d u c-¢eltsgto ble transplanted in
patients with TLDM. The use of hiPSCs further overcomes the risk of immune rejection
as the patientoés own somatic cel IhiPSCGEHN, be us
however, for the purpose of T1DM the insulin-producing cells would need to be

protected as the disease is due to -gefis. autoim

1.3.1. Differentiation of Embryonic and Induced Pluripotent Stem Cellsi nt-o b

cells

With increasing understanding of pancreatic development, the chemical and
physical cues progenitorc e | | s e x p er i e-pelisare also beltee Understeod®
Step-wise differentiation of hESCs and/or hiPSCs into definitive endoderm, primitive
gut tube, pancreatic progenitors,e ndocr i ne pr oge n-cellsgpprogedtoand f i
be effective in generating functional insulin-p r o d u ecklls. gcach stage is mimicked
using various growth factors and cell culture platforms over the course of around two
months®4° following which, the stem cell-derived b-cells are assessed for functionality
using a glucose-stimulated insulin secretion (GSIS) assay. Similar differentiation
protocols as hESCs have been used for hiPSCs though with slightly reduced
efficiencies® %5, The discrepancies in differentiation efficiencies between hESCs and
hiPSCs could be attributed to the epigenetic profiles of hiPSCs®6. It must be noted that
a protocol that works for one hESC or hiPSC line may not be effective for a cell line from
a different donor, emphasizing the need to find optimal culture conditions for each cell
type and cell line.

Many culture protocols from different labs are similar in terms of pathways
targeted, some groups further optimized the protocols using specific molecules and
cell culture systems used to produce glucose-r e s p o n-sellsv Rezdnia, A, et al.,
(2014)%° assessed specific signalling pathways defined in earlier studies and targeted

the same pathways using different molecules. Exchanging the commonly used activin
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A for GDF8 from the TGF-b-family increased the differentiation efficiency of the hESCs
towards pancreatic progenitors. Furthermore, incorporation of vitamin C in the medium
allowed for the expansion of the pancreatic progenitor population, increasing the
number of cells that could finally be differentiated into b-cells. Interestingly, they also
observed that switching the cell culture platform from a planar culture to an air-liquid
interface culture later in the protocol allowed for the cells to obtain apical-basal polarity
and a great er n u rdlspecifiorharkere lImpatantlyj thishmpfoved
the expression of insulin, and these cells were able to restore normoglycemia in diabetic
mice.
Many groups have also investigated the importance of the physical structure of islets
of Langer hans f or -cell.eThrbugmadditiorooh eell agdregatiam f b
dissociation, and reaggregation steps, Nair, G. G., et al., (2019)°” were able to increase
the differentiation ef f-dgelstioaroundy©0%. fFurtheE®r€s | nt o n
they used hESCs engineered with GFP-tagged insulin to be able to sort out the GFP*v®
cells at the last stage to form aggregates which functioned similarly to mature human
b-cells. Another study focusing on the regulation of cluster size also noted the
importance of ensuring uniform differentiation throughout the cluster to obtain greater
insulin production and glucose-responsiveness®-%. This group further achieved a
| a r goelirpophlation through sorting of the cells for the intracellular zinc content rather
than an introduced t a-cplsincredde eue mitheicrolecirothet e nt o f
packing and secreting of insulin, allowing for increased zinc content to be used to select
f o rcell§5°. Hogrebe, N. J., et al., (2020)%° also focused on modulating the actin
cytoskeleton to allow for cell p o-tellsr Thsat i on t ¢
allowed for GSIS results similar to that of human islets and the restoration of
normoglycemia in diabetic mice. These studies pointed out the importance of
modulating cellular structure and organization to best support stem cell differentiation.
A key element that must be considered before the transplantation of hPSC-derived
b-cells is its long-term functionality. The stem cell-derived cells must be able to maintain
their glucose-responsiveness to continuous and multiple glucose challenges as mature
b-cellsdo. Di f f er ent i at e aell ma&aKkers and glucaseréespoysivédinsulin

secretion; however, their functionality is still inferior to that of human islets. Extensive
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analysis of hPSC-d e r i vcellsifrof previously published protocols and human islets
identified key differences in glucose metabolism. While similar glucose-response and
exocytotic machinery was present in the hPSC-d e r i vcellsandhuman islets, there
was reduced mitochondrial activity in the hPSC-d e r i wellsisudgesting an immature
state®l. Interestingly, it was also observed that while stem cell-d e r i wvcelld anf
human donor islets present similar glucose uptake levels and early glycolysis products,
the stemcell-d e r i wellsihave reduced electron transport chain®. They were unable
to replenish the glycolytic metabolites following the PGK1 and GAPDH reactions;
however, when these metabolites were supplemented to the cells through the cell
culture medium, the stem cell-d e r i wcelld functioned similarly to that of the donor
islets®283, Transcriptomic analysis also showed that engraftment of the hPSC-derived
b-cells into mice allowed for the maturation of the cells®-%4. These studies emphasized
the importance of evaluating hPSC-d er i v-eells ab all levels, including
transcriptomics, proteomics, and functionality, to improve current differentiation
protocols and ensure sufficient long-term function of the cells. Further work into the
reason behind the inhibition in the glycolysis of stem cell-d e r i vcelld and how this
could be circumvented without exogenous supplementationi s necessary- to ge

cells for therapeutic purposes.

1.3.2. Immune-evasive Stem Cells

T1IDM is an autoimmune di sease where the hos
the insulin-producing b-cells. As such, transplanted b-cells would still be at risk of being
targeted by the patientds i mmune system. A
to encapsulate them in biomaterials and/or co-transplant cells that can modulate the
immune system such as mesenchymal stromal cells®; however, an ideal situation would
be to not need anything other than the transplant cells to reduce the invasiveness of the
procedure. To this extent, scientists have engineered stem cell lines that are
considered universal stem cells due to their lack of human leukocyte antigen (HLA)
genes. These cells have the potential to be differentiated into any cell type for any
patient without the risk of immune rejection. These cells do not stimulate T-cells or

become targets of natural killer cells, and survive longer once transplanted®' ¢, When
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HLA-deficient stem cells were differentiated towards insulin-producing cells and
assessed for their immunogenicity, they showed reduced activation of natural killer
cells compared to their wild-type counterparts®. Furthermore, they had longer viability
and greater cell mass a month post-transplantation compared to the wild-type cells.
Transpl ant adeficienhisletsfin the Rddey capsule of diabetic mice showed
increased efficacy and viability compared to wild-type islets™®. A more recent study
used hiPSCs overexpressing PD-L1, a suppressor of the adaptive immune system, to
generate human islet-like organoids (HILOs) more representative of native islets’..
Following differentiation of the hiPSCs into pancreatic endocrine progenitor cells and
co-culture with human adipose-derived stem cells and human umbilical vein
endothelial cells to form HILOs, the pancreatic progenitors differentiated further into
ma t u rcells Wwith improved GSIS. When these HILOs were transplanted into
immune-competent mice, they were able to evade the immune response and restore
normoglycemia for a longer period compared to the wild-type cells. Another protein
of interest to be overexpressed in universal stem cell lines is CD47, knownf or i t
eat meod signal t o 2.t Weortunatelyuits everexyresdioa and
signalling has been shown to downregulate insulin secretion’?, emphasizing the need
to better understand how cellular interactions and signalling pathways can affect the
cell ds metabol i sm.

Engineering of stem cells to evade the immune system are an attractive solution
of cell replacement therapies for their off-the-shelf capabilities and especially for those
with autoimmune disorders such as T1DM; however, they could be dangerous if the
differentiation is not complete and the cells become tumourigenic post-
transplantation’®. Evading the immune system is also a characteristic of tumour
growth and is a continuing obstacle in cancer therapy, and the generation of
hypoimmunogenic stem cells for transplantation purposes further increases this risk if

the cells become cancerous.

1.3.3. Transdifferentiation Protocols

Over the last decade, the differentiation protocols of stem cells into insulin-

pr oducicellgy have been optimized in terms of timing of supplement
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addition/exclusion, cell culture platforms, and culture period for each stage of
differentiation850515715961,75,76  The protocols, however, generate a heterogenous
population of pancreatic cells and are not necessarily efficient for different stem cell
lines. To address this limitation, overexpression of mature cell markers in cells to
reprogram or transdifferentiate adult cells into b-cells have been studied. Investigation
of murine pancreatic development identified multiple transcription factor combinations
requi r edls’folnterdstingly, transcription factors Ngn3, Pdx1, and MafA were
sufficient to transdifferentiate mouse’® and rat®®®! pancreatic exocrine tissues, and
mouse liver tissues®®4 to insulin-p r o d u ccklla ig vivb and restore normoglycemia
in diabetic mice. Further, the differentiation efficiencies of mouse ESCs®® and hiPSCs®
into b-cells were also improved upon the exogenous expression of these three factors
in a temporal manner. The temporal expression of these three factors aimed to better
mimic their developmental expression patterns. Pdx1 expression specifies the
pancreatic lineage, followed by Ngn3 expression to specify the pancreatic endocrine
lineage during which Pdx1 is downregulated®’. When Pdx1 is upregulated again, Ngn3
is downregulated, and MafA is activated, allowing for the maturation of the b-cells’8.88:89,
Saxena, P., et al. (2016)®¢ engineered hiPSCs where the three genes are under
promoters activated by different concentrations of vanillic acid. Following
differentiation towards the pancreatic progenitor stage, they were able to control the
expression of these three genes with the concentration of vanillic acid in then medium
to drive t he celcklls. Thraughahe exegenmaas {over)exprdssion of
NGN3, PDX1, and MAFA, these studies were able to generate an increased number
of glucose-responsive insulin-producing cells within a shorter timeline, suggesting this

could be a potential approach for improving the differentiation efficiency of hiPSCs.

