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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. lIslet or B-cell transplantation allows for insulin-independency
and doesn’t pose the risk of the patients under- or over-medicating themselves. 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 mature B-cell markers as
in development. Further, to support the B-cells post-transplantation, we moved
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-produced proteins to our immortalized -cell line pseudo-islet model
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
to non-invasively monitor the metabolic response of the B-cells to glucose stimulation
and changes in oxygen levels in its environment in real-time. Altogether, this thesis
highlights the importance of recapitulating the signals and cues [-cells experience in

vivo to best improve islet transplantation outcomes.



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 regelmaliige Kontrolle des Blutzuckerspiegels sowie die
Verabreichung von exogenem Insulin. Ein Alternative ist die Transplantation von
Langerhans'schen Inselzellen oder B-Zellen, um eine unabhangige endogene
Blutzuckerregulation wiederherstellen und das Risiko von Unter- und Ubermedikation
von Patienten zu reduzieren. Mit wachsendem Verstandnis Uber die
Zusammensetzung der menschlichen Bauchspeicheldrise 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 moglichen 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 Verfugbarkeit von [3-
Zellen fur die Transplantation zu erhohen. Um die B-Zellen nach der Transplantation
zu unterstutzen, haben wir die Nische der menschlichen adulten Bauchspeicheldrise
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 [(-Zelllinien-Pseudoinseln-
Modell als auch von isolierten menschlichen Spenderinseln. Uberdies schiitzte die
Zugabe der Proteine die Zellen wahrend hypoxischen

Posttransplantationsbedingungen. Daruber 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 Eigenschaft 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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Chapter 1

Introduction



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 100 um diameter?. The
majority of the endocrine cells are insulin-producing B-cells (70-80%), followed by
glucagon-producing a-cells (15-20%), somatostatin-producing &-cells (5-10%), and
pancreatic polypeptide cells (5-10%) that are involved in the maintenance of blood
glucose levels®#. In rodent islets, B- and a-cells appear as distinct 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’ cells,
specifically B-cells, are the main 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 pancreatic progenitors, B-cells are initially considered immature due to the lack
of functionality defined as glucose-responsive insulin secretion. Upon maturation, [3-
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®-'°. Interestingly, key differences between immature and mature B-
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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 MafB in mature 3-cells was found compared to immature 3-
cells®-1°. While Ucn3 expression levels showed the greatest difference between the
immature and mature cells, exogenous expression of Ucn3 into immature B-cells was
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
understand B-cell development and maturation.

Investigation on how mature B-cells sense and tune their response 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 islets'3'4; 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. Analysis of B-cells from adult 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
low-affinity for glucose, is found in mature B-cells while hexokinases with a high-affinity
for glucose are repressed’~20. The rodent B-cells with low metabolic rates showed
similar hexokinase activity of mature 3-cells, while those with high metabolic rates also
showed high levels of hexokinase 1. This suggested that the switch from hexokinase
1 to hexokinase 4 was important for the maturation of 3-cells and the tight regulation
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 the maturation of the B-cells'’. Interestingly, similar observations were
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made in mice where undernourished mice pups had increased hexokinase 1 activity
due to the poor diet not supporting the maturation of B-cells?'?2. Hexokinase activity
is the first step of the glycolytic pathway and does not account for all the differences
observed between immature and mature B-cells. In islet-like cell clusters from human
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
pathway are also altered between the immature and mature B-cells?3. B-cell
maturation is a complex process especially for the generation of functional 3-cells as
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 levels due to the body’s inability to effectively produce or use insulin®*, DM is
classified into two categories: type 1 (T1DM) and type 2 (T2DM)?>26, T1DM results
from the autoimmune attack and death of 3-cells; while T2DM is caused by the inability
of B-cells to produce insulin and/or other cells’ ability to respond to insulin. Patients
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 T1DM; 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 islets3°.
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1.2.1. Islet Transplantation and the Edmonton Protocol

Pancreatic islet transplants from donor tissues hold great promise for T1DM
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 time®*. 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 immunosuppressants3®, 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 patient3438. 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®40. |slets are highly vascularized
structures; however, this vasculature is lost during the isolation process and not re-
established until the transplant site is vascularized by the host’s system. This results
in a hypoxic environment during which islets lose their functionality and eventually die,
resulting in the failure of the transplant*'42. 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 protecting the islets from the host’'s immune system; however, this also
poses the limitation of inducing a foreign body response where excessive fibrogenesis
and fibrotic tissue formation isolates the transplant from the host’s system rendering
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
to best support the survival and function of the B-cells would be very beneficial to

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
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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-producing (-cells to be transplanted in
patients with TIDM. The use of hiPSCs further overcomes the risk of immune rejection
as the patient’s own somatic cells can be used for the reprogramming into hiPSCs*6-4;
however, for the purpose of T1IDM the insulin-producing cells would need to be

protected as the disease is due to an autoimmune attack against the patient’s 3-cells.

1.3.1. Differentiation of Embryonic and Induced Pluripotent Stem Cells into 3-

cells

With increasing understanding of pancreatic development, the chemical and
physical cues progenitor cells experience to become B-cells are also better understood®.
Step-wise differentiation of hESCs and/or hiPSCs into definitive endoderm, primitive
gut tube, pancreatic progenitors, endocrine progenitors, and finally B-cells proved to
be effective in generating functional insulin-producing p-cells. Each stage is mimicked
using various growth factors and cell culture platforms over the course of around two
months®49 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®®. 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-responsive 3-cells. Rezania, 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



1. Introduction

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 greater number of cells with B-cell-specific markers. Importantly, this improved
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 Langerhans for the functionality of B-cells. Through addition of cell aggregation,
dissociation, and reaggregation steps, Nair, G. G., et al., (2019)%” were able to increase
the differentiation efficiency of hESCs into mature -cells to around 90%. Furthermore,
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
larger B-cell population through sorting of the cells for the intracellular zinc content rather
than an introduced tag. The zinc content of B-cells increase due to their role in the
packing and secreting of insulin, allowing for increased zinc content to be used to select
for B-cells®.  Hogrebe, N. J., et al., (2020)%° also focused on modulating the actin
cytoskeleton to allow for cell polarization to support the maturation of the 3-cells. This
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-cells do. Differentiated cells display B-cell markers and glucose-responsive insulin

secretion; however, their functionality is still inferior to that of human islets. Extensive
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analysis of hPSC-derived [3-cells from previously published protocols and human islets
identified key differences in glucose metabolism. While similar glucose-response and
exocytotic machinery was present in the hPSC-derived 3-cells and human islets, there
was reduced mitochondrial activity in the hPSC-derived 3-cells suggesting an immature
state®'. Interestingly, it was also observed that while stem cell-derived B-cells and
human donor islets present similar glucose uptake levels and early glycolysis products,
the stem cell-derived B-cells have reduced electron transport chain®2. 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-derived (3-cells 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-derived B-cells at 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-derived B-cells and how this
could be circumvented without exogenous supplementation is necessary to generate [3-

cells for therapeutic purposes.

1.3.2. Immune-evasive Stem Cells

T1DM is an autoimmune disease where the host’s immune system targets and kills
the insulin-producing B-cells. As such, transplanted B-cells would still be at risk of being
targeted by the patient’'s immune system. A current strategy to protect the transplant is
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®>-%8. \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.
Transplantation of B2M-deficient islets in the kidney 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
mature B-cells with 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, known for its “don’t
eat me” signal to the immune system’2. Unfortunately, its overexpression 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’s metabolism.

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-

producing [B-cells 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
differentiation®50.51.57-59.61.7576  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 3-cells have been studied. Investigation
of murine pancreatic development identified multiple transcription factor combinations
required for B-cells’”78. Interestingly, transcription factors Ngn3, Pdx1, and MafA were
sufficient to transdifferentiate mouse’ and rat®®®! pancreatic exocrine tissues, and
mouse liver tissues®>-34 to insulin-producing B-cells in vivo 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 the cells towards mature B-cells. Through the exogenous (over)expression 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. Assessing B-cell Function

Assessing B-cell function 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®®%'. With stem
cell-derived B-cells, there 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, This requires regular assessments on how well the B-cells sense
and respond to glucose levels. The most common and accepted method is to perform
a GSIS assay to determine whether the cells are functional®?. 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
account for the actual number of B-cells measured as there is a heterogenous cell
population in the culture (including the other endocrine cell types in the donor islets or
cells that didn’t differentiate towards the 3-cell lineage from the stem cells); however,
the cells need to be lysed to obtain the insulin content. This assay acts as an indirect
quality 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

between immature and mature B-cells.

1.3.5. Non-invasive Monitoring of B-cell Function using Fluorescence Lifetime

Imaging Microscopy

Fluorescence lifetime imaging microscopy (FLIM) allows for the analysis of live
tissues’ metabolic rates®°*. Nicotinamide adenine dinucleotide (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. Through sensing and metabolizing of glucose, B-cells undergo these
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 711)
compared to its protein-bound form’s lifetime (NADH 712) that is observed at the
electron transport chain during oxidative phosphorylation within the mitochondria®.
Conversely, unbound FAD has a longer fluorescent lifetime (FAD 12) compared to its
protein-bound form’s lifetime (FAD 11) that is involved in the Krebs cycle and electron

transport chain within the mitochondria®. Analysis of these values can allow for an
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understanding of the cell’'s metabolic state and the dynamic switches between
glycolysis and oxidative phosphorylation in a non-invasive manner, suggesting FLIM
can be used to select for B-cells that can respond to glucose 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
is extremely important for the survival and function of B-cells®®. To support islets post-
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 unique to the tissue’s function and location. The
pancreatic ECM is composed largely of fibrous ECM proteins including collagen types
| (COL1) and IV (COL4)%, laminins (LN)'09.101" 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 islets 0"
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 proteoglycans'03.104  |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'%5. |nvestigation of LN
receptors within the islets identified presence of integrins a3 and 31, and the Lutheran
glycoprotein basal cell adhesion molecule (BCAM) on both the endocrine and
endothelial cells while integrin a6 was only observed on the endothelial cells. Analysis
of the BM of islets post-isolation identified significant loss of LN a5, one of the three
subunits of LN511, and proteoglycan content which was not restored upon culture'%3,
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 survival'0%.108-110 gnd functionality''®-'"5, 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'12.116.117,
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
isolates the cells from the patient's system, such that the patient cannot use the
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 until the patient's system undergoes neoangiogenesis into the
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'12'|nterestingly, 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'?-12°, Furthermore, when transplanted with heparin and VEGF, instant
blood-mediated inflammatory reaction was also reduced, improving transplant survival
and function'3%-133_ |t must be noted that incorporation of VEGF without regulating the
concentration and timing of its release poses the risk of angioma formation'34, 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 infiltration'3%-13%_Interestingly, coating
islets with endothelial cells before transplantation also improved angiogenesis and
pro-longed the transplant’s viability’*°, where the ECM deposited by the endothelial
cells further aided islet survival and function, particularly in post-transplantation

settings'#'. 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 integrity'42-14%, 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 hiPSCs into B-cells,
supporting B-cell survival and functionality in a post-transplantation setting, and
assessing the function of B-cells in a non-invasive manner.

In the first step, we investigated the use of lentiviral constructs to forward program
hiPSCs into B-cells to improve differentiation efficiency. A limitation of current B-cell
differentiation protocols is the generation of a heterogenous pancreatic cell population
at the end of a two-month period. Furthermore, many of the 3-cells from the protocol
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
of B-like 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 hiPSC differentiation into 3-cells, there is an absence of
pancreatic ECM which plays a key role in 3-cell survival and function. To understand
which ECM proteins would best support the B-cells, we studied human pancreatic
tissues and identified the proteoglycan decorin (DCN) to be highly co-localized with
the insulin-producing B-cells. Furthermore, DCN is a known regulator of the ECM with
potential to reduce the formation of a fibrotic capsule'’ in a post-transplantation
setting. We investigated the effects of DCN on 3-cell functionality and ECM deposition
using an immortalized human B-cell line for its application as a co-transplant protein
to improve transplantation success.

We further assessed 3-cell metabolism and how it is affected by hypoxia, non-
invasively, using FLIM. Current techniques to measure and monitor 3-cell function
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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human B-cell line, 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 as a screening tool to select functional -cells for
transplantation.

We built on our previous studies on the effects of BM protein NID1 and
proteoglycan DCN on the B-cell line to further understand 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 patient’s system can support the transplant, we cultured isolated human islets
in normoxic and hypoxic conditions with the recombinantly-produced ECM proteins.
We assessed their survival and B-cell functionality at the end of the culture period
using GSIS assays and FLIM.

Through these studies we aim to highlight the importance of supporting islet
transplantation at the various stages from acquiring sufficient B-cells, recapitulation of
their native niche, to assessing their long-term functionality. We address the
importance of temporal expression of B-cell markers in hiPSCs for their maturation
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.

19






The content is based on:

Zbinden, AS, Carvajal, D.A.S, Urbanczyk, M., Layland, S.L., Bosch, M., Fliri, S., Lu, C.,
Jeyagaran, A., Loskill, P., Duffy, G.P., Schenke-Layland, K., Fluorescence Lifetime
Metabolic Mapping of Hypoxia-induced Damage in Pancreatic Pseudo-islets, Journal of
Biophotonics, 13(12), €202000375 (2020).

Urbanczyk, M.§, Jeyagaran, A.§, Zbinden, A., Lu, C., Marzi, J., Kuhlburger, L., Nahnsen,
S., Layland, S.L., Duffy, G.P., Schenke-Layland, K., Decorin Improves Pancreatic 3-cell
Function and Regulates Extracellular Matrix Expression in vitro, Matrix Biology, 115, 160-
183 (2023).

Jeyagaran, A., Urbanczyk, M., Layland, S.L., Weise, F., Schenke-Layland, K., Forward
programming of hiPSCs towards beta-like cells using Ngn3, Pdx1, and MafA, Scientific
Reports, 14, 13608 (2024).

Jeyagaran, A.S, Urbanczyk, M.§, Carvajal-Berrio, D., Baldissera, T., Kaiser, P. D,
Kuhlburger, L., Czemmel, S., Nahnsen, S., Duffy, G. P., Layland, S.L.#, Schenke-Layland,
K.#, ECM Proteins Nidogen-1 and Decorin Restore Functionality of Human Islets of

Langerhans upon Hypoxic Conditions, Advanced Healthcare Materials, 2403017 (2024).

§ = authors contributed equally
# = authors contributed equally
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3. Results & Discussion

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

differentiation efficiency and timeline

Transplantation of stem cell-derived B-cells is 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''-%3, skeletal myocytes?®3,
oligodendrocytes’3, megakaryocytes', microglia’™>, and endothelial cells'6:157,
suggesting a similar method could also be used for 3-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’®?®!,
hepatocytes®24 and murine a-cells'%81%° 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
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levels (Jeyagaran et al., Appendix 1, Figure 1e). RT-qPCR 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 ¢. 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 ym.
Schematics created with BioRender.com. Adapted from160,
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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'®" 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 expression'®?. 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 (TPO0) 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 ym), 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. Unpaired t-test, *p<0.05, **p<0.01, ****p<0.0001.
Adapted from160,
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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 improve insulin secretion of B-cells®, and so our five-day cultures were also
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% (x 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 (TPQO) 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 ¢. with DOX (scale bars equal 25 ym), and d. the quantification of the
% nuclear protein expression of the markers of interest normalized to DAPI counts. Error bars
represent standard deviation. Unpaired t-test, *p<0.05, ****p<0.0001. Adapted from'€°,
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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%6:163-165 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'67-68, 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-responsive B-cells. Fontcuberta-PiSunyer, M., et al. (2023)'7°
directly reprogrammed human fibroblasts into B-cells using a ten-day protocol similar to
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)'¢” only induced expression of NGN3 for the first two days and then
expressed PDX1 and MAFA, while Fontcuberta-PiSunyer, M., et al. (2023)'°
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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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. e¢.
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
t-test, *p<0.05, ***p<0.0001. Adapted from160.

Our ten-day spheroids cultured with DOX were positive for mature 3-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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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-derived 3-
cells for therapeutic purposes.
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10-week-old adult islets hiPSC-derived hiPSC-derived
embryonic tissue spheroid +DOX spheroid -DOX

DRAQS5 / DRAQ5 /
C-peptide / NKX6.1

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 ym. Adapted from160,

3.2.Use of ECM protein decorin to improve human pancreatic -cell function

Islet transplantation outcomes can be improved by supporting islet and/or 3-cell
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'”'. It was demonstrated that supplementation of ECM proteins can

support islet survival and functionality'’?>-'74, also in a post-transplantation setting'’>;
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however, this must be tightly regulated to ensure that the exogenously introduced
ECM proteins such as COL190:176-182 o FN90.110,115,180,181,183-186 do 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 transplant into the patient’s system, and therefore, its
functionality and longevity'®-18_ 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 wusing 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-
producing B-cells rather than the glucagon-producing a-cells (Urbanczyk & 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’’. We hypothesized that DCN could be a candidate for co-
transplantation with B-cells to support transplant survival and function. Using the
immortalized human -cell line, EndoC-BH3, aggregated into pseudo-islet structures,
we determined whether DCN has a supportive role in (-cell function. We
supplemented the pseudo-islets with recombinantly produced full-length human
DCN'™0 over 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
demonstrated that $-cell functionality was improved upon DCN supplementation with

significantly more insulin secreted at the increased glucose challenge compared to
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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-producing p-cells in vivo and stimulates -
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-
expressing B-cells in islets of Langerhans. One-way ANOVA, ****p<0.0001. g-h. Expression 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<0.001. Scale bars equal 50 ym (a-e, g) and 5 um (ROI h). Error bars represent standard deviation.
Adapted from1°1,
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Previous studies also identified DCN in pancreatic tissues, with increased
expression by pancreatic pericytes to further establish the islet BM'92, 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 stimulatory effect on B-cell function upon high glucose challenges in our
pseudo-islet model. Furthermore, our results where DCN-treatment downregulated
expression of fibrotic proteins FN and COL1 is in line with previous work highlighting
the positive role of DCN has in reducing scar tissue and inflammation'®-1%7, These
results support our hypothesis that DCN could support B-cells post-transplantation
through stimulating $-cell function and reducing fibrotic capsule formation. We used
next-generation sequencing (NGS) and Raman microspectroscopy to understand the
changes occurring in the B-cells upon DCN-treatment. NGS 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 8b), 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'®8, suggesting increased mitochondrial
activity. This process is essential in B-cells to effectively metabolize the glucose and
secrete appropriate levels of insulin19%290,  |nterestingly, purified mitochondria from
glucose-responsive B-cells displayed significantly greater electron transport chain
function than those from glucose-unresponsive B-cells??'. Further, reduced oxidative

phosphorylation and mitochondrial DNA was associated with T2DM?2%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?®3, 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<0.05. c. GSIS results and d. index of pseudo-islets treated with and without
DCN. One-way ANOVA, ****p<0.0001. Unpaired t-test, *p<0.05. Immunofluorescence staining
quantification of e. FN and f. COL1 upon DCN supplementation. Unpaired t-test, *p<0.05, ****p=<0.0001.
Scale bars equal 50 um. Error bars represent standard deviation. Adapted from91.
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ER stress responses are observed in [(-cells, particularly during glucose
challenges, due to insulin production and secretory mechanisms?°3-2%_ Furthermore,
it has been suggested that around 20% of proinsulin, the pre-cursor of insulin, is
misfolded and degraded?°7-2%°, 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?!'-213, and in line with previous studies that also
observed greater phosphatidylinositol content in [-cells challenged with high
glucose?'#215 The NGS and Raman microspectroscopy results suggested that the
increased B-cell functionality 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?'72'® and growth factors?'®,
activating various pathways for cell homeostasis. In rodent islets, LRP1 was
necessary for insulin secretion and lipid metabolism?'9. In addition, LRP1 has been
shown to activate downstream TGF-B signalling cascades??°, which in turn can
stimulate insulin secretion and survival of B-cells?2'222,  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.
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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 these 84 genes are [3-cell related
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-
treated B-cell pseudo-islets. f. 8 of these 10 genes were upregulated after DCN treatment. Genes
were classified as differentially expressed with pagjusted<0.05. Adapted from°1.
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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<0.05. e. Loading of PC-2 indicates an increase expression of phosphatidylinositol in pseudo-islets
+DCN compared to control. Error bars represent standard deviation. Adapted from'91,
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Figure 10: DCN-treatment significantly downregulates LRP1 expression in B-cell-composed
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, **p<0.01. Scale bar equals 50 um. Error bars represent standard deviation. Adapted

from191,

3.3.Fluorescence lifetime imaging microscopy to assess the dynamics of $3-

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 lysing of the tested [3-
cell for the insulin content, and the cells serves as a representative of the remainder
of B-cells from the donor/differentiation protocol. This results in the reduction of
transplantable B-cells available and does not provide information on the metabolic
dynamics of the cells. Understanding of the metabolic equilibrium, particularly, in stem
cell-derived B-cells, is important 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

39



3. Results & Discussion

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 [(-cells
respond to glucose stimulation and to changes in their environment conditions.

Using our pseudo-islet model from the immortalized human B-cell line, EndoC-
BH3, we assessed the real-time metabolic changes in 3-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 in metabolic machinery in the B-cells. In the non-stimulated pseudo-
islets, NADH 711, the unbound form of NADH produced during glycolysis, increased
over the first hour following which it began oscillating (Zbinden & Carvajal Berrio et
al., Appendix 3, Figure 11a), while NADH 12, the bound form of NADH found at the
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 11 decreased and began oscillating upon
stimulation (Zbinden & Carvajal Berrio et al., Appendix 3, Figure 11b), while NADH
12 showed increases and peaks (Zbinden & Carvajal Berrio et al., Appendix 3, Figure
11d). NADH a1 represents the respective contribution of NADH 11, which increased
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
Berrio et al., Appendix 3, Figure 11g) while the glucose-stimulated pseudo-islets’ ratio
decreased upon glucose stimulation (Zbinden & Carvajal Berrio et al., Appendix 3,
Figure 11h). Upon glucose stimulation, glucose enters B-cells through GLUTs
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 a1 or optical oxidative ratios in the non-stimulated pseudo-islets is
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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??422%, The reduction in the optical oxidative
ratio observed upon glucose stimulation demonstrated that glucose stimulation initially
increases glycolytic activity, and the oscillating NADH a1 suggest the B-cells are

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
analysis over time of non-stimulated pseudo-islets and glucose stimulation with 20 mM shows, a-b.
NADH 711, c-d. NADH 712, e-f. NADH a1, and g-h. the optical oxidative ratio based on endogenous
fluorescence of FAD/(FAD + NADH). i. Representative images of NADH a1 over time during glucose
stimulation. Corresponding time points are shown with red arrows in f. Scale bar equals 50 um.

Adapted from?226,
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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
FLIM can also detect changes in B-cell metabolism in response to changes 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-inducible factor 1a (HIF-1a) is expressed upon reduced oxygen
concentrations to activate mechanisms to maintain oxygen homeostasis??.
Accordingly, the pseudo-islets showed significantly increased HIF-1a expression 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-1a expression
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?28230.231  gnd
apoptotic marker cleaved caspase-3232. 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., Appendix 3, Figure 12d), indicative of a

necrotic core.
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Figure 12: Hypoxia-induced cellular response in human pseudo-islets is detectable with FLIM.
Immunofluorescence staining of a. HIF-1a, b. VEGF, and c¢. cleaved caspase-3 in pseudo-islets upon
hypoxia and the corresponding quantifications. d. Multiphoton imaging and quantification of the lumen
size of normoxic and hypoxic pseud-oislets over 12 hours. Time lapse FLIM analysis of hypoxic
pseudo-islets showing e. NADH 11, f. NADH 12, g. NADH a1, and h. the optical oxidative ratio based
on endogenous fluorescence of FAD/(FAD + NADH). Scale bars equal 50 um. Error bars represent
standard deviation. One-way ANOVA, *p<0.05, **p<0.01, ****p<0.0001. Adapted from?26,

We used FLIM to observe changes in the cells’ metabolism as they experience
hypoxia and activate the adaptive and apoptotic pathways over 12 hours of hypoxic
culture. There was a significant increase in NADH 11 and 12 in the first three hours of
hypoxic culture (Zbinden & Carvajal Berrio et al., Appendix 3, Figure 12e,f). The
increase in the lifetime of the bound NADH indicates a change in the bound protein
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and/or enzyme. As cells respond to the hypoxic environment, they are expected to
increase their glycolytic activity compared to oxidative phosphorylation?33 and switch
to anaerobic glycolysis which results in the production of lactate?34. Lactate and
pyruvate products from glycolysis both allow for the production of mitochondrial
energy for the redox reactions of NADH?3® which could also attribute for the
maintenance of the unbound NADH levels during the initial hypoxic culture period
(Zbinden & Carvaijal Berrio et al., Appendix 3, Figure 12g). There was a significant
decrease in NADH a1 and 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 apoptosis that demonstrated increased NADH 12 and decreased NADH
a1 upon initiation of apoptosis?36-239, Furthermore, as cells undergo apoptosis, the
mitochondrial membrane becomes permeabilized which can result in increased FAD
in the cytosol which is reflected in the increased optical oxidative ratio236:240-242,
Together these data demonstrated that FLIM can measure effects of hypoxic culture
conditions in B-cells, and that NADH 11 and 12 can indicate hypoxia-induced apoptosis
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 reduction in NADH 11 upon glucose
stimulation followed by a slight increase and plateau, while hypoxic pseudo-islets
showed large fluctuations before and after glucose stimulation (Zbinden & Carvajal
Berrio et al., Appendix 3, Figure 13a). NADH 12 values were similar for both normoxic
and hypoxic pseudo-islets before glucose-stimulation and they had similar behaviour
after glucose-stimulation where both groups showed increased NADH T12 values;
however, the hypoxic pseudo-islets had much higher levels of NADH 12 (Zbinden &
Carvajal Berrio et al., Appendix 3, Figure 13b,e). While the control NADH a1 values
increased during glucose stimulation, the NADH a1 values of the hypoxic pseudo-

islets showed oscillatory behaviour before and after glucose stimulation, with only a
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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
et al., 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
abnormal NADH 11 and a1 patterns, as well as the increased NADH 11 and a1 values,
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
able to show FLIM was capable of measuring changes in -cell metabolism dynamics
in response to glucose stimulation and hypoxic environments and can be used to

determine the quality of a cell’s functional capability before transplantation.
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Figure 13: In situ FLIM monitors individual pseudo-islet glucose responses under hypoxic
conditions for 6 hours. FLIM analysis of pseudo-islets in normoxia and hypoxia over time during
glucose stimulation with 20 mM for a. NADH 11, b. NADH 12, ¢. NADH a1, and d. the optical oxidative
ratio based on endogenous fluorescence of FAD/(FAD + NADH). Hypoxic pseudo-islets are shown in
black and normoxic controls are shown in pink. e. Representative images of NADH T2 over time during
glucose stimulation. Corresponding time points are highlighted with red arrows in b. Scale bar equals
50 um. Adapted from?226,
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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 activated via its binding to integrin av3 in our pseudo-
islet model from the immortalized human B-cell line, EndoC-BH3'"2. Earlier in this
thesis, we also demonstrated the positive effect DCN has on the pseudo-islets’
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
maintain B-cell functionality 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,
*p<0.05, **p=<0.01, ***p<0.001, ***p<0.0001.

