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Abstract

To ensure a healthy state, the human body relies on a tight control of its blood glucose
levels ensured by pancreatic islets. Depletion and dysfunction of pancreatic B-cells are key
elements of the pathogenesis of Diabetes Mellitus (DM). The life expectancy of DM patients
has been considerably expanded by insulin injections; a life-long treatment approach that
comes with significant risks and strongly affects patient’s daily routine. Envisioned as a
promising alternative, the transplantation of islets has largely failed to sustain long-term
normoglycemia. Hence, the development of bioengineered solutions to support islet
function and survival has been a growing focus of research in the last decades. A majority
of studies, however, are entirely based on animal models, hampering clinical translation
due to various species-specific differences. Current in vitro alternatives lack physiological
relevance and have failed to predict clinical responses. Therefore, there is an urgent need
to develop in vitro models with a human genetic origin and high physiological relevance for
the DM field.

In this thesis, in vitro models were developed using aggregates of pancreatic -cells, so-
called pseudo-islets, which responded to glucose stimuli by secreting insulin. A post-
transplantation model was established where hypoxia-induced damage could be identified
in a time-dependent manner. Using a pancreas-on-a-chip microfluidic device, vasculature-
like flow was provided to the pseudo-islets. We explored the use of Raman
microspectroscopy and fluorescence lifetime imaging microscopy (FLIM) to monitor
pseudo-islet function. Specific Raman spectra and FLIM metabolic profiles were identified
for glucose-stimulation in a non-invasive label-free manner. In addition, FLIM could
determine metabolic shifts in hypoxic pseudo-islets at an early on-set while traditional
methods could not. The in vitro models developed in this thesis were used to evaluate the
impact of extracellular matrix (ECM) proteins collagen type 1 (COL1) and nidogen-1 (NID1),
as well as endothelial cells (ECs) in an in vitro post-transplantation model. We showed the
beneficial effect of COL1, NID1 and ECs on insulin secretion, ECM expression and survival
of B-cells. Importantly, for the first time, the therapeutic potential of NID1 as support for 3-
cells was demonstrated. The integrin av@f3 was identified as primary NID1 binding partner
which activated the MAPK pathway. Altogether, this work demonstrated the great potential

of physiologically relevant in vitro models for DM research.
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Zusammenfassung

Fir einen allgemein guten Gesundheitszustand ist der menschliche Koérper auf eine
zuverlassige Blutzuckerkontrolle durch die Langerhans’schen Inselzellen im Pankreas
angewiesen. Erschopfung und Dysfunktion von B-Zellen der Bauchspeicheldrise sind
Kernelemente der Pathogenese des Diabetes Mellitus (DM). Die Lebenserwartung und -
qualitat von DM-Patienten wurde durch subkutane Insulininjektionen deutlich verbessert.
Dieser lebenslange Therapieansatz ist allerdings mit erheblichen Risiken und
Einschrankungen im Tagesablauf der Patienten verbunden. Die Transplantation von
Inselzellen zur Stabilisierung des Blutzuckerspiegels, als Alternative zu subkutanen
Insulininjektionen, hat sich bisher nicht durchsetzen kdnnen.

Daher lag der Fokus der DM-Forschung in den letzten Jahrzehnten auf der Entwicklung
von biotechnologischen Lésungen, die das Uberleben sowie die Funktion von B-Zellen
unterstitzen sollen. Ein Grofteil aktueller Studien basiert jedoch ausschlief3lich auf
Tiermodellen, was die klinische Umsetzbarkeit der Ergebnisse aufgrund verschiedener
artspezifischer Unterschiede erschwert. Den derzeitigen in vitro Modellen mangelt es
sowohl an physiologischer Relevanz als auch an der Zuverlassigkeit, das Verhalten im
klinischen Setup vorherzusagen. Aufgrund dessen besteht fur den Bereich der DM-
Forschung ein dringender Bedarf an der Entwicklung von in vitro Modellen
humangenetischen Ursprungs mit hoher physiologischer Relevanz.