1.3.4. As s e s s-gelhFginctfon

A s s e s s-ceh fyunction is an important step before their transplantation into
patients. During the isolation, many islets are damaged such that they lose their
functionality and initiate apoptosis or anoikis during the culture period®®9t, With stem
cell-d e r i v-eelts, thiere is the risk that the cells do not mature in culture or

dedifferentiate from the mature state such that they do not respond in a similar manner
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to donor islets®''83, Thisrequiresr e gul ar assessmentcellssense how wel
and respond to glucose levels. The most common and accepted method is to perform
a GSIS assay to determine whether the cells are functional®2. During this assay, the
cells are incubated in a buffer solution with varying glucose concentrations and the
amount of insulin they secrete is evaluated through the supernatant. This value is
then normalized by the insulin content (the amount of insulin within the cells) to
accountf or t he act u-adls measundd @g ther fis a heterogenous cell
population in the culture (including the other endocrine cell types in the donor islets or
cells that didnot dcelfliheage domtthe ateénecells)chomseveld s t he D
the cells need to be lysed to obtain the insulin content. This assay acts as an indirect
guality control measure of the culture dish and reduces the number of cells available
for transplant. While the functionality of the cells is directly measured, it does not
provide insight into the dynamic metabolic processes which allows for distinguishing

bet ween i mmatur-ellsand mature D

1.35 Non-i nvasi ve Mo-cell Ruaction usigg Rubresdence Lifetime

Imaging Microscopy

Fluorescence lifetime imaging microscopy (FLIM) allows for the analysis of live
ti ssuesod metPa Nmdtinamideradenire glinucleotide (NADH) and flavin
adenine dinucleotide (FAD) are two autofluorescent coenzymes that play key roles
during cellular respiratory and metabolic pathways including glycolysis and oxidative
phosphorylation. Throughs ensi ng and met ab ectllsundemggthesef gl ucos
metabolic pathways to generate ATP for energy, producing NADH and FAD, to
produce and secrete insulin. The unbound and protein-bound states of these
coenzymes provide further insight into the cell's metabolism. Unbound NADH is a
product of glycolysis and the Krebs cycle, and has a shorter lifetime (NADH U 1)
compared to its protein-b o und f or maNADHIUi2fthattisi otmserved at the
electron transport chain during oxidative phosphorylation within the mitochondria®.
Conversely, unbound FADhas a | onger fluorescent | ifeti me
protein-bound formdés | ifetime (FAD U1l) that is inv

transport chain within the mitochondria®. Analysis of these values can allow for an
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understanding of t h e and ¢hé dydanic swetchesbbetiveerc st a't
glycolysis and oxidative phosphorylation in a non-invasive manner, suggesting FLIM
can be wused t-aells tha lcam gespond dorgluchse and use them for

transplantation purposes.

1.4. Strategies to Support Islet Transplantation

During the islet isolation process, pancreatic tissue is digested mechanically and
chemically using enzymes such as collagenases. This allows for the efficient isolation
of the islets of Langerhans; however, it also separates these cells from their native
ECM environment and other surrounding cell types including endothelial cells,
fibroblasts, and pericytes®’. Paracrine signalling from the ECM and surrounding cells
isextremely important f or -cellt®® Tossuppovtisletapbst-and f u
transplantation, many research groups have studied and tried to recapitulate the islet
niche and vasculature through co-culture/transplantation with native ECM proteins
and supportive cell types®.

1.4.1. Restoring the Pancreatic Islet Extracellular Matrix

The ECM acts as a supportive scaffold for cells throughout the body providing
both biophysical and biochemical signalling cues, sequestering growth factors, and
activating signalling pathways to maintain tissue homeostasis. Expectedly, the ECM
composition of each tissue is unigufe to th
pancreatic ECM is composed largely of fibrous ECM proteins including collagen types
| (COL1) and IV (COL4)%, laminins (LN)0101" fibronectin (FN), and various
proteoglycans®’:102.103  |nterestingly, human islets consist of a double BM rather than
the usual single BM observed in the majority of other human tissues or rodent islets1?,
BMs are important for supporting the physical structure of the tissue as well as
influencing cellular morphologies and activity. They are largely composed of LN
interconnected with COL4 via nidogen (NID) complexes, and proteoglycans3104  |n
the human islet, a BM sheath was observed surrounding the blood vessels within the
islets along with a peri-islet BM and interstitial matrix around the islet, suggesting that

the endocrine cells of the islets and the endothelial cells of the blood vessels are
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exposed to separate BM compositions. Interestingly, this double BM could be
differentiated through the presence and absence of specific laminin isoforms. The BM
surrounding the blood vessels were composed of LN411 and LN511, while the BM
surrounding the endocrine cells was composed of LN511'%, [|nvestigation of LN
receptors within the islets identifiedpr esence of i nt eghelLuhsranU3 and b
glycoprotein basal cell adhesion molecule (BCAM) on both the endocrine and
endothelial cells while integrin UBnawsss only c
of the BM of islets post-isolation identified significant lossof LNU5, one of the t |
subunits of LN511, and proteoglycan content which was not restored upon culture!®,
COL4 was present at reduced levels post-isolation; however, it was disorganized and
eventually completely lost during the culture period. The lack of ECM support can
impair islet function and lead to anoikis®':103.106,107,
To restore the ECM environment, many groups have studied the effects of co-
culture and/or supplementation of specific ECM proteins with/to isolated islets!%?,
Culturing isolated human islets on COL4- or LN-coated substrates allowed for
increased survivall9.1081110 gnd functionality'?' 115, increasing the yield of islets for
transplantation. As expected, the co-culture with both COL4 and LN supported cell
survival and function greater than with one of the two ECM proteins!!?116.117,
Furthermore, the ratio of the two proteins influenced cell behaviour. Culturing human
islets with an 8:2 ratio of COL4 and LN111 had the greatest positive effects on islet
architecture, survival, and function!!’. This emphasizes how appropriate amounts of
ECM proteins are also important for the formation of a BM that would best support
isolated human islets. While the lack of ECM support could result in dysregulated cell
function, increased concentrations of ECM protein supplementation could also have
adverse effects. The positive effects of COL4 on the human islets were dose-
dependent!!® where in some cases it even disrupted gene transcription and secretion
of insulin''®.  Furthermore, increased ECM deposition, that does not result in BM
formation or strengthening, can also result in the formation of a fibrotic capsule which
isolatest he cel |l s fr om t Bueh tipathe patierit 6agnotugesthe e m,
transplant, highlighting the need to ensure that the exogenously provided ECM

proteins are regulated.
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1.4.2. Restoring the Pancreatic Islet Vasculature

Islets are highly vascularized structures that allow for the constant and rapid
exchange of nutrients, oxygen, small molecules, glucose, and hormones such as
insulin and glucagon to tightly regulate blood glucose levels. Unfortunately, the
vascularization is lost during the islet isolation process, impacting cell viability and
function post-transplantation''®. Without an intact vascular system throughout the
islets, they are subjected to hypoxic and nutrient-deficient environments post-
transplantation u nt i undergobse neopngidbgenesist irtcs thes y st e m
transplant. This process can take up to a week during which many of the transplanted
islets are lost, reducing the transplant efficacy®. Many groups have tried to enhance
angiogenesis at the transplant site through hypoxic preconditioning, co-
transplantation with vascular endothelial growth factors (VEGF), or endothelial cells®.
Hypoxic preconditioning involves the culturing of islets in low oxygen conditions before
they are transplanted. Through gradually regulating the oxygen levels in the culture
system, the islets are used to the lower oxygen levels allowing for the restoration of
insulin secretion'?%121 Interestingly, such pre-treatments can also reduce
inflammatory reactions post-transplantation while also promoting angiogenesis to the
transplant site and mitigate oxidative stress!??. Co-transplantation of islets with VEGF,
a pro-angiogenic factor?3124 has been shown to improve vascularization to the
transplant site'?5'12°, Furthermore, when transplanted with heparin and VEGF, instant
blood-mediated inflammatory reaction was also reduced, improving transplant survival
and function!30'133_ |t must be noted that incorporation of VEGF without regulating the
concentration and timing of its release poses the risk of angioma formation3*, where
the co-transplantation of endothelial cells that can produce and secrete VEGF when
needed is a safer alternative. Co-transplantation of endothelial cells of different
origins, including aortic and umbilical vein, with islets were able to restore
normoglycemia while reducing macrophage infiltration3%139, Interestingly, coating
islets with endothelial cells before transplantation also improved angiogenesis and
prol onged t he tr a'swhdreatimetEGM depositadbby the endothelial
cells further aided islet survival and function, particularly in post-transplantation

settings!4!. Co-transplantation of islets with endothelial cells allowed for the increased
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insulin levels in the blood due to the increased vasculature through the islets, further
enabling the islets maintain their viability and structural integrity4%' 145, though it must
be noted that endothelial cells composition and function are unique depending on their
vascular structure!#®, suggesting pancreas-specific or at least microvascular
endothelial cells would have the most beneficial effect on the islets. Incorporation of
oxygenation molecules or endothelial cells could greatly improve islet transplantation

outcomes through supporting the islets during the initial hypoxic conditions.
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2. Objective of the Thesis

The aim of this thesis is to investigate advanced bioengineering techniques to
address and overcome the current limitations of islet transplantation. To this extent,
we focused on improving the differentiation efficiency of hi PSCs -celtst o b
s up p o r fdll sygvivab and functionality in a post-transplantation setting, and
assessing t h-eelldimamontinvasive marfner.b

In the first step, we investigated the use of lentiviral constructs to forward program
hi PSCs -cellatb immpréve differentiation efficiency. Al i mi t at i oncelbf curre
differentiation protocols is the generation of a heterogenous pancreatic cell population
attheendofatwo-mont h peri od. Fur t feellsfronotheeprotoamla ny o f t
are considered immature due to their inability to demonstrate glucose-responsive
insulin secretion. Through design and generation of lentiviral constructs for the
inducible expression of three mature b-cell-specific markers, NGN3, PDX1, and
MAFA, we attempted to forward program hiPSCs towards a homogeneous population
o f -liké cells in a shortened timeline of around two weeks. We further characterized
these cells in relation to human fetal pancreas and human adult islets to understand
the developmental stage of the stem cell-derived cells.

During islet isolation and hiPSCd i f f er e nt dcells, theoens am abdece df
pancreatic ECM whi c keellgurvaval and fanctiore o understend i n b
which ECM proteinswoul d best scellp, pve studiedthbnean fancreatic
tissues and identified the proteoglycan decorin (DCN) to be highly co-localized with
the insulin-p r o d u ccells. g-urthhermore, DCN is a known regulator of the ECM with
potential to reduce the formation of a fibrotic capsule'#’ in a post-transplantation
setting. We i nvest i g acelldunctiagnéity and ECMaleposgiono f DCN o
using an i mmor tcalline foritd applicatioa as a fto-transplant protein
to improve transplantation success.

We furt her -calsmetabolsm dnd foow it is affected by hypoxia, non-
invasively, using FLIM. Cur rent techni ques t o-celimMenatsur e and
restrict the use of the measured cell(s) for transplantation, requiring tests that do not

reduce the number of islets available for transplantation. Using the immortalized
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h u ma +ell bne, we determined whether FLIM, a non-invasive method, was suitable

to discriminate between glucose-responsive and unresponsive cells, and between

healthy and hypoxia-induced apoptotic cells. With complementary techniques

including GSIS assays, viability assays, and immunofluorescence staining, we

assessed the use of FLIM a s a screening tool -cdlsoforsel ect
transplantation.