To determine whether these effects were specific to the B-cells, we also performed
glucose-stimulated glucagon secretion (GSGS) assays to determine the functionality
of a-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
showed a GSGS index below 1 suggesting functional a-cells; however, this was not
significantly different from the CTL donor islets (Jeyagaran & Urbanczyk et al.,
Appendix 4, Figure 15a). In hypoxia, the CTL and DCN-treated donor islets had a
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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 human islets are specific to B-cells.
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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. Unpaired t-test, **p<0.01.

The increased functionality of the B-cells in hypoxic conditions upon protein
treatment could be attributed to increased cell viability or increased metabolic activity.
To determine whether the NID1- or DCN-treatments support B-cell functionality
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*® 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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caspase-3* cells to identify cells undergoing apoptosis in donor islets under normoxic and hypoxic
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To determine whether NID1 and DCN also influence the metabolism of the donor
islets, we used FLIM to measure changes in the donor islets’ metabolic equilibrium.

Human donor islets contain lipofuscin bodies that accumulate in post-mitotic cells and
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increase with age?43244,  Unfortunately, these lipofuscin bodies are autofluorescent
and interfere with the FLIM and analysis of the NADH lifetimes?*4. To subtract the
high autofluorescence in the donor islets’ FLIM images, we used previously published
protocols?4%:246 to objectively remove the lipofuscin effect from all samples. Following
removal of the lipofuscin signal, we observed that the x? fitting value was significantly
improved allowing for a better understanding of the NADH lifetimes (Jeyagaran &

Urbanczyk et al., Appendix 4, Figure 17).
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Figure 17: Lipofuscin removal improves x? for FLIM. a. NADH before and b. after quartile outlier
removal. Scale bar equals 50 ym. c. ¥2 fitting value is significantly reduced after lipofuscin outlier
removal. Unpaired t-test, ****p<0.0001.

Analysis of the FLIM images showed that both NADH 11 and 12 and FAD 11 and
12 values 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 a significant increase in NADH a1 values in the
NID1 group (Jeyagaran & Urbanczyk et al., Appendix 4, Figure 18e). In the previous
study, we demonstrated that increased NADH 11 and 12 values could be indicative of
apoptosis prior to activation of cleaved caspase-3 pathways (Figure 12). The
decreased NADH 11 and 12 values and increased functionality imply that NID1-
treatment under hypoxic conditions protect the donor islets and reduce cell death.
NADH a1 values were significantly elevated in the hypoxic cultures compared to

normoxic cultures (Jeyagaran & Urbanczyk et al., Appendix 4, Figure 18e), and a
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two-way ANOVA demonstrated a significant increase in NADH a1 between the

normoxic and hypoxic conditions in both the NID1- and DCN-treatment groups.
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Figure 18: FLIM analysis demonstrate ECM protein-treatment shifts metabolism towards
glycolysis under hypoxic conditions. FLIM image analysis of a. NADH 11, b. FAD a1, ¢. NADH 12,
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Two-way ANOVA, *p=0.05, **p=<0.01, ***p<0.001.
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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
to produce ATP as mentioned earlier. FAD a1 values of the NID1-treated donor islets
were significantly lower than the control or DCN-treated donor islets, where a two-way
ANOVA demonstrated a significant increase in FAD a1 between the normoxic and
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 18q).
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 composition of donor islets where the number of 3-
cells and their distribution within the donor islet would be heterogeneous. The lack of
homogenous signal of the -cells responding to glucose as we observed using the
human B-cell line 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 have been able to segment islets into a- and B-cells
post-FLIM measurements using |IF staining for glucagon and insulin,
respectively?#5246_ This post-processing allowed for identification of each cell type’s
metabolic dynamics which may have otherwise balanced each other out when looking
at the islet. They were able to identify that while a-cells responded to increased insulin

secretion with a shift towards increased NADH 11, while 3-cells showed a shift towards
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increased NADH 12, such that there was increased oxidative phosphorylation in the
B-cells compared to the a-cells upon glucose stimulation?4%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 3-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-treatments on B-cell function or viability, 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 (SLC716A3), 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 GLUT2248-250 \While rodent
islets predominantly use GLUT2, human pancreatic islets use GLUT1'3.14248 Further,
GLUT1 was shown to be upregulated by HIF1a in stress conditions such as hypoxia
to meet the increased energy demands?®'. The upregulation of SLC2A7 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.

KDM3A plays key roles in cell cycle progression, particularly in DNA repair and
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preventing apoptosis?53. It has also been shown to support cell survival of myeloma

cells in hypoxia through promoting glycolysis?>*.
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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, ¢. 24 of which were upregulated
and d. 29 of which were downregulated. All genes are considered as significantly differentially
expressed with a padjustea<0.05.

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-
1,6-bisphosphate is important for the biphasic insulin secretory behaviour of (-
cells?%6:257  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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4. Conclusion & Outlook

Islet transplantation is a promising long-term solution for the treatment of T1DM,
allowing for endogenous maintenance of blood glucose homeostasis; however, its’
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 and the patient's immune responses 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 inducible expression of three mature -cell-specific markers, NGN3,
PDX1, and MAFA in hiPSCs. We hypothesized that the expression of the mature B-
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. We achieved expression of the three mature B-cell
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. Isolated 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 p-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, to supporting B-cell functionality 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 mature B-cell 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 T1DM.
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OPEN Forward programming of hiPSCs
towards beta-like cells using Ngn3,
Pdx1, and MafA

Abiramy Jeyagaran®, Max Urbanczyk®, Shannon L. Layland"?, Frank Weise® &
Katja Schenke-Layland**

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

lInstitute of Biomedical Engineering, Department for Medical Technologies and Regenerative Medicine,
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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population. Interestingly, overexpression of mature cell markers has also been used to direct human pluripotent
stem cells (hPSCs) towards a desired lineage. Through overexpression of cell-specific markers in hPSCs, research-
ers have essentially reprogrammed or directed the differentiation of multiple cell types including hepatocytes'®,
hematoendothelial cells'®, neurons®-*?, skeletal myocytes®, oligodendrocytes™, megakaryocytes™, microglia®,
and endothelial cells*?*. This suggests that similar methods can be used to improve the differentiation efficiency
of hiPSCs into (-cells.

Extensive investigation of pancreas development in mice allowed for the identification of different combina-
tions of transcription factor expression required for the specification of various pancreatic cells*”**., Interestingly,
the adenoviral transfection of three specific transcription factors, NGN3, PDX1, and MAFA were sufficient to
reprogram mouse™ and rat’™*! pancreatic exocrine tissues to insulin-producing p-cells in vivo. Furthermore,
this was shown to be sufficient in preventing hyperglycemic episodes in diabetic mice. A similar approach was
also successful in reprogramming murine hepatocytes such that they expressed the three markers as well as
insulin and were capable of restoring glucose homeostasis in diabetic mice’-**. Interestingly, expression of
PDXI1 and MAFA in murine a-cells was also found to be sufficient to reprogram them into insulin-producing
B-cells in vivo™?®. The expression of these three genes has also been shown to improve differentiation efficiency
of mouse ESCs” and hiPSCs*® when introduced at the pancreatic progenitor stage of the differentiation proto-
col in a temporal manner. These studies showed the exogenous expression of NGN3, PDXI, and MAFA were
sufficient to reprogram adult pancreatic and hepatic cells into glucose-responsive insulin-producing B-cells.
In this study, we investigated whether the expression of NGN3, PDX1, and MAFA in hiPSCs could drive the
differentiation of the cells towards the pancreatic lineage within a two-week period. We aimed to determine
whether this induced expression of the mature markers can activate and regulate the endogenous expression
of the pancreatic and mature p-cell markers. We generated inducible lentiviral constructs for the expression of
NGN3, PDX1, and MAFA, to be introduced into hiPSCs and induced the cells in medium supporting pancreatic
lineage differentiation with factors known to support p-cell differentiation. Our markers of interest along with two
other pancreatic progenitor markers, NKX6.1 and MAFB, were upregulated upon five days of induction. Static
glucose-stimulated insulin secretion assays demonstrated that the cells were glucose responsive to levels similar
to previously published protocols; however, the upregulation of the gene expression was not directly translated
into protein expression upon extended culture periods and endogenous insulin production was not observed.
These results demonstrate that the overexpression of the three 3-cell markers in hiPSCs over a ten-day culture
period is not sufficient for the generation of pancreatic cells. The forward-programming of hiPSCs into mature
functional p-cells would be a significant step towards the scaling and commercialization of insulin-secreting
cells for transplantation into patients suffering from diabetes. This work serves as a tool to better understand the
importance of temporal expression patterns of these three genes and how the inducible lentiviral construct could
be optimized to fine-tune their expression to support development towards the pancreatic lineage.

Methods

Generation of inducible lentiviral constructs

For the inducible expression of our markers of interest, two lentiviral constructs were generated. The first lentivi-
ral construct, pLenti_EFla-rtTA_BsdR was generated as follows: The sequence for EFla-rtTA, flanked with atfB1
and alfB2 sites, was synthesized and subsequently shuttled into a pDONR221 backbone through ThermoFisher,
yielding an entry vector. Gateway Cloning was then used between this construct and pLenti6.3_V5-DEST_pro-
moterless_mcs_BsdR conferring Blasticidin resistance to generate pLenti_EFla-rtTA_BsdR.

The second lentiviral construct, pLenti TRE-NPM_HygR, was generated as follows: The markers of inter-
est, NGN3 (GenBank ID 50,674), PDXI (GenBank ID 3651), and MAFA (GenBank ID 389,692) were designed
downstream of the TRE3G promoter. Multicistronic expression of the markers of interest was achieved using
the self-cleaving 2A-peptides T2A and P2A. This sequence was synthesized through ThermoFisher within a
pENTR221 backbone and recombined with pLenti6.3_V5-DEST_promoterless_mcs_HygR conferring Hygro-
mycinB resistance to generate pLenti_ TRE-NPM_HygR. Final construct maps (Supp.Fig. 1a,c) and detailed
cloning information are available upon request.

Lentivirus production and transduction
The lentiviruses were produced separately using human embryonic kidney 293 T cells. Cells were cultured in
DMEM + GlutaMax (Gibco, 31,966-021), 10% FCS (Gibco, 10,270-106), 1% NEAA (Gibco, 11,140-035), 1%
L-Glutamine (Gibco, 25,030-024) and 1% Pen/Strep (Gibco, 15,140,122). At 80% confluency, the cells were trans-
fected overnight with the lentiviral constructs along with Lipofectamine 2000 Reagent (Invitrogen, 11,668-500)
and Ready-to-use Lentiviral Packaging Plasmid Mix (Cellecta, CPCP2KA) in OptiMEM + GlutaMax (Gibco,
51,985-026), 5% FCS, and 1% Pen/Strep. Medium was changed the next day, and viruses were harvested each
day for the next two days and stored at — 80 C. The virus was then centrifuged at 19,600 rpm at 4 °C for 80 min.
Supernatant was removed and 100 pL of DPBS + 1% BSA was pipetted on top of the pellet. The tube was then
sealed with parafilm and incubated at 4 °C overnight before the pellet was resuspended, and aliquoted. The
lentiviral titre was determined using a p24 ELISA.

hiPSCs* were maintained on Matrigel (Corning, 356,231)-coated dishes in mTesR + (StemCell Technologies,
100-1130) medium supplemented with 1% Pen/Strep, and 50.0 pg/mL Normocin (InvivoGen, ant-nr-1). hiPSC
were transduced using the EFla-rtTA_BsdR lentivirus, and successful recombinants were selected for using
1.0 pg/mL of Blasticidin S HCI (Gibco, A1113902) for five days, now referred to as rtTA-hiPSCs. Subsequently,
rtTA-hiPSCs were transduced using the TRE-NPM_HygR lentivirus, and successful recombinants were selected
for using 25.0 pg/mL of HygromycinB (Gibco, 10,687,010) for six days, now referred to as rtTA-NPM hiPSCs. The
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rtTA-NPM hiPSCs were maintained on Matrigel-coated dishes in mTesR + medium supplemented with 1.0 ug/
mL Blasticidin, 25.0 pg/mL HygromycinB, 1% Pen/Strep, and 50.0 pg/mL Normocin.

Doxyeycline induction towards the pancreatic lineage

To begin the induction towards the pancreatic lineage, rt TA-NPM hiPSCs were cultured in medium supporting
B-cell differentiation'* with and without 1.0 ug/mL doxycycline hyclate (Sigma Aldrich, D9891-1G). The medium
recipe is as follows: MCDBI131 (Cellgro, 15-100-CV), 3.6 mg/mL D-( +)-Glucose (Sigma, G7528), 1.75 mg/mL
NaHCO, (Sigma, $5761), 20.0 mg/mL FAF-BSA (Sigma, A9576), 1% Glutamax (LifeTech, 35,050-061), 0.5%
ITS-X (Invitrogen, 51,500,056), 0.25 mM Vitamin C (Sigma, A4544), 100 nM Retinoic Acid (Sigma, R2625),
1.0 uM T3 (EMD Millipore, 64,245), 20.0 ng/mL Betacellulin (Peprotech, 100-50), 10.0 uM Y27632 (Abcam,
ab120129), 0.25 pM Sant1 (Sigma S4572), 10.0 ug/mL Heparin (Sigma H3149), 10.0 pM AIK5 II (Axxora ALX-
270-445), 1.0 uM XXI (EMD Millipore 565,790), 1% Pen/Strep, and 50.0 pg/mL Normocin.

During the induction, cells were cultured for five days as a monolayer with daily medium changes. At the
end of the five days, 3D spheroids were generated by creating a single cell suspension of the cultures and seeding
2000 cells / well in a 96-well u-bottom plate (Greiner Bio-One, 650,101). The spheroids were cultured for five
more days without further medium changes for a total culture period of ten days. All results presented are from
at least three separate inductions.

RNA extraction and RT-qPCR

The Qiagen RNeasy Mini Kit (Qiagen, 74,101) was used for RNA extraction of samples and DNase (Promega,
M6101) treatment was performed according to manufacturer’s protocol. cDNA synthesis was performed using
M-MuLV Reverse Transcriptase (New England Biolabs, M0253S), and qPCR was run using the Universal PCR
Master Mix (Applied Biosystems, 4,304,449). The list of primers used can be found in Supplementary Table 1.
Ready-to-use mixtures of primers and probes (Gene Expression Assays, Thermo Fisher, 4,331,182) were used
unless otherwise specified. Gene expression was normalized to the housekeeper gene GAPDH. Relative mRNA
levels (2AAACE) of the transduced rtTA-NPM hiPSCs were determined in relation to the un-transduced hiPSCs
which was represented with a value of 1. Fold change of mRNA levels (AACt) of the cells cultured with and
without DOX were determined in relation to that of the rtTA-NPM hiPSCs at the start with a timepoint 0 (TP0).

Ethical statement for the study of human tissue

Studies with human fetal tissue and human adult donor islets were conducted with approval from the Ethics
Committee at the Medical Faculty of the Eberhard Karls University Tibingen and at the University Hospital in
Tiibingen in accordance with the ICH-GCP guidelines (IRB #406/2011BO1 and #290/2016BO1). Human islets
for research were provided by the Alberta Diabetes Institute IsletCore at the University of Alberta in Edmonton
(www.bcell.org/adi-isletcore). Islet isolation was approved by the Human Research Ethics Board at the University
of Alberta (Pro00013094). All donors’ families gave informed consent for the use of pancreatic tissue in research.

Human donor islet culture and static GSIS
Healthy human donor islets were purchased from the Alberta Diabetes Institute IsletCore (Alberta, Canada).
Individual donor islets were handpicked into wells of 96well U-bottom non-adherent well plates (Greiner Bio-
One, 650,101) and cultured for three days to recover from shipping conditions in CMRL1066 without Glutamine
(Gibco, 21,530-027), 0.5% FAF-BSA (Sigma Aldrich, A9576), 1 g/L glucose (Gibco, A24940-01), 4 mM Glutamax
(Gibco, 35,050-061), 1% Pen/Strep (Gibco, 15,070-063), and 100 pg/mL Normocin (InvivoGen, ant-nr-1).
For the static GSIS assays, donor islets were incubated for one hour in -Krebs with 2 mM glucose. Donor
islets were then incubated in p-Krebs buffer with either 2 mM glucose or 20 mM glucose for another hour,
following which the supernatant was collected and stored at -20 °C. The donor islets were lysed with acid ethanol
overnight at 4 °C, collected, and stored at -20 °C for insulin content analysis. The levels of insulin secreted by
the donor islets and the insulin content within the donor islets were analyzed using the human insulin ELISA
kit (Mercodia, 10-1132-01). The GSIS index was calculated by dividing each samples’ insulin secretion during
20 mM glucose by 2 mM glucose.

Immunofluorescence (IF) staining and quantification

Following the five-day monolayer culture, cells were prepared for IF staining of the markers of interest. Cells
were washed twice with PBS, fixed in 4% PFA for 20 min at room temperature (RT), permeabilized with 1%
Triton-X for 30 min at RT, blocked with Goat Block for 30 min at RT, and incubated with the primary antibody
overnight at 4 °C (see Supplementary Table 2 for list of antibodies used). Cells were washed and first incubated
with the secondary antibody for 30 min at RT in the dark, and then with 2 pg/ml of 4',6-Diamidin-2-phenylindole
(DAPI) solution for 10 min at RT in the dark. Samples were mounted with Prolong Gold Antifade Mountant
(Thermo Fisher Scientific, P36930) and imaged using the laser scanning microscope 780 (Carl Zeiss GmbH,
Jena, Germany).

The 10-day spheroids, adult donor islets (from the McDonald Laboratory, Alberta, Canada), and 10-week-old
fetal tissues (from the University of Tiibingen, Tiibingen, Germany) were prepared for IF staining, as previously
described*. Briefly, samples were washed with PBS, fixed in 4% PFA, and embedded in paraffin with a Shandon
Citadel 1000 (Thermo Fisher Scientific, Waltham, MA, USA). Samples were sectioned into 3 pm sections
(Microtome RM2145, Leica, Nussloch, Germany), and deparaffinized with xylene, graded ethanol (100-50%),
and VE-water. Antigen retrieval was performed using both Tris—-EDTA (pH 9.0) and Citrate (pH 6.0) buffers.
Primary antibody incubation was performed overnight at 4 °C, followed by secondary antibody incubation for
30 min at RT in the dark, with either DAPI solution for 10 min or DRAQS5 (ThermoFisher, 62,251) for 30 min
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at RT in the dark for nuclear staining. Samples were treated with the Vector® True VIEW® Autofluorescence
Quenching Kit (Vector Labs, SP-8400) for 1 min at RT before mounting with Prolong Gold Antifade Mountant.
Images were obtained using the laser scanning microscope 780. Positive nuclear staining of the markers of interest
was manually counted and normalized per DAPI or DRAQS5 nuclear count. Gray value intensity (GVI) was
determined per channel for each image, subtracted by the value for the negative control, and then normalized
per DAPI or DRAQ5 nuclear count.

Glucose-stimulated insulin secretion (GSIS) assays

GSIS assays were performed in p-Krebs buffer (recipe can be found in Supplementary Table 3) supplemented
with glucose. Cells were washed with PBS and synchronized in B-Krebs buffer with 2 mM glucose (low glucose
condition) for one hour in the incubator. Following the synchronization step, cells were either incubated in
B-Krebs buffer with either 2 mM glucose or 20 mM glucose (high glucose condition) for one hour in the incubator
for the static GSIS assays. For dynamic GSIS assays, the spheroids were incubated in p-Krebs buffer with either
2 mM glucose for an hour followed by buffer with 20 mM glucose for one hour, and then again in buffer with
2 mM glucose for an hour in the incubator. Supernatant was then collected at the end of each incubation and
stored at -20 °C overnight before performing either an insulin ELISA (Mercodia, 10-1132-01) or C-peptide
ELISA (Mercodia, 10-1141-01). Cells were then trypsinized and counted for normalization of insulin secretion
per cell count or per spheroid size.

Statistics

Data presented is collected from at least three separate induction experiments where the data is presented as
mean *standard deviation (s.d.). Outliers were identified with Grubb’s test (p 0.05). Unpaired t-tests were used
to analyze statistical differences between groups.

Results

hiPSCs maintain their stem cell characteristics following transduction of inducible lentiviral
constructs

Following generation of the two lentiviral constructs and transduction of hiPSCs (Fig. 1a,b), successful recom-
binants were selected for through antibiotic treatments of Blasticidin and Hygromycin B using pre-determined
concentrations from the antibiotic kill curves on these cells (Supp.Fig. 1b,d,e). The transduced hiPSCs were
then assessed to ensure their naiveness through RT-qPCR of OCT4, SOX2, NANOG, and KLF4. All genes were
normalized to GAPDH and assessed relative to the expression levels of the un-transduced hiPSCs. The rtTA-
NPM hiPSCs had similar expression levels of the naive stem cell markers to the un-transduced hiPSCs (Fig. Ic;
unpaired t-test, n=3, OCT4: p=0.7514; SOX2: p=0.8178; NANOG: p=0.2464; KLF4: p=04,572), which was
also observed through IF staining for these markers in the rtTA-NPM hiPSCs (Fig. le). We also wanted to
ensure that the markers of interest, NGN3, PDX1, and MAFA were not prematurely expressed in the absence of
doxycycline (DOX). RT-qPCR analysis of these genes showed that there were no significant differences in expres-
sion levels between the un-transduced and transduced hiPSCs, suggesting there is no premature expression of
the markers of interest at the hiPSC stage (Fig. 1d; unpaired t-test, n=3, NGN3: p=0.1945; PDX1: p=0.7954;
MAFA: p=0.9229). Further, the rtTA gene, whose protein product is needed for the inducible expression of the
gene expression system was significantly upregulated in our rt TA-NPM hiPSCs compared to the un-transduced
hiPSCs (Supp.Fig. 2a) as expected.

Markers of interest are upregulated at the gene and protein levels upon five days of
DOX-treatment

Upon culture in medium supporting pancreatic lineage specification for five days, cells cultured with DOX
express greater levels of the markers of interest compared to those cultured without DOX relative to timepoint
zero (TP0) when cells were still in their stem cell state (Fig. 2a), where PDX1 and MAFA gene expression levels
were significantly increased in cells cultured with DOX than those cultured without DOX (unpaired t-test, n=3,
PDX1: p=0.042; MAFA: p=0.002). 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 (Fig. 2b).
The markers of interest were also present at the protein level in the nucleus of significantly more cells in the
DOX-treated cultures than in the cultures without DOX (Fig. 2c—e). NGN3 was observed in 88.4% (+7.4%) of
the cells cultured with DOX compared to 0.0% (+0.0%) of the cells cultured without DOX (unpaired t-test, n=9,
p=3.352*10""*). PDX1 was observed in 29.8% (+ 15.9%) of the cells compared to 0.0% (+0.0%) of the cells cul-
tured without DOX (unpaired t-test, n =9, p=0.013). MAFA was observed in 98.9% (+ 1.1%) of the cells cultured
with DOX compared to 0.0% (+ 0.0%) of the cells cultured without DOX (unpaired t-test, n29, p=1.380*10"%).
Interestingly, markers NGN3 and PDX1 were also observed at the cell membranes and so GVI analysis was also
performed to account for the expression of the proteins outside of the nucleus. Similar trends were observed when
looking at the GVI of the marker expression where the cultures without DOX had expression patterns similar to
the negative control and the DOX-treated cultures had significantly greater GVI expression for all markers (Supp.
Fig. 2b). To determine whether the cells show functional responses to glucose, static glucose-stimulated insulin
secretion (GSIS) assays were performed. While the cultures without DOX did not show a functional response to
glucose stimulation (2 mM: 0.019 pU/L+0.033 pU/L (2 mM) vs. 0.018 pU/L+0.028 uU/L (20 mM), unpaired
t-test, n= 16, p=0.9479), the five-day cultures with DOX did secrete significantly more insulin at the 20 mM
glucose condition than at the 2 mM glucose (Fig. 2f; 0.025 pU/L+0.017 pU/L (2 mM) vs. 0.042 uU/L+0.023
pU/L (20 mM), unpaired t-test, n = 16, p=0.0014).