In dieser Arbeit wurden in vitro Modelle auf der Basis von B-Zell-Aggregaten,
sogenannten Pseudo-Inseln, entwickelt, mit deren Hilfe man die Glukose-stimulierte
Insulinsekretion der 3-Zellen untersuchen kann. Es wurde ein Post-Transplantationsmodell
etabliert, mit welchem zeitabhangig Hypoxie-induzierte Schaden identifiziert werden
konnten. Mittels einem auf Mikrofluidik basierendem Pankreas-on-a-Chip-System wurde
die Pseudo-Inseln mit Zellkulturmedium umspult, welches die Durchblutung im
Pankreasgewebe simuliert. Weiterhin untersuchten wir die Einsatzmaoglichkeit von Raman-
Mikrospektroskopie sowie Fluoreszenzlebensdauer-Mikroskopie (FLIM) zur Analyse von
Pseudo-Insel-Funktionen. Spezifische Raman-Spektren und FLIM-Stoffwechselprofile von
B-Zellen unter Glukosestimulation wurde nicht-invasiv und ohne Zuhilfenahme von Markern
identifiziert. Daruber hinaus konnten metabolische Veranderungen in hypoxischen Pseudo-

Inseln mittels FLIM friher identifiziert werden, als es mit herkdmmlichen, Marker-basierten

VI



Methoden maglich war. Die in vitro Modelle, die in dieser Arbeit entwickelt wurden, wurden
aullerdem verwendet, um den Einfluss der beiden extrazellularen Matrix- (EZM) Proteine
Kollagen Typ 1 (COL1) und Nidogen-1 (NID1) sowie die Ko-Kultur von Pseudo-Inseln mit
Endothelzellen (EZs) in einem in vitro Post-Transplantationsmodell zu untersuchen. In
diesem Modell demonstrierten wir die positive Wirkung von COL1, NID1 und den EZs auf
die Insulinsekretion, EZM-Expression und das Uberleben der pB-Zellen. Es ist
hervorzuheben, dass im Rahmen dieser Arbeit zum ersten Mal das therapeutische Potential
von NID1 als B-Zell-unterstutzendes Protein gezeigt wurde. Wir identifizierten das Integrin
avB3 in der B-Zellmembran als Bindungspartner fir NID1, welches nach Bindung mit NID1
den MAPK-Signalweg aktiviert. Insgesamt demonstriert diese Arbeit das groRe Potential

physiologisch relevanter in vitro Modelle fir die DM-Forschung.
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1. Introduction

1. Introduction

1.1.Human pancreas

The pancreas plays an essential role in the control of energy consumption and
metabolism’. It is composed of two unique parts, the exocrine and endocrine pancreas,
which are morphologically different and exert distinct functions in the human body (Figure
1). The exocrine pancreas is composed of acini. They produce digestive enzymes, such as
lipases, proteinase and amylases that travel via the pancreatic ducts and are responsible

for breakdown fats, proteins, and carbohydrates in the small intestine?.

«®) acini
@ B-cell
® a-cell

® 5-cell
& PpP-cell

<& blood vessel
~— BM
—— matrix / ECM

Figure 1: Human pancreas. The pancreas is highly vascularized. The endocrine pancreas is
composed of the Langerhans islets, which regulate blood glucose level. The exocrine pancreas is
made primarily of acini, which secrete a variety of digestive enzymes. lllustration adapted from Efrat
et al.®

The Langerhans islets are highly vascularized endocrine clusters, which quickly respond
to blood glucose level variations by secreting regulating endocrine hormones, such as
insulin by B-cells and glucagon by a-cells*. In the human pancreas, the total number of islets
is estimated between 3.6 and 14.8 million®%. In humans, the different cell types are
randomly distributed throughout the islets, while in rodents, B-cells are always located in
the islet's center’. The islets are surrounded by two distinct basement membranes (BM):
the peri-islet BM, which delimits the endocrine-exocrine interface, and the vascular BM
bridging mostly a- and B-cells with intra-islet capillaries®. In humans, the vascular BM is a

double BM, while in rodent islets, a single BM delimits endocrine cells and vasculature. The
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1. Introduction