We built on our previous studies on the effects of BM protein NID1 and
proteogl ycan -c8l@nd toturthertuiderstamd the influence of these ECM
proteins on isolated human donor islets. Isolated human islets are composed of
multiple pancreatic endocrine cell types and have undergone harsh treatments during
the isolation process. It has been shown that the use of NID1 during the isolation of
human islets improves the yield, particularly in a hypoxic setting'*8. To determine
whether these ECM proteins are potential candidates for co-transplantation with the
islets to support their survival and function in the hypoxic post-transplantation setting
until the patientés system can support the t
in normoxic and hypoxic conditions with the recombinantly-produced ECM proteins.

We assessed t he tcell fusctionality at $hé enad of the dulture period
using GSIS assays and FLIM.

Through these studies we aim to highlight the importance of supporting islet
transplantation at the var i o-oefls, recapduposof f r om a
their native niche, to assessing their long-term functionality. We address the
i mportance of t e mp-cell mdrkerein piIRSEssfar itheimmatarétionb
and function, as well as the significant impact re-establishment of the native ECM has

in maintaining cell survival and function in a post-transplantation setting.
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3. Results & Discussion

3. Results & Discussion

3.1.Forward programming of hiPSCs towards a beta-like state to improve

differentiation efficiency and timeline

Transplantation of stem cell-d er i v-ealls isb a promising therapeutic
advancement in the treatment of T1DM; however, it is limited by the differentiation
period of around two months with low differentiation efficiencies resulting in a
heterogeneous population of pancreatic endocrine cells. Differentiation timelines and
efficiencies have been improved for other cell types using lentiviral overexpression
systems. Overexpression of cell-specific markers in hPSCs, have allowed researchers
to forward program and direct the differentiation towards the desired cell type such as
hepatocytes'*®, hematoendothelial cells'®°, neurons!®'153 skeletal myocytes!®?,
oligodendrocytes'®3, megakaryocytes®, microglia’>®, and endothelial cellst®6:157,
suggesting a similar method could also be used for b-cells.

Three transcription factors, NGN3, PDX1, and MAFA, were identified as key
markers of b-cells required for b-cell maturation and functionality’”-’8. Exogenous
expression of these three markers in rodent pancreatic exocrine tissues’® 8!,
hepatocytes®84 and mu r i 4tedis'>t}% were sufficient for the transdifferentiation into
b-cells capable of restoring normoglycemia in diabetic models. To determine whether
the expression of NGN3, PDX1, and MAFA can also drive the differentiation of hiPSCs
into b-cells, we designed and produced a lentiviral construct for the inducible
expression of NGN3, PDX1, and MAFA, such that upon the addition of doxycycline
(DOX) to the medium, the markers of interest would be expressed. The constructs also
allowed for antibiotic selection of successfully transduced cells to further support a
homogenous population (Jeyagaran et al., Appendix 1 , Figure 1a,b). Successfully
transduced hiPSCs were selected for using the appropriate antibiotic and then
assessed for stem cell markers. The transduced hiPSCs were assessed through RT-
gPCR for OCT4, SOX2, NANOG, and KLF4, relative to the un-transduced hiPSCs.
The un-transduced and transduced hiPSCs had similar expression levels of the naive

stem cell markers at the gene (Jeyagaran et al., Appendix 1 , Figure 1c) and protein

22



3. Results & Discussion

levels (Jeyagaran et al., Appendix 1 , Figure 1e). RT-gPCR analysis for the markers
of interest also showed that there were no significant differences in expression levels
between the un-transduced and transduced hiPSCs (Jeyagaran et al., Appendix 1 ,
Fig. 1d), suggesting there was no premature expression of the markers of interest in
the transduced hiPSCs.
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Figure 1: Introduction of inducible lentiviral construct into hiPSCs does not affect pluripotency

marker expression. a. Schematic of how the rtTA-NPM hiPSCs were generated and b. induction of
gene expression upon DOX treatment. Gene expression analysis for c. stem cell markers and d.
markers of interest before DOX treatment relative to un-transduced hiPSCs (dashed line at 1),
normalized to GAPDH levels. Error bars represent standard deviation. e. Immunofluorescence staining
in transduced hiPSCs to confirm protein expression of the stem cell markers. Scale bar equals 50 pm.
Schematics created with BioRender.com. Adapted from?60,
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Transduced hiPSCs were cultured for five days in medium supporting pancreatic
lineage specification with and without DOX to induce differentiation towards b-cells.
Expectedly, the cells cultured with DOX had greater levels of the markers of interest
compared to those cultured without DOX (Jeyagaran et al., Appendix 1 , Figure 2a).
Interestingly, two other pancreatic lineage markers NKX6.1 and MAFB were also
upregulated upon five days of culture in the medium with and without DOX compared
to day zero (Jeyagaran et al., Appendix 1 , Figure 2b). Furthermore, the cells cultured
with DOX had significantly more expression of the proteins of interest in the nucleus
compared to the cultures without DOX (Jeyagaran et al., Appendix 1 , Figure 2c-e);
however, each marker was not expressed at the same level.

NGN3 and MAFA were observed in 88.4% (x 7.4%) and 98.9% (x 1.1%),
respectively, of the cells cultured with DOX compared to 0.0% (£ 0.0%) of the cells
cultured without DOX. PDX1 was only observed in 29.8% (£ 15.9%) of the cells
cultured with DOX compared to 0.0% (£ 0.0%) of the cells cultured without DOX. This
could be attributed to varying numbers of the lentiviral construct in each cell or the
position of PDX1 in the lentiviral construct. The positive selection of successfully
transduced cells ensures that there is one copy, minimum, of the lentivirus is present in
the cell, but not that it is equal in each cell*s* and could be addressed by adapting the
design of the lentiviral construct to direct its integration into specific loci'®3. Also, it has
been shown that in tri-cistronic constructs where three genes are in the same construct,
there was greatest expression of the first gene, followed by the third gene, and the
second gene had the weakest expression2. This is similar to our results where NGN3
and MAFA, the first and third genes in the construct, had the greatest expression levels
and PDX1, the second gene in the construct, was poorly expressed. This could possibly
be addressed by using separate lentiviral constructs for each marker of interest;
however, this would also require multiple safe integration loci, and the risk of disrupting

the genome with three lentiviral constructs could pose a problem in genetic integrity.
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Figure 2: Markers of interest are upregulated after five days of monolayer culture with DOX.

Gene expression analysis of a. markers of interest and b. pancreatic progenitor markers NKX6.1 and

MAFB after five days of culture with and without DOX. Fold change relative to day zero (TPO) at the

stem cell stage and normalized to GAPDH. Immunofluorescence staining for markers of interest in

cells cultured for five days c. without and d. with DOX (scale bars equal 50 um), and e. the quantification

of the % nuclear protein expression of the markers of interest normalized to DAPI counts. f. Parallel

GSIS results: amount of insulin secreted upon stimulation with 2 mM and 20 mM glucose normalized

to cell count. Error bars represent standard deviation. Unpairedt-t e st , *pO0. 05, **p O00. 01,
Adapted from?60,
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Interestingly, when assessed for functionality using a parallel GSIS assay, the five-
day cultures with DOX did show a functional b-cell response where they secreted
significantly more insulin in response to increased glucose concentrations, unlike the
cells cultured without DOX (Jeyagaran et al., Appendix 1 , Figure 2f). This suggests
that the five-day DOX-treated cells already present similar functional characteristics
to b-cells; however, the overall amount of insulin being secreted was extremely low.
Human islets of Langerhans are found in clusters, and cell-cell contact has been
shown to i mprove i-cels®iandsoousfieesdayectitireswerediso
aggregated into spheroids and cultured for another five days. The spheroids were
then assessed for expression of the markers of interest and functionality. While all
three genes had increased expression in the cells cultured for ten days with DOX
compared to those without DOX (Jeyagaran et al., Appendix 1 , Figure 3a), at the
protein level, only NGN3 and MAFA had significantly increased expression in the cells
of spheroids cultured with DOX versus without DOX. Quantification of PDX1
expression demonstrated that it was completely lost at the end of the ten-day culture
period with 0.0% (= 0.0%) of cells both with and without DOX (Jeyagaran et al.,
Appendix 1 , Figure 3b-d). As expected, the amount of insulin secreted was enhanced
compared to the monolayer cultures. To determine whether the DOX-treatment
supported glucose-responsive insulin secretion to multiple glucose challenges, a
serial GSIS was performed. GSIS assays demonstrated that spheroids, both with and
without DOX, secreted significantly more insulin in response to increased glucose
concentrations (Jeyagaran et al., Appendix 1 , Figure 4a). Unfortunately, the DOX-
treated cultures did not show functional responses to a serial GSIS (Jeyagaran et al.,
Appendix 1, Figure 4b), and analysis of insulin production through C-peptide
secretion revealed no significant differences in C-peptide secretion between the low
and high glucose conditions (Jeyagaran et al., Appendix 1 , Figure 4c), suggesting
that the cells are not necessarily producing insulin in response to the glucose, but are
rather only secreting the insulin they already have. This also suggests that these cells
are capable of glucose-responsive insulin secretion even if they are not yet producing

it themselves.
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Figure 3: NGN3 and MAFA expression maintained upon ten days of 3D culture. a. Gene
expression analysis of the markers of interest after ten days of culture with and without DOX. Fold
change relative to day zero (TPO) at the stem cell stage and normalized to GAPDH.
Immunofluorescence staining for markers of interest in cells cultured for ten days with the last five days
as a 3D spheroid b. without and c. with DOX (scale bars equal 25 pm), and d. the quantification of the
% nuclear protein expression of the markers of interest normalized to DAPI counts. Error bars
represent standard deviation. Unpairedt-t e st , * p O0. 0 5Adapted from¥°O00. 000 1.
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3. Results & Discussion