Scientific Reports | (2024) 14:13608 | https://doi.org/10.1038/s41598-024-64346-4 nature portfolio

a4



Appendix |

www.nature.com/scientificreports/

pLenti_EF1a-rtTA_BsdR

A.
L’ —— (E. ‘ Lo
Lentiviral Antibiotic 855 on Lentiviral Foaa Antibiotic
Transduction Selection S - Transduction {fq"ﬁ""" Selection
hiPSCs nTA MTA-NPM
hiPSCs hiPSCs
B. _ v
: MTRE,PrnmmerR NGN3 [ PDX1 J MAFA (70K
a
D
A
W{TRE,Dromcler& NGN3 T PDX1 J_ MAFA (7R
c. 161 D. 18] [] Un-transduced hiPSCs
s [ Transduced hiPSCs
S 144 S 1.4
n 8 o 8
] []
% 313. 1.2 3 q%. 1.2
23 101 23 10]
(74 x
E2qg] E&2ps4
0 5 0
28 28
® = 06 ® = 0.6
g SE
6 0.4 5044
c
0.24 0.24
0.0- 0.0
OCT4 SOx2 NANOG KLF4 NGN3 PDX1 MAFA

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) how DOX treatment would
activate transcription of the markers of interest. Gene expression analysis of transduced hiPSCs 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. Unpaired t-test (N =3). Error bars represent standard deviation. (E) IF staining
in transduced hiPSCs to confirm stem cell marker expression at the protein level. Scale bar equals 50 pum.
Schematics created with BioRender.com.

Extended culture as a 3D spheroid maintains NGN3 and MAFA expression, and improves glu-
cose-responsive insulin secretory behaviour

As human islets of Langerhans are found in clusters, and cell-cell contact has been shown to improve insulin
secretion of P-cells ', at day five of culture, the cells were aggregated into spheroids of 2000 cells each and
cultured for another five days. At the end of the ten-day culture, NGN3 and MAFA remained to be expressed
significantly greater in the cells of spheroids cultured with DOX versus without DOX (Fig. 3a—c: unpaired t-test,
n9, NGN3: 0.0% +0.0%, s.d. (-DOX) vs. 93.8% + 5.3% (+ DOX), p=3.976*10 ""; MAFA: 0.0% £ 0.0% (-DOX)
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Figure 2. Markers of interest are upregulated at the gene and protein level upon five days of DOX treatment
as a monolayer. Gene expression analysis of (A) markers of interest and (B) pancreatic progenitor markers
Nkx6.1 and MafB after 5 days of culture with and without DOX. All values normalized to GAPDH and relative
to timepoint 0 (TPO) at the stem cell stage. IF staining for markers of interest in cells cultured for five days (C)
without and (D) with DOX. (E) Quantification of the % nuclear protein expression of the markers of interest,
normalized to DAPI counts. Scale bar equals 50 pm. (F) Amount of insulin secreted upon stimulation with

2 mM and 20 mM glucose, normalized to cell count, during the static GSIS. Unpaired t-test (N=3,n=9), *
p<0.05,** p<0.01, **** p<0.0001. Error bars represent standard deviation.

vs. 97.2% +1.5% (+ DOX), p=1.815*10*?). Unexpectedly, in the DOX-treated cultures, nuclear expression of
PDX1 was lost at the end of the ten-day culture period with 0.0% (£ 0.0%) of cells both with and without DOX
(Fig. 3a—c), though gene expression was observed after ten days of culture (Supp.Fig. 3a). To determine whether
this could be attributed to differential localization, expression of the proteins through GVI analysis of the IF
staining was performed. Again, similar trends were observed where there was a significant increase in NGN3
and MAFA expression in the DOX-treated versus without DOX cultures; however, no significant differences were
observed in expression of PDX1 (Supp.Fig. 3b). Static GSIS assays demonstrated that spheroids cultured either
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Figure 3. NGN3 and MAFA expression maintained upon ten days of culture as a 3D spheroid. IF staining for
markers of interest in cells cultured for ten days with the last five days as a 3D spheroid (A) without and (B) with
DOX. (C) Quantification of the % nuclear protein expression of the markers of interest, normalized to DAPI
counts. Scale bar equals 25 pm. (D) Amount of insulin secreted by cells cultured with DOX upon stimulation
with 2 mM and 20 mM glucose, normalized to cell count, during the static GSIS. (E) Amount of C-peptide
secreted by cells cultured with DOX upon stimulation with 2 mM and 20 mM glucose, normalized to cell count.
Unpaired t-test (N=3, n29), * p<0.05, **** p £0.0001. Error bars represent standard deviation.

with or without DOX secreted significantly more insulin to the increased glucose treatment (Fig. 3d: unpaired
t-test, n2 18, -DOX: 0.18 pU/L £0.07 pU/L (2 mM) vs. 0.25 pU/L £0.10 pU/L (20 mM), p=0.0342; + DOX: 0.22
pU/L+0.05 pU/L (2 mM) vs. 0.34 pU/L +0.09 pU/L (20 mM), p=1.776*10-%). Unfortunately, the DOX-treated
cultures did not show functional responses to multiple glucose stimulations in a dynamic GSIS (Supp.Fig. 3b).
C-peptide secretion analysis of the DOX-treated spheroids showed no significant differences in C-peptide secre-
tion between the low and high glucose conditions (Fig. 3e, unpaired t-test, n>18,+ DOX: 3.47 ng/L +2.68 ng/L
(2 mM) vs. 2.96 ng/L +£2.71 ng/L (20 mM), p=0.5759). This suggested that the majority of the insulins being
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secreted at both the five-day monolayer culture and at the ten-day spheroid timepoint is likely uptake of insulin
from the medium rather than insulin that the cells produce.

To determine how these cells compare to human fetal tissues and human adult islets, IF staining for the mark-
ers of interest was performed (Fig. 4). The pancreatic progenitor marker NKX6.1 was observed in the nucleus
of the pancreatic cells in the fetal tissues with a limited number of cells showing insulin production through
the C-peptide staining. Within the adult donor islets of Langerhans, NKX6.1 was observed in the nucleus of
cells that also showed cytoplasmic C-peptide expression. The hiPSC-derived spheroids, both with and without
DOX, did not show any presence of NKX6.1 or C-peptide. In 10-week-old fetal tissue, PDX1 was expressed in
the nucleus of cells of the pancreas with a limited number of cells also showing cytoplasmic insulin staining. In
adult donor islets, PDX1 can be 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. NGN3 and MAFA were absent in the fetal
pancreatic tissues and the hiPSC-derived spheroids without DOX. In adult donor islets, NGN3 was present both
in the nucleus and cytoplasm of some cells where it colocalized with the insulin expression. In the hiPSC-derived
spheroids with DOX, NGN3 was present in the nucleus of most cells while absent in 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. The donor islets assessed
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Figure 4. 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 three markers of interest
(NGN3, PDX1, MAFA), NKXé.1, and the functionality markers C-peptide and insulin (INS). Scale bar equals
25 uym.
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were from healthy donors; however, it must be noted that they did not show a functional GSIS response in our
culture conditions (Supp.Fig. 4). This could be attributed to donor variability and/or the heterogeneous composi-
tion of the donor islets and needs to be considered when assessing the expression patterns of the B-cell markers.

Discussion

Stem cell-derived B-cells possess great potential to improve efficacy of islet transplantations by overcoming
issues regarding immune rejection and availability®. Increasing understanding of pancreatic development and
the required markers in model organisms and, recently, in human embryos has progressed the field of stem cell-
derived B-cells greatly. The developmental process was recapitulated in vitro using hPSCs and chemical signaling
through incorporation of various growth factors, supplements, and / or inhibitors in the cell culture medium.
Regular changes to the media recipe allowed for the differentiation of the cells towards the pancreatic lineage and
eventually to B-cells®; however, this process can require up to two months to generate a heterogenous population
of pancreatic cells'®. Past studies have shown that transcription factor overexpression in stem / progenitor cells
can result in the differentiation into the desired cell type in a time-effective manner. To address the extended
duration and low numbers of differentiated cells from classical differentiation protocols, we transduced hiPSCs
with lentiviral constructs that allow for the inducible overexpression of p-cell markers. In this study, we generated
hiPSCs with lentiviral constructs for the inducible overexpression of -cell markers NGN3, PDX1, and MAFA
to potentially reduce the required differentiation time and increase the number of mature p-cells produced.
Interestingly, the cells cultured with DOX expressed the markers of interest and showed glucose-responsive
insulin secretion after five days. When the cells were cultured for a further five days as a 3D spheroid, the
expression of NGN3 and MAFA were maintained; however, PDX1 expression was lost. Further assessment of
insulin production through C-peptide analysis showed that the cells were not producing insulin themselves,
and were rather secreting insulin taken up from the medium. When comparing the hiPSC-derived DOX-treated
spheroids to human 10-week-old fetal and adult pancreatic tissues, we found that these cells are still quite
immature and require more cues and culture time to differentiate towards the pancreatic lineage. Together, these
results demonstrated that the simultaneous overexpression of NGN3, PDX1, and MAFA is not sufficient for the
forward programming of hiPSCs towards the pancreatic lineage within a ten-day period,

It has been well observed that the source of the cells used for generation of the hiPSCs, in terms of organ
origin and donor’s genetic background, can contribute to the differentiation potential of hiPSCs. During the
reprogramming process of somatic cells to hiPSCs, the epigenetic landscape is not necessarily completely
remodelled*" *. which then influences the lineage towards which the hiPSCs would more readily differentiate.
Comparison of gene expression profiles of original somatic cells, the corresponding hiPSC line, and embryonic
stem cells showed that genes expressed in the somatic cells were repressed in the corresponding hiPSC line
though were found at much lower levels in the ESCs. This suggested that the hiPSCs retained the hypomethylation
of the somatic genes, maintaining some of the initial transcriptional landscape®~*". The retention of epigenetic
landscapes/memory of hiPSCs of the somatic cells they were derived from also explains the discrepancy
between hESCs and hiPSCs'"? and/or alteration of metabolic pathways during the reprogramming of somatic
cells into hiPSCs*#". Interestingly, it has also been observed that donor-specific differences to have a greater
effect on differentiation potential over the tissue of origin'® and passage number®. Interestingly, a recent study
overexpressing the same three transcription factors in adult gut stem cells had promising results following just
three weeks of culture™. Using similar expression constructs to overexpress NGN3 for the first two days followed
by continuous expression of PDX1 and MAFA, Huang et al.*" were able to successfully differentiate adult gut
stem cells into glucose-responsive insulin-producing cells similar to p-cells and were able to restore glucose
homeostasis in diabetic mice for at least 100 days™°'. Fontcuberta-PiSunyer, et al.”* directly reprogrammed
human fibroblasts into glucose-responsive B-cells using a similar ten-day protocol with 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. Both these studies used similar lentiviral constructs and culture conditions as in our study,
where they performed monolayer cultures in the first week and then spheroid formation. A key difference from
these two protocols compared to ours is the timing of expressing the markers of interest. Rather than expression
of all three markers continuously for the entire culture period, Huang et al.*” only induced expression of NGN3
for the first two days and then expressed PDX1 and MAFA, while Fontcuberta-PiSunyer et al.*? introduced
adenoviral constructs for NGN3, PDX1, and MAFA together and separate constructs for PAX4 and NKX2.2
were introduced later in the culture. This suggests that the continuous expression of these markers in our hiPSCs
could have resulted in overload of cellular machinery for the continuous protein production. After five days of
culture with DOX, NGN3 and MAFA were observed throughout the culture period while PDX1 was lost which
could explain the lack of insulin production and glucose-responsive functionality. The loss of PDX1 expression
could be a possible mechanism of compensation which could also be attributed to the gene’s position within the
lentiviral construct and the vector copy number.

The lentiviral construct design and integration could also have posed an effect on the expression levels of
our markers of interest. Following titration of the lentivirus using a p24 ELISA, the virus was transduced into
the cells and positively selected for through antibiotic treatment; however, the number of lentiviral constructs
introduced into each cell was not controlled for. The positive selection through the antibiotic treatment ensures
that there is at least one copy of the integrated into its genome but not that it is equal in each cell’*. There have
been many developments in the field of lentiviral gene therapy especially considering the design of the lentiviral
construct including creating only one inducible lentiviral construct with all the necessary components™ >, and
/ or directing the integration of the construct(s) into specific loci such that only one copy is integrated per cell*.
Adapting the lentiviral design to only have one copy per cell could overcome the issue of PDX1 being lost at the
protein level upon longer culture. This could possibly avoid protein compensation™ where the cell maintains
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homeostasis after protein translation and targets proteins to degradation rather than controlling the transcription.
Through downregulation of PDXI, the cell prevents differentiation towards the pancreatic lineage; however,
as NGN3 and MAFA are maintained, this raises the question whether the position of PDX1 in the lentiviral
construct, in the middle of the three markers of interest, would be an issue. The T2A and P2A self-cleaving
peptides are widely used for multi-cistronic expression constructs”-*. It has been shown that in tri-cistronic
constructs similar to ours, there was greatest expression of the first gene, followed by the third gene, and weakest
expression of the second gene™. This is in line with our results on day five where NGN3 and MAFA, our first
and third genes in the construct were present in around 88% and 98% of the cells, respectively, while PDX1,
the second gene in the construct, was only present in around 30% of the cells. Introducing separate lentiviral
constructs for each gene could be a possible solution; however, the risk of disrupting the genome with three
lentiviral constructs could pose a problem in genetic integrity. The constructs for the inducible overexpression
of each gene would have to be carefully designed and introduced to the cells to ensure successful integration and
reprogramming without negatively impacting the genome.

Recent success of studies™*? using similar lentiviral constructs and culture conditions to reprogram adult
(stem) cells into glucose-responsive insulin-producing B-cells provide hope that a few adaptations to our protocol
can also achieve such results. Future studies looking to direct the differentiation of hiPSCs towards p-cells
should use separate lentiviral constructs with different induction factors for each marker of interest to allow
for the most efficient expression of the markers of interest and control over their temporal expression patterns.
Multiple hiPSC donors and tissue origins should also be studied to determine whether one tissue or donor is
more readily differentiated towards the pancreatic lineage. When considering the use of hiPSC lines, many studies
look at somatic cells that are most efficiently reprogrammed; however, it has also been shown that hiPSCs from
somatic cells that were more resistant to being reprogrammed may be more effectively differentiated due to their
epigenetic memory®. Further investigation into extending the culture conditions with the temporal expression
of these three genes in hiPSCs has potential in dramatically improving the availability of hiPSC-derived p-cells
for therapeutic purposes.
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Abstract

Transplantation of islets of Langerhans is a promising alternative freatment strategy in severe cases of type 1 dia-
betes mellitus; however, the success rate is limited by the survival rate of the cells post-transplantation. Restora-
tion of the native pancreatic niche during transplantation potentially can help to improve cell viability and function.
Here, we assessed for the first time the regulatory role of the small leucine-rich proteoglycan decorin (DCN) in
insulin secretion in human B-cells, and its impact on pancreatic extracellular matrix (ECM) protein expression in
vitro. In depth analyses utilizing next-generation sequencing as well as Raman microspectroscopy and Raman
imaging identified pathways related to glucose metabolism to be upregulated in DCN-treated cells, including oxi-
dative phosphorylation within the mitochondria as well as proteins and lipids of the endoplasmic reticulum. We fur-
ther showed the effectiveness of DCN in a transplantation setting by treating collagen type 1-encapsulated p-cell-
containing pseudo-islets with DCN. Taken together, in this study, we demonstrate the potential of DCN to improve
the function of insulin-secreting B-cells while reducing the expression of ECM proteins affiliated with fibrotic cap-

sule formation, making DCN a highly promising therapeutic agent for islet transplantation.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

Diabetes mellitus (DM) is a metabolic disease
where the internal glycemic control is disrupted by
the autoimmune destruction of insulin-producing
B-cells (Type 1 DM) or the inefficient use of insulin
(Type 2 DM) in response to glucose. Ten percent of

0945-053X/© 2022 The Author(s). Published by Elsevier B.V. This is an open access article

the adult population suffers from DM and the num-
bers are predicted to increase from the current
537 million patients to 783 million by 2045. Type 1
DM accounts for 5-10% of the total number of
patients and they mostly rely on exogenous insulin
injections to control their glucose levels [1]. The use
of pancreatic organ or islets of Langerhans

Matrix Biology. (2023) 115, 160183
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transplantation is an alternative treatment strategy
for DM patients repeatedly suffering from severe
hypoglycemia. The islets of Langerhans are the
endocrine units of the pancreas responsible for con-
trolling blood glucose levels. They contain B-cells,
which are the glucose-responsive insulin-producing
cells. Islet transplantation has been shown to
improve glucose control and lead to insulin indepen-
dency for up to 5 years [2]; however, its efficacy is
limited by the loss of approximately 50% of donor
islets post-transplantation, due to multiple factors
such as hypoxia at the transplant site and immune
system reactions [3]. During islet isolation, the
human pancreas is mechanically and enzymatically
digested to separate the endocrine and exocrine tis-
sues, which results in the destruction of the vascu-
larization and the loss of crucial extracellular matrix
(ECM) proteins [4]. Following transplantation into
the host’s body, revascularization of the graft can
take up to 14 days when no supporting intervention
is used [5]. During this period, the islets are sub-
jected to decreased oxygen and nutrient supply.
The native ECM facilitates cell-cell contacts and
controls several cellular processes, including cell
proliferation, survival, and tissue-specific functions
[6]. The removal of the essential islet ECM further
diminishes the success rate of islet transplantation
[7]. There are several different approaches to
improve the survival rate of isolated islets post-trans-
plantation, such as encapsulation in carrier materials
[8—10], co-culture with supporting cells [7,11—-13],
or the supplementation of pancreatic ECM proteins
[14-16], which has already been shown to improve
cell survival and functionality post-isolation [17];
however, implantation still causes the formation of a
fibrotic capsule composed of the fibril-forming pro-
teins such as collagen type 1 (COLI), collagen type
3 (COLII), and fibronectin (FN) [18—20], which hin-
ders the functional integration of the transplant in the
host’s system. To improve the survival of isolated
islets post-transplantation, supportive strategies
need to address (1) the reestablishment of the pan-
creatic islet niche to improve islet survival as well as
(2) the reduction of a fibrotic capsule formation to
improve integration of the islets into the recipient’s
system.

The goal of this study was to identify potential
ECM candidates that could improve the outcome of
islet transplantation. We identified decorin (DCN) as
target of interest and studied the impact of DCN on
the function and endogenous ECM expression of
human B-cells using the conditionally immortalized
human B-cell line EndoC-BH3. We show that DCN-
treatment significantly improved insulin secretion
upon glucose challenge while ECM proteins affili-
ated with fibrosis were significantly downregu-
lated. Utilizing Raman microspectroscopy and
Raman imaging as well as next-generation
sequencing (NGS), we further monitored the

impact of DCN on mitochondrial activity and the
endoplasmic reticulum (ER). To evaluate its
potential as a treatment option in a carrier mate-
rial for B-cell or islet transplantation, we incorpo-
rated DCN in a COLI carrier material
and confirmed the improved functionality effects
observed in suspension. Taken together, our
results show for the first time the positive effects
of DCN on improved insulin secretion in B-cells
through modulation of mitochondrial activity as
well as protein folding and vesicle formation pro-
cesses. Additionally, we show that DCN can
reduce the expression of ECM proteins affiliated
with fibrotic capsule formation. Both properties
make DCN a strong candidate for use in islet
transplantation to support islet survival and poten-
tially improve graft integration into the host’s sys-
tem.

Methods

Pseudo-islet assembly & culture

The human EndoC-BH3 B-cell line was cultured
following the manufacturer’s instructions (Human
Cell Design, Toulouse, France). Pseudo-islets were
formed as previously described [21]. Briefly, aggre-
gates of 1000 B-cells were formed in U-bottom non-
adherent well plates (Greiner Bio-One, Frickenhau-
sen, Germany) over a period of five days under stan-
dard culture conditions (37 °C, 5% COa, 20% O).
Culture media Optip1 and Opti2 (Human Cell
Design) were supplemented with recombinantly-pro-
duced DCN at 50 pg/ml, and cells were cultured in
these media for two days and four days after seed-
ing. PBS supplementation was used as control. The
DCN used in this study has been characterized pre-
viously [22,23]. Briefly, plasmids for the expression
of recombinant human DCN were introduced into
Chinese hamster ovary cells under good laboratory
practices followed by protein purification using fast
protein liquid chromatography-controlled immobi-
lized metal affinity chromatography as described
before in detail [22]. The molecular weight of the
purified recombinantly-produced human DCN was
determined to be between 51 and 64 kDa. Deglyco-
sylation resulted in a shift towards a lower protein
size, showing that the recombinantly-produced
human DCN is initially present in its glycosylated
form. Co-immunoprecipitation also showed its
potential to specifically bind transforming growth fac-
tor 1 [22].

For COLI gel encapsulation, 120 pseudo-islets
were grouped per well. Pseudo-islets were encapsu-
lated in COLI with a concentration of 6.0 mg/ml as
previously described and according to the manufac-
turer's instructions (Fraunhofer IGB, Stuttgart,
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Germany) [8] [24]. The encapsulated pseudo-islets
were cultured in a total volume of 250 i for three
days with DCN at 50 p.g/ml or PBS (control).

Pseudo-islet and pancreatic tissue preparation
for histological analysis

After culture, pseudo-islets were prepared for histo-
logical analysis as previously described [8]. Briefly,
pseudo-islets were washed with PBS, fixed in 4%
PFA and embedded in paraffin with a Shandon Citadel
1000 (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer's protocol. Pseudo-
islets were cut in 3 pm sections (Microtom RM2145,
Leica, Nussloch, Germany), deparaffinized with
xylene, graded ethanol (100%—50%) and VE-water.
Adult human pancreatic tissue was purchased from
Novus Biologicals (NBP2—30,191, Novus Biological,
Bio-Techne GmbH, Wiesbaden, Germany), which
was treated by the same protocol that was used for
the pseudo-islets.

Immunofluorescence (IF) staining

Antigen retrieval procedures for IF staining as well
as primary and secondary antibodies are listed in
Suppl. Table S1. Two different DCN antibodies were
used to exclude possible staining artefacts. Sections
were incubated for 10 min with 4/,6-Daimidin-2-phe-
nylindol solution at 2 pg/ml (DAPI, Sigma-Aldrich,
Schnelldorf, Germany) and mounted with Prolong
Gold Antifade Mountant (Thermo Fisher Scientific).
Images were obtained using a laser scanning micro-
scope 780 (Carl Zeiss GmbH, Jena, Germany).

COLI gel E-modulus evaluation

Elastic modulus of the COLI gels was tested using
a BOSE Electroforce 3000 (TA Instruments, New
Castle, USA). The elastic modulus was calculated
by means of Eq. (1).

_ole) _ (F/A)

e (AL/Lp)

The gel's surface area A was uniformly deter-
mined as 30 mm? and the total height L, was mea-
sured specifically for each gel. The elastic modulus
was obtained by plotting the tensile stress against
strain using Microsoft Excel (Microsoft Corporation,
2021. Microsoft Excel Version 2111, retrieved from
https://office.microsoft.com/excel) where the slope
of the graph’s regression line displayed the elastic
modulus.

(1)

Glucose-stimulated insulin secretion (GSIS)
assays

GSIS assays were performed as previously
described [7,21]. Briefly, pseudo-islets from suspen-
sion and COLI gel cultures were starved ovemight in
Opti2 medium (Univercell Biosolutions). After-
wards, pseudo-islets from suspension cultures were
grouped, washed with 0.1% BSA (A-9576, Sigma-
Aldrich) in B-Krebs (KREBS-BSA, human cell
design) and incubated for 1 h in KREBS-BSA. After
synchronization, pseudo-islets from suspension cul-
tures were subsequently incubated for 1 hour each
in basal KREBS-BSA, KREBS-BSA containing
20 mM glucose (A2494001, Thermo Fisher Scien-
tific), and basal KREBS-BSA again. After each incu-
bation, the supernatant was removed and stored at
—20 °C until further analysis. The insulin content
was analyzed using an ultrasensitive human insulin
ELISA kit (10—1132-01, Mercodia, Uppsala, Swe-
den). For GSIS assays in COLI gels, all incubation
times were tripled. The GSIS index was calculated
by dividing each samples’ insulin secretion during
high-glucose treatment at 20 mM glucose by the
insulin secretion at 0 mM glucose stimulation (1).
For pseudo-islets in COLI gels, the mean 4+ SD of
the insulin secretion during high-glucose treatment
at 20 mM glucose was divided by the mean =+ SD of
the insulin secretion during 0 mM glucose stimula-
tion while applying the propagation of error.

RNA isolation and NGS

To isolate RNA from pseudo-islets under glucose
stimulation, pseudo-islets were washed five times
using cold PBS after 30 min incubation with KREBS-
BSA containing 20 mM glucose. Pseudo-islets were
grouped as 180 per sample before RNA isolation
was performed following the RNEasy micro kit proto-
col (74,004, Qiagen, Hilden, Germany). Briefly,
grouped pseudo-islets were lysed in 250 pl RPE
buffer containing 1% B-mercaptoethanol (M7522,
Sigma-Aldrich) and frozen at —80 °C before further
pracessing. On the day of the RNA isolation, vials
were thawed, mixed with 250 pL of 70% ethanol and
spun down at 15,000 x g for 15 s. Following discard-
ing of the flowthrough, samples were washed with
350 pL RW1 and spun down at 15,000 x g for 15 s.
After discarding the flowthrough, samples were
washed with 500 pL RPE buffer at 15,000 x g for
15 s. Afterwards, samples were washed twice with
80% ethanol at 15,000 x g for 2 min. Samples were
then spun down at 15,000 x g for 5 min with open
lids to dry the membrane. All samples were resus-
pended in 14 pl RNAse-free water to elute the RNA
and spun down at 15,000 x g for 7 min. The RNA
content was quantified using the infinite M2000 Pro-
plate reader with the NanoQuant Plate (Tecan,
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Mannedorf, Switzerland). All samples were stored at
—80 °C until the NGS.