main components of the pancreatic BM are collagen type 4 (COL4), laminin (LAM), nidogen-
1 (NID1), nidogen-2 (NID2), and heparan sulfates proteoglycans such as perlecan®'°. Other
extracellular matrix (ECM) components such as collagen type 1 (COL1) or fibronectin (FN)
are present in the pancreatic interstitial ECM''. ECM proteins can stimulate the activation
of different pathways, such as MAPK, Rho/ROCK and Akt/PKB pathways in vitro, indicating
that ECM proteins can support B-cell function, survival and proliferation’'4. These
interactions are mediated via the ligation of the ECM proteins to different cellular receptors,
such as integrins's. For instance, the RGD sequence is present on a large variety of ECM
proteins such as the nidogens, FN or LAM, which can binds to certain integrins, including
the integrin avp3'S.

In humans, B-cells represent ~ 60% and a-cells ~ 30% of the islet population'’. Insulin
is secreted proportionally to the glucose concentration present in the blood, mediating the
uptake of glucose, fatty acids, and amino acids in insulin-sensitive tissues, such as skeletal
muscles or liver. In contrast, glucagon release is activated by low blood glucose
concentration, and induces the breakdown of glycogen into glucose in insulin-sensitive
tissues'®. Other cell types, including d-cells, pancreatic polypeptide (PP)-cells and e-cells
secrete somatostatin, PP, and ghrelin, respectively®>'%-22, §-cells represent ~ 5% of the
pancreatic islet cells. Somatostatin secretion acts as a local paracrine inhibitor of both
insulin and glucagon secretion?®. PP-cells make up 1-2% of the islet population and their
PP secretion has been shown to inhibit glucagon at low glucose concentration?*. The main
role of PP-cells appears to be related to satiety, reducing appetite and food intake in
humans?®. Ghrelin-positive cells account for 1-10% of the islet mass and their role is
significantly different between animal models and humans?®. In the developing mouse, 70-
95% of ghrelin-positive cells also co-express glucagon, while in humans, no co-expression
of glucagon is observed at any stage of the development®”?%. In humans, rats and mice,
ghrelin is insulinostatic, mediating insulin, glucagon, PP, and somatostatin secretion?®-32.

The control of glucose homeostasis via the hormones secreted in the blood stream
results in a tight glucose concentration ranging from 4 to 6 mM in humans (Figure 2)*. In
brief, insulin secretion is stimulated by glucose levels higher than 3.3 mM. Insulin binds via
its receptor to liver, muscle, and fat cells33. It promotes glucose uptake in muscle adipose
tissue, reducing the blood glucose level. In addition, insulin induces glycogenesis,

lipogenesis, and incorporation of amino acids into proteins®. Glucagon is secreted at low
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1. Introduction

glucose levels and has a catabolic activity, which is mostly on the liver cells'®. It enhances
the rate of gluconeogenesis in the liver from stored glycogen. In extreme cases, glucagon
can promote the release of amino acids from skeletal muscles as a source for
gluconeogenic precursors. Moreover, glucagon can promote hepatic fatty acid oxidation

which produces the energy required to support gluconeogenesis.

glucose uptake 4 glycogenolysis 4

gluconeogenesis 4

. 3 ) &
glycogenesis 4 | \\\
T : liver
{/ ;’ // gluconeogenesis ¥ ! /
4 ¥ 4 3
2
\ liver
@)

adipose tissue

OO

‘ O

O% > ) O

insulin4 k’ AWy J glucagont

blood glucose f pancreas — pio0d glucose*

Figure 2: Glucose homeostasis. lllustration representing the main interactions between pancreas
and insulin/ glucagon-sensitive organs to maintain glucose homeostasis. Arrowheads upwards
indicate an increase; arrowheads downwards indicate a decrease. lllustration adapted from Rogal
& Zbinden et al.3®