The lack of PDX1 expression and minimal insulin production by these cells could
be due to the cells genetic background. The source of the cells reprogrammed into
hiPSCs, in terms of organ origin and genetics, can influence and limit the differentiation
potential of hiPSCs>:1631165  The hiPSC line used in our study was generated from
fibroblasts'%¢ which are of the mesoderm lineage while the pancreas is of the endoderm
lineage. As PDX1 is one of the earlier markers of pancreatic lineage specification, it
may be targeted for degradation by the cell to avoid differentiating in that direction. The
downregulation of PDX1 in our cells could be the result of the cell compensating for the
forced expression patterns by the DOX treatment. Recently, another group successfully
directed the differentiation of adult gut stem cells into glucose-responsive insulin-
producing cells using similar lentiviral constructs for the same three markers of interest
and similar culture conditions'®’. They adjusted the expression timing of the markers
of interest where NGN3 was overexpressed for the first two days followed by continuous
expression of PDX1 and MAFA for another two weeks. The differentiated cells
produced levels of insulin similar to b-cells and were able to restore glucose
homeostasis in diabetic mice for at least 100 days'67:1%8, Gut stem cells are adult cells
also of the endoderm lineage, and have been identified to also be hormone-secreting,
including insulin in the fetus'®®, posing the question whether such a cell source is
required or changing the expression patterns of the three markers would have been
sufficient for the successfully differentiation into b-cells. Tweaking the temporal
expression of the three markers was found to be sufficient for the reprogramming of
adult cells into glucose-r e s p o n-sellsv Eontéuberta-PiSunyer, M., et al. (2023)7°
directly repr ogr amme d-cehswsimg atenfdaylprotocol similartos i nt o b
our approach. They used adenoviral constructs for the exogenous expression of NGN3,
PDX1, and MAFA, followed by expression of PAX4 and NKX2.2 in the first week of
culture as a monolayer. Following this, they aggregated the cells into spheroids for
another week of culture to generate glucose-responsive insulin-producing cells. Huang,
X., et al. (2023)%%7 only induced expression of NGN3 for the first two days and then
expressed PDX1 and MAFA, while Fontcuberta-PiSunyer, M., et al. (2023)7°
introduced adenoviral constructs for NGN3, PDX1, and MAFA together and separate

constructs for PAX4 and NKX2.2 were introduced later in the culture, while we induced
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3. Results & Discussion

the expression of NGN3, PDX1, and MAFA throughout the entire culture period. This

suggested that the temporal expression of the markers of interest may be of more
importance than the origin of the cells.
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Figure 4: 3D spheroids show glucose -responsive insulin secretory behaviour. a. Parallel GSIS

results: amount of insulin secreted by cells cultured with and without DOX upon stimulation with 2 mM
and 20 mM glucose normalized to cell count. b. Serial GSIS results: amount of insulin secreted upon
consecutive stimulation with 2 mM, 20 mM, and again 2 mM glucose normalized to cell count. c.
Parallel GSIS results: amount of C-peptide secreted by cells cultured with DOX upon stimulation with
2 mM and 20 mM glucose normalized to cell count. Error bars represent standard deviation. Unpaired
tt est, *pOO0. 05Adapted ftomp°O0. 000 1 .

Our ten-day spheroids cultured with DOX were positive for mature b-cell markers
NGN3 and MAFA, and demonstrated glucose-responsive insulin secretion. To

determine what stage in development these cells are representative of, we performed
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3. Results & Discussion

immunofluorescence staining of human fetal tissues, human adult islets, and our
spheroids cultured with and without DOX for pancreatic markers NKX6.1, PDX1,
NGN3, MAFA, C-peptide, and insulin (Jeyagaran et al., Appendix 1 , Figure 5). The
pancreatic cells of fetal tissues showed nuclear expression of NKX6.1 and PDX1 with
limited C-peptide and insulin staining while the adult donor islets of Langerhans
showed nuclear expression of NKX6.1 in the nucleus of cells that also showed
cytoplasmic C-peptide expression. Unfortunately, the hiPSC-derived spheroids did
not show any presence of NKX6.1 or C-peptide. Interestingly, in adult donor islets,
PDX1 was observed to be both nuclear and cytoplasmic with some co-localization
with insulin. In our DOX-treated hiPSC-derived spheroids, PDX1 was found to have
puncta-like expression within the cytoplasm whereas this is absent in the spheroids
without DOX. The fetal pancreatic tissues did not have any cells expressing NGN3 or
MAFA. The adult donor islets showed both nuclear and cytoplasmic expression of
NGN3 while it was only in the nucleus of the cells of the hiPSC-derived spheroids with
DOX and absent in the spheroids cultured without DOX. MAFA was found in the
nucleus of cells of the adult donor islets and all the cells of the hiPSC-derived
spheroids with DOX, while it was absent in the hiPSC-derived spheroids without DOX.
These results suggested that the hiPSC-derived spheroids cultured with DOX showed
similar marker expression to that of adult donor pancreatic islets of Langerhans while
being functionally similar to fetal tissues with its limited C-peptide presence. Further
investigation into extending the culture conditions to support the functional maturity of
these cells and incorporation of the temporal expression of the three markers of

interest in hiPSCs has great potential in improving the availability of hiPSC-d er i v e d

cells for therapeutic purposes.
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10-week-old adult islets hiPSC-derived hiPSC-derived
embryonic tissue spheroid +DOX spheroid -DOX

DRAQ5 /
C-peptide / NKX6.1

DRAQS5/
INS / NGN3

DRAQS5/
INS / PDX1

DRAQS5/
INS / MAFA

Figure 5: hiPSC -derived spheroids cultured with DOX present similar markers to adult donor

islets but are functionally similar to embryonic tissue. 10-week-old embryo tissues, adult donor
islets, and the hiPSC-derived spheroids cultured with and without DOX were assessed for protein
expression of the markers of interest, NKX6.1, and the functionality markers C-peptide and insulin.
Scale bars equal 25 pum. Adapted from?€0,

3.2.Use of ECM proteind ecorin toi mpr ove human -pgelfanctoreat i ¢ b

Islet transplantation outcomes can be improved by supportingi sl et @&elld/ or D
survival post-transplantation. A large number of transplanted islets are lost as a result
of poor oxygen and nutrient levels as revascularization of the transplant can take up
to two weeks!’t. It was demonstrated that supplementation of ECM proteins can

support islet survival and functionality!’?' 174, also in a post-transplantation setting’>;

31



3. Results & Discussion

however, this must be tightly regulated to ensure that the exogenously introduced
ECM proteins such as COL1%01761182 or [EN90.110,115180,181,1831186 (o not drive
pathogenesis. A potential risk is the formation of a fibrotic capsule as a result of the
foreign body response where there is excessive deposition of COL1, COL3, and/or
FN limiting the integration of the transplanti nt o t he p a,tand¢haréfdesitssy st em
functionality and longevity*®7'189 This requires further investigation of methods to
modulate the deposition of the ECM proteins and their network formation.
Investigation of BM and interstitial matrix proteins in human adult pancreatic
tissues using immunofluorescence staining identified the small, leucine-rich
proteoglycan DCN to be highly co-localized with the endocrine cells, particularly
insulin (Urbanczyk & Jeyagaran et al., Appendix 2, Figure 6a-f). Interestingly, a
detailed observation of DCN and the different endocrine cells of human donor islets
of Langerhans showed that DCN was significantly more co-localized with the insulin-
pr o d u ccelle mthebthan the glucagon-p r o d u ccells @rbanczyk & Jeyagaran
et al., Appendix 2, Figure 6g-i). These results show that DCN is found in the native
pancreatic endocrine environment, and as a known modulator of the ECM due to its
regulation of collagen fibrillogenesis, it could be beneficial for reducing formation of
the fibrotic capsule!4’. We hypothesized that DCN could be a candidate for co-
transpl ant adlls to suppari ttamsplabt survival and function. Using the
i mmortal i zedlnh &Emlab Hh3, aggr e g at asktstruotiares, pseudo
we determi ned whet her DCN h-eel funation.s Myepor ti ve
supplemented the pseudo-islets with recombinantly produced full-length human
DCN ogver a 72-hour culture period and then assessed their functionality and ECM
expression. Immunofluorescence staining of DCN on the pseudo-islets in control and
DCN-treated samples showed that the supplemented DCN attaches to the peripheral
cells of the pseudo-islets (Urbanczyk & Jeyagaran et al., Appendix 2, Figure 7a), and
that this interaction is visible from 24 hours post-treatment (Urbanczyk & Jeyagaran
et al., Appendix 2, Figure 7b) as this is when there is significant increase in DCN
presence on the treated pseudo-islets. Interestingly, serial GSIS assays
d e monst r atcal tunctiohadity wa® improved upon DCN supplementation with

significantly more insulin secreted at the increased glucose challenge compared to
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3. Results & Discussion

the control (Urbanczyk & Jeyagaran et al., Appendix 2, Figure 7c), which was also
translated into a significantly greater GSIS index in the DCN-treated samples versus
the control (Urbanczyk & Jeyagaran et al., Appendix 2, Figure 7d). We were also
interested in the known effect of DCN on fibrillogenesis and used IF staining to
determine whether DCN had any effect on the fibrillar proteins FN and COL1.
Interestingly, DCN-treatment significantly reduced the expression of FN (Urbanczyk &
Jeyagaran et al., Appendix 2, Figure 7e) and COL1 (Urbanczyk & Jeyagaran et al.,

Appendix 2, Figure 7f) compared to the control in our pseudo-islet model.
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Figure 6: Decorin strongly co -localizes with insulin -pr oducdiced¢ | B in vivo and stin

cells functionality in vitro. Expression patterns of a. LN, b. COL4, c. FN, d. COL1, and e. DCN in
native pancreatic tissue. f. Co-localization study shows strong correlation between DCN and insulin-
e x p r e s-sellsringslefs of Langerhans. One-way ANOV A, * * * * phOBxprésSioh patterns
of glucagon (GLU), insulin (INS) and DCN in isolated human pancreatic islets. i. Co-localization study
shows significantly higher correlation of DCN with insulin compared to glucagon. Unpaired t-test,
* * * p O 0ScaleMdrs equal 50 um (a-e, g) and 5 um (ROI h). Error bars represent standard deviation.
Adapted from?°1,
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3. Results & Discussion