RNA quality was assessed with an Agilent Frag-
ment analyzer (Agilent) and samples with RNA
integrity number > 7 were selected for library con-
struction on the automated workstation Biomek i7
(Beckman). 100 ng of total RNA was subjected to
polyA enrichment using the NEBNext Poly(A)
mRNA Magnetic Isolation Module (NEB). cDNA
libraries were constructed using the resulting mRNA
and the NEBNext Ultra Il Directional RNA Library
Prep Kit (NEB). Library molarity was determined by
measuring the library size (approximately 400 bp)
using the Fragment Analyzer with the High NGS
Fragment 1—-6000 bp assay (Agilent) and the library
concentration (approximately 10 ng/ul) using the
Infinite 200Pro (Tecan) and the Quant-iT HS Assay
Kit (Thermo Fisher Scientific). The libraries were
denaturated, diluted to 270 pM, and sequenced as
paired-end 100 bp reads on an lllumina Nova-
Seq6000 (lllumina, San Diego, CA, USA) with a
sequencing depth of approximately 40 million clus-
ters per sample. Library preparation and sequencing
procedures were performed by the same individual
at the Quantitative Biology Center (QBiC) Tubingen,
and a design aimed to minimize technical batch
effects was chosen. Read quality of RNA-seq data
in fastq files was assessed using ngs-bits
(V2020_09-39) to identify sequencing cycles with
low average quality, adaptor contamination, or
repetitive sequences from PCR amplification. Data
management and bicinformatic analysis were per-
formed at QBIiC Tibingen, Germany. A Nextflow-
based nf-core pipeline nf-core/rnaseq (version 1.4.2;
https://github.com/nf-core/rnaseq, accessed on 21
January 2021) was used for the RNA-seq bioinfor-
matic analysis. As part of this workflow, FastQC
(version v0.11.8) was used to determine the quality
of the FASTQ files [25]. Subsequently, adapter trim-
ming was conducted with Trim Galore (version
0.6.4) [26]. STAR aligner (version 2.6.1, [27]) was
used to map the reads that passed quality control
against GRCh37. RNA-seq data quality control was
performed with RSeQC (version 3.0.1) [28] and read
counting of the features (e.g., genes) with feature-
Counts (version 1.6.4) [29]. An aggregation of the
quality control for the RNA-seq analysis was per-
formed with MultiQC (version 1.7; http://multiqc.info/,
accessed on 21 January 2021) [30]. The analysis of
the differential gene expression was performed in R
language (version 3.5.1) using DESeg2 (version
1.22) through the Nextflow-based workflow gbic-
pipelines/madeseq (https://github.com/gbic-pipe
lines/rnadeseq, accessed on 21 January 2021, ver-
sion 1.3.2). Genes were considered differentially
expressed when the Benjamini—Hochberg multiple
testing adjusted p-value [31] was smaller than 0.05
(Pagy = 0.05). Multiple testing correction helped to
reduce the number of false positives (not real DE

genes). In the case of a threshold of 0.05, the pro-
portion of false discoveries in the selected group of
DE genes was controlled to be less than the thresh-
old value—in this case, 5%. Final reports were pro-
duced using the R package rmarkdown (version 2.1)
with the knitr (version 1.28) and DT (version 0.13)
R packages. The sample similarity heatmaps
were created using the edgeR (version 3.26.5) R
package. Both KEGG and REACTOME data-
bases were used for pathway analysis [32,33]. All
differentially expressed genes were included, and
enrichment was calculated using Fisher's exact
test (p < 0.05).

Raman microspectroscopy and Raman imaging

A Raman microspectroscope (WiTec alpha 300 R,
Uim, Germany) with a charge-coupled device (CCD)
camera (WiTec GmbH, Uim, Germany) was utilized to
analyze the pseudo-islets. A green laser (532 nm) with
a grating of 600 g/mm, set to a laser power of 50 mW,
and a 63x objective (W Plan-Apochromat 63x/1.0
M27, Carl Zeiss GmbH) was employed. Sections of
the paraffin-embedded pseudo-islet samples were
kept in PBS after deparaffinization and during the
measurements. DCN reference spectra were obtained
from pseudo-islets that were IF-stained for DCN. IF
microscopy was used to locate DCN-positive areas
before Raman measurements. The DCN spectrum
was then extracted as the reference for further analy-
ses. To obtain the reference spectrum of ER, ER-
Tracker™ Green (E34251, Thermo Fisher Scientific)
was used on EndoC-BH3 cells for Raman microscope
navigation. The fluorescence signal from the ER was
detected on the Raman heatmap (Suppl. Fig. S3). The
ER spectrum was acquired by averaging the spectra
of the fluorescence areas for the use of true compo-
nent analysis (TCA) assessments. Unstained sections
of pseudo-islets were scanned at an integration time
of 0.05 s/spectrum and pixel resolution was set to
either 0.5 x 0.5 pmor 1 x 1 pmto generate the spec-
tral maps. For in sitt scanning of living pseudo-islets in
suspension culture, an organ-on-chip device was
used as described earlier [21]. Briefly, pseudo-islets
were loaded in flow traps by means of hydrostatic
pressure. By applying a constant flow rate of 50 plh
the pseudo-islets were kept immobilized. For imaging,
the inverted Raman setup with a 60x objective (Carl
Zeiss GmbH, Jena, Germany) was employed. The
green laser of 50 mW with an integration time of 0.5 s/
spectrum with pixel resolutions of 2 x 2 um was used.
The spectral data pre-processing and analysis was
conducted on the Project Five 5.2 software (WiTec
GmbH). The protocol is as follows: firstly, every spec-
trum was cropped from the range of 200 to 3000 cm '
wavenumbers. Secondly, the artefacts caused by the
cosmic rays were eliminated. Lastly, the graph back-
ground was then subtracted and the normalization of
the area for each spectrum was performed. TCA was
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utilized to generate the images with the signal intensity
distribution representing all specific components of
interest (DCN, ECM, ER). Principal component analy-
sis (PCA) was employed to assess variations of
molecular shifts as previously described [21]. PCA
analysis was performed using the software Unscram-
bler X (CAMQ Software AS, Oslo, Norway). PC scores
and loadings plots were used to identify and interpret
differences in the molecular composition of the three
components.

Image analysis

For IF semi-quantification of pancreatic tissues, a
minimum of five islets from a total of 5 different tis-
sue sections were imaged. Co-localization analysis
was performed via a self-written macro in Microsoft
Excel (Microsoft Corporation). Briefly, the pixels of
the red channel displaying insulin were compared to
the pixels of the green channel displaying ECM pro-
teins. The pixels were counted as co-localized if
both pixels exceeded a defined threshold. Co-locali-
zation was normalized by the number of pixels of the
ECM protein channel exceeding the threshold.

DCN-stained sections of DCN-treated and control
samples were given randomly chosen encrypted file
names and were counted by three unbiased observ-
ers. Cells were counted as DCN-positive if they
expressed a clear DCN- and DAPI-positive staining.
DCN-positive cells were categorized as periphery if
they were present within the first two cell layers of the
section viewed from outside to inside. All other DCN-
positive cells were categorized as pseudo-islet core.

Semi-quantitative gray value intensity (GVI) analy-
sis of IF-stained sections and Raman TCA was per-
formed using ImageJ V 1.52p. For IF images, the
region of interest (ROI) was chosen to include all
DAPI-positive cells and copied into the channel to
analyze. The obtained GVI was normalized by the
area of the ROI. For Raman images, ROI for semi-
quantification was chosen to include all nuclei-spec-
trum-positive pixels of the Raman TCA and copied
to the channel for the components of interest (ECM,
DCN and ER). The obtained GVI was normalized by
the area of the ROL.

DCN direct labeling

For conjugation and purification of DCN, the Flu-
oro-spin 490 protein labeling & purification kit (MK-
D0125-Z010.0-001, emp BIOTECH GmbH, Berlin,
Germany) with DYOMICS DY-490 Fluorophore was
used according to the manufacturer’s instructions.
Briefly, the required dye volume was calculated
using the given Eq. (2:)

Vd’ye - (Cpmm’n initial * Vprotcin +1000) + MR
Cucn'uuted dye solution * MWprotEin

(2)

The activated dye was gently mixed with protein
solution and incubated for 5 min at RT. For purifica-
tion, the dye-protein-mixture was pipetted onto a
washing gel and centrifuged at 1000 x g for 2 min.
The purified protein conjugate was collected, and
the absorbance was measured at 280 nm and
493 nm. To verify the degree of labeling and calcu-
late the final concentration of the labeled DCN, Eqgs.
(3), (4) and (5) were used.

AZBO

Cpmrer'n. initial * b

(3)

f—

Agsg — (A493 * K) * DF*
&

MW  (4)

Cprotem conjugated =

Asga * DF

= = MW
6300 * Cpmte(n\ conjugated

()

The description of the values and all values used
and calculated can be found in Suppl. Table S2.

Results

DCN co-localizes with insulin in human
pancreatic islets

To identify potential ECM proteins as treatment
candidates to support 3-cell functionality post-trans-
plantation, IF staining was used on native human
pancreatic tissue focusing on basement membrane
(BM) proteins such as laminins (LAM) and collagen
type 4 (COLIV), the fibrillar ECM proteins FN and
COLI, as well as DCN (Fig. 1A-E). Co-localization
studies showed a significantly higher ratio of co-
localized DCN-positive and insulin (INS)-positive
pixels within the native pancreatic tissue when com-
pared with the other ECM proteins (Fig. 1F; LAM:
0.04 + 0.04; COLIV: 0.03 + 0.02; FN: 0.36 £ 0.09;
COLI:0.19 £ 0.13vs DCN:0.91 £ 0.04;n = 6, ***p
< 0.0001). Further co-localization studies showed a
significantly higher correlation of DCN with INS
when compared with glucagon (GLU) (Fig. 1G, H;
Fig 11; GLU: 0.25 + 0.15vs INS: 0.79 + 0.03; n = 4,
***n < 0.007), indicating a potentially important role
of DCN in connection with the insulin-secreting
B-cells within the islets of Langerhans.

DCN binds to the p-cells in pseudo-islets and
improves insulin secretion in suspension

To test the hypothesis that DCN has a potential
impact on the functionality of 3-cells in the human
pancreas, the human p-cell line EndoC-BH3 was
aggregated into pseudo-islets and treated with in-
house produced human recombinant full-length
DCN (+DCN) [22]. Upon glucose stimulation with

90



Appendix Il

Decorin improves human pancreatic B-cell function and regulates ECM

165

20 mM glucose, pseudo-islets treated with 50 p.g/ml
DCN (pseudo-islets +DCN) secreted significantly
more insulin compared with the control and other
concentrations of DCN (Fig. 2A; control 3.70 + 0.98
mU/; 10 pg/ml DCN 3.66 + 0.25 mU/; 30 pg/ml
DCN 366 =+ 0.11 muU/l; 50 pg/m DCN
5.83 + 1.39 mU/ at 20 mM glucose; n > 4, “p <
0.01, ****p < 0.0001) accompanied with a significant
increase in the glucose-stimulated insulin secretion
(GSIS) index (control: 1.38 + 0.11 control; 10 wg/ml
DCN 1.97 + 0.31; 30 pg/ml DCN 1.80 + 0.48;
50 pg/ml DCN 2.03 & 0.35; n = 4, *p < 0.05). IF
staining for DCN of control pseudo-islets and
pseudo-islets +DCN did not exhibit differences in
GVI per pixel (Fig. 2B, 1.84 + 0.58 control vs
1.98 + 1.07 +DCN; n = 8, p = 0.76); however, struc-
tural variances were seen. In control pseudo-islets,
DCN was homogenously expressed throughout the
entire pseudo-islet, while pseudo-islets +DCN

human native tissue

human pancreatic islets

Fig. 1. DCN co-localizes with insulin-producing p-cells in
COLI, and (E) DCN in native pancreatic tissue. (F) Co-localization study shows strong correlation between DCN and insu-
lin-expressing B-cells in islets of Langerhans. One-way ANOVA with Tukey’s multiple comparison test (n > 6) ****p =<

0.0001. (G, H) Expression patterns of GLU, INS, and DCN

showed DCN-positive cells in the outer layer of the
pseudo-islets (Fig. 2B, white arrows). This pattern
was observed as early as 24 h after DCN-treatment
(Fig. 2C, Suppl. Fig S1 A, B). The interaction of DCN
in the periphery of the pseudo-islet was further con-
firmed using directly labeled DCN (Suppl. Fig. S1
C). Live tracking of the pseudo-islets +DCN showed
that DCN directly attaches to the periphery of the
pseudo-islets as early as 3 h post-treatment. Further
analysis of the ECM composition of control pseudo-
islets and pseudo-islets +DCN revealed a signifi-
cant decrease of both fibrillar ECM proteins FN
(Fig. 2D, 3.12 + 0.72 control vs 1.76 + 0.48 +DCN;
n > 4, "p < 0.05) and COLI (Fig. 2E, 7.66 £ 0.91
control vs 4.60 + 1.44 +DCN; n =8, ****p < 0.0001)
after DCN-treatment. In contrast, DCN did not have
a significant effect on the expression of E-cadherin
(Suppl. Fig. 2A, 3.05 + 0.47 control vs 3.29 + 0.46
+DCN; n = 4, p = 0.46), INS (Suppl. Fig. 2B,
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vivo. Expression patterns of (A) LAM, (B) COLIV, (C) FN, (D)

in isolated human pancreatic islets. (I) Co-localization study

shows significantly higher correlation of DCN with INS compared to GLU. Unpaired t-test (n = 4) *™"p < 0.001. Scale bars

equal 50 pm (A-E, G) and 5 pm (H).
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3.55 + 1.66 control vs 3.84 + 0.81 +DCN; n > 4,
p = 0.71), or the BM proteins LAM (Suppl. Fig. 2C,
2.02 £ 1.13 control vs 2.70 £+ 0.46 +DCN; n = 7,
p = 0.52) and COLIV (Suppl. Fig. 2D, 3.08 + 0.65
control vs 3.49 + 1.06 +DCN; n = 8, p = 0.718).
These results show for the first time the stimulatory
effect of DCN-treatment on the insulin secretion of
B-cells. Furthermore, DCN-treatment reduced the
expression of fibrosis-affiliated ECM proteins under
suspension culture conditions.

NGS reveals significant impact of DCN-treatment
on mitochondria and ER and suggests
lipoprotein receptor—related protein 1 as
potential binding partner

NGS was performed to investigate the effects of
DCN-treatment on the overall gene expression of
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pseudo-islets upon the glucose challenge. RNA was
isolated after 30 min of high-glucose treatment at
20 mM glucose. In total, DCN-treatment led to a total
of 348 differentially expressed genes, 84 of which
were associated with a KEGG pathway (Fig. 3A).
Fifty-one of these 84 genes were B-cell-related and
classified to pathway networks related to ER, cal-
cium-signaling, cyclic guanosine monophosphate
(cGMP), semaphorin, mitogen-activated protein
kinase (MAPK), Type 2 DM, and oxidative phos-
phorylation (OxPhos) (Fig. 3B). Of special interest
were the genes related to OxPhos (Fig. 3C, D) and
ER (Fig. 3E, F). In the OxPhos network, all genes
that were differentially expressed were related to the
electron transport chain and were significantly upre-
gulated in pseudo-islets +DCN (Fig. 3D). This indi-
cates an increased mitochondrial activity in the
DCN-treated cells after high-glucose treatment at

GVI / pixel [a.u.]

GVI/ pixel [a.u.]

Fig. 2. DCN stimulates pseudo-islet functionality in suspension cultures and modulates ECM expression. (A) DCN
treatment in vitro with 50 pg/ml significantly stimulates functionality of pseudo-islets. Two-way ANOVA with Tukey’s multi-
ple comparison test (n = 4), *p < 0.07, ™**p < 0.0001. Unpaired t-tests (n = 4), "p < 0.05. (B) DCN-treatment resulted in
strong expression of DCN in cells on the outside of the pseudo-islets (white arrows) with no difference in overall GVI per
pixel (n = 8). Unpaired t-test. (C) DCN-positive cells on the periphery of the pseudo-islets are seen as early as 24 h after
DCN treatment. One-way ANOVA with Tukey’s multiple comparison (n = 6), “p < 0.05. Quantification of (D) FN (n > 4)
and (E) COLI (n = 8) IF staining shows a significant decrease for both ECM proteins upon DCN treatment. Unpaired -

test, *p < 0.05, ****p < 0.0001. Scale bars equal 50 pm.
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KEGG pathway-attributed differentially expressed genes in pseudo-islets +DCN
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Fig. 3. NGS identifies differentially expressed genes in pseudo-islets +DCN. RNA was harvested immediately after

high-glucose treatment of the pseudo-islets to identify genes affected by the DCN-treatment during insulin secretion
(n = 4). (A) Eighty-four differentially expressed genes were matched to specific pathways using the KEGG database after
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Fig. 4. DCN-treatment significantly downregulates LRP1 expression in B-cell-composed pseudo-islets. (A) NGS identi-
fies RNA levels of LRP1 to be significantly downregulated after DCN-treatment (n = 4). (B) IF staining of control and DCN-
treated pseudo-islets for DCN and LRP1 demonstrated the characteristic expression of DCN-positive cells at the periph-
ery of the pseudo-islets. IF quantification showed (C) no difference in DCN intensity and (D) a significant decrease in
LRP1 intensity in DCN-treated pseudo-islets (n > 9). Unpaired t-tests, “*p < 0.01. Scale bar equals 50 pm.

20 mM glucose. In the ER network, 8 of 10 genes
were significantly upregulated after DCN-treatment
(Fig. 3F). Among other tasks, the ER in pB-cells is
responsible for the folding and transport of proteins,
such as insulin. Detailed NGS results are available
in the data repository.

Furthermore, the list of differentially expressed
genes was screened for potential binding partners of
DCN. Interestingly, the RNA levels of the endocytic
receptor low—density lipoprotein receptor—related
protein 1 (LRP1) were significantly downregulated in
DCN-treated pseudo-islets (log, fold change —0.12,
**p < 0.01) (Fig. 4A, Suppl. Table §3). IF staining
for LRP1 was performed to investigate whether the
significant decrease in RNA levels was translated to
the protein level (Fig. 4B). IF staining evaluation
showed the characteristic DCN deposition at the
periphery of the pseudo-islets with no change in
overall GVI per pixel (Fig. 4C; 10.87 + 7.83 control
vs 12.87 + 10.26 +DCN, p = 0.64). LRP1 intensity
significantly decreased wupon DCN-treatment

(Fig. 4D; 3.72 + 2.33 control vs 0.81 £ 0.51 +DCN,
**p < 0.07) in line with the NGS data, suggesting an
LRP1-mediated interaction between the supple-
mented DCN and the B-cell-composed pseudo-
islets.

Raman imaging confirms changes in the
endoplasmic reticulum of DCN-treated pseudo-
islets

Raman imaging was employed to further identify
potential biochemical changes in the DCN-treated
pseudo-islets with special focus on the ER. The
acquired Raman data were analyzed using TCA as
well as PCA. TCA is a quantitative Raman image
analysis method that provides unique insight into the
spatial distribution of pixels with specific spectral
characteristics, which can be used to locate different
components within a sample or tissue. In contrast,
PCA is a more qualitative analysis method that gives
further insight into differences of the overall

DCN treatment. (B) Fifty-one of these 84 genes are B-cell-related genes that have roles in 7 different pathways and mech-
anisms. (C) 9 genes related to OxPhos 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 pseudo-islets +DCN.
(F) 8 of these 10 genes were upregulated after DCN-treatment. Genes were classified as differentially expressed with paq.

justed < 0.05.
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molecular composition between samples and tis-
sues [21]. TCA was performed to localize three
major components of interest within the control
pseudo-islets and pseudo-islets +DCN, namely the
general ECM component as well as the specific
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components for DCN and the ER (Fig. 5A, B). The
spectrum for the general ECM component was
obtained as described earlier [8]. The spectra for the
DCN and the ER components were obtained by
measuring cellular areas positively stained for DCN
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Fig. 5. Raman imaging of live pseudo-islets supplemented with 20 mM glucose. (A) Application of Raman spectra for
ECM, DCN, and ER on live control pseudo-islets and pseudo-islets +-DCN. Scale bar equals 50 pm. (B) Corresponding
representative 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 (n = 3). Unpaired t-test, *p < 0.05. (E) Loading of
PC-2 indicates an increased expression of Pl (peaks at 415, 516, and 770 cm ') in pseudo-islets +DCN compared with
the control cultures while control pseudo-islets showed an increased presence of TAG (peaks at 1252 and 1300 cm ")
and cholesterol (peaks at 1444 and 1659 cm™'). After DCN-treatment, (F) Pl levels are increased in pseudo-islets,
whereas levels of (G) TAG and (H) cholesterol are decreased (n = 3). Unpaired t-tests, *p < 0.05, *'p < 0.07.
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and ER, respectively (Suppl. Fig. S3). We defined
the ER spectrum by averaging Raman spectra
obtained from pixels that stained positively for the
ER tracker. The resulting ER spectrum showed
characteristic peaks (750, 1001, 1128, 1303, 1446
and 1606 cm~' (Suppl. Fig. S3 F) for protein-rich
regions similar to those described by Prats Mateu et
al. [34]. It should be mentioned that especially the
peak at 750 cm™' is usually described for cyto-
chrome-c, a protein of the mitochondrial membrane,
indicating contributions of other cell organelles to
this ER spectrum [35]. The TCA false color images
of the three components did not show differences in
GVI per pixel (Suppl. Fig. S4, B (ECM): 0.32 + 0.05
control vs 0.38 £ 0.10 +DCN; n =3, p = 0.49; E
(DCN): 0.45 + 0.15 control vs 0.33 + 0.03 +DCN;
n =3, p = 0.35 H (ER): 0.49 &+ 0.05 control vs
0.43 + 0.06 +DCN; n = 3, p = 0.28). Evaluation by
component-positive area (Suppl. Fig. S4, C (ECM):
65.55 + 8.97% control vs 70.04 + 14.00% +DCN;
n = 3, p = 072; F (DCN-positive area):
45.47 + 8.64% control vs 45.45 + 4.84% +DCN;
n=3, p=1.00;I1 (ER): 74.00 + 1.62% control vs
74.32 £ 8.60% +DCN; n = 3, p = 0.96) between
control and DCN-treatment samples did not show
any significant differences; however, PCA, which
gives insights about the biochemical composition of
the ER component, showed a separation between
control pseudo-islets and pseudo-islets +DCN
(Fig. 5C), with a significant difference between the
mean PC-2 loading scores (Fig. 5D:
—0.003 + 0.0007 control vs 0.003 + 0.003 +DCN;
n=3,*p < 0.05). As the mean PC-2 loading score is
positive for pseudo-islets +DCN (Fig. 5D), the
changes after DCN-treatment can be attributed to
positive peaks in the PC-2 loading plot indicating an
increase in phosphatidylinositol (Pl) (415, 516, and
770 em™ ") (Fig. 5E). In contrast, control pseudo-
islets with a negative mean PC-2 loading score
(Fig. 5D) were characterized by negative peaks for
triacylglycerol (TAG) (1252 and 1300 cm™') and
cholesterol (1444 and 1659 cm™') (Fig. 5E). Peak
intensity analysis of the ER Raman spectra of con-
trol pseudo-islets and pseudo-islets +DCN, which
gives a quantitative result about the levels of the dif-
ferent components, indicated significant differences
between both groups (Fig. 5F-H, Suppl. Fig. S5 G;).
While PI levels were significantly upregulated after
DCN-treatment  (Fig. 5F; 415 cm™":
0.00060 + 0.00006 control vs 0.0010 + 0.0002
+DCN, *p < 0.05;516 cm': 0.0006 £ 0.0001 con-
trol vs 0.0009 + 0.0001 +DCN, *p < 0.05; 770
cm': 0.0012 £ 0.0002 control vs 0.0018 + 0.0003
+DCN, p = 0.06), TAG (Fig. 5G; 1252 cm™":
0.00231+ 0.0001 control vs 0.0015 + 0.0001
+DCN, *p < 0.05; 1300 cm™': 0.0031 + 0.0003 con-
trol vs 0.0021 + 0.0004 +DCN, *p < 0.05) and cho-
lesterol (Fig. 5H; 1444 cm™': 0.0041 + 0.0001
control vs 0.00305 + 0.0002 +DCN, *p < 0.07;

1659 cm ': 0.0052 -+ 0.0004 control vs
0.0042 + 0.0012 +DCN, p = 0.34; 770 cm ':
0.0012 + 0.00019 control vs 0.0018 + 0.0027
+DCN, p = 0.06) levels were significantly downregu-
lated after DCN-treatment. PCA of the ECM compo-
nent (Suppl. Fig. S5 A-C, B (PC-):
—0.0007 £ 0.003 control vs 0.001 £+ 0.007 +DCN;
n=3,p=077;C (PC-2): —0.0006 + 0.002 control
vs 0.0007 + 0.0009 +DCN; n = 3, p = 0.47) and the
DCN component (Suppl. Fig. S5 p-F, E (PC-1):
—0.002 + 0.003 control vs 0.003 + 0.004 +DCN;
n=23,p=0.25;F (PC-2): 0.002 + 0.002 control vs
—0.002 + 0.002 +DCN; n = 3, p = 0.08) did not
show a significant separation between both groups.
A detailed description of the peaks and their assign-
ments can be found in Suppl. Table S4.