1.2. Insulin secretion in B-cells

Insulin secretion in B-cells is triggered by several nutrients, including glucose, some
amino acids, as well as non-esterified fatty acids®®. Glucose is the most potent
secretagogue and induces the release of insulin within minutes by a biphasic response®’.
In humans, the first peak of insulin occurs within 5 minutes after the glucose stimulation,
where the majority of the insulin is secreted. The second phase occurs at a lower rate,
where the remaining insulin is released while new insulin is produced. Glucose is
transported via the transporters of the GLUT family (GLUT1 in humans, GLUTZ2 in rodents)
by facilitated diffusion, which is not rate limiting®®. The primary glucose sensor in
mammalians is the glucokinase (GCK) that controls the rate of entry of glucose into
glycolysis via glucose phosphorylation3®. Only phosphorylated glucose can enter the

5



1. Introduction

glycolysis process and downstream metabolic pathways. Therefore, the GCK and GLU1/2
pair is often considered as the glucose-sensor controlling the blood glucose level. Pyruvate,
the glycolysis end-product, is transported into the mitochondria via the pyruvate transporter
and is decarboxylated to acetyl-CoA, which can enter the Krebs cyle*?. Nicotinamide
adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) are produced by the
Krebs cycle and subsequently oxidized in the respiratory chain, producing ATP. The rise in
ATP level leads to the inactivation of the K*atp channels in the plasma membrane, resulting
in the membrane depolarization. This results in the opening of voltage-dependent Na* and
Ca?* channels in the plasma membrane*'. Ca?* entry in the cytoplasm triggers insulin
granules to fuse with the plasma membrane, resulting in insulin secretion. A simplified
graphic describing the mechanisms of insulin secretion is illustrated in Figure 3.

The increase in Ca?* is rapidly reversed by Na*/Ca®* exchangers and Ca?*ATPases
activity in the plasma membrane*?43. Endoplasmic reticulum (ER) Ca?* pumps also play a
critical role in Ca?* homeostasis*4. At high glucose concentration, oscillatory behaviors in
cytosolic Ca?* concentration can be observed in B-cells and in islets*546. As B-cells are
electrically coupled, changes in cytosolic Ca?* concentration spread from one cell to
another. Subsequently, oscillations can be observed in membrane potential, ATP/ADP
ratio, K*atp channel conductance, glucose level, oxygen, and insulin secretion. Insulin
secretion also involves a complex transcriptional regulation to ensure proper trafficking of
intracellular storage insulin granules to the plasma membrane. It requires the remodeling
of filamentous actin and the cytoskeletal network at the cell surface and cell-cell junctions
via focal adhesion complexes*’. The formation of focal adhesions recruits and stimulates a
number of intracellular signaling proteins, including effectors of the MAPK pathway such as
ERK1/2 and MEK1/248. Importantly, a large variety of external stimuli can activate the MAPK

pathways, such as integrin stimulation or growth factors*°.
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glucose O
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\. " channel
g /

pyruvate
. K*ATP channel

Figure 3: Simplified description of insulin secretion. Glucose enters in the 3-cell via the GLUT
transporter family and is processed by the glycolysis producing pyruvate and NADH. Pyruvate
enters the mitochondria and is processed by the Krebs cycle producing ATP. In this process, bound-
NADH is converted into NAD. The increase in ATP leads to the blocking of the of K*arp channels,
influx of Ca?* and exocytosis of insulin granules. NAD: nicotinamide adenine dinucleotide, NAD*:
oxidized form, NADH: reduced form; FAD: flavin adenine dinucleotide (oxidized form), FADH>:
reduced form. lllustration adapted from Fu et al.3¢

1.3. Diabetes Mellitus

Diabetes Mellitus (DM) is classified as a group of metabolic diseases characterized by
chronic hyperglycemia®®. In 2019, the International Diabetes Federation registered more
than 463 million people with DM. The number of DM patients is predicted to rise to 700
million people worldwide by 2045, making DM one of the most important public health
challenge of this century®'. DM disorders are characterized by a chronic disruption of the
glucose homeostatic state®2. In type 1 DM (T1DM), the progressive autoimmune destruction
of pancreatic B-cells reduces the insulin secretory capacity to respond to glucose uptake®3.
Type 2 DM (T2DM), which represents the majority of DM patients (~90%), is led by a
progressive B-cell dysfunction combined with insulin resistance in glucose sensitive-
tissues®*. Although, dysregulated glucose metabolism leads to hyperglycemic events and

in severe cases to death in both DM types, the etiology of T1IDM and T2DM is different>®.
7