Previous studies also identified DCN in pancreatic tissues, with increased
expression by pancreatic pericytes to further establish the islet BM°2. It has been
reported that DCN plays a role in glucose tolerance. Interestingly, DCN was found to
be downregulated in the insulinoma mouse model where there was dysregulated
production of insulin®3, and mice lacking DCN displayed poor glucose tolerance, lack
of ECM organization, and increased inflammatory markers'®*. While the role of DCN
in b-cell function is not well-known, these studies suggested that it does have an
important effect in glucose-sensing and insulin secretion. Our results showed that
DCN has a st i mu lcalltfunation upsr Higk glucoseochallemges in our
pseudo-islet model. Furthermore, our results where DCN-treatment downregulated
expression of fibrotic proteins FN and COLL1 is in line with previous work highlighting
the positive role of DCN has in reducing scar tissue and inflammation!®"%%’, These
results support our hypot hesi s -telisapost-tarGantationu | d s up
t hr ough s t-delhfunttiantamdmeglucibg fibrotic capsule formation. We used
next-generation sequencing (NGS) and Raman microspectroscopy to understand the
changes occurcells ogpgn DCN-treatiment. BIGS identified 348 genes
differentially expressed between the DCN-treated and control pseudo-islets; 84 of
which were involved in pathways specified by the Kyoto Encyclopedia of Genes and
Genomes (KEGG; Urbanczyk & Jeyagaran et al., Appendix 2, Figure 8a). 51 of these
genes were mapped to pathways related to b-cells (Urbanczyk & Jeyagaran et al.,
Appendix 2, Figure 8Db), but of great interest were those involved in glucose
metabolism and insulin secretion. DCN-treatment resulted in the increased
expression of genes involved in oxidative phosphorylation, particularly of the electron
transport chain (Figure 8c,d), and endoplasmic reticulum (ER; Urbanczyk & Jeyagaran
et al., Appendix 2, Figure 8e,f). Oxidative phosphorylation is the final process of
cellular respiration for the production of ATP'%, suggesting increased mitochondrial
activity. Thi s p-xeliscteeffextivalysnetabslizeghe glicesé and n b
secrete appropriate levels of insulin19%2%_ |nterestingly, purified mitochondria from
glucose-r e s p o n <ellsy displayed significantly greater electron transport chain
function than those from glucose-u n r e s p o 4wtals?®y Eurtlier, reduced oxidative

phosphorylation and mitochondrial DNA was associated with T2DM?%2, These studies
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3. Results & Discussion

support our results where DCN-treatment of the pseudo-islets could improve glucose-
responsiveness through increased activation of oxidative phosphorylation pathways.
The ER is responsible for the regulation of protein folding and transport to the correct
cellular compartment?®®, Our NGS results identified an upregulation of genes involved

in ER stress responses and vesicular trafficking.
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Figure 7: Decorin stimulates pseudo -islet functionality in suspension cultures and modulates

ECM expression. a. Peripheral expression of DCN in the DCN-supplemented pseudo-islets (white

arrows). Unpaired t-test. b. Time lapse of DCN-positive cells on the periphery of the pseudo-islets.

One-way ANOVA, * p 008..GBI5 results and d. index of pseudo-islets treated with and without

DCN. Oneeway ANOVA, * x x * n O0t. e0s0t0,1 . * p OWn P&bi.r edl mmunof |l uor
quantification of e. FN and f. COL1 upon DCN supplementation. Unpairedt-t e st , * pOO0. 05, * * * *
Scale bars equal 50 um. Error bars represent standard deviation. Adapted from?°L,
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3. Results & Discussion

ER stress responses are observed in b-cells, particularly during glucose
challenges, due to insulin production and secretory mechanisms?2%32%_ Furthermore,
it has been suggested that around 20% of proinsulin, the pre-cursor of insulin, is
misfolded and degraded?°712%° which would also increase ER stress?!°. The greater
expression of genes involved in vesicular trafficking observed in the DCN-treated
samples could be explained by the increase in number of vesicles required for the
increased insulin secretion at the high glucose conditions compared to the control
samples. Interestingly, Raman microspectroscopy also identified the ER to be
significantly different between the DCN-treated and control pseudo-islets (Figure 9a-
d). In particular, Raman microspectroscopy identified differences in
phosphatidylinositol (Urbanczyk & Jeyagaran et al., Appendix 2, Figure 9e) which is
also required for vesicle formation?'1'213, and in line with previous studies that also
observed greater phosphatidylinositol content in b-cells challenged with high
glucose?4215, The NGS and Raman microspectroscopy results suggested that the
i ncr e aclefdnctibnality observed in the DCN-treated pseudo-islets could be
attributed to increased mitochondrial activity for ATP, and increased ER activity for
insulin production and secretion using vesicular transport. We further investigated the
NGS data and literature for possible binding partners of DCN on b-cells and identified
low density lipoprotein receptor-related protein 1 (LRP1). We found LRP1 to be
significantly downregulated in the DCN-treated pseudo-islets at the gene (Urbanczyk
& Jeyagaran et al., Appendix 2, Figure 10a) and protein (Urbanczyk & Jeyagaran et
al., Appendix 2, Figure 10b,c) levels. LRP1 is an endocytic receptor found on many
different cell types?!® that can bind ECM proteins?1/?® and growth factors?!8,
activating various pathways for cell homeostasis. In rodent islets, LRP1 was
necessary for insulin secretion and lipid metabolism?1%. In addition, LRP1 has been
shown to activate downstream TGF-b si gnal | i #gwhichais wra dans
stimulate insulin secretion and survival of b-cells??%:2?2, As an endocytic receptor,
LRP1 is also involved in autophagic pathways suggesting that DCN-binding can
induce internalization and downregulation of the receptor as shown by our results.

Together, these results suggest that the increased insulin secretion observed in the
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DCN-treated pseudo-islets during the glucose challenges could be potentially
mediated through LRP1.

KEGG pathway-attributed differentially expressed genes in pseudoislets +DCN

genes associated with oxidative phosphorylation
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Figure 8: NGS identifies differentially expressed genes in pseudo -islets +DCN. RNA was

harvested during high-glucose treatment of pseudo-islets to identify genes affected by DCN treatment

during insulin secretion (n = 4). a. 84 differentially expressed genes have been matched to specific

pathways using the KEGG database after DCN treatment. b.51 of t hese &dliretapteches ar e
genes, which are involved in 7 different pathways and mechanisms. c. 9 genes related to oxidative
phosphorylation were differentially expressed. d. All of these 9 genes were upregulated after DCN-

treatment. e. 10 genes related to the endoplasmic reticulum were differentially expressed in DCN-

t r e a tcellgpseldo-islets. f. 8 of these 10 genes were upregulated after DCN treatment. Genes

were classified as differentially expressed with pagjusted©® 0 . OABapted from?°L,
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Figure 9: Raman imaging of live pseudo -islets. a. Application of Raman spectra for ECM, DCN and
ER on live pseudo-islets +DCN and control. Scale bar equals 50 um. b. Corresponding Raman spectra
of ECM, DCN, ER and nuclei. c. PCA of the obtained ER component shows a separation via PC-2
between control pseudo-islets and pseudo-islets +DCN. d. Comparing the PC-2 loading scores of 100
spectra shows a significant difference between control and pseudo-islets +DCN. Unpaired t-test,
* p O0 .e0Lbading of PC-2 indicates an increase expression of phosphatidylinositol in pseudo-islets
+DCN compared to control. Error bars represent standard deviation. Adapted from?°1,
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Figure 10: DCN-t r eat ment significantly downr ealitdomposed L RP1 e
pseudo -islets. a. NGS identifies RNA levels of LRP1 to be significantly downregulated after DCN-
treatment. b. Immunofluorescence staining of control and DCN-treated pseudo-islets for DCN and
LRP1. c. Quantification showed a significant decrease in LRP1 intensity in DCN-treated pseudo-islets.
Unpaired t-test, **p0O0.01. S cuml Eeror bass rrepresgnti stahdard detiation. Adapted

from19t,

3.3.Fluorescence lifetime I magi ng mi croscopy to assess t

cell metabolism

Islet functionality assessments are important to ensure transplanted islets are
glucose-responsive and capable of withstanding multiple glucose challenges.
Currently used techniques such as GSIS assays often require lysingof t he -t est ed
cell for the insulin content, and the cells serves as a representative of the remainder
o f -celis from the donor/differentiation protocol. This results in the reduction of
t ranspl acels availabde afid does not provide information on the metabolic
dynamics of the cells. Understanding of the metabolic equilibrium, particularly, in stem
cell-d e r i vcelld, is fmportant to determine the functional maturity of the cells and if
they have the appropriate metabolic machinery to respond to multiple glucose
challenges. FLIM allows for the imaging and quantifying of the metabolic shifts

between glycolysis and oxidative phosphorylation non-invasively through the
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autofluorescence of NADH and FAD. We hypothesized that FLIM can be used for the
non-invasive and real-time imaging of the dynamic metabolic processes as b-cells

respond to glucose stimulation and to changes in their environment conditions.

Using our pseudo-islet model fromt he i mmor t al 4cell énd, EldoaGna n b

bH3, we assessed the real-time metabolic changes in b-cells upon glucose stimulation
through FLIM. b-cells were exposed to prolonged starvation periods at 0 mM glucose
conditions (non-stimulated), or exposed to 0 mM glucose and then glucose-stimulated
with 20 mM glucose. FLIM measurements were performed every 27 min to observe
the changes i n met ab ecélls. cin theanonkstinulatedypseido-
islets, NADH U 1 , t bued farmm df NADH produced during glycolysis, increased

over the first hour following which it began oscillating (Zbinden & Carvajal Berrio et

al., Appendix 3, Figure1la) , whi |l e NADH U2, the bound

electron transport chain during oxidative phosphorylation, steadily decreased
(Zbinden & Carvajal Berrio et al., Appendix 3, Figure 11c). Interestingly, in the
glucose-stimulated pseudo-islets NADH U1 decreased and

stimulation (Zbinden & Carvajal Berrio et al., Appendix 3, Figure 11b), while NADH
U2 showed i ncr dgzZbinders& Carmaghl Bpreogetkalk, Appendix 3, Figure
11d). NADH U1l represents the respective c
over time in the non-stimulated pseudo-islets (Zbinden & Carvajal Berrio et al.,
Appendix 3, Figure 11e) while it increased and oscillated upon glucose-stimulation
(Zbinden & Carvajal Berrio et al., Appendix 3, Figure 11f,i). Of particular importance
is the optical oxidative ratio which represents the metabolic equilibrium between
glycolysis and oxidative phosphorylation.  The non-stimulated pseudo-islets

demonstrated an increasing optical oxidative ratio over time (Zbinden & Carvajal

the b

began o

ontribu

Berrio et al., Appendix 3, Figure 11g) while the glucose-stimulated pseudo-i s| et s &6 r at i

decreased upon glucose stimulation (Zbinden & Carvajal Berrio et al., Appendix 3,

Figure 11h). Upon glucose sti mul atcell® throughgGLUTs0os e ent

following which it enters glycolysis and oxidative phosphorylation pathways to produce
ATP. This results in the closing of K*ATP channels and an influx of calcium ions. The
oscillations in the intracellular calcium allows for the exocytosis of insulin'#223, The

increasing NADH UL or optical oxidative ratios in the non-stimulated pseudo-islets is
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3. Results & Discussion

not expected as there is no increased stimulation through glucose, though this could
be attributed to the cells using alternative energy-producing pathways such as
glutaminolysis or fatty acid biosynthesis??4225, The reduction in the optical oxidative
ratio observed upon glucose stimulation demonstrated that glucose stimulation initially
increases glycolytic activity, and the oscillating NADH dJug ge s t-cels tre b

capable of sensing and responding to the increased glucose conditions
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Figure 11:In situ FLIM probes glucose -responsiveness of normoxic pseudo  -islets in vitro. FLIM
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3. Results & Discussion