COLI and DCN mimic features of the native
pancreatic environment in support of pseudo-
islets in vitro

To determine whether DCN has similar effects in
a biomaterial suitable for islet transplantation,
pseudo-islets were encapsulated within a clinical
grade, good manufacturing practice (GMP)-
approved COLI gel [24] as a carrier material and
treated with DCN. To investigate the structural distri-
bution of the native fibrillar collagen network within
the islets of Langerhans in vivo, we performed IF
staining of human native pancreatic tissue (Fig. 6A,
B). We were able to mimic the observed pattern by
encapsulating our pseudo-islets in a COLI hydrogel
(Fig. 6C, D). Evaluation of the stiffness of a pure
COLI gel and a COLI gel with pseudo-islets showed
a significant difference of the elastic modulus for
both groups (Fig. 6E, 3.1 + 0.24 COLI gel vs
4.1 + 0.23 COLI gel with pseudo-islets, n = 4, ***p
< 0.0017); however, both groups lied within the stiff-
ness range of pancreatic tissue reported in the litera-
ture [36—38]. IF staining for DCN of control pseudo-
islets and pseudo-islets +DCN in the COLI gel
showed that DCN in control pseudo-islets was
homogeneously distributed, whereas DCN-treated
pseudo-islets in the gel showed a DCN-positive
layer of cells in the periphery of the pseudo-islets
(Fig. 6F, white arrows). Overall, there were no signif-
icant differences of GVI per pixel between both
groups (1.84 + 1.52 control vs 1.80 + 0.88 +DCN,
n > 12, p = 0.95). This result is comparable to the
results obtained in pseudo-islets treated with DCN in
suspension. We further confirmed this observation
by employing Raman imaging on fixed control
pseudo-islets and fixed pseudo-islets +DCN in the
COLI gel (Fig. 6G, Suppl. Fig. S6 B). We conducted
TCA on the same three main components (ECM,
DCN, and ER) and evaluated the component-posi-
tive area as described earlier for pseudo-islets in
suspension. TCA false color images displayed a sig-
nificant decrease of the component-positive area for
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human native pancreatic tissue pseudo-islets in COLI gel
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Fig. 6. Structural evaluation of control pseudo-islets and pseudo-islets +DCN in COLI gel. (A, B) Distribution of islets of
Langerhans in native pancreatic tissue surrounded by a COLI matrix. (C, D) Pseudo-islets in a COLI gel recreates native
distribution of islets of Langerhans in vivo. Scale bars equal 200 p.m (A, C) and 50 um (B, D). (E) Evaluation of the elastic
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ECM within pseudo-islets +DCN (Fig. 6H,
69.16 + 4.45% control vs 11.77 £+ 5.12% +DCN,
n =3, *p < 0.007). The component-positive area
for DCN was significantly higher in pseudo-islets
+DCN compared with the control (Fig #6l,
22.72 + 1.48% control vs 45.89 + 7.07% -+DCN,
n =3, *p < 0.05). The ER component showed no dif-
ference between both groups (Fig. 6dJ,
60.38 + 9.67% control vs 23.11 + 19.67% +DCN,
n =3, p =0.07). The GVI per pixel of the ECM com-
ponent was significantly decreased in the DCN-
treated pseudo-islets (Suppl. Fig. S6 B, C,
0.95 + 0.04 control vs 0.83 +0.03 +DCN, n =3, *p
< 0.05), confirming the results of the component-
positive area evaluation. GVI per pixel of the DCN
component (Suppl. Fig. S6 D, E, 0.56 + 0.02 control
vs 0.61 £ 0.03 +DCN, n = 3, p = 0.09) and the ER
component (Suppl. Fig. S6 G, H, 0.40 + 0.09 control
vs 0.51 + 0.17 +DCN, n = 3, p = 0.45) showed no
significant difference between both groups; how-
ever, the numbers followed a similar trend as the
component-positive area evaluation. PCA of the
components ECM and DCN did not show a separa-
tion between both groups (Suppl. Fig. S7 A-F, B

(ECM, PC-1), 0.0019 =+ 0.0016 control vs
—0.0019 & 0.0015 +DCN, n = 3, p = 0.07; C (ECM,
PC-2), —0.0001 £+ 0.0014 control vs
0.0001 + 0.0006 +DCN, n = 3, p = 0.85; E (DCN,
PC-1), 0.0019 + 0.0030 control vs
—0.0019 + 0.0032 +DCN, n =3, p = 0.29; F (DCN,
PC-2), 0.0011 + 0.0016 control vs

—0.0014 £+ 0.0035 +DCN, n = 3, p = 0.42). Interest-
ingly, PCA of the ER component (Suppl. Fig. S7 G)
showed a significant difference between control
pseudo-islets and pseudo-islets +DCN attributed to
PC-1 (Suppl. Fig S7 H, —0.0017 + 0.0021 control vs
0.0027 £ 0.0036 +DCN, n = 3, p = 0.21), while PC-
2 was not significantly different (Suppl. Fig S7 I,
0.0043 + 0.0016 control vs —0.0042 + 0.0031
+DCN, n =3, *p < 0.05). Differences between both
groups were attributed to cholesterol (1442 and
1602 cm ') as well as TAG (1249 and 1300 cm ')
(Suppl. Fig. 87 J, K). After DCN-treatment, choles-
terol peaks at 1442 cm~" were significantly upregu-
lated, whereas cholesterol peaks at 1662 c¢m '
were significantly downregulated (Suppl. Fig. S7 L;
1442 cm™': 0.0036 =+ 0.0001 control vs
0.0045 + 0.0004 +DCN, *p < 0.05; 1662 cm :
0.0058 + 0.0001 control vs 0.0038 + 0.0001 +DCN,
**** p < 0.0007), indicating structural differences of

cholesterol, such as cis or Z-confirmation found in
fatty acids, rather than quantitative differences [39].
Interestingly, the decrease in TAG due to the DCN-
treatment was preserved in the COLI gel cultures,
represented by a significant decrease in the peak
intensity at 1249 cm~". The peak at 1300 cm~' did
not show a statistically significant decrease (Suppl.
Fig. S7 M; 1249 cm™': 0.0026 + 0.0001 control vs
0.0017 + 0.00007 +DCN, **o < 0.07; 1300 cm™":
0.0026 =+ 0.0001 control vs 0.0026 + 0.0003 +DCN,
p = 0.87). Overall, the observed effects of the DCN-
treatment on B-cell-containing pseudo-islets in sus-
pension could be recapitulated in an encapsulation
environment, especially regarding the DCN-binding
to the periphery of the pseudo-islets as well as the
rearrangement of the expressed ECM. These results
suggest the suitability of COLI as a potential carrier
material to use DCN in an islet transplantation envi-
ronment.

DCN improves insulin secretion and impacts
ECM patterns of 3-cell-containing pseudo-islets
embedded in a COLI gel

After confirming that the interaction of DCN and
pseudo-islets in the COLI gel were comparable to
the parameters observed in suspension, the effects
of DCN on pseudo-islet function in the COLI gel
were investigated. Upon glucose challenge,
pseudo-islets +DCN secreted significantly more
insulin when compared with the control group
(Fig. 7A, 5019 =+ 6.68 mUA control vs
61.53 + 24.15 mU/l +DCN at 0 mM glucose; n > 7,

= 0.20; 9882 + 12.86 muU/ control vs
119.41 + 1457 mU/l +DCN at 20 mM glucose;
n > 8, *p < 0.05); however, the glucose-stimulated
insulin secretion (GSIS) index was not affected
(Fig. 7B, 1.97 + 0.09 control vs 1.94 + 0.21 +DCN;
n = 7, p = 0.75). IF staining for both INS (Fig. 7C,
3.88 &+ 1.03 control vs 7.13 £ 3.17 +DCN; n = 8, **p
< 0.07) and E-cadherin (Fig. 7D, 4.06 + 0.99 control
vs 6.75 + 2.38 +DCN; n = 8, *p < 0.07) showed a
significant increase in pseudo-islets +DCN compared
with the control samples, supporting the results from
the GSIS assay. Interestingly, evaluation of the impact
of DCN on the pseudo-islet ECM showed that DCN-
treatment significantly decreased COLl (Fig. 7E,
227 + 0.61 control vs 0.98 + 2.38 +DCN; n = 9,
“**p < 0.0007) and LAM contents (Fig. 7F,
11.40 £ 1.77 control vs 5.78 + 1.88 +DCN; n = 10,

modulus of pure COLI gel and COLI gel loaded with pseudo-islets in comparison to the elastic modulus of the of native
pancreatic tissue according to literature shown in gray (n = 4). (F) Pseudo-islets in COLI gel +DCN show DCN-positive
cells on the outside of the pseudo-islets with no difference in overall GVI per pixel (n > 12). (G) Raman images of
unstained sections of control pseudo-islets and pseudo-islets +DCN in COLI gel presenting the components for ECM,
DCN, ER, and the merged image including the nuclei component. Scale bar equals 50 pm. Area percentage analysis of
(H) ECM component (n = 3), (I) DCN component (n = 3) and (J) ER component (n = 3) confirms the presence of DCN on
the outside of the pseudo-islets and show an overall decrease in ECM content in pseudo-islets in COLI gel +DCN com-

pared to control. Unpaired t-test, *p < 0.05, ***p < 0.0017.
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Fig. 7. Functionality and ECM assessment of control pseudo-islets and pseudo-islets +DCN in COLI gel. (A) Pseudo-
islets in COLI gel +DCN show a significantly increased insulin secretion after high-glucose treatment when compared to
the control (n = 7). One-way ANOVA with Fisher's multiple comparison, *p < 0.05. (B) GSIS index of pseudo-islets
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***n < 0.0007). In contrast, COLIV intensity was sig-
nificantly increased after DCN-treatment compared
with the control samples (Fig. 7G, 0.79 + 0.57 control
vs 1.69 & 0.67 +DCN; n = 6, *p < 0.05). DCN-treat-
ment of pseudo-islets in the COLI gel did not influence
the expression intensity of FN (Suppl. Fig S8,
251 4+ 1.11 control vs 2.66 &= 1.29 +DCN; n > 13,
p=0.76).

Discussion

Research in the field of islet transplantation has
progressed immensely over the last decade; how-
ever, clinical translation of the findings has been
rather slow. The treatment and encapsulation of
islets within materials based on native ECM proteins
has been shown to support cell survival and function
in transplantation settings [16]. In this study, we
identified DCN to be highly co-localized with insulin-
producing B-cells in human pancreatic tissues. We
identified that DCN-treatment increased the glu-
cose-responsiveness of our in vitro pseudo-islet
model. DCN-treatment also reduced the expression
of FN and COLI, ECM proteins affiliated with fibrosis.
Further analysis using next-generation sequencing
and Raman microspectroscopy identified changes
in mitochondrial activity and ER because of the
DCN-treatment. When the pseudo-islets were
encapsulated within a clinically approved COLI gel,
the positive effects of DCN-treatment on glucose-
responsiveness and ECM expression were main-
tained, suggesting that the advantages of DCN-
treatment are translatable to a transplantation set-
ting.

DCN is a class | small leucine-rich proteoglycan
(SLRP) involved in the regulation of multiple cellular
processes including cell growth, proliferation, and
migration [40]. In particular, it has been investigated
for its anti-tumorigenic effects through antagonizing
key receptor tyrosine kinase pathways involved in
cancer progression and sequestering of growth fac-
tors within the ECM [40]. These properties were
achieved through its role in preventing fibrillogenesis
of fibrillar proteins such as COLI, as well as tumor-
suppression via p53 signaling [41]. Within the pan-
creas, DCN is highly expressed by pancreatic peri-
cytes forming the interstitial matrix and islet BM to
support B-cells [42]. In the mouse model of insuli-
noma, where there is an excess production of insulin
by p-cells, DCN was significantly downregulated
[43]. In our study, DCN-treatment increased the glu-
cose-responsiveness of the pseudo-islets. While lit-
tle work has been done in understanding the role of

this proteoglycan in the environment of a pancreatic
islet, it is known that DCN plays a role in glucose tol-
erance. Mice lacking DCN had impaired glucose tol-
erance, which was associated with reduced ECM
organization and increased activation of the comple-
ment cascades, promoting inflammation [44]. Inter-
estingly, these effects of glucose intolerance and
inflammation in DCN knockout mice could be attrib-
uted to the increased expression of histidase, a pro-
tein that degrades histidine. The amino acid
histidine has been shown to ameliorate insulin resis-
tance, inflammation, and oxidative stress when sup-
plemented [45—47]. The protective effect of DCN in
terms of modulating inflammation can be further
advantageous in a transplantation setting. In
response to a transplanted graft, the host's immune
system attempts to repair the damaged tissue and
limit the interaction with the foreign material at the
transplant site. This results in the transplanted
device becoming enclosed within a dense layer of
inflammatory cells and connective tissue [48]. Dur-
ing this process, the ECM is remodeled to support
the regeneration of the tissue resulting in the deposi-
tion of ECM proteins such as FN and the fibrillar
COLI [49], which ultimately isolates the transplanted
device from the host’s system, rendering the trans-
plant ineffective. Interestingly, in our study, DCN-
treatment significantly downregulated the presence
of ECM proteins FN and COLI, in line with past
research that identified DCN as a modulator of scar
tissue formation and reduced inflammatory
responses [50—52]. These observations were reca-
pitulated in our in vitro model in which the pseudo-
islets were encapsulated within a COLI carrier gel.
Similar to our suspension cultures, DCN treatment
of the encapsulated pseudo-islets improved the glu-
cose response and modulated the presence of
COLI. While FN was not significantly affected by the
DCN treatment in the gel as it did in suspension,
LAM were significantly downregulated and COLIV
was significantly upregulated upon DCN treatment.
Taken together our functional data of the pseudo-
islets and the regulation of ECM presence, DCN-
treatment has the potential to support islet transplan-
tation by improving islet functionality and supporting
graft survival post-transplantation through modula-
tion of fibrotic tissue formation. It must be noted that
DCN is an SLRP that shares similar structural and
functional properties with other SLRPs including
biglycan (also a class | SLRP), as well as lumican
and fibromodulin of the class Il SLRPs [53—55]. The
different SLRPs have been shown to play key roles
in collagen fibrillogenesis and ECM remodeling [56],
as well as in cell signal transduction pathways

+DCN in COLI gel shows no significant difference compared with the control. Pseudo-islets +DCN in COLI gel show sig-
nificantly increased expression of INS (n > 8) (C), E-cadherin (n = 8) (D), and the BM protein COLIV (n = 6) (G). In con-

trast, DCN-treatment significantly decreases the expression of COLI (n = 9) (E) and LAM (n = 9) (F). Unpaired t-test, *

< 0.01,"**p < 0.0001. Scale bars equal 50 um.

*

fo)
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through binding of surface receptors including Toll-
like receptor, vascular endothelial growth factor
receptor (VEGFR), epidermal growth factor receptor
(EGFR), LRPs, and insulin-like growth factor recep-
tor [53,55]. Future studies exploring the effects of dif-
ferent SLRPs on B-cell function are necessary in
order to better understand both glucose metabolism
and the various effects of SLRPs. To investigate
potential cellular processes through which the DCN-
treatment improves insulin secretion in p-cells,
pseudo-islets challenged with a high glucose con-
centration were used for NGS analysis. In our DCN-
treated pseudo-islets, NGS results identified genes
associated with the mitochondrial electron transport
chain and the ER to be differentially expressed. The
electron transport chain is the final step of cellular
respiration in the mitochondria for the production of
ATP through OxPhos [57], and is essential for the
appropriate secretion of insulin by B-cells [58,59].
An upregulation of genes involved in the protein
complexes of the electron transport chain was
observed in the DCN-treated samples. This supports
our observations of increased insulin secretion in the
DCN samples, where greater levels of ATP are
required for the highly metabolic processes of insulin
production and secretion. Mitochondria isolated from
B-cells revealed a significant decrease in electron
transport activity in the glucose-unresponsive cells
when compared with glucose-responsive cells [60].
Further, it has been shown that reduced electron
transport chain activity, expression, and mitochon-
drial DNA can be associated with increased insulin
resistance and Type 2 DM [61], supporting our find-
ing of high metabolic activity of B-cells after DCN-
treatment. Interestingly, previous studies have
shown DCN to depolarize mitochondrial mem-
branes, which results in mitochondrial fragmentation
through its binding to VEGFR2 [62]. B-cells are
metabolism-heavy cells that exhibit hyperpolariza-
tion of the mitochondrial membrane potential to
respond to high glucose concentrations [63,64],
which corresponds with increased insulin secretion
[65,66]. Itis possible that DCN has a similar effect of
depolarizing the mitochondrial membrane potential
in B-cells during glucose challenges. This allows for
increased polarization events to improve cell func-
tionality as we had observed with the increased
insulin secretion. Future studies investigating DCN'’s
effect on B-cell mitochondrial function would prove
to be beneficial in understanding DCN'’s role in sup-
porting p-cell functionality during periods of stress.
The ER is responsible for precise protein synthe-
sis and trafficking to the necessary cellular compart-
ments. Cells undergo ER stress when there is an
accumulation of misfolded proteins at which point
they activate response pathways including ER-asso-
ciated degradation (ERAD) and the unfolded protein
response (UPR). Through these pathways, they
degrade misfolded proteins and increase the

presence of molecular chaperones required for
proper protein folding. B-cells experience high levels
of ER stress due to the secretion of insulin upon a
glucose challenge [67—70]. The increased amount
of secretory proteins (in this case insulin) and pro-
teins involved in the trafficking of said proteins
allows for a greater number of proteins that can be
misfolded, increasing ER stress [71]. It has been
suggested that approximately 20% of proinsulin is
misfolded [72—74], at which point the protein is
degraded. Studies have also shown that this high
requirement of the ER can also be the cause of
B-cell dysfunction and loss, leading to the progres-
sion of Type 2 DM [75—77]. Our NGS data showed
that the ER proteins Wolframin ER transmembrane
glycoprotein (WFS1) and Ribosome Binding Protein
1 (RRBP1) were downregulated in the DCN-treated
samples. WFS1 is a calcium (Ca®*) channel protein
that allows Ca®* to enter the ER [78], which is found
primarily within the B-cells of the pancreatic islets
[79]. Ca®" plays a key role in both protein folding
and insulin secretion, where ER stress is known to
lead to a decrease in Ca®* within the ER [80,81]. The
reduced WFS1 at the ER can increase Ca®" oscilla-
tions within the cytosol, increasing the amount of Ca®*
being secreted as a result of the DCN-treatment.
There have been conflicting studies indicating the role
of WFS1 in the cellular response to ER stress. Within
the pancreatic islet, WFS1 expression at the mRNA
and protein levels were increased following drug-
induced ER stress [79]. It has also been shown that
the loss of WFS1 can lead to ER stress and B-cell dys-
function [82], where mutations in the WFS1 gene,
associated with Wolfram syndrome, also leads to the
onset and progression of Type 2 DM [83]. Additionally,
we observed a downregulation of RRBP1. RRBP1 is
involved in the interaction of the ribosomes with the
ER to support protein translation and transport, where
the knockdown of this protein resulted in ER stress
[84]; however, a genomic and proteomic study in
murine islets showed that RRBP1 was upregulated in
mice with Type 2 DM, suggesting it may have a role in
[3-cell dysfunction [85].

NGS identified further genes associated with ER
stress including heat shock proteins (HSPs), ATF4,
and YOD1 to be upregulated in the DCN-treated
samples. HSP90A is an indicator of cellular stress,
particularly in response to inflammation [86], and it is
also associated with the onset of Type 1 DM [87].
ATF4 is a transcription factor that plays a key role in
response to ER stress, through activation of 4E-BP1
expression [68,88]. The upregulation of the HSPs
and ATF4 in the DCN-treated samples can be in
response to the cellular stress caused by the
increased demand for protein production and traf-
ficking within the ER to maintain homeostasis.
YOD1 is a deubiquitinase involved in ERAD for the
degradation and removal of lysosomes [89]. Its upre-
gulation in the DCN-treated samples implies its
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necessity for both the processing of autophagocy-
tosed DCN and quality control of the increased
amount of protein (insulin) produced and trafficked.
NGS analyses showed an upregulation of genes
involved in protein and vesicular trafficking including
CANX, SAR1A, SEC62, and SAR1B, potentially due
to the increased release of insulin in the secretory
vesicles. CANX is a Ca®*-binding protein involved in
the processing and the quality control of protein fold-
ing within the ER. SAR1A, SEC62, and SAR1B play
a role in vesicular trafficking of proteins from the ER
to the golgi apparatus in preparation for secretion.
The upregulation of such genes is in line with our
observations of increased insulin secretion in the
DCN-treated samples. An impaired transport of (pro)
insulin between the two organelles can result in
B-cell failure, lipotoxicity, and DM [90--93], where in
MING cells, a murine pancreatic insulinoma B-cell
line, a mutant for Sar1A was unable to achieve
proper folding of proinsulin, resulting in ER stress
and B-cell failure [94,95]. The upregulation of
SAR1A suggests DCN-treatment improves insulin
secretion through upregulation of proteins that sup-
port the folding of insulin. Experiments evaluating
the presence of trafficking and extracellular vesicles
for the transport of insulin to be secreted and/or
degraded would provide greater insight in to how
DCN supports B-cell function and insulin secretion.
Interestingly, Raman microspectroscopy also
identified the ER component to be significantly
affected in the DCN-treated samples with emphasis
on Pl. Pls are the precursor to the many variations
of phosphoinositides that are involved in a variety of
cellular processes including vesicular trafficking,
engulfment, ion channel regulation, and intracellular
signaling [96--98]. As such, the increased presence
of Pl can be attributed to the need for increased
numbers of vesicles for insulin secretion. Past stud-
ies observing phospholipid presence during glu-
cose-stimulated insulin secretion also identified an
increase in Pl when there is increased insulin secre-
tion at high glucose concentrations [21,99]. Apart
from an increase in Pl, Raman microspectroscopy
and Raman imaging highlighted the decrease in
TAG in DCN-treated samples. Sanchez-Archidona
et al. identified TAGs as potential regulators of insu-
lin secretion and insulin signaling pathways [100].
They observed that reduced TAG content led to an
increase in insulin secretion by increased Karp-
channel expression. Furthermore, p-cells secrete
lipase, a lipoprotein involved in the release of free
fatty acids from TAG that increases basal insulin
secretion [101]. The addition of DCN in our study
might have shifted the balance towards higher free
fatty acid uptake by B-cells, resulting in an increased
insulin secretion and reduced levels of TAG in the
DCN-treated samples. One limitation of our Raman
imaging data, especially in regard to the data
obtained from the fixed pseudo-islets +DCN in

COLI, is the use of paraffin-embedded samples.
Although deparaffinization is one crucial step in the
pre-Raman imaging processing propotcol, paraffin
generates a strong Raman signal in the range from
1000 to 1500 cm ', which is an area of interest
especially for lipids and proteins. Hence, some fea-
tures, especially regarding Pl, TAG, and cholesterol
that were observable during our in situ Raman imag-
ing of living non-processed pseudo-islets, were
potentially not identifiable in the COLI gel samples in
this study.

The increased stress experienced by B-cells and
the corresponding pathways identified by our NGS
results also suggests autophagy to be involved in
the  maintenance of B-cell homeostasis
[93,102,103]. It has been reported that impairments
in autophagy are observed in mice with Type 1 DM
[104]. In addition to the aforementioned UPR,
autophagy also plays a key role in responding to ER
stress [105] by protecting B-cells from apoptosis
[106]. However, it has also been reported that inhibi-
tion of autophagy allows for increased insulin secre-
tion as reservoirs of insulin and pro-insulin are
maintained and not degraded [107]. These findings
highlight the importance of maintaining the balance
between cell survival and function. Previous studies
have shown that DCN is an autophagy-inducing pro-
teoglycan [108]. DCN-binding to EGFR initiated
internalization of the receptor through caveolae for
degradation [108], contributing to the downregula-
tion of the receptor [110]. DCN was also shown to
stimulate autophagy of VEGFR2 via AMPK signaling
[62,111], eventually resulting in reduced cell migra-
tion, supporting DCN’s role as a tumor suppressor.
This process of autophagy was observed to occur
through expression and recruitment of paternally
expressed gene 3 (Peg3), Beclin1, and microtubule-
associated protein light chain 3 (MAPLC3A) [62].
LC3 has also been suggested to be involved in the
autophagy within 3-cells for the degradation of pro-
insulin [107]. While VEGFRs or the genes involved
in the autophagic process were not identified in our
NGS study, another microtubule-associated protein,
MAP1A, autophagy related 2a (ATG2a) and the pre-
viously mentioned YOD1 were differentially
expressed between our control and DCN-treated
pseudo-islets, suggesting a possible autophagic
pathway being involved in the B-cells. Interestingly,
in a study where fibroblasts were cultured without
serum to stimulate autophagy, there was increased
expression of both DCN and ATF4 [112]. Our NGS
data also identified an increased expression of
ATF4 in the DCN-treated pseudo-islets, suggesting
a similar mechanism may be present in the -cells.
Evaluation of the presence of endosomes and lyso-
somes in DCN-treated B-cells would help clarify the
increased lipid content that we had observed in the
Raman microspectroscopy and NGS results. This
would further aid in determining whether DCN has
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similar autophagy-inducing properties in B-cells and
would provide meaningful insight into how it contrib-
utes to maintaining B-cell homeostasis.

Our NGS data also identified potential binding
receptors for DCN. Of interest is the significant
downregulation of LRP1 in the DCN-treated sam-
ples. The endocytic receptor binds ECM proteins
[113], including DCN [114], and growth factors [115]
such as transforming growth factor B (TGF@) [116],
influencing glucose metabolism and lipid turnover
[117]. LRP1 plays a key role in murine islets in terms
of maintaining cell homeostasis of lipid metabolism
and insulin secretion, particularly in obese mice
[118]. When LRP1 was deleted, reduced insulin
secretion and increased lipid content was observed
[117]. Furthermore, studies have shown that activa-
tion of TGFpB pathways through LRP1 [114,119] has
a stimulatory effect on B-cells’ insulin secretion and
survival [120,121], which is in line with our results. In
addition, LRP1 has been shown to be involved in
similar autophagic pathways as described earlier
[122,123], suggesting that DCN induces a similar
autophagic effect of LRP1 upon binding. This obser-
vation is also supported by our data where there
was a significant downregulation of LRP1 at both
the gene and protein level after DCN treatment. The
interaction between DCN and LRP1 and LRP1's
ability to stimulate insulin secretion make LRP1 a
potential mediator of DCN'’s effect on p-cells. Future
studies investigating DCN binding to LRP1 to initiate
autophagocytosis and activate pathways to both
modulate the ECM and stimulate insulin secretion in
B-cells would need to be performed.