1. Introduction

In T1DM, there is an important genetic contribution to the development of the
pathology®®. Although the genetic basis of T1DM is not yet fully understood, over 40
locations in the human genome have been identified as risk factors®’. For instance, alleles
of the major histocompatibility locus (HLA) at specific locus account for 40-50% of the
familial clustering in TIDM®%8%°, The low incidence suggests that other non-identified genetic
and environmental factors contribute to the development of autoimmunity towards B-cells®®.
The scientific community agrees that T1DM is triggered by a set of environmental factors in
genetically pre-disposed individuals. The autoimmune attack is initiated by auto-reactive
immune cells, such as thymic lymphocytes (T-cells) that have failed the process of negative
selection in the thymus®'.

T2DM is a multifactorial disease, with key characteristics such as progressive insulin
resistance, B-cell dysfunction, and a chronic state of inflammation®2. Obesity is considered
as the main factor behind insulin resistance®. Insulin resistance increases the demand for
insulin secretion, which can progressively exhaust B-cells and induce apoptosis. Besides
lifestyle and nutrition risk factors, genetic pre-disposition is considered an important factor
contributing to the development of the pathology®. However, for most of the genes
identified as risk factors for T2DM, there is little understanding on how they pre-dispose to
T2DM. Researchers have hypothesized that these genes are related to p-cell function, B-
cell development or regulation of the B-cell mass®*6°. The key attributes of T1DM and T2DM

are illustrated in Figure 4.
1.4. Therapies to treat Diabetes Mellitus

1.4.1. Classical Therapies to Treat Diabetes Mellitus

Banting and Best discovered insulin in 1923%. Since then, different humanized insulin
analogues have been commercialized, which remain the main treatment for T1DM
patients®”. The current regimen using insulin focuses on the combination of extensive diet
and administration of exogenous insulin via manual injections or via insulin pumps®. In
addition, insulin can be utilized in patients with T2DM when the regulation of blood glucose
level is not sufficient with other oral pharmaceuticals®®. Nonetheless, clinical insights
gathered in the past decades have identified important limitations of such insulin

replacement therapy. For instance, it was shown that exogenous insulin fails to fully
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replicate the biological functions of endogenous insulin’®’!. Therefore, T1IDM patients
following a conventional clinical management have nonetheless a high risk of developing a

number of vascular complications due, in part, to chronic elevation of blood glucose level”.

3

A.
) Lack of insulin |
§ Genetics e N %0
7] '\l\\\ o f
Q0 9 \) _
< NN B o A —_— | \[{ -
© et - A ,A, > K_/ i
= Autoimmune Stress-induced
destruction of f-cells apoptosis of f3-cells
‘@ Onset T1< puberty > > Onset T2 > 20 yrs.
Lifetime
B.
wl Insulin® Insulin ¥
g Lifestyle factors A A
v w R
Qo MOV " R
~ 7 N — 7 N\
© V\_/ \ il U \
o Growing | p-cell \ A
insulin resistance \ o exhaustion |\ =

Figure 4: Diabetes mellitus type 1 (T1DM) and type 2 (T2DM). (A) T1DM: Predominantly genetic
factors are leading to the autoimmune destruction of B-cells. The increasing workload forced on the
remaining B-cells causes cellular stress and stress-induced apoptosis. (B) T2DM: The combination
of lifestyle factors, obesity, and genetic predispositions are the main drivers behind the increase
insulin resistance in insulin-sensitive tissues and the progressive exhaustion of B-cells. lllustration
adapted from Rogal & Zbinden et al.?®