3.3.1. Use of FLIM to identify hypoxia-induced cellular response in pseudo-

islets

b-cell dysfunction as a result of hypoxic conditions during islet isolation and post-
transplantation is a major limitation of transplant success??’. To determine whether
FLI' M can al so d ecellenetabolisnhianespanse toichmngés in oxygen
levels, we cultured pseudo-islets in 1% oxygen and assessed them for hypoxia
markers through immunofluorescence staining and metabolic changes through FLIM
over time. Hypoxia-i nduci bl e f-hd) expressedupon FetuEed oxygen
concentrations to activate mechanisms to maintain oxygen homeostasis??.
Accordingly, the pseudo-islets showed significantly increased HIF-1 (&xpression after
just an hour of hypoxic culture which continued to increase throughout the culture
period (Zbinden & Carvajal Berrio et al., Appendix 3, Figure 12a). HIF-1 U expr essi on
can activate both cell repair and apoptotic pathways depending on the severity of
hypoxia??®. To determine whether an adaptive repair process or apoptotic pathway
was activated we analysed the expression levels of VEGF which would be upregulated
to increase blood vessel density for increased oxygen transport??8230.231  gnd
apoptotic marker cleaved caspase-32%2. VEGF expression increased significantly
over the first hour of hypoxic culture which then continually decreased over time
(Zbinden & Carvajal Berrio et al., Appendix 3, Figure 12b). Cleaved caspase-3
increased over the first 12 hours of hypoxia and remained significantly elevated
through the culture period (Zbinden & Carvajal Berrio et al., Appendix 3, Figure 12c),
suggesting increased cell death upon extended periods of hypoxia. These results
suggested that the pseudo-islets do sense the hypoxic environment and initially
attempt to promote angiogenesis to overcome the low oxygen levels; however, upon
extended periods of hypoxia, the cells initiate programmed cell death pathways. This
was also demonstrated by multiphoton microscopy of endogenous NADH where the
lack of NADH autofluorescence intensity in the core demonstrated a significantly
larger ratio of lumen size upon 12 hours of hypoxia compared to the normoxic pseudo-
islets (Zbinden & Carvajal Berrio et al., Appendi x 3, Figure 12d), indicative of a

necrotic core.
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3. Results & Discussion

and/or enzyme. As cells respond to the hypoxic environment, they are expected to
increase their glycolytic activity compared to oxidative phosphorylation?3® and switch
to anaerobic glycolysis which results in the production of lactate?®*. Lactate and
pyruvate products from glycolysis both allow for the production of mitochondrial
energy for the redox reactions of NADH?*> which could also attribute for the
maintenance of the unbound NADH levels during the initial hypoxic culture period
(Zbinden & Carvajal Berrio et al., Appendix 3, Figure 12g). There was a significant
decrease in NADH U land the optical oxidative ratio after 12 hours of hypoxia
compared to the pseudo-islets cultured in normoxia (Zbinden & Carvajal Berrio et al.,
Appendix 3, Figure 12g,h). The reduction in unbound NADH upon prolonged hypoxia
culture suggests that the cells are undergoing apoptosis. This is in line with previous
studies observing the metabolic changes in murine keratinocytes and cancer cells as
they undergo apoptosist hat demonstrated i ncr eadNARDH
Ul upon initi &@¥#% Rurttedmore psocells undergs apoptosis, the
mitochondrial membrane becomes permeabilized which can result in increased FAD
in the cytosol which is reflected in the increased optical oxidative ratio236:2401242,
Together these data demonstrated that FLIM can measure effects of hypoxic culture
conditionsinb-cells, and t hat NADH U1l a n-hdube? apomoBis
before the programmed cell death pathways are activated.

We further wanted to study the metabolic changes in pseudo-islets that have been

cultured in hypoxia for 6 hours upon glucose stimulation. Control pseudo-islets

cultured in normoxic conditions and showed a reductonin NADH U1 wupon

stimulation followed by a slight increase and plateau, while hypoxic pseudo-islets

showed large fluctuations before and after glucose stimulation (Zbinden & Carvajal

Berrio etal., Appendix 3,Figure13a). NADH U2 values were si

and hypoxic pseudo-islets before glucose-stimulation and they had similar behaviour

NADH U?2

ndi

gl

cat

uco

after glucose-st i mul ati on where both groups showed i

however, the hypoxic pseudo-isletsh ad much hi gher 2l(Zbiader &
Carvajal Berrio et al., Appendix 3, Figure 13b,e). While the controt NADHU 1 v a

increased during glucose stimulation, the NADHU1 val ues of t h-e

islets showed oscillatory behaviour before and after glucose stimulation, with only a
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3. Results & Discussion

slight decrease in the overall values after stimulation (Zbinden & Carvajal Berrio et al.,

Appendix 3, Figure 13c). Interestingly, the optical oxidative ratio was higher in the

hypoxic pseudo-islets compared to the normoxic control, but they showed similar

trends with a decrease in the ratio upon glucose stimulation (Zbinden & Carvajal Berrio

etal., Appendix 3, Figure 13c). The decrease in the ratio of the hypoxic pseudo-islets

suggest that they are still glucose-responsive after 6 hours of hypoxic culture. The

abnor mal NADH U1, amsd wWell Ipaas etrtnes i ncreased N;
in the hypoxic pseudo-islets could be attributed to cellular stress as the cells undergo

anaerobic glycolysis and eventually initiate apoptotic pathways. Together, we were
abletoshowFLI M was capabl e of neellanstabolisrmdgnamitsa ng e s
in response to glucose stimulation and hypoxic environments and can be used to

determine the quality ofac e | | 6 s al tapabitityt beforentransplantation.
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3. Results & Discussion

3.4.ECM proteins Nidogen -1 and Decorin restore functionality of human

islets of Langerhans upon hypoxic conditions

In this last chapter, we built on the previous studies of this thesis to support and
non-invasively measure the functionality of isolated human donor islets of Langerhans
in a hypoxic, post-transplantation setting. Re-establishment of the native ECM
environment is crucial for the success of islet transplantation, particularly to support
their viability in the initial hypoxic environment. We previously identified BM protein
NID1 to support b-cell survival and functionality in hypoxic culture conditions, possibly
through pro-survival pathways activatedviai t s bi ndi ng iourpseudoe gr i n Uv
islet model from the immortalized human b-cell line, EndoC-b H32. Earlier in this
thesis, we also demonstrated the positive effect DCN has on the pseudo-isletsd
functionality and ECM expression. To determine whether these ECM proteins can
also support isolated human islets of Langerhans in a hypoxic post-transplantation
setting, we cultured donor islets with NID1, DCN, or without either protein (control,
CTL) for 72 hours and then assessed them for functionality and viability markers. In
normoxic cultures, all treatment groups, CTL-, NID1-, and DCN-treated donor islets
displayed glucose-responsive insulin secretion with a GSIS index above 1 (Jeyagaran
& Urbanczyk et al., Appendix 4, Figure 14a). Control donor islets cultured in hypoxia
showed a dysfunctional response where they secreted significantly lower insulin at
high glucose conditions and had a GSIS index below 1 (Jeyagaran & Urbanczyk et
al., Appendix 4, Figure 14b). Interestingly, donor islets cultured in hypoxia with either
NID1 or DCN displayed glucose-responsive insulin secretion and a GSIS index above
1 (Jeyagaran & Urbanczyk et al., Appendix 4, Figure 14b). In normoxia, 75% of
donors showed functionality, which was increased to 83% upon NID1- or DCN-
treatment (Jeyagaran & Urbanczyk et al., Appendix 4, Figure 14c). Further, in
hypoxia, only 45% of donors showed functionality, while NID1- or DCN-treatment
increased this to 92% and 100%, respectively (Jeyagaran & Urbanczyk et al.,
Appendix 4, Figure 14d). These results suggested that NID1- and DCN-treatment
ma i n t -aell functibnality in normoxia and can restore functionality of islets from

majority of the donors upon hypoxic conditions.
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Figure 14: ECM protein treatment improves donor islet functionality in hypoxic conditions. GSIS
assay results and index of donor islets treated with either PBS as control (CTL), NID1, or DCN in a.
normoxic and b. hypoxic conditions. Insulin secretion normalized by insulin content of the donor islets..
GSIS index was determined by the fold change in insulin secretion between the 2 mM and 20 mM
glucose challenges. Percentage of donors showing functional GSIS responses in ¢. normoxic and d.
hypoxic conditions. A GSIS index < 1 is considered unresponsive and dysfunctional, and a GSIS index
of 1 and above is considered functional. Error bars represent standard deviation. Unpaired t-test,
*pO0. 05, **p0O0.01, ***pO0O.001, ****pOO0.0001.