Conclusion

In this study, we demonstrated the beneficial effect of
DCN on the insulin praduction of human B-cells. DCN-
treatment improved glucose-stimulated insulin secre-
tion of B-cells in pseudo-islets cultured in suspension,
with an increased expression of genes involved in mito-
chondrial activity as well as protein folding and vesicle
formation. Additionally, we showed that ECM expres-
sion patterns within pseudo-islets were significantly
impacted by DCN treatment. Interestingly, expression
of ECM proteins affiliated with the formation of fibrotic
capsules were significantly downregulated in the DCN-
treated samples. Our findings have potential implica-
tions for the design of improved islet transplantation
strategies since we showed that DCN-treatment can
potentially address two major hurdles: (1) help to
regenerate lost or inadequately expressed ECM of iso-
lated islets of Langerhans [17], and (2) prevent the for-
mation of a fibrotic capsule that commonly forms
around an implant. Furthermore, increased insulin pro-
duction and secretion in response to glucose is a bur-
densome process for the cell. DCN-treated samples
were able to activate response pathways within the ER

and mitochondria to cope with the increased cellular
stress. Taken together, we propose that DCN-treat-
ment of islet transplants can potentially support -cell
survival and increase function post-transplantation.
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1 | INTRODUCTION

Islet transplantation is a promising therapy for type 1 diabe-
tes [1]. However, insulin independency declines over time
due to significant p-cell death posttransplantation [2]. Islet
loss is due to multiple factors occurring pretransplantation
and posttransplantation. Blood-mediated inflammatory
reaction and hypoxia-associated damage are responsible for
the majority of islet loss during intraportal transplantation
[3, 4]. During the isolation of pancreatic islets, the pancreas
is enzymatically and mechanically digested, resulting in
the separation of exocrine and endocrine tissues [5, 6]. The
damaged exocrine cells, including mainly acinar cells, can
release proteolytic enzymes that further impair endocrine
cells [7]. Moreover, the isolation process leads to the
destruction of the vascular network and ultimately to the
loss of oxygen supply posttransplantation. Exposure to
severe hypoxia (1% oxygen) leads to p-cell dysfunction that
can compromise glucose-stimulated insulin secretion
(GSIS) [8]. The lack of oxygen forces B-cells to transition to
anaerobic glycolysis, reducing their ability to respond to
high glucose. Prolonged hypoxia permanently impacts
f-cells via the hypoxia-inducible factor la (HIF-1«) depen-
dent and independent pathways, resulting in ER stress and
followed by apoptosis via the mitochondrial cell death
pathway [9].

Regulatory bodies, such as the FDA, specify that iso-
lated islets must meet specific standards prior to trans-
plantation such as purity, viability, functionality and
sterility [10]. Islet batch sampling may identify unsuitable
batches for transplantation; however, approved batches
may still contain islets that are damaged, hypoxic, or in a
preapoptotic state. Moreover, the standard procedures to
assess islet quality are destructive, such as immunofluo-
rescence staining, which requires the addition of exoge-
nous dyes [11]. Therefore, there is a need to develop
noninvasive tools, which are able to rapidly assess the
viability and functionality of a large batch of single islets
prior to transplantation.

islet transplantation.

fluorescence lifetime imaging microscopy (FLIM) into a pancreas-on-chip sys-
tem to establish a protocol to noninvasively assess the viability and functional-
ity of pancreatic p-cells in a three-dimensional in vitro model (= pseudo-islets).
We demonstrate how (pre-) hypoxic f-cell-composed pseudo-islets can be dis-
criminated from healthy functional pseudo-islets according to their FLIM-
based metabolic profiles. The use of FLIM during the pretransplantation pan-
creatic islet selection process has the potential to improve the outcome of p-cell

FLIM, hypoxia, insulin, pancreatic islet, type 1 diabetes

Fluorescence lifetime imaging microscopy (FLIM) is a
powerful optical method that can probe changes in meta-
bolic state in vitro and in vivo in real time, and can serve
as diagnostic tools of pathological tissues in situ [12-14].
The time-dimensional characteristic of FLIM combined
with multiphoton (MP) microscopy enables the visualiza-
tion of endogenous nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FAD), and the
discrimination between free and protein-bound forms
based on their respective lifetimes [15]. Free NADH has a
short fluorescence lifetime t; (300-800 ps), while 1, of the
protein-bound NADH is longer (1000-6500 ps). Similarly,
free FAD has a longer fluorescence lifetime 7, (2300-
2900 ps), and the lifetime of bound FAD T, is shorter (300-
455 ps). Based on the respective contribution of 7, (o) and
the optical oxidative ratio (FAD/FAD + NADH), the meta-
bolic equilibrium between glycolysis and oxidative phos-
phorylation can be evaluated in living cells. FLIM has been
used to differentiate metabolic processes including prolifer-
ation, differentiation, metabolic switching in tumors, and
apoptosis in various cell types [16-19]. The metabolic
machineries of pancreatic p-cells are designed to sense
blood glucose fluctuations and respond accordingly by the
secretion of insulin [20]. B-cells uptake glucose via their
transporters of the GLUT family, which is further
processed by glycolysis and oxidative phosphorylation, pro-
ducing NADH and FAD [21]. The increase in ATP leads to
the closing of K*ATP channels and is followed by Ca®"
influx, necessary for the exocytosis of insulin granules.

Here, we demonstrate that FLIM can be utilized to
monitor the dynamic metabolic changes in B-cells upon
glucose stimulation. By combining the detection of (pre-)
hypoxic cellular response and the identification of a pro-
file for glucose-stimulated islets, we introduce FLIM as a
tool for the screening of single pancreatic pseudo-islets.
Identification and exclusion of damaged and glucose
nonresponsive isolated islets prior to transplantation has
the potential to improve the clinical outcomes for type
1 diabetic patients receiving an islets transplant.
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2 | EXPERIMENTAL SECTION

2.1 | Cell culture and pseudo-islet
assembly

The EndoC-BH3 (Univercell Biosolutions, Toulouse, France)
cell line was cultured as previously described [22]. We modi-
fied the protocol by seeding 2000 cells that aggregated into
pseudo-islets using nonadherent 96 well U-bottom plates
(Thermo Fisher Scientific, Waltham, Massachusetts).
Pseudo-islets were cultured under normoxic conditions
(37°C, 5% CO,, 20% O,) for a total period of 5 days. Hypoxic
conditions were defined as 37°C, 5% CO, and 1% O,. Before
being subjected to hypoxia, cells were seeded and cultured
for 48 hours under normoxic conditions to allow the assem-
bly of cells into pseudo-islets. Pseudo-islets were in hypoxia
for periods ranging from 3 to 48 hours. To track the pseudo-
islet size over time, brightfield images were taken every
24 hours using a brightfield microscope (Zeiss, Jena, Ger-
many). Diameters were analyzed using the software ImageJ
V 1.52p.

2.2 | GSIS assay

Prior to any GSIS assay, pseudo-islets were incubated for
24 hours in starvation medium (Optif2, Univercell
Biosolutions).

2.21 | Standard GSIS

Pseudo-islets were grouped by six per well and washed
twice with Krebs buffer (Univercell Biosolutions), sup-
plemented with 1% BSA (Krebs-BSA) (Thermo Fisher Sci-
entific). Pseudo-islets were synchronized for 1 hour in
Krebs-BSA and washed twice afterwards. Pseudo-islets
were subsequently incubated for 1 hour with Krebs-BSA,
Krebs-BSA supplemented with 20 mM glucose (Gibco,
Waltham, Massachusetts), and Krebs-BSA for a second
time. After each incubation, supernatants were collected
and stored at —20°C until further detection of insulin
with an ELISA assay (Ultrasensitive Insulin ELISA,
Mercodia, Uppsala, Sweden).

2.2.2 | On-FLIM GSIS procedure

Pseudo-islets were loaded into a microfluidic chip as previ-
ously described [22]. A low-pressure four-port switching
valve (IDEX Health & Science, Oak Harbor, Washington)
was used to allow the switch between Krebs-BSA and
Krebs-BSA supplemented with 20 mM glucose. Pseudo-

islets were incubated for a total of 135 minutes with Krebs-
BSA (corresponding to the synchronization phase and
1 hour under Krebs-BSA) before switching to 20 mM glu-
cose for 327 minutes. For nonstimulated GSIS (control), the
pseudo-islets were subjected to a total of 459 minutes in
Krebs-BSA. The synchronization phase in Krebs-BSA was
not measured. Each islet was monitored at the same focus
level by acquiring FLIM images every 27 minutes continu-
ously for the duration of the experiments.

2.3 | Immunohistological analyses

Pseudo-islets were washed with PBS (Gibco), embedded
in Histogel (Thermo Fisher Scientific), fixed with 4%
PFA, and subjected to paraffin-embedding using a Sha-
ndon Citadel 1000 (Thermo Fisher Scientific) according
to the manufacturer's instructions. Then, 3-pm-thick sec-
tions were prepared using the microtome RM2145 (Leica,
Wetzlar, Germany). Sections were deparaffinized using
xylene and rehydrated by graded ethanol (100%-50%).
Then, 1% Triton-X permeabilization and antigen retrieval
were performed as described before utilising the follow-
ing antibodies: anti-insulin: guinea-pig IgG, 1:200 dilu-
tion, A0564 (DAKO, Santa Clara, California); anti-
vascular endothelial growth factor (VEGF): Rabbit IgG,
1:400 dilution, RB-9031-P (Thermo Fisher Scientific);
anti-HIF-1a: rabbit IgG, 1:500 dilution, ab51608 (Abcam,
Cambridge, UK) and anti-caspase-3: rabbit IgG, 1:100
dilution, ab13847 (Abcam) [23]. To visualize nuclei, sec-
tions were incubated with 4',6-daimidin-2-phenylindol
(DAPI) solution with a concentration of 2 pg/mL (Sigma-
Aldrich, St. Louis, Missouri) for 10 minutes. Mounting
was performed with Molecular Probes Prolong Gold Anti
Fade solution (Invitrogen, Carlsbad, California). Immu-
nofluorescence images were obtained using a Zeiss LSM
880 (Zeiss) and analyzed using Zeiss Zen Blue software
and Image] V1.52p. Staining intensities (VEGF and
caspase-3) were evaluated via the mean gray value per
pixel within a region of interest (ROI) defined as DAPI*
areas. HIF-la-stained images were quantified by three
independent unbiased observers. Cells were counted as
HIF-1a © when nuclei were exhibiting a double staining
with DAPT and HIF-1a. The ratios of HIF-1a* cells were
calculated by dividing the number of HIF-1a" cells by
the number of total DAPI™ cells per pseudo-islets.

2.4 | Multiphoton imaging and FLIM
data acquisition

TCSPC-based fluorescence decay measurements were
performed with a Zeiss LSM 880 (Zeiss) coupled with a
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Ti:Sapphire femtosecond laser (MaiTai HP Spectra
Physics, Santa Clara, California) and a two-channel
NDD BIG2.0 GaAsP PMT detector (Becker & Hickl
GmbH, Berlin, Germany). NADH and FAD
autofluorescence was induced with a two-photon exci-
tation at a wavelength of 700 nm and 5% laser power
through a x63/1.4 NA C-plan apochromat objective
(Zeiss). Emission light was filtered in the range of 450
to 490 nm for NADH, and 500 to 550 nm for FAD. Total
image acquisition time was 161 seconds at a resolution
of 512x 512 pixels (524.8 ps/pixel). Instrument
response function was recorded at 900 nm from crystal-
line urea (Sigma-Aldrich). Normoxic and hypoxic
pseudo-islets were transferred either into p-slides
Angiogenesis (ibidi GmbH, Griifelfing, Germany), or
into a microfluidic chip for FLIM measurements as pre-
viously described [22]. All FLIM measurements were
performed at 37°C using a microscope stage top incuba-
tion system (ibidi heating system, ibidi GmbH).

2.5 | FLIM data analysis

SPICImage (Becker & Hickl GmbH) was used to perform
biexponential decay fittings with a 30% threshold of max-
imum photon count to remove the background. The
quality of fit was decided based on a mean »° value
smaller than 1.1 per image. ASCII images for «, T and y*
were exported for further analysis. Concentric ROI seg-
mentation based on the outline of the islet was performed
on each FLIM image using MATLAB R2020a (The
MathWorks Inc., Waltham, Massachusetts). The ROIs
were equally spaced at 10 um in order to calculate mean
values for cells at similar depths (MATLAB code avail-
able upon request).

2.51 | Optical oxidative ratio calculation
The optical oxidative ratio was defined as the total pho-
ton counts of FAD divided by the sum of FAD and
NADH photon counts [24]. The calculation of the optical
oxidative ratio was performed after the image processing
by SPICImage and MATLAB software, which includes
suppressing the background.

2.5.2 | Lumen ratio calculation

The lumen size was evaluated using an additional thresh-
old of 25% of the total photon count images after back-
ground removal by the SPCImage software (MATLAB
code available upon request).

2.6 | Statistical analyses

Statistical analyses were performed using GraphPad Prism
version 6.00 for Windows (GraphPad Software, San Diego,
California). Results are shown throughout the entire manu-
script as mean + standard deviation. Outliers were removed
using Grubb's test with a confidence interval of 0.05. Nor-
mality was assessed using Shapiro-Wilk tests. Normal distri-
bution was assumed for low n-number samples (n < 8). All
n-numbers, applied tests, and corresponding significances
for each result are listed in the figure legends.

3 | RESULTS AND DISCUSSION

3.1 | Human pancreatic fi-cells
engineered to form glucose-responsive
pseudo-islets in vitro

To mimic the insulin-secretory function of endocrine pan-
creas, we modified a previously described protocol using
human pancreatic p-cells, aggregated at 2000 cells per
pseudo-islet [22]. After 5 days of culture, pseudo-islets had
properly aggregated into clinically relevant spheres with a
mean diameter of 101 + 5.4 pm (Figure 1A), which were
similar in size to previous studies demonstrating a relation-
ship between islet size and functionality in vitro and in vivo
in terms of survival rate after transplantation [25, 26].
Smaller rat islets (<125 pm) were superior than larger islets
(>150 pm) in terms of insulin release in vitro and restoring
glycemic control in a diabetic rat model [26].

The main function of pancreatic p-cells is to secrete
insulin in response to glucose stimulation. Pseudo-islets
were stimulated with 20 mM glucose and showed a sig-
nificant increase in insulin secretion upon stimulation
(0 mM: 0.63 +0.1 mU/L insulin/pseudo-islet vs 1.66
+ 0.6 mU/L insulin/pseudo-islets at 20 mM) (Figure 1B).
After stimulation, pseudo-islets returned to their basal
insulin secretion level. Immunofluorescence staining
showed a homogeneous distribution of insulin through-
out the pseudo-islets (Figure 1C). Altogether, these data
show the dynamic response of human pseudo-islets to
glucose, and their potential to mimic the functional unit
of the islets of Langerhans that produce insulin.

3.2 | FLIM enables the noninvasive
monitoring of hypoxia-induced cell death
in vitro

Hypoxia leads to f-cell dysfunction, which is a major fac-
tor contributing to the overall poor efficiency of the
Langerhans islet isolation and transplantation procedures
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FIGURE 1 Formation of human glucose-responsive pseudo-islets to mimic the insulin-producing endocrine function of the pancreas.

A, p-cell aggregation monitored by assessing the mean diameter of pseudo-islets over time. One-way analysis of variance (ANOVA) with

Tukey's multiple comparisons test. n = 10. B, Standard glucose-stimulated insulin secretion (GSIS) of pseudo-islets subjected sequentially to
0, 20 and 0 mM glucose. n > 4. C, Immunofluorescence staining of insulin in pseudo-islets (red) and nuclei (DAPI, blue). Scale bar equals

50 pm. *P < .05; **P < 01

[27]. Severe and prolonged hypoxia (<1% oxygen)
induces nonreversible cellular changes resulting in
programmed cellular death. To evaluate the impact of
severe hypoxia on our pseudo-islet in vitro system, key
hypoxic expression markers were evaluated over time,
including vascular endothelial growth factor (VEGF),
HIF-1a and cleaved caspase-3 (Figure 2).

Adult pancreatic islets continuously secrete VEGF to
maintain blood vessel density and proper fenestration
[28]. In response to decreased oxygen tension, pancreatic
p-cells secrete VEGF as part of an adaptive response to
hypoxia [29]. Here, we showed a significant increase in
VEGEF after 1 hour under hypoxia (Figure 2A).

Our results showed that HIF-1e, which is induced by a
decrease in oxygen in the cytoplasm, significantly increased
after 6 hours under hypoxia (Figure 2B). The HIF-1a protein,
which is stabilized by hypoxic conditions, has a large number
of target genes, including HIF-1 and VEGF [30]. Here, we
observed a potentially coordinated and significant increase of
HIF-1a and VEGF after 1 hour under hypoxic conditions.
After 6 hours under hypoxic conditions, HIF-1a expression
increased further and reached a plateau, while VEGF expres-
sion slowly decreased.

HIF-1o exerts both pro- and anti-apoptotic effects,
depending on the severity of hypoxia [31]. Under severe hyp-
oxic conditions, HIF-1u can trigger hypoxia-induced apopto-
sis, which can be measured by the expression of cleaved
caspase-3 [32]. Here, cleaved caspase-3 was significantly
upregulated from 12 to 24 hours under hypoxia (Figure 2C).
These results suggest that pseudo-islets under hypoxic condi-
tions initiate an adaptive response from 1 to 4 hours, seen by
a rapid increase in VEGF. HIF-1a may exert a pro-apoptotic

effect via HIF-1a between 4 and 6 hours that leads to the acti-
vation of programmed cell death via cleaved caspase-3
between 6 and 12 hours under hypoxia. Identification of dead
cells (i.e. after completion of apoptosis) is possible using MP
images of the endogenous NADH. The appearance of a hyp-
oxic core, which was depicted by the loss of NADH
autofluorescence intensity, can be observed in pseudo-islets at
12 hours under hypoxia (Figure 2D).

FLIM can identify metabolic changes in living cell cul-
tures and in vivo [33]. Here, we were interested in whether
FLIM has the fidelity to identify metabolic changes arising
from the early adaptive response to hypoxia before the acti-
vation of cleaved caspase-3 and following nonreversible cel-
lular changes. Therefore, FLIM images were acquired from
the endogenous NADH and FAD autofluorescence of
pseudo-islets under normoxia and hypoxia for 3, 6 and
12 hours. Each metabolic profile was characterized by the
FLIM parameters t,, T, and o, from the respective coen-
zymes NADH and FAD, as well as the optical oxidative ratio
(FAD/FAD + NADH) (Figure 2E-J). NADH 7, represents
the fluorescence lifetime of free NADH, whose major contri-
bution arises from cytosolic NADH in opposition to bound
NADH found in the oxidative phosphorylation chain and
characterized by 7, [34]. NADH and FAD lifetimes are
highly sensitive to changes within their microenvironment,
such as pH, solvent polarity or viscosity [33]. We showed
that hypoxia induced an increase in NADH t; at 3 and
6 hours, while NADH t, was most affected after 3 hours
(Figure 2E,F). Hypoxia is known to trigger a switch from
aerobic to anaerobic glycolysis, which is a protective strategy
against the production of reactive oxygen species (ROS)
[35]. It is also the means with which NAD™" is recovered
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FIGURE 2

cleaved capase-3 in pseudo-islets under normoxic and hypoxic conditions and the corresponding quantification (right). n > 3. D,
Multiphoton (MP) imaging and quantification of the lumen size of hypoxic pseudo-islets over a time period of 12 hours. n > 10. E-J, Time
lapse FLIM analysis of hypoxic pseudo-islets showing, E, nicotinamide adenine dinucleotide (NADH) 1, F, NADH 15, G, flavin adenine
dinucleotide (FAD) 14, H, FAD t,, I, NADH «; and, J, the optical oxidative ratio based on endogenous fluorescence of FAD/FAD + NADH.
n > 10. Scale bars equal 50 pm. One-way analysis of variance (ANOVA) with Tukey's multiple comparisons test. *P < .05; **P < .01 and
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from NADH, which is required to produce ATP. This pro-
cess produces a large amount of lactic acid. The following
acidification of the cytosol may be responsible for the signifi-
cant change in NADH t,. The mitochondria produce ROS
via the complexes I and III of the electron chain trans-
porters, whose production levels increase when oxygen
levels drop in a range of 5% to 0.5% [35]. Interestingly, oxi-
dative stress arising from ROS has been shown to increase
NADH T, which is observed here after 3 hours under hyp-
oxia (Figure 2F) [36]. The recovery of NADH T, at 6 and
12 hours under hypoxia may reflect the activation of antioxi-
dant pathways [37].

Under hypoxia, FAD t; and 1, significantly decreased
after 6 and 12 hours (Figure 2G,H). The majority of the
endogenous fluorescence from FAD arises from the mito-
chondria when FAD is in a complex with lipoamide dehydro-
genases and the electron transfer flavoproteins, whose
contributions represent ~50% and ~25% of the total intensity,
respectively [38]. The contribution from the electron change
transporter is considered negligible, and the remaining 25%
of the FAD intensity is not associated with metabolism.
Therefore, change in FAD 71, and 7, are strongly associated
with the mitochondrial microenvironment.

NADH «,, which is the contribution of the free NADH
over the total amount of photons collected, significantly
decreased in pseudo-islets after 12 hours under hypoxia
when compared with the normoxic controls (Figure 2I).
This describes a redistribution from free to bound NADH
forms to facilitate more efficient ATP production in the
mitochondria. The nucleus increases its energy demands, as
it prepares the cells for apoptosis [39]. Decrease in NADH
a, has been reported in vivo in murine keratinocytes under-
going apoptosis [19]. These data are corroborated with a sig-
nificant increase in optical oxidative ratio at 12 hours under
hypoxia, implying that the relative amount of mitochondrial
FAD (free and bound) increased when compared to NADH
(free and bound) (Figure 2I).

‘We showed that FLIM can detect metabolic changes that
are induced by the hypoxic environment in a nondestructive
manner in pancreatic f-cells. Moreover, our data reveals that
the NADH lifetimes 1, and 1, can be used as indicators of
the early adaptive hypoxia-induced cellular response, occur-
ring before the appearance of the major peak in HIF-1a or
cleaved caspase-3.

3.3 | Spatial distribution of FLIM
outputs allow the detection of early
adaptive hypoxia-induced cellular response
in pseudo-islets

During the isolation process, pancreatic islets are severed
from their vasculature and rely on diffusive properties

from the surrounding media for their oxygen and nutri-
ent supply. The diffusion gradient is depending partially
on the islet size, which is highly heterogenous in the
native pancreas [40]. In addition, each islet has a differ-
ent degree of vascularization and composition of a-, -,
8-, y- and PP-cells [41]. FLIM can be used to assess the
metabolic state of single cells, which can reveal the het-
erogeneity within single islets or pseudo-islets. We
hypothesize that FLIM can discriminate subregions
within one pseudo-islet that differentially react to hyp-
oxic conditions, either by an adaptive response to hypoxia
or by initiating a programmed cell death. Therefore, we
segmented FLIM acquisitions to create ROIs based on
their spatial distribution (see Section 2) within the
pseudo-islets as illustrated in Figure 3a. For each ROI
representing a 10 pm increment in depth, NADH and
FAD lifetimes 7, and 7, NADH «;, and optical oxidative
ratio were assessed (Figure 3B-G).

Under normoxic conditions, the first ROI (0-10 pm) is
metabolically different than all other ROIs: a significantly
higher optical oxidative ratio and lower NADH o, indi-
cate that cells within the first ROI rely on higher oxida-
tive phosphorylation rates. This is likely due to the direct
contact between nutrients/oxygen and p-cells.

Under hypoxia, FLIM parameters NADH t,, FAD
15, NADH «; and optical oxidative ratio were signifi-
cantly affected by the spatial distribution of the
corresponding ROIs. Hypoxia severely impacted FLIM
parameters in the central region of the pseudo-islets
(30-80 pm), starting from 3 hours under hypoxia, char-
acterized by a steady increase of NADH t,, decrease in
FAD 1,, decrease in NADH aqj, and increase in optical
oxidative ratio (Figure 3B,E-G). In the pseudo-islet core,
hypoxia is most likely <1% oxygen due to the oxygen
consumption of the outer cells. Under such conditions,
cellular mechanisms concentrate on antioxidant-pro-
ducing pathways that come at the expense of glycolytic
ATP production [37]. After a prolonged time under
those severe conditions, the apoptotic cascade is acti-
vated, which may be responsible for the further increase
in oxidative phosphorylation [42].

In contrast, in the outermost ROI (0-30 pm), a signifi-
cant decrease in NADH «; was observed after 12 hours
under hypoxia, while no changes were noted in either
NADH 1, or optical oxidative ratio. FAD t; and T,
decreased after 6 hours only in the first ROI (0-10 pm).
This suggests that the cells in the first ROI may have ini-
tiated an adaptive response to hypoxia and are able to
maintain their glycolytic rate for a longer period.

NADH 7, and FAD 7, were not affected by the spatial
distribution within the pseudo-islets (Figure 3C,D). While
NADH 1, oscillated during hypoxia, FAD 7, was only
affected in the first ROI (0-10 pm). Interestingly, both
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FIGURE 3 Segmentation of fluorescence lifetime imaging microscopy (FLIM) images reveal the heterogeneity of hypoxic pseudo-islets
in vitro. A, Schematic illustration of the segmentation of FLIM images creating 10 pm-deep incremented regions of interest (ROIs). B-G,
FLIM analysis of hypoxic pseudo-islets over time, and segmented per ROI, showing, B, nicotinamide adenine dinucleotide (NADH) t,, C,
NADH 13, D, flavin adenine dinucleotide (FAD) t,, E, FAD T, F, NADH «; and, G, the optical oxidative ratio based on endogenous
fluorescence of FAD/FAD + NADH. n > 10. Scale bar equals 50 pm. Two-way analysis of variance (ANOVA) with Dunnett's multiple
comparisons test. §§§§: significant difference between ROIs P < .0001. *: Significant difference between groups within one ROL *P < .05;
P < 01, **P < 001 and ****P < 0001
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strongly affected by hypoxia, as indicated by a change in
NADH lifetimes, NADH «,, and oxidative ratio. These
changes will likely lead to the nonreversible initiation of
apoptosis [19, 42]. The f-cells located in the outer ROIs
were characterized by a lower NADH «; and stable
values for NADH t,;, FAD 1, and optical oxidative ratio.
These metabolic changes suggest that the p-cells were
affected by hypoxia by redistributing free to bound
NADH. However, the stable values of NADH and FAD
lifetimes suggest that these f-cells have reached a meta-
bolic equilibrium under hypoxia via an adaptive
response.