For T2DM, a number of studies have shown that lifestyle modifications can improve
glycemic control”®. However, changes in lifestyle alone are rarely sufficient to reach
normoglycemia and should be combined with a variety of pharmaceutical agents’*". For
most T2DM patients, a combination of pharmaceutical agents is required, which is adapted
over time to the progressive B-cell decline’®. There are different classes of antidiabetic
agents with defined mechanisms. For instance, the primary first-line drug metformin acts by
decreasing insulin resistance’’. Dipeptidyl peptidase-4 (DPP4) inhibitors, glucagon like
peptide-1 (GLP-1) receptor agonists and amylin analogs are known to suppress glucagon

secretion by a glucose-dependent mechanism”®7°. Sulfonylureas and meglitinides increase
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B-cell insulin secretion881, Despite the availability of such antidiabetic drugs, the majority
of T2DM patients do not achieve the target goal regarding normoglycemia, blood pressure
and lipid levels®83. Similar to T1DM, T2DM patients suffer from diabetic complications
arising from damaged blood vessels due to chronic hyperglycemia’?. Altogether, this
indicates that further research is required in the field of DM regarding the biological
understanding of the pathology at a cellular, tissue and organ level. There is a need to find
alternative strategies to insulin replacement therapy for TIDM patients, as well as to
decipher the complex interactions and effects of current and novel antidiabetic drugs in
T2DM patients.

1.4.2. Langerhans Islets Transplantation

Pancreatic islet transplantation emerged in the early 1970’s as a method to reestablish
glucose homeostasis in DM patients®8%, In 2000, the Edmonton group reported the first
consistent achievement of insulin independency in seven DM patients that were infused
with isolated pancreatic islets via the portal vein (Figure 5)8387. However, the insulin
independent rate remained low. For instance in 2006, only 58% of patients were insulin
independent one year after transplantation®. The five-year follow up showed that only up

to 15% of patients were still insulin independent®®.

donor pancreas

@
X

Ricordi chamber islet infusion in the liver

Figure 5: Islet transplantation procedure. The first step includes the enzymatic and mechanical
digestion of donor pancreas using a Ricordi chamber. Isolated and purified islets are then infused
in via hepatic portal vein into the liver of the recipient. lllustration adapted from Naftanel et al.®°

The isolation of islets from donor pancreas separates endocrine from exocrine tissue,
disrupting the BM components and disconnecting blood vessels and oxygen supply®'. The
blend of collagenases injected into the donor pancreas digests the ECM of the interstitial

matrix, releasing islets from the exocrine tissue. After a purification step that separates
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acinar cells and fat tissue from islets, islet quality and functionality are assessed following
specific guidelines provided by regulatory bodies, such as the Food and Drug
Administration®2. Regarding safety, islet batches must meet specific characteristics in terms
of sterility, mycoplasma and endotoxin testing. In addition, regulatory bodies mandate the
assessment of key batch properties including, islet count, purity, viability, and islet potency

(i.e. via glucose stimulated insulin secretion (GSIS) assays).

Several factors have been identified as contributors to the poor long-term clinical
efficacy of islet transplantation (Figure 6). For instance, the isolation process is known to
significantly damage islets, increasing their susceptibility to posttransplant stresses.
Precisely, the enzymatic and mechanical digestions of the exocrine tissue can release
proteolytic enzymes which further damage the isolated endocrine cells®. After isolation,
islet quality is assessed and islet batches containing hypoxia or apoptotic islets may be
identified and discarded prior to transplantation. However, quality assessments are
performed on a small islet population, which do not reflect the heterogeneity of large islet
batches. Consequently, batches approved for transplantation may still contain damaged,
hypoxic, or apoptotic islets, ultimately contributing to the poor engraftment and functionality
of the transplant.

The hepatic portal vasculature is a hostile environment which limits the capacity of islets
to engraft and function properly post-transplantation. The initial loss of islets has been
estimated to be between 50-70%°% . It is caused by the pre-transplant factors mentioned,
and by post-transplant key events within the liver microenvironment, such as the instant
blood-mediates inflammatory reaction (IBMIR), hypoxia and immune cell activation®. The
IBMIR is triggered by the negatively charged surface of the infused islets and is initiated by
a strong activation of the coagulation cascade. The consequence is a non-specific immune
reaction of the innate immune system aggravating islet damage. Cytotoxic immune cells
secrete cytokines and infiltrate islets, inducing their death®”-%. Moreover, the IBMIR has an
amplifying effect on the adaptive immune responses, negatively impacting transplant