To determine whether
glucose-stimulated glucagon secretion (GSGS) assays to determine the functionality
o f -cells within the donor islets. We expected to observe reduced glucagon secretion
in response to increased glucose concentrations and a GSGS index below 1. In both
normoxia and hypoxia, none of the treatments showed significant differences in
glucagon secretion in response to glucose (Jeyagaran & Urbanczyk et al., Appendix
4, Figure 15a,b). Under normoxic conditions, NID1- and DCN-treated donor islets
GSGS i

significantly different from the CTL donor islets (Jeyagaran & Urbanczyk et al.,

showed a ndex bel owcells; heweweq this was mog

Appendix 4, Figure 15a). In hypoxia, the CTL and DCN-treated donor islets had a
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3. Results & Discussion

GSGS index below 1, while NID1-treated donor islets had a significantly higher GSGS
index than the other two treatments (Jeyagaran & Urbanczyk et al., Appendix 4,
Figure 15b). The larger ranges of glucagon secretion in the hypoxic donor islets could
be attributed to cell death and lysis resulting in the release of stored glucagon. These
results suggested that the protective and supportive effects of NID1 and DCN in

hypoxic conditions on humanisletsar e speeells.i c t o b

normoxia hypoxia
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Figure 15: Glucagon secretion analysis of donor islets. Glucagon secretion normalized by
glucagon content and fold change of glucagon secretion between low and high glucose in a. normoxic
and b. hypoxic conditions. Error bars represent standard deviation. Unpairedt-t est , **p O0. 01.
The increased f uncaeltsiinohypiici congitiors fuport praein b

treatment could be attributed to increased cell viability or increased metabolic activity.
To determine whether the NID1- or DCN-treatments s u p p o-ceft funbtionality
through protecting the cells from cell death in hypoxia, we performed IF staining for
TUNEL to visualize DNA fragmentation events and cleaved caspase-3 to visualize
apoptotic cells. In normoxia, there were no changes in the number of TUNEL*© cells
between the treatment groups; though expectedly, there was a significant increase in
TUNEL*v® cells between the normoxic and hypoxic conditions (Jeyagaran &
Urbanczyk et al., Appendix 4, Fig. 16a,b). Interestingly, in hypoxia, NID1- and DCN-
treatments resulted in a significant reduction in TUNEL*® cells (Jeyagaran &
Urbanczyk et al., Appendix 4, Figure 16a,b). Furthermore, cleaved caspase-3

staining revealed no significant differences between the culture conditions or
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treatment groups (Jeyagaran & Urbanczyk et al.,, Appendix 4, Figure 16c,d),

implicating that the protein treatments do not affect caspase-3-mediated apoptosis.
Together, these results suggest that NID1 and DCN protect the cells through either
preventing DNA fragmentation or repairing DNA fragmentation upon hypoxia.
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Figure 16: ECM protein treatment reduces DNA fragmentation events in hypoxic conditions. a.
Representative images and b. quantification of TUNEL* cells to identify DNA fragmentation in donor
islets under normoxic and hypoxic conditions. c. Representative images and d. quantification of
caspase-3* cells to identify cells undergoing apoptosis in donor islets under normoxic and hypoxic
conditions. Error bars represent standard deviation. Two-way ANOVA, **p Q0. 01,
bars equal 50 pm.

To determine whether NID1 and DCN also influence the metabolism of the donor
islets, we used FLIM to measure changes inthed o n o r mesabokcteguiibrium.

Human donor islets contain lipofuscin bodies that accumulate in post-mitotic cells and
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increase with age®*3244,  Unfortunately, these lipofuscin bodies are autofluorescent
and interfere with the FLIM and analysis of the NADH lifetimes?*4. To subtract the
high autofluorescence inthedonori sl et s6 FLI M i mages, we used p
protocols?4%246 to objectively remove the lipofuscin effect from all samples. Following
removal of the |ipofusci rfitng vwylueavhs,signifieantly b s er ved
improved allowing for a better understanding of the NADH lifetimes (Jeyagaran &

Urbanczyk et al., Appendix 4, Figure 17).
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Figure 17:Li pof usci n r e mo %far FLIM. mpNADN leefre and b. after quartile outlier
removal. Scale bar equals 50 um. c. ¢ fitting value is significantly reduced after lipofuscin outlier
removal. Unpaired t-test, ****p(0.0001.

Analysis of the FLIM images showed thatboth NADH U1 aamdd FO®2D U1 and
U dvalues were significantly downregulated in the NID1-treated hypoxic donor islets
compared to the CTL donor islets (Jeyagaran & Urbanczyk et al., Appendix 4, Figure
18a-d) , which was accompanied with auesintgeni fi cant
NID1 group (Jeyagaran & Urbanczyk et al., Appendix 4, Figure 18e). In the previous
study, we demonstrated that increased NADH U1)2a nvdh | u eesindicative of d
apoptosis prior to activation of cleaved caspase-3 pathways (Figure 12). The
decreased NADH Ulandaincréased 2unctiomalityu iegy that NID1-
treatment under hypoxic conditions protect the donor islets and reduce cell death.
NADH U1 values were significantly edtevated i
normoxic cultures (Jeyagaran & Urbanczyk et al., Appendix 4, Figure 18e), and a
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two-w a y

ANOVA

demonstrated a

significant

normoxic and hypoxic conditions in both the NID1- and DCN-treatment groups.

Figure 18: FLIM analysis demonstrate ECM protein
glycolysis under hypoxic conditions.
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3. Results & Discussion

These results suggest there is increased unbound NADH in the hypoxic donor
islets, particularly those treated with either NID1 or DCN which could be attributed to
increased glycolysis and pentose phosphate pathways generating NADH and NADPH
toproduce ATPas menti oned ear !l i er . -tréatéddonoOrislets al ues o
were significantly lower than the control or DCN-treated donor islets, where a two-way
ANOVA demonstrated a significant i ncrease in
hypoxic conditions within the NID1-treated donor islets (Jeyagaran & Urbanczyk et al.,
Appendix 4, Figure 18f). The reduction in the proportion of bound FAD, or the
increase unbound FAD, could be attributed to increased FAD synthesis®*’ to
accommodate for the increased metabolic activity of the cells upon NID1-treatment
which is reduced in the hypoxic environment due to the lack of electron transport chain
activity. Interestingly, optical redox ratios showed no significant effects as a result of
oxygen conditions, but both NID1- and DCN-treatments shows significantly increased
ratios compared to the CTL (Jeyagaran & Urbanczyk et al., Appendix 4, Figure 189).
This suggests the protein-treatments shift the metabolic activity towards increased
oxidative phosphorylation which is also in line with our previous study where NGS
analysis of DCN-treated pseudo-islets showed increased expression of genes
involved in oxidative phosphorylation (Figure 8c-d). Unfortunately, none of the NADH
or FAD parameters or optical redox ratio values, showed significant changes upon
glucose stimulation (Jeyagaran & Urbanczyk et al., Appendix 4, Figure 18). This
could be attributed to the cellular cempositi
cells and their distribution within the donor islet would be heterogeneous. The lack of
homogenous s i-gehsadsporaihg td dglueosefas we observed using the
h u ma 1tell bne earlier in the thesis suggests that FLIM may not be sensitive enough
to determine metabolic stimulation of one cell type in a heterogeneous population.
Recently, other research groups handbecellbeen abl
post-FLIM measurements using |IF staining for glucagon and insulin,
respectively?#>246. Thispost-pr ocessing allowed for identific
metabolic dynamics which may have otherwise balanced each other out when looking
attheislet. Theywereabletoi dent i f y -dells eesponded to ineeaseéd insulin
secretion with a shift towards increased NADH U 1 p-cellsishiowed a shift towards
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increased NADHU2, such that there was increased o0)
b-cells compared to the U-cells upon glucose stimulation245:246, Together, our results

demonstrate that FLIM could discriminate metabolic changes in donor islets arising

from changes in oxygen levels and supportive protein treatment in a non-invasive

manner; however, the heterogenous cell composition of donor islets make it difficult

to assess the functionality of b-cells without processing the donor islets further to

determine the position of the b-cells within the islet and their availability to interact with

glucose.

NGS analysis was performed to identify potential pathways NID1 and DCN could
be supporting b-cell functionality upon hypoxic exposure. As there were no significant
differences between the NID1- and DCN-t r e at me rcell sunction or Biability, we
analyzed differentially expressed genes in both NID-1 and DCN-treated donor islets
under hypoxia compared to the normoxic control. 93 protein-coding genes were
identified to be significantly differentially expressed (Jeyagaran & Urbanczyk et al.,
Appendix 4, Figure 19a), 53 of which were mapped to the GO term metabolism
(Jeyagaran & Urbanczyk et al., Appendix 4, Figure 19b). Interestingly, there was a
significant upregulation of solute carrier family 2 members 1 and 3 (SLC2A1 and
SLC2A3, respectively), solute carrier family 16 member 3 (SLC16A3), and lysine
demethylase 3A (KDM3A) (Jeyagaran & Urbanczyk et al., Appendix 4, Figure 19c,
marked with arrows). SLC2A1, SLC2A3, and SLC16A3 encode GLUT1, GLUT3, and
monocarboxylate transporter 4 (MCT4), respectively. GLUT1 and GLUT 3 are
glucose transporters in b-cells that play key roles in glucose-responsive insulin
secretion due to their high affinity for glucose compared to GLUT22481250_ While rodent
islets predominantly use GLUT2, human pancreatic islets use GLUT11314248  Further,
GLUT1 was shown to be upregulated by HIF1a in stress conditions such as hypoxia
to meet the increased energy demands?%:. The upregulation of SLC2A1 and SLC2A3
in the protein-treated donor islets upon hypoxia would allow for increased transport of
glucose into the cells to be used for glycolysis and ATP production. The upregulation
of SLC16A3 allows for increased clearance of lactate and glycolysis product pyruvate
from the cells in the absence of the Krebs cycle and oxidation phosphorylation?>2,

KDMS3A plays key roles in cell cycle progression, particularly in DNA repair and
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preventing apoptosis?®3. It has also been shown to support cell survival of myeloma

cells in hypoxia through promoting glycolysis?®4.
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Figure 19: Genes involved in glycolysis differentially expressed in protein -treated donor islets

under hypoxia. Differentially expressed genes of donor islets treated with the ECM proteins in hypoxia
were compared to the normoxic control. a. 93 protein-coding genes differentially expressed only in the
NID1- and DCN-treated hypoxic donor islets compared to normoxia were identified. b. GO term
enrichment analysis mapped 53 of these genes to metabolic pathways, c. 24 of which were upregulated
and d. 29 of which were downregulated. All genes are considered as significantly differentially
expressed with a PadjustedO0 . 05 .

This suggests that the protein-treatments upregulation of KDM3A in the donor
islets plays both a pro-survival and functional role in the donor islets as well in hypoxia

conditions. Interestingly, there was also a significant downregulation of gluconeogenic
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enzymes fructose-1,6-bisphosphatase 1 (FBP1) and phosphoenolpyruvate
carboxykinase 1 (PCK1) (Figure 19, marked with arrows). FBP1 and PCK1 are
enzymes catalyzing rate-limiting gluconeogenic reactions, reversing glycolysis. They
are important for the regulation of cell metabolism and cell cycle progression. FBP1
dephosphorylates fructose-1,6-bisphosphate into fructose-1-phosphate®®®. Fructose-
16-bi sphosphate 1is important for the biphasi
cells?%6257  emphasizing the need to maintain its levels without being
dephosphorylated. Inhibition of FBP1 in murine b-cells resulted in increased insulin
secretion and a higher GSIS index?8, while overexpression of FBP1 had the opposite
effect?>®. PCK1 catalyzes the reversible conversion of the Krebs Cycle intermediate
product oxaloacetate into phosphoenolpyruvate and carbon dioxide in the
cytoplasm?60:261  Qverexpression of PCK1 in hepatic cancers suppressed glycolytic
activity?62'264 - In our donor islets, both NID1- and DCN-treatment downregulated
FBP1 and PCK1 under hypoxia, potentially as an energy-saving mechanism to
maintain ATP levels and support glycolysis to ensure cell viability and function. Taken
together, these results show that NID1- and DCN can support the viability and function
of donor islets upon hypoxic exposure similar to the post-transplantation environment.
Through improving DNA fragmentation events and supporting glycolytic pathways to
produce ATP, NID1 and DCN are potential candidates for co-transplantation to
support transplant survival and reduce the number of donor islets required for a

transplant.
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Islet transplantation is a promising long-term solution for the treatment of T1DM,

allowing for endogenous maintenance of blood glucose homeostasis; however, i t s 0

success is hindered by poor islet availability and survival. Current proposed solutions
including stem cell-derived b-cells and encapsulation of b-cells/islets are also limited
by the extended culture periods andt h e p aimmune tespanses isolating the
transplant. In this thesis, we explored native pancreatic b-cell markers and their
environment to advance bioengineering techniques to improve differentiation
efficiency of hiPSCs into b-cells, support b-cell function in hypoxic post-transplantation
settings, regulate fibrotic capsule formation post-transplantation, and non-invasively
monitor b-cell function.