3.4 | FLIM can noninvasively identify
metabolic oscillations of glucose-
responsive pseudo-islets

The major prerequisite of transplanted pancreatic islets is
the regulation of glucose homeostasis by sensing glucose
and secreting appropriate amounts of insulin [1]. Hyp-
oxia decreases aerobic glycolysis, thus reducing the p-cell
capacity to secrete insulin upon glucose stimulation [43].
Depending on the severity of the hypoxia-induced cell
damage, the downstream effects of HIF-1a activation in
B-cells can be transient and reversible. Therefore,
assessing the metabolic changes due to glucose stimula-
tion is essential to identify functional islets. Here, we
characterized the glucose-response of functional pseudo-
islets using FLIM. Normoxic pseudo-islets were stimu-
lated with 20 mM glucose as previously described [22].
FLIM images were acquired during the glucose stimula-
tion of single pseudo-islets over time and compared to
nonstimulated pseudo-islets (Figure 4).

In the first 60 minutes of analysis without glucose,
NADH 7, steadily increased overtime, while NADH a,
decreased, which reflects the known metabolic changes
due to glucose starvation (Figure 4A,E) [44]. Prolonged
starvation resulted in NADH t,, FAD 1, and FAD t,
oscillations, steady decrease in NADH t,, and an increase
in NADH «, and optical oxidative ratio (Figures 4A,C,E,
G and S1). The absence of glucose diminishes the glyco-
lytic flux and forces mitochondrial adaptation. Carbon
sources can be provided, for instance by glutamine,
which can fuel the TCA cycle and maintain ATP levels
[45]. Additional pathways can be initiated to provide
energy, such as the f-oxidation of fatty acids or the pen-
tose phosphate pathway [37]. The pentose phosphate
pathway produces nicotinamide adenine dinucleotide
phosphate (NADPH), which may be responsible for the
increase of free NADH after 60 minutes, as NADPH
endogenous fluorescence is included in the NADH sig-
nals [46].

Stimulation of p-cells with glucose impacted NADH
and FAD lifetimes, oscillations of NADH «, and led to a
drop of the oxidative ratio (Figures 4B,D,F,H.I and S1).
Glycolytic flux abruptly increases as glucose is trans-
ported into the cells, which was seen in our data by the
immediate changes in NADH and FAD lifetimes and
spiking of NADH «,. Similarly, aerobic glycolysis pro-
duces large amounts of NADH, correlating with the
decrease in oxidative ratio.

Hypoxia-induced cellular changes can be reversible
depending on their severity. For instance, 6 hours
under hypoxia altered the mitochondrial lifetimes of
NADH and FAD, while NADH «, and optical oxidative
ratio were stable, suggesting a moderate impact of
hypoxia. To investigate the glucose-response of
pseudo-islets cultured under hypoxia for 6 hours,
FLIM metabolic profiles were assessed during stimula-
tion with 20 mM glucose (Figure 5). We detected large
fluctuations in NADH 1, and NADH «,, which did not
resemble the metabolic response of stimulated
normoxic pseudo-islets (Figure 5A,C). Nevertheless,
the value of NADH 1, before glucose stimulation
under hypoxia was similar to normoxia (Figure 5B,E).
Upon stimulation, NADH T, under hypoxia spiked and
plateaued at higher values compared with normoxia
(Figure 5B). The optical oxidative ratio of hypoxic
pseudo-islets, which was overall higher than in nor-
moxia, dropped upon glucose stimulation similarly to
normoxic pseudo-islets (Figure 5D). The profile of
FAD lifetimes was similar to normoxia as well (Fig-
ure S2). Stimulation of pancreatic f-cells with glucose
and following insulin secretion requires both glycoly-
sis and oxidative phosphorylation [47]. After 6 hours
under hypoxia, pseudo-islets were still glucose-respon-
sive, as indicated by NADH t,, FAD t;, FAD 1, and
the optical oxidative ratio. The stimulation lead to an
increase in the total NADH compared to FAD, which
most likely is produced by an increase in glycolysis.
However, the high value of NADH t, indicated an
important change within the mitochondrial microen-
vironment. This change may have arisen from the
increasing levels of ROS due to hypoxia and the loss of
the metabolic rescue mechanisms of a functional cell,
which further increased as the TCA cycle and oxida-
tive phosphorylation are enforced during insulin
secretion. Prolongated hypoxia is known to lead to
B-cell dysfunction, characterized, in part, by a loss of
glucose-response [43]. Here, we showed that pseudo-
islets after 6 hours under hypoxia still respond to glu-
cose based on FLIM, which was validated by a stan-
dard GSIS assay (Figure S3). However, important
changes in the metabolic response of the coenzymes
NADH and FAD were detected suggesting cellular
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FIGURE 5 Insitu fluorescence lifetime imaging microscopy (FLIM) monitors individual pseudo-islet glucose responses under hypoxic

conditions for 6 hours. FLIM analysis over time during glucose stimulation with 20 mM reveals, A, nicotinamide adenine dinucleotide
(NADH) t;, B, NADH 15, C, NADH o, and, D, the optical oxidative ratio based on endogenous fluorescence of flavin adenine dinucleotide
(FAD)/FAD + NADH. Hypoxic pseudo-islets are shown in black and normoxic controls (averaged, n = 4) are shown in pink. E,

Representative images of NADH 1, over time during glucose stimulation. Corresponding time points are highlighted with red arrows in B.

n = 3. Scale bar equals 50 pm

stress. Our data demonstrates how FLIM can detect
metabolic impairment in hypoxic pseudo-islets in
comparison with standard methods such as GSIS
assays.

4 | CONCLUSION

Developing noninvasive tools to assess the quality of iso-
lated pancreatic islets prior implantation has the poten-
tial to improve the outcomes of Langerhans islet
transplantation to treat type 1 diabetes. In this study, we
used an in vitro system mimicking the insulin-producing
and glucose-responsive characteristics of the islets of
Langerhans and combined it with FLIM to assess

pseudo-islet quality and their glucose-response under
standard and hypoxic conditions. FLIM identified and
discriminated between minor and severe hypoxia-
induced cellular damages in f-cells. FLIM further
allowed the marker-free and noninvasive detection of a
metabolic response due to glucose stimulation in func-
tional living pseudo-islets, which can be used to assess
the severity of hypoxia-induced damages during insulin
secretion.
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ECM Proteins Nidogen-1 and Decorin Restore Functionality
of Human lIslets of Langerhans upon Hypoxic Conditions

Abiramy Jeyagaran, Max Urbanczyk, Daniel Carvajal-Berrio, Teresa Baldissera,
Philipp D. Kaiser, Laurence Kuhlburger, Stefan Czemmel, Sven Nahnsen, Garry P. Duffy,
Sara Y. Brucker, Shannon L. Layland,* and Katja Schenke-Layland*

Transplantation of donor islets of Langerhans is a potential therapeutic
approach for patients with diabetes mellitus; however, its success is limited
by islet death and dysfunction during the initial hypoxic conditions at the
transplantation site. This highlights the need to support the donor islets in
the days post-transplantation until the site is vascularized. It was previously
demonstrated that the extracellular matrix (ECM) proteins nidogen-1 (NID1)
and decorin (DCN) improve the functionality and survival of the f-cell line,
EndoC-$H3, and the viability of human islets post-isolation. To advance the
use of these ECM proteins toward a clinical application and elucidate the
mechanisms of action in primary islets, the study assesses the effects of ECM
proteins NID1 and DCN on isolated human donor islets cultured in normoxic
and hypoxic conditions. NID1- and DCN-treatment restore f-cell functionality

1. Introduction

Islet transplantation for the treatment
of type one diabetes mellitus could offer
patients autonomous blood glucose home-
ostasis and insulin independence; however,
it is not a common treatment option due to
the high demand for the number of donor
islets needed for each transplant.'? To
ensure sufficient islets survive the initial
hypoxic transplant environment, inflam-
mation, fibrotic capsule formation, and
immune rejection, at least two donor’s
worth of islets are needed for a trans-
plant. Through recent advances in stem

of human donor islets in a hypoxic environment through upregulation of
genes involved in glycolytic pathways and reducing DNA fragmentation in
hypoxic conditions comparable to normoxic control islets. The results
demonstrate that the utilization of NID1 or DCN with islets of Langerhans
may have the potential to overcome the hypoxia-induced cell death observed

post-transplantation and improve transplant outcomes.

cell derived-g-cells, alternate cell sources
for implantation have been generated; how-
ever, the procedural obstacles still exist."]
Multiple approaches including culture and
transplantation of f-cells with extracellu-
lar matrix (ECM) proteins,””! supporting
cells (endothelial cells,®) fibroblasts,!
mesenchymal  stromal  cells,®  etc.),
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and encapsulation devices have improved cell viability and
function.) In the body, cell survival and function are greatly
supported by the surrounding ECM which acts as both a biophys-
ical and biochemical signaling hub, protecting cells, sequestering
growth factors, and activating signaling pathways. As the native
ECM is disrupted during islet isolation, many research groups
have studied islet ECM to support fi-cell survival and function.*]

Pancreatic islet ECM plays a key role in maintaining the
function of multiple cell types including neural, endothelial,
and immune cells to ensure there is constant and rapid ex-
change of nutrients, growth factors, oxygen, glucose, and pan-
creatic hormones such as insulin and glucagon. Islets are sur-
rounded by both a basement membrane between the islets and
the exocrine pancreas and an interstitial matrix between the islet
cells themselves. These ECM regions are composed largely of
fibrous ECM proteins including collagen types I (COL1) and
IV (COL4),°! laminins (LN),'®!!l fibronectin (FN), and vari-
ous proteoglycans.'**l Many studies using murine and rat -
cells have shown that culturing the cells with these ECM pro-
teins (either as a coating or supplemented in the medium)
can support their survival,'>™®] function,[!>1719-23182430] 3pd
proliferation.””*’l Furthermore, co-transplantation of ECM pro-
teins with f-cells can improve angiogenesis and integration into
the recipient’s tissue, allowing for the restoration of blood glu-
cose homeostasis. '] Similar studies culturing human adult
and fetal islets with pancreatic ECM proteins also showed
increased survival'*3%%31 and functionality.**#37 % Interest-
ingly, combining ECM proteins such as COL4 and LN fur
ther improved human islet survival compared to when they
are supplied alone;1***1#21 however, these effects on f-cells were
dose-dependent,[‘”] and at certain doses, it can even disrupt
insulin gene transcription and secretion!*’] Interestingly, in-
creased ECM presence can be pathogenic and result in fibrotic
capsule formation and dysfunction of the cells. Fibrotic capsule
formation is a common obstacle of islet transplantation due to the
isolation of the transplant from the recipient’s vasculature ren-
dering the transplant ineffective,l*l suggesting a need for ECM
regulation to support cell survival and function.

The investigation of adult pancreases for proteins capable
of regulating the ECM composition surrounding the islets of
Langerhans identified the basement membrane protein nidogen-
1 (NID1)* and the interstitial matrix protein decorin (DCN)I*!
to be highly co-localized with the insulin-producing f-cells. NID1
is a linker protein between COL4 and LN known for its role
in stabilizing the basement membrane [l DCN is known as
the “guardian from the matrix”*/) due to its regulation of col-
lagen fibrillogenesis and sequestering of growth factors impor-
tant for cell survival and growth.*”] We previously showed that
supplementation of these proteins to a human p-cell line im-
proved the cells’ functionality."***! Furthermore, NID1 supple-
mentation during the islet isolation process has been shown to
increase the viability and number of islets successfully isolated.?!
NID1 and DCN could support human g-cells while also regu-
lating surrounding ECM organization, suggesting a role in im-
proving overall transplant outcomes. In this study, we deepen
our understanding of the role of these two ECM proteins in hu-
man islet transplant survival and whether they specifically sup-
port f-cell function, in a hypoxic, post-transplantation setting.
We cultured adult donor islets in a hypoxic environment for
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three days with and without NID1 or DCN and assessed cell
survival and function. We identified that the two ECM proteins
restored function of the fi-cells in hypoxia. Further analysis us-
ing fluorescence lifetime imaging microscopy (FLIM) and next-
generation sequencing (NGS) identified glycolytic activity and
DNA repair as potential mechanisms of action through which
NID1 and DCN support f-cell functionality in hypoxic condi-
tions. Taken together, we demonstrate that the use of NID1 or
DCN with islets may overcome the hypoxia-induced cell death ob-
served post-transplantation to improve f-cell function and trans-
plant outcomes.

2. Results

2.1. Protein Treatment and Oxygen Concentration do not Affect
Donor Islet Size

Dithizone-staining of donor islets (Figure S2A, Supporting In-
formation) as well as their characterization and quantifications
regarding islet particle index (IPI), trapped acinar tissue, and pu-
rity of the isolated human islets were performed by the Mac-
Donald Laboratory (Alberta, Canada; Table $3, Supporting In-
formation). The male-to-female ratio was 50%:50%, and 33% of
donors were human leukocyte antigen (HLA) A2 positive while
67% were HLA A2 negative (Figure $3, Supporting Informa-
tion). Brightfield images of donor islets obtained at the start (0
h) and end (72 h) of the experiments for each condition were ob-
tained (Figure S2B,C, Supporting Information), and size tracking
showed that there was a significant decrease in islet size from
the beginning of the experiment (0 h) compared to the endpoint
(72 h). This reduction in size can be attributed to detachment of
acinar tissue from the donor islets, leaving the donor islets intact.
Protein treatment and oxygen concentration did not have an im-
pacton islet size (Figure S2B—D, Supporting Information, 3-way
ANOVA, N > 8, “p < 0.05).

To validate that the supplemented ECM proteins interact with
the donor islets, we performed IF staining of NID1, insulin (INS),
and glucagon (GCG) on CTL and NID1-treated donor islets un-
der normoxia and hypoxia (Figure S4A,B, Supporting Informa-
tion). Quantification of NID1 integrated density per DAPI count
showed a significant increase in NID1 content in NID1-treated
samples (Figure S4C, Supporting Information), while insulin
and glucagon integrated density per DAPI count were not signif-
icantly affected (Figure S4D,E, Supporting Information). Com-
parable IF staining was performed of DCN, INS, and GCG on
CTL and DCN-treated donor islets under normoxia and hypoxia
(Figure S5A,B, Supporting Information). Similar results to the
NID1 quantification were found after quantification of DCN in-
tegrated density per DAPI, where DCN levels were significantly
higher in DCN-treated donor islets (Figure S5C, Supporting In-
formation), while insulin and glucagon integrated density per
DAPI were not affected (Figure S5D,E, Supporting Information).

2.2. Protein Supplementation Restores Glucose-Responsiveness
under Hypoxic Conditions

GSIS and GSGS assays were performed at the 72 h timepoint to
determine the functionality of the f-cells within the donor islets
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upon exposure to hypoxia and NID1- or DCN-treatment. A func-
tional response of the g-cells would demonstrate increased in-
sulin secretion upon increased glucose challenge at 20 mm glu-
cose concentration. Under normoxia, all three groups secreted
significantly higher levels of insulin at 20 mm glucose compared
to 2 mu glucose (Figure 1 A, CTL: 0.056 + 0.04 (2 mm) versus
0.111 + 0.09 (20 mm), unpaired t-test, “p < 0.0001; NID1: 0.062
+ 0.04 (2 mm) versus 0.106 + 0.08 (20 mum), unpaired t-test, ™ p
<£0.0001; DCN: 0.064 + 0.04 (2 mm) versus 0.10 + 0.07 (20 mm),
unpaired t-test, ““p < 0.001). Furthermore, there was a signif-
icant influence of the glucose concentration on the insulin se-
cretion; however, no significant differences were identified be-
tween the treatment groups (Figure S6A, Supporting Informa-
tion). All protein treatment groups showed a functional GSIS in-
dex of abave 1 (Figure 1B), where the GSIS index of DCN-treated
donor islets was significantly lower compared to NID1-treated
donor islets (CTL: 2.00 + 0.55, NID1: 1.70 + 0.60, DCN: 1.49
+ 0.62; unpaired t-test, "p < 0.05, "p < 0.01, “p < 0.0001). The
responsiveness of each donor is depicted in Figure 1E. The glu-
cose responsiveness of the donors was categorized in two differ-
ent groups: unresponsive (GSIS index < 1) and responsive (GSIS
index above 1) (Figure 1G). In normoxia, 75% of CTL donors’
islets showed functionality, while 83% of NID1- and DCN-treated
donors’ islets were functional.

Under hypoxic conditions, the CTL group did not show any
glucose-responsive insulin secretion, while both NID1- and
DCN-treated donor islets showed significantly higher insulin
secretion upon glucose stimulation (Figure 1C, CTL: 0.15 + 0.17
(2 mm) versus 0.09 + 0.07 (20 mm), unpaired t-test, “p < 0.01;
NID1: 0.08 + 0.06 (2 mwm) versus 0.12 + 0.12 (20 mm), unpaired
t-test, p <0.0001; DCN: 0.08 + 0.06 (2 mwm) versus 0.13 £ 0.11
(20 mw), unpaired t-test, “*"p < 0.001). Consequently, the GSIS
index of the CTL group is below 1 and is significantly lower com-
pared to both NID-1 and DCN-treated donor islets (Figure 1D,
CTL: 0.57 + 2.45, NID1: 1.64 + 0.77, DCN: 1.74 + 0.68; unpaired
t-test, “"p < 0.001, “7p < 0.0001). Glucose-response under
hypoxic conditions for each donor is depicted in Figure 1F.
Categorization of responsiveness under hypoxic conditions
showed that in the CTL group, only 45% of the donors’ islets
showed functionality. In contrast, 92% of NID1-treated donors’
islets and 100% of DCN-treated donors’ islets were functional in
hypoxic conditions (Figure 1H). Under hypoxic conditions, there
were no significant differences in insulin secretion between the
treatment groups (Figure S6B, Supporting Information).

GSGS assays were performed to determine the functional-
ity of the a-cells within the donor islets upon exposure to hy-
poxia and NID1- or DCN-treatment. A functional a-cell would
respond with decreased glucagon secretion upon increased glu-
cose challenge at 20 mm glucose concentration. No significant
differences were observed between low and high glucose con-
centrations within the CTL and protein-treated donor islets in
normoxia, while also neither the glucose concentration nor pro-
tein supplementation had a significant impact on the glucagon
secretion (Figure S7A,B, Supporting Information). A GSGS in-
dex below 1 indicates a functional a-cell response. Interestingly,
both NID1- and DCN-treated donor islets were responsive com-
pared to the CTL; however, there were no significant differences
between the groups (Figure S7C, Supporting Information). In
hypoxia, neither glucose concentration nor treatment conditions
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showed significant impact on glucagon secretion (Figure S7D,E,
Supporting Information); however, NID1-treated samples, had
a significantly higher GSGS index compared to CTL and DCN-
treated samples (Figure S7F, Supporting Information).

2.3. ECM Protein Treatment Reduces DNA Fragmentation in
Hypoxic Conditions

The effect of the ECM proteins on donor islet viability was as-
sessed using analysis of DNA fragmentation through TUNEL
staining, and apoptotic pathway activation through cleaved
caspase-3 staining. Under normoxic conditions, there were no
significant differences in TUNEL" cells between CTL and NID1-
or DCN-treated groups (Figure 2A). Hypoxic conditions signifi-
cantly increased the number of TUNEL? cells compared to nor-
moxia; however, in hypoxia, NID1- and DCN-treated donor islets
had significantly reduced TUNEL" cells compared to the hypoxic
CTL donor islets (Figure 2B, normoxia CTL: 4.22% +2.48, nor-
moxia NID1: 7.23% + 0.18, normoxia DCN: 7.25% +0.81 versus
hypoxia CTL: 27.6% + 7.00, hypoxia NID1: 13.4% + 3.31, hypoxia
DCN: 18.5% =+ 6.15; 2-way ANOVA, ™p < 0.01, “p < 0.0001).
IF staining for the analysis of apoptosis pathways!**) showed
no significant impact of hypoxia or ECM protein treatment on
the expression patterns of cleaved caspase-3 (Figure 2C,D, 2-way
ANOVA) or p21 (Figure $8, Supporting Information).

2.4. FLIM Indicates ECM Protein Treatment of Human Donor
Islets Shifts Metabolic Activity toward Glycolysis in Hypoxia

Donor islets showed a significant decrease in DNA fragmen-
tation in hypoxic conditions after protein treatment; however,
this difference is not sufficient to fully explain the restored func-
tionality of ECM protein-treated donor islets compared to the
CTL. We performed FLIM to investigate the metabolic activity
of CTL and protein-treated donor islets under normoxic and
hypoxic conditions (Figure 3; Figures $9 and S$10, Supporting
Information). Prior to the analysis of NADH and FAD, we
established a macro to objectively remove lipofuscin signal from
our images (Figure 3A,B), as suggested by Azzarello, F., et al.
(2022),"1 which significantly decreased the y? value toward a
more reliable fitting (Figure 3C, before lipofuscin removal: 1.24
+ 0.11 versus after lipofuscin removal: 1.19 + 0.07; unpaired
ttest, ™p < 0.0001). FLIM analysis of NADH demonstrated
that the percentage of unbound NADH was influenced by both
oxygen conditions, and ECM protein treatment. The contribu-
tion of unbound NADH was significantly increased in hypoxia,
particularly by NID1- and DCN-treatment, compared to the
normoxic conditions or the CTL donor islets (Figure 3D}, indica-
tive of increased glycolysis. Interestingly, NID1-treated donor
islets had significantly reduced contribution of bound FAD
compared to the CTL or DCN-treated donor islets (Figure 3E).
NID1-treated donor islets had reduced bound FAD compared
to the CTL or DCN-treated domor islets (Figure S9K, Support-
ing Information), while there were no differences observed
in hypoxia (Figure S9L, Supporting Information). Both NID1-
and DCN-treatment had an overall significantly greater optical
redox ratios compared to the CTL donor islets independent of
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Figure 1. ECM protein treatment improves donor islet functionality in hypoxic conditions. Glucose-stimulated insulin secretion (GSIS) assay results of
donor islets treated with either DPBS as control (CTL), NID1, or DCN in A) normoxic and D) hypoxic conditions. Insulin secretion normalized by insulin
content of the donor islets. Unpaired t-test (N = 12, n > 76),
insulin secreticn between the 2 and 20 mm glucose challenges in C) normoxic and E) hypoxic conditions. Unpaired t-test (N = 12, n 2 76), *p < 0.05, "
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© 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

“p <0.0001. GSIS index as determined by the fold change in

“p

SSAOY SUOUILIO) 233824 Apgraydd 24 4 PAUIREE AT S3INAE Q) 951 J0 SN 4y AAGI] AUUO FRLAL U



Appendix IV

ADVANCED
SCIENCE NEWS

T

HEALTHCARE

www.advancedsciencenews.com

CTL NID1

k!
>
£
2

c CTL NID1

normoxia

Figure 2. 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

Representative images and D) quantification of caspase-3* cells to identify cells undergoing apoptosis in donor islets under normoxic and hypoxic.

2-way ANOVA (N = 6). Scale bars equal 50 ym.

glucose and oxygen concentrations (Figure 3F) suggestive of
increased oxidative phosphorylation. Interestingly, while these
metabolic parameters were impacted by oxygen conditions and
/ or the protein-treatments, glucose concentrations did not have
a general effect on the donor islets’ metabolism (Figure 3D-F;
Figure $10, Supporting Information).

2.5. NGS Results Suggest a Pro-Survival and Functional Effect of
NID1- and DCN-treatment upon Hypoxic Conditions

NGS5 of islets from four donors was performed to determine
how treatment with NID1- or DCN- supports f-cell functionality

Adv. Healthcare Mater. 2024, 2403017 2403017 (5 of 13)
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hypoxic conditions. 2-way ANOVA (N > 5), ™ p < 0.01, ™ p < 0.0001. C)

under hypoxic conditions. Upon supplementation with the ECM
proteins in hypoxic conditions, we observed a rescue/restoration
of cell survival and function to levels similar to the normoxic
control. To determine how the proteins influenced cell behavior
under hypoxic conditions, we assessed significantly differentially
expressed genes in pairwise comparisons between the normoxic
control and each of our conditions. As there were no significant
differences in cell behavior between the protein treatments, we
then focused on the differentially expressed genes observed in
both NID1 and DCN treatments in hypoxia. Further, as these
positive effects on cell survival and function were only observed
under hypoxia, we excluded genes influenced by the protein
treatments under normoxia. The presented data is significantly

9
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Figure 3. FLIM results before and after lipofuscin removal of NADH component during low and high glucose incubation of normoxic and hypexic donor
islets. NADH readout A) before and B) after quartile outlier removal. Scale bar equals 50 um. C) Lipofuscin outlier removal significanlty decreases x?
fitting value. Unpaired t-test (N = 3, n > 155), “*p < 0.0001. FLIM image analysis of D) NADH a1, E) FAD a1, and F) the optical redox ratio based
on endogenous photon count of FAD / FAD+NADH in normoxia and hypoxia. Error bars represent standard deviation. Statistical significance above
graphs: 3-way ANOVA (N = 3, n > 10), “p < 0.05, ““p < 0.01. Statistical significance below graphs: 2-way ANOVA (N = 3, n > 10}, “p < 0.05, “p < 0.01,
“*p <0.001.