To address the extensive differentiation timelines of hiPSCs into b-cells and the
heterogeneous population of cells that result at the end, we introduced lentiviral
constructs for the i nduci-béelspecdixnmarkerss NGNY,
PDX1, and MAFA in hiPSCs. We hypot hesized that t he-
cell markers along with medium that support pancreatic differentiation, we could
forward program the hiPSCs into glucose-responsive insulin-producing b-cells in a
shortened timeline of two weeks. Weachi eved expressi on-cel
markers at the gene and protein level, as well as glucose-responsive insulin secretion
just after five days of culture. Further 3D culture for a total of ten days showed gene
expression of the markers of interest while PDX1 was lost at the protein level, possibly
due to its position within the lentiviral construct. Insulin secretion in a parallel GSIS
assay was maintained; however, insulin production and secretion upon consecutive
glucose challenges was limited. Comparison to human fetal and adult donor tissues
suggested that although the hiPSC-derived spheroids presented similar markers to
adult insulin-producing cells, they were functionally representative of fetal tissues due
to the limited insulin production. Interestingly, recent studies using lentiviral constructs
for inducing the temporal expression of the same three markers achieved generation
of glucose-responsive insulin-producing cells from adult (stem) cells'®’170,  This

suggests that with the use of separate lentiviral constructs for each gene of interest to
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allow for temporal control of their expression, and slight optimization to the culture
timeline, we would be able to forward program hiPSCs into glucose-responsive
insulin-producing cells as an alternative cell source for implantation.

The ECM plays a key role in the survival and specific functions of tissues and
organs. lIsolated islets and stem cell-derived b-cells lack the native pancreatic ECM
niche. While many studies have assessed the effects of ECM proteins on b-cell
functionality and survival, few studies have assessed how the ECM surrounding the
transplant could be regulated. To this extent, we studied ECM protein expression in
adult pancreatic tissues and identified DCN, known regulator of collagen
fibrillogenesis, to be highly co-localized with b-cells within the islets of Langerhans.
We hypothesized that DCN plays a role on b-cell survival and function, and its effect
on the surrounding ECM would be beneficial in reducing fibrotic capsule formation that
would otherwise render the transplant ineffective. In vitro studies demonstrated that
DCN treatment of our human pseudo-islet model improved glucose-responsive insulin
secretion. This was supported by NGS and Raman microspectroscopy data that
identified upregulation of oxidative phosphorylation and vesicular trafficking pathways,
as expected with increased glucose metabolism and insulin secretion. Furthermore,
DCN-treatment reduced expression of fibrotic ECM proteins FN and COL1,
suggesting DCN as a potential co-transplantation ECM protein to improve b-cell
function and transplant efficacy through prevention of fibrotic capsule formation.
Further studies investigating whether DCN can be used as an encapsulation material
for islet transplantation and its long-term effects on ECM organization in an in vivo
model would prove to be beneficial in improving transplant survival.

Assessment of b-cell responsiveness to consecutive glucose challenges is
essential for a successful transplant. Mature b-cells can sense glucose and secrete
appropriate amounts of insulin on continuous basis. Unfortunately, current b-cell
functionality tests result in the loss of the assessed islet/b-cell, where the
measurement is used as a representation of the remainder of the cell population from
the donor/culture. In this thesis, we hypothesized that FLIM can non-invasively
monitor b-cell function through detection of the autofluorescent metabolic coenzymes

NADH and FAD. FLIM was capable of monitoring glucose-responsiveness in our
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human pseudo-islet model in real-time. Interestingly, FLIM was also sensitive enough
to detect changes in the mitochondrial environment suggesting cell death upon
hypoxic culture before programmed cell death pathways were even activated. Along
with GSIS results and cell viability assays, we were able to demonstrate that FLIM can
be used to assess the functional capacity and viability of b-cells. The real-time
information FLIM can provide in a non-invasive manner makes it a suitable screening
tool to assess and select functional b-cells to be transplanted.

In the last step of this thesis, we built on our previous studies to determine the
effects of ECM proteins NID1 and DCN on isolated human donor islets in a hypoxic,
post-transplantation environment, and the suitability of using FLIM to assess their
functionality. Isolated islets are more sensitive to the culture conditions and post-
transplantation environment as it is not comparable to the in vivo environment prior to
the isolation, making them more sensitive to the protein treatments and
measurements than our immortalized human b-cell pseudo-islets. Interestingly, we
observed that both NID1 and DCN specifically restore functionality of b-cells within
the donor islets and reduce DNA fragmentation events in hypoxic conditions.
Furthermore, FLIM analysis demonstrated that NID1 and DCN-treatment results in a
metabolic shift in the donor islets towards glycolysis under hypoxic conditions;
however, the heterogenous cell composition of the donor islets do not allow for a non-
invasive measurement of changes in b-cell metabolism in response to glucose
stimulation as observed in the pseudo-islet model. This was further supported by the
NGS analysis identifying significant differential expression of key glucose transporters
and gluconeogenic enzymes that support the increased glycolytic activity observed.
Together, these results demonstrated that when co-transplanted with donor islets,
NID1 and DCN can support donor islet functionality in a hypoxic, post-transplantation
setting, possibly through preventing or repairing DNA fragmentation to support cell
survival.

In summary, this thesis addresses multiple bioengineering approaches to improve
islet transplant outcomes at different stages of the transplant process. From
optimizing differentiation protocols to forward program hiPSCs into glucose-

responsive insulin producing,tos u p p o r-c¢eli fungtionality and viability in a hypoxic
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environment, this dissertation highlights the importance of recapitulating the native
pancreatic microenvironment to improve the success of islet transplantation. We
demonstrated that the temporal expression of the ma t u rcell markers and re-
establishment of the pancreatic ECM is important for the generation and maintenance
of long-term functional b-cells. Future studies optimizing the culture protocol for the
forward programming of hiPSCs into insulin-producing cells, and assessing the
effectiveness of NID1 and DCN in vivo hold great promise to improving transplantation

efficacy for the treatment of TLDM.
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OPEN Forward programming of hiPSCs
towards beta-like cells using Ngn3,
Pdx1, and MafA
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Transplantation of stem cell-derived B-cells is a promising therapeutic advancement in the treatment
of type 1 diabetes mellitus. A current limitation of this approach is the long differentiation timeline
that generates a heterogeneous population of pancreatic endocrine cells. To address this limitation,

an inducible lentiviral overexpression system of mature B-cell markers was introduced into human
induced-pluripotent stem cells (hiPSCs). Following the selection of the successfully transduced hiPSCs,
the cells were treated with doxycycline in the pancreatic progenitor induction medium to support their
transition toward the pancreatic lineage. Cells cultured with doxycycline presented the markers of
interest, NGN3, PDX1, and MAFA, after five days of culture, and glucose-stimulated insulin secretion
assays demonstrated that the cells were glucose-responsive in a monolayer culture. When cultured

as a spheroid, the markers of interest and insulin secretion in a static glucose-stimulated insulin
secretion assay were maintained; however, insulin secretion upon consecutive glucose challenges was
limited. Comparison to human fetal and adult donor tissues identified that although the hiPSC-derived
spheroids present similar markers to adult insulin-producing cells, they are functionally representative
of fetal development. Together, these results suggest that with optimization of the temporal
expression of these markers, forward programming of hiPSCs towards insulin-producing cells could be
a possible alternative for islet transplantation.

Pancreatic islets of Langerhans are the functional cells of the endocrine pancreas responsible for the maintenance
of blood glucose homeostasis'. In type 1 diabetes, the B-cells, the insulin-producing cells, are lost as a result of
an autoimmune attack, leading to the dysregulation of blood glucose levels*. Continuous monitoring of blood
glucose levels and administration of appropriate levels of exogenous insulin is the gold standard treatment for
many patients suffering from diabetes; however, there remains the risk of over- and/or under-administering the
amount of insulin which calls for more endogenous maintenance of blood glucose such as islet transplantation’®.
There have been numerous advances in islet transplantation approaches in recent years to treat patients with type
1 diabetes including protecting transplanted cells from the host’s immune system and utilizing new sources of
B-cells to be transplanted®. Of great interest are stem cell-derived p-cells that can act as a continuous source of
B-cells for the high demand of endocrine replacement therapy.

Recent advances in studying pancreatic development has improved our understanding of what biochemical
and biophysical cues are required to signal stem cells to differentiate towards B-cells®. Stage-based differentia-
tion using consecutive incorporation and exclusion of growth factors and / or signalling molecules have been
successful in differentiating human embryonic stem cells (hESCs) and human induced pluripotent stem cells
(hiPSCs) into glucose-responsive insulin-producing p-cells”®. Through the years, there have been updates to the
differentiation protocol where similar culture medium recipes are used with slight changes in timing and con-
centration of certain growth factors, or cell culture platforms (2-dimensional (2D) vs. 3-dimensional (3D))*"1¢.
Along with selection of cells presenting pancreatic progenitor markers at the different stages of differentiation,
these protocols have been improved to achieve increased differentiation efficiency of stem cells into B-cells over
a month-long period, where they could be further matured in vivo in mice or in vitro through 3D cultures in
bioreactors'®'”, This maturation process and expression of maturation markers are extremely important for the
glucose-responsive behaviour of -cells; however, it is time-consuming and can result in a heterogeneous cell
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Eberhard Karls University Tubingen, 72076 Tubingen, Germany. 2Department of Women's Health, Eberhard Karls
University, 72076 Tubingen, Germany. *NMI| Natural and Medical Sciences Institute at the University Tiibingen,
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