Adv. Healthcare Mater. 2024, 2403017 2403017 (6 of 13) © 2024 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

SSAOY SUOUILIO) 233824 Apgraydd 24 4 PAUIREE AT S3INAE Q) 951 J0 SN 4y AAGI] AUUO FRLAL U

128



Appendix IV

ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

- Hypoxia Response
. ECM Organization

1 MMP3 2

KDM3A <+

NOG

1 APLN 1
I | [SLC2A3 <

] AKAP12

ADM

VEGFA

SERPINE1 =f
L6
LIF

MMP1

SLC2A1 +

IGFBP3

SLC16A3 +—
K4

EGLN3

www.advhealthmat.de

MUC13 o
PPP1R1B
AKR1B10
SLC38A3

SPP1

SERPINAS 0

1

o\
&G S
00200 L
OO0
F A A N APATS

D
2

iy
RN

Figure 4, Next-generation sequencing (NGS) identifies significant upregulation of genes involved in metabolic pathways upon protein treatment under
hypoxic conditions. 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 p,gj,sieq < 0.05.

differentially expressed genes only found in the ECM protein-
treated donor islets under hypoxia compared to the normoxic
control. 93 protein-coding genes were identified, 80 of which
were mapped using GO enrichment analysis (Figure 4A). To de-
termine how f-cell functionality was maintained in the hypoxic
islets upon protein supplementation, differentially expressed
genes mapped to the GO term metabolism were further inves-
tigated (Figure 4B). Of particular interest was the significant
upregulation of solute carrier family 2 members 1 and 3 (SLC2A1
and SLC2A3, respectively), solute carrier family 16 member 3

Adv. Healthcare Mater. 2024, 2403017 2403017 (7 of 13)

(SLC16A3), and lysine demethylase 3A (KDM3A) (Figure 4C,
marked with arrows), as well as the significant downregulation
of gluconeogenic enzymes fructose-1,6-bisphosphatase 1 (FBP1)
and phosphoenolpyruvate carboxykinase 1 (PCK1I) (Figure 4D,
marked with arrows). SLC2A1, SLC2A3, and SLC16A3 encode
glucose transporters 1 (GLUT1), GLUT3, and monocarboxylate
transporter 4 (MCT4), respectively. These transporters are in-
volved in the transport of glucose and the glycolysis product
pyruvate/lactate into and out of the cell. Interestingly, FBP1 and
PCK1 are rate-limiting enzymes key for gluconeogenic events
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within cells at the reversible steps of glycolysis. These genes play
key roles in the regulation of maintaining cellular homeostasis
through modulation of glycolysis/gluconeogenesis and cell cycle
progression.

3. Discussion

Islet transplantation is a promising therapy for patients suf:
fering from type one diabetes mellitus; however, its success is
limited by poor transplant survival. The hypoxic environment
post-transplantation and the host’s foreign body response create
unfavorable conditions for the transplanted islets. This is exac-
erbated by the loss of native ECM and supportive cells during
the pre-operative islet isolation procedure that deprives them of
essential signaling cues for survival and function. Much research
is done on supporting islet survival and g-cell function through
co-transplantation of or encapsulation with ECM proteins. To
restore the islet’s ECM, we focused on proteins involved in
the stabilization of the ECM that also have been shown to
support f-cells ***] Here, we demonstrated that NID1 and
DCN are capable of restoring f-cell function in isolated human
donor islets following exposure to hypoxia. Furthermore, the
protein treatments significantly reduced DNA fragmentation
events upon hypoxic culture, improving islet viability, increasing
glycolysis, and improving overall fg-cell functionality to levels
comparable to the normoxic control islets.

Under hypoxic conditions, donor islets displayed dysfunc-
tional p-cells and increased DNA fragmentation events which
were restored upon NIDI1- or DCN-treatment. Low oxygen
conditions have been shown to induce DNA fragmentation
to activate cell apoptotic machinery,®**?l and inhibiting DNA
repair mechanisms.*}l Hypoxia resulted in the reduction of
transcription and/or translation of key factors in multiple DNA
repair mechanisms including homology-directed repair,**!
non-homologous end joining,***’] and mismatch repair.>*]
Interestingly, many of these inhibitions are mediated through
microRNA-155 1736165 Hypoxia-induced cell death is often regu-
lated through the activation of caspase-3 pathways; (6%
our results did not show any significant changes in the caspase-3
expression between our treatment groups. The NID1- and
DCN-mediated reduction in DNA fragmentation suggests these
proteins promote DNA repair and cell survival mechanisms.
It has been shown that NID1 expression can induce p21*] or
P53 activity,®®) known activators of cell-cycle arrest to allow for
DNA-repair,®*7!l which could explain the downregulation of
DNA fragmentation observed. Interestingly, DCN-treatment also
influences the expression of proteins involved in the regulating
cell cycle progression including p21,/”2l p53,7] and p27,7
through which DCN could have supported DNA repair resulting
in reduced DNA fragmentation. As differences in p21 expres-
sion were not observed in this study, the effects of NID1- and
DCN-treatment on DNA fragmentation could be mediated via
other cell cycle regulators. Interestingly, NGS analysis identified
KDM3A to be upregulated in the protein-treated donor islets
only under hypoxic conditions. KDM3A is known to regulate cell
cycle progression with key roles in DNA repair and preventing
apoptosis.””! Further, it has been shown that KDM3A supports
cell survival of myeloma cells in hypoxic environments through
promoting glycolysis.”* This suggests that NID1 and DCN treat-

I however,
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www.advhealthmat.de

ments upregulate KDM3A, supporting survival and function in
the donor islets under hypoxic conditions.

FLIM analysis of the donor islet metabolism indicated NID1-
and DCN-treatment increased the presence of unbound NADH
upon hypoxic conditions. The increased unbound NADH is
suggestive of increased glycolysis similar to the Warburg effect
observed in cancer cells.””) It has been shown that cancer cells
increase their glycolytic activity to meet high-energy demands.
This switch to increased glycolytic activity can be induced by
hypoxia-inducible factor-1a (HIFla) to accommodate for the
decreased oxygen-dependent mitochondrial oxidative phospho-
rylation in hypoxic environments.’7°l Through increasing the
glycolytic activity in hypoxia, NID1- and DCN-treatment aid in
meeting the donor islets’ energy requirements and function-
ality, particularly for secreting insulin in response to glucose.
There was also an overall increase in the optical redox ratio
upon protein treatment, suggesting a general shift in metabolic
activity toward oxidative phosphorylation. This is in line with our
previous work with the human f-cell line that also identified in-
creased oxidative phosphorylation activity upon DCN-treatment
in normoxic conditions.!"” Interestingly, this upregulation of
oxidative phosphorylation appears to be mediated through
different genetic pathways as different genes related to oxidative
phosphorylation were identified in the previous study. We were
unable to discriminate metabolic differences upon glucose
stimulation in contrast to previous work using the human f-cell
line'®] which could be attributed to the heterogeneity of the cell
types in the donor islets. There could have been contradictory
signals arising from the g-cells and a-cells in response to glucose
that could not be separated using our FLIM analysis. Wang,
Z., et al. (2021)[8” and Azzarello, F., et al. (2022'“"3 were able
to demonstrate different metabolic profiles between a- and
p-cells in islets and successfully distinguish between each cell
type using immunofluorescence staining following the mea-
surement. Future FLIM measurements with corresponding cell
composition analysis of the islets post-measurement would be
beneficial to determine changes in the metabolic activity of the
cells.

NGS identified significant differentially expressed genes upon
NID1- and DCN-treatment in hypoxia that support the metabolic
functionality and viability results observed. Of particular inter-
est for f-cell function was the downregulation of genes FBP1
and PCK1 encoding gluconeogenic enzymes. FBP1 encodes
a rate-limiting gluconeogenic enzyme that dephosphorylates
fructose-1,6-bisphosphate into fructose-1-phosphate.®2) During
glycolysis, fructose-1,6-bisphosphate has been shown to support
the biphasic insulin secretion of pancreatic f-cells,®*! high-
lighting the importance of maintaining/generating fructose-1,6-
bisphosphate for glycolysis. Further, FBP1 inhibition in murine
f-cells improved GSIS results with increased insulin secretion
upon glucose stimulation,®! while its overexpression reduced
both cell proliferation and insulin secretion.[*/ PCK1 is a tightly
regulated enzyme responsible for the reversible conversion of
the Krebs Cycle intermediate product oxaloacetate into phos-
phoenolpyruvate and carbon dioxide in the cytoplasm.*’! PCK1
activity has been shown to be a rate-limiting step in energy-
consuming gluconeogenic, glyceroneogenic, and glyconeogenic
pathways.®”®! In hepatic cancers, PCK1 overexpression sup-
ported the production of glucose through gluconeogenesis,
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suppressing glycolysis.**! In our donor islets, both NID1-
and DCN-treatment downregulated the expression of FBPI and
PCK1 in hypoxic conditions, potentially as an energy-saving
mechanism to maintain their ATP levels and support glycolysis
to ensure insulin secretion. There was also increased expression
of genes encoding GLUT1 and GLUT3. They are well-studied
glucose transporters in f-cells for their role in f-cell maturation
and glucose-responsive insulin secretion due to their high
affinity for glucose compared to GLUT2.%-*1 Further, GLUT1
was identified as the prominent glucose transporter in human
pancreatic islets, in contrast to rodent islets which predomi-
nantly use GLUT2,*%%] a5 well as upregulated by HIFla in
stress conditions such as hypoxia to meet the increased energy
demands.””) SLC2A1 and SLC2A3 were upregulated in our hy-
poxic donor islets upon either NID1- or DCN-treatment, allowing
for greater transport of glucose into the cells, increasing the
glucose available to go through glycolysis and generate ATP. Fur-
thermore, the upregulation of SLC16A3, encoding MCT# for the
transport of lactate and pyruvate, supports increased glycolytic
activity through the removal of lactate and remaining pyruvate
from the intracellular space in the absence of the Krebs cycle
and oxidative phosphorylation.”*) The downregulation of FBP1
and PCK1, and upregulation of SLC2A1, SLC2A3, SLCI6A3,
and KDM3A in the protein-treated donor islets under hypoxia
further supports the shift toward glycolysis, functional GSIS, and
reduced DNA fragmentation observed. f-cell function is known
to be impaired upon stress conditions possibly as a trade-off
between cell survival and cell function.|””! Together, these results
demonstrate that in hypoxia, NID1 and DCN-treatment of donor
islets influence cell cycle regulators to support DNA repair mech-
anisms while also promoting glycolytic activity at multiple steps
in the pathway promoting both f-cell viability and functionality.

Together, these results demonstrate the potential of NID1-
and/or DCN-treatment on supporting donor islet survival and
function in a post-transplantation setting; however, donor vari-
ability and differences in islet preparation/shipment durations
may influence the outcomes. Donor islets were cultured post-
isolation for = 17 to 78 h, while shipping time ranged from 48 h
to 120 h (Table $3, Supporting Information), though there were
no significant differences in durations between the donors. It
must be noted that the 25% of donors (Donors #10-12) that did
not demonstrate glucose-responsive insulin secretory function in
the normoxic control did not have extended pre-shipment cul-
ture or shipment times. Furthermore, necrotic core formation
was not observed in the donor islets upon arrival, which was
also supported by the lack of TUNEL+ cells under normoxic con-
ditions compared to hypoxic conditions. To improve the effec-
tiveness of the NID1- and DCN-treatments, future studies will
work on optimizing the timing of the ECM protein treatment
as well as elucidating protein-binding partners. Previous work
has demonstrated that NID1 supports donor islet viability in hy-
poxia, allowing for increased yield and therefore, availability of
donor islets for transplantation.?! Future work identifying the
timepointin donor islet isolation and/or transplantation in which
the NID1- and DCN-treatments best support donor islet survival
could be beneficial in improving the availability of donor islets
and their survival for transplantation purposes. Further elucida-
tion of the exact mechanism of action through protein-binding
studies would be valuable in understanding how NID1 and DCN,

Adv. Healthcare Mater. 2024, 2403017 2403017 (9 of 13)
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proteins well-known for ECM-binding and regulation, directly in-
teract with cells of the islets of Langerhans. Further, in vivo exper-
iments will allow for validation of the NID1 and DCN supporting
donor islets in a post-transplantation setting, while also allowing
for the study of their ECM-regulating capabilities and how they
can influence fibrotic capsule formation, improving transplant
survival.

4. Conclusion

In summary, the results presented in our study showed that
NID1 and DCN support the functionality and survival of cells in
donor islets under hypoxic conditions, rescuing glucose respon-
siveness compared to control islets. DNA fragmentation analy-
sis revealed that both ECM proteins significantly reduce hypoxia-
induced fragmentation. FLIM analysis suggests that the protein
supplementation increases glycolytic activity in hypoxic condi-
tions within the donor islets. Further, NGS analysis identified
that the ECM protein treatment of donor islets in hypoxia regu-
lates cell cycle and glycolysis progression at multiple checkpoints
to support cell survival and f-cell function. Taken together, this
study demonstrates that NID1 and DCN are strong candidates
to be used during the transplantation of donor islets or the im-
plantation of stem cell-derived insulin-producing cells to sup-
port the functionality and survival of the cells in a hypoxic post-
transplantation environment. The use of NID1 or DCN could al-
low for increased efficacy and success of cell therapies for the
treatment of type one diabetes mellitus.

5. Experimental Section

Hurman Donor Islet Culture: Human islets from non-diabetic donors
were purchased from the MacDonald Laboratory (Alberta, Canada). The
human islets were shipped in CMRL1066 supplemented with 0.05%
BSA (Equitech Bio Inc., BAL62), 1X insulin-transferrin-selenium (Corning,
25800CR), 2X ClutaMAX (Gibco, 35050061) and 0.5% Pen/Strep (Lonza,
09-757F), and packaged at a maximum concentration of 40 000 IEQ per
50 mL aliquot in a sealed falcon tube. Tubes were packaged laying on the
side to prevent pellet formation at the bottom. A temperature sensor was
included, which is triggered upon high (above 37 °C) or low (below 2 °C)
temperature exposure. Following arrival, donor islets of similar size were
handpicked into individual wells of 96-well U-bottom non-adherent well
plates (Greiner Bio-One, 650101) to be used for glucose-stimulated insulin
secretion (GSIS) and glucose-stimulated glucagon secretion (GSGS) as-
says. Donor islets to be used for histological analyses and RNA isolation
were cultured in 12-well tissue culture-treated plates. Donor islets were
cultured in the recommended culture medium: CMRL1066 without Glu-
tamine (Gibco, 21530-027), 0.5% FAF-BSA (Sigma Aldrich, A9576), 1gL™"
glucose (Gibco, A24940-01), 4 mm Glutamax (Gibco, 35050-061), 1%
Pen/Strep (Gibco, 15070-063), and 100 ug mL~" Normocin (InvivoGen,
ant-nr-1). The medium was exchanged the next day and supplemented
with recombinantly-produced NID1*1 at 30 pyg mL™", or recombinantly-
produced DN 5t 50 ng mL~'. As DPBS was used to solubilize the
ECM proteins, DPBS alone was used as the control (CTL). The islets were
cultured for 72 hours (h) either under normoxic conditions with 20% oxy-
gen levels or hypoxic conditions with 19 oxygen levels.

Recombinant NID1 Production: NID1 production was optimized
from the previous publicationl*!l using the EXPI293 Expression System
(Thermo Fisher Scientific, A14524) in the second batch. For transient
transfection of the cells, an expression plasmid was generated based
on pcDNA3.4, which contains the ¢cDNA of NID1 (UniProtkB P14543)
extended by a coding sequence for a C-terminal His-tag. Cells were
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cultivated and transfected according to manufacturer’s instructions. Fol-
lowing seven days of expression, expressed NID1 with molecular weight
of 134 kDa was purified from the cell-free culture supernatant on an AKTA
protein purification system by immobilized metal affinity chromatography
followed by size exclusion chromatography using a Superdex 200 matrix
The protein solution was concentrated using centrifuge filter units with
30K MWCO. Protein integrity was confirmed via standard SDS-PAGE
followed by Coomassie staining (Figure S1A, Supporting Information).
The functicnal effects of the two batches of NID1 on the human donor
islets was confirmed to be similar before proceeding with the second
batch of NID1 for the experiments (Figure S1B, Supporting Information).

Sample Preparation for Histological Analysis: At the end of the 72 h cul-
ture period, donor islets were prepared for histological analysis as previ-
ously described.®] Briefly, donor islets were fixed in 4% paraformaldehyde
for 1 h at room temperature (RT), and then embedded in paraffin with a
Shandon Citadel 1000 (Thermo Fisher Scientific) according to the manu-
facturer's protocol. Donor islets were sectioned as 3 um sections (Leica,
Microtom RM2145), deparaffinized with xylene and graded ethanol (96%-
50%) and VE-water.

I ofluorescence (IF) Staining:  Antigen retrieval was performed for
sections using both TRIS-EDTA (pH 9.0) and citrate (pH 6.0) buffers.
The slides were permeabilized for 20 min at RT and blocked with goat
serum for 30 min at RT. They were then incubated with the primary an-
tibodies overnight at 4 °C. The antibodies used can be found in Table
S1 (Supporting Information). Following secondary antibody staining, the
sections were also incubated with 2 pg mI~' 4',6-Daimidin-2-phenylindol
solution (DAPI) solution for 10 min at RT, and then mounted with Pro-
long Gold Antifade Mountant (Thermo Fisher Scientific, P36930). Images
were obtained using a laser scanning microscope (LSM) 880 (Carl Zeiss
GmbH). Semi-quantitative analysis using the integrated density of im-
munofluorescence (IF) stained sections was performed using Image's
FIJI. The obtained integrated density of each channel, subtracted by the
negative control, was normalized by the DAPI count. For DNA fragmen-
tation analysis, dUTP nick-end labeling (TUNEL) staining (Thermo Fisher
Scientific, C10245) was performed on deparaffinized sections as described
earlierl 1°" according to the manufacturer’s protocol. TUNEL™ cell count
was normalized by the DAPI count.

Functionality Assays: Glucose-stimulated insulin secretion (GSIS) and
glucose-stimulated glucagon secretion (GSGS) assays were performed as
earlier described.[101:102] Briefly, donor islets were incubated for one hour
in f-Krebs buffer (see Table S2, Supporting Information for recipe) with
2 mwm glucose. Donor islets were then challenged in either f-Krebs buffer
with 2 mm (low) glucose or f-Krebs buffer with 20 mm (high) glucose for
another hour. At the end of the incubation, the supernatant was collected
and stored at -20 °C for further analysis. The donor islets were then lysed
with acid ethanol overnight at 4 °C, collected, and stored at —20 °C for
further analysis. The levels of insulin and glucagon secreted by the donor
islets as well as the insulin and glucagon contents within the donor islets
were analyzed using an ultrasensitive human insulin ELISA kit (Mercodia,
10-1132-01) and glucagon ELISA kit (Mercodia, 100-1271-01). The GSIS in-
dex or GSGS was calculated by dividing each samples’ insulin or glucagon
secretion during 20 mwm glucose by 2 mm glucose.

Fluorescence Lifetime Imaging Microscopy (FLIM) and Image Analysis:
Donor islets were measured using fluorescence lifetime imaging mi-
croscopy (FLIM) during the glucose challenge hour of the GSIS as pre-
viously described.!3% Briefly, a Zeiss LSM 880 (Carl Zeiss GmbH) coupled
with a Ti:Sapphire femtosecond laser (MaiTai HP Spectra Physics) and a
two-channel NDD BIG2.0 GaAsP PMT detector (Becker & Hickl CmbH)
was used to obtain TCSPC-based fluorescence decay measurements.
The autofluorescence of nicotinamide adenine dinucleotide (NADH) and
flavin adenine dinuclectide (FAD) was induced using two-photon excita-
tion with a wavelength of 700 nm at 5% laser power. The NADH emis-
sion light was filtered between 450-490 nm and FAD was filtered between
500-550 nm, and images were acquired at a resolution of 512 x 512 pix-
els with an acquisition time of 161 seconds. For image acquisition, donor
islets were transferred into 15-well 3D p-Slides (ibidi, 81506) and main-
tained at 37 °C using a stage top heating system (ibidi, 12110) during the
measurements.
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FLIM image analysis was performed using SPClmage (Becker & Hickl
GmbH) to perform biexponential decay fittings. A threshold of 30% of
maximum photon counts was used to remove the background. ASCIl im-
ages for a, 7, and y? were exported for further analysis. Donor islets’ im-
ages present bright spots that could be attributed to lipofuscin accumu-
lation with age.! "% To remove the effects of the lipofuscin on the fitting
model, an automatic algerithm was employed via an Excel macro to set
an upper threshold using the formula below to remove the outliers as pre-
viously described (see Equation (1)).1*°] Briefly, the calculated threshold,
where Q represents the quartile, was used to create a binary mask that was
applied on the FLIM image to (1)(1)remove the lipofuscin signal defined
as outliers, which also improved the mean #? value.

Threshold = Q3 + 1.5 (Q3 — Q1) m

The optical redox ratio based on endogenous FAD and NADH expres-

sion was calculated as previously described (see Equation (2)).[%%
" : FAD
Optical Redox Ratio = ———— 2
ptical Redox Ratio FAD + NADH (2)

RNA Isolation and Next-Generation Sequencing (NGS): Following the
72 h incubation in either normoxic or hypoxic conditions, RNA iso-
lation was performed using the RNEasy Micro kit protocol (Qiagen,
74004). Briefly, donor islets were lysed in RPE buffer containing 1% §-
mercaptoethanol (Sigma-Aldrich, M7522), and treated with 70% ethanol.
Samples were vacuum filtered, and then washed with RW 1, twice with RPE,
and twice with 80% ethanol with vacuum filtration steps in between each
wash. The samples were incubated in the filter Eppendorftubes with 15 ul
RNAse-free water for 5 min before being centrifuged for 3 min at 1000xg
to elute the RNA. RNase-free DNase | treatment was done for half hour at
37 °C and then stopped at 65 °C for ten minutes (Promega, M6101). The
RNA was stored at —80 °C until NGS was performed.

The concentration of RNA was measured using the Qubit Fluoromet-
ric Quantitation and RNA Broad-Range Assay (Thermo Fisher Scientific).
RNA integrity number was determined using the Fragment Analyzer 5300
and the Fragment Analyzer RNA kit (Agilent Technologies) and presented
a good integrity value of greater than eight. For library preparation, the
mRNA fraction was enriched using polyA capture from 30 to 100 ng of
total RNA using the NEBNext Poly(A) mRNA Magnetic Isolation Module
(NEB). Subsequently, libraries were prepared using the NEB Next Ultra
Il Directional RNA Library Prep Kit for lllumina and NEBNext UDI UMI
(NEB) following the manufacturer's instructions. To minimize technical
batch effects, library preparations were performed using the liquid han-
dler Biomek i7 (Beckman). The library molarity was determined by mea-
suring the library size (%300 bp) using the Fragment Analyzer 5300 and the
Fragment Analyzer DNA HS NGS fragment kit (Agilent Technologies) and
the library concentration using Qubit Fluorometric Quantitation and ds-
DNA High sensitivity assay (Thermo Fisher Scientific). The libraries were
denaturated according to the manufacturer's instructions, diluted to 210
pm, and sequenced as paired-end 100 bp reads on an lllumina NovaSeq
6000 (lllumina). The sequencing aimed to achieve a depth of = >25 mil-
lion clusters per sample.

Quality control, read mapping and counting was performed using
the Nextflow-based nf-core/rnaseq (version 1.4.2) pipeline (https://nf-
co.re/rnaseq) 1'%l As part of this workflow, quality control assessment
of the RNA-seq data was conducted with FASTQCI%] and RSeQC (ver-
sion 3.0.1),1'%] respectively. The mapping of reads to the human refer-
ence genome GRCh37 was performed using the STAR (version 2.6.1d)
alignel’.”wl Raw gene expression was quantified with featureCounts (ver-
sion 1.6.4).['%81 Differential expression and pathway analysis were per-
formed with the nextflow-based rnadeseq (version 2.2) pipeline (https:
//github.com/qbic-pipelines/rnadeseq), which integrates the R package
DESeq2 (version 1.34.0)1"%] for DE analysis and gprofiler2 (version 0.2.1)
for KEGG and reactome pathway enrichment analysis, used in the R lan-
guage (version 4.1.2). Genes were considered differentially expressed if
p-adjusted value <0.05. As part of this pipeline, DEG lists were obtained
from simple pairwise comparisons extracted from alinear model using the
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design formula: ~ batch + condition_oxygen_levels_and_treatment in DE-
Seq2, in which the fixed effect condition oxygen levels and treatment is the
experimental combined factor of treatment with the factor levels decorin
treated and nidogen-1 treated and oxygen level with the factor levels Nor-
moxia and Hypoxia and batch the patient condition, and together with
their associated log2FC fed into gprofiler2 for pathway enrichment analy-
sis. Final reports were produced using the R package rmarkdown (version
2.7) with the knitr (version 1.28) and DT (version 0.13) R packages. Gene
Ontology (GO) term enrichment analysis was performed, and all differen-
tially expressed genes were included, and enrichment was calculated using
Fisher's exact test (p < 0.05). Genes were considered as differentially ex-
pressed when the p-adjusted value was < 0.05, the log2FoldChange was
< -2.0 or > 2.0 with a standard error <20% of the log2FoldChange, and a
standard error <20% of the r,,, values between donors within a condition.
The heatmaps were generated using the r|,, values of the gene counts and
the R package pheatmap (version T,O,TZ).I%WJ

Statistical Analysis: Origin (Version 2023b, OriginLab) was used to
perform statistical analysis. Results throughout the manuscript are pre-
sented as mean + standard deviation. All data sets have been tested for
normality, and outliers have been detected and removed using Grubb’s
test with p < 0.05. Statistically significant difference was defined if p <
0.05. The performed tests with relevant significances are described in the
results partand figure legends. All experiments were performed with donor
islets from at least three donors (N) with at least three biological repeats
per donor (n).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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