outcome?9:100,
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Figure 6: Factors contributing to poor clinical outcome in islet transplantation. (a) Islet
isolation disrupts the exocrine tissue, liberating islets. (b) Immune responses after the islet
transplantation. IBMIR indues the infiltration of various type of leukocytes. Macrophages
/neutrophiles are activated by cell debris antigens released by the islets, leading to the release of
inflammatory cytokines, ROS and infiltration of additional immune cells into the graft. This cascade
activates APCs, which then interact with CD4+ and CD8+ T-cells, destroying the islet via the release
of perforin and granzyme. CD4+ T-cell releases inflammatory cytokines activating plasma cells
which release antibodies. Treg cells maintain CD4+ T-cell and APCs in an inactive state, which can
prevent the islet destruction. IBMIR: instant blood-mediates inflammatory reaction; APC: antigen
presenting cell; Treg: regulatory T-cells. ROS: reactive oxygen species. lllustration adapted from
Rogal & Zbinden et al.®®

1.5. Strategies to Improve Islet Function

1.5.1. Procedural Alternatives

Since the first islet transplantation, research has focused on improving the poor clinical
outcome'%'. Refinement of the islet isolation process centers on issues related to islet
damage caused by enzymatic digestion, increasing the islet yield, and optimizing the pre-
transplant culture conditions, storage and shipping of islets'%21%3 Studies have compared
enzyme blends for tissue digestion, aiming to find the composition of collagenases and

proteases that digest exocrine tissue minimizing peri-islet BM and endocrine cell
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damage'%4-197, Others have attempted to refine the sorting of isolated islets based on
viability and functionality'08.109,

A number of breakthroughs to combat inflammatory responses after islet infusion led to
significant advances in the field. For instance, heparin is now widely used to reduce the
blood clotting process''®. The functionalization of islet surface with heparin mimics the
protective features of endothelial cell (EC) lining on the native vascular wall and therefore
reduced the coagulation and complement activation in an adult porcine model. Similarly,
the use of low molecular weight dextran sulfate and activated protein C have shown to
respectively inhibit coagulation and complement cascade, therefore reducing IBIMR in
vivo'"112_ Further investigation and evaluation are required to translate these techniques
into a routine clinical setting.

Autoimmune and alloimmune responses are major contributors to the loss of islet mass
and function of the transplant. Correlation between the presence of autoantibodies and
early graft loss was demonstrated in the late 90’ by the Bretzel group''®. The autoreactive
T-cells from T1DM patients are re-activated by the islet transplant and their immune
memory triggers an attack on transplanted B-cells'. In addition, T-cell mediated immune
reactions constitute the major component in islet allotransplantation, which is initiated in
part by the genetic differences between donors and recipients''®. To date, the most wildly
used strategy to combat T-cell reactivity is a global immunosuppressive therapy, targeting
the production of autoantibodies and the proliferation of memory B-cells''®. The
maintenance of immunosuppression is essential for long-term survival of the transplant;
however, most of the immunosuppressive therapies induce liver and kidney toxicity, as well
as B-cell toxicity''”-11%, Efforts have been made to find alternative blockades inducing
immune tolerance with lower toxicity on other organs, by bocking specific receptors on
antigen presenting cells and regulatory T-cells in animal models'?%'2!. The liver's hostile
microenvironment and IBMIR have pushed researchers to evaluate alternative transplant
sites, such as the bone marrow'?'23 subcutaneous sites'?*#12% or the omentum?26.127,
Nevertheless, collective efforts are required to validate those strategies in human-based in

vitro models and into a clinical setting.
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1.5.2. Biomaterials & Biofunctionalization

Encapsulation and biofunctionalization of cell-based therapeutics are a promising
strategy not only alleviating the immune response, but also providing a microenvironment
supporting cell survival and function'?®. Research groups have focus on the development
of devices that prevent the entry of immune cells, complements and antibodies while
allowing diffusion of oxygen, nutriments, metabolites, hormones and waste products'?®. For
instance, the device Cell Pouch™ developed by Sernova corporation was developed to be
transplanted subcutaneously and allow pre-vascularization for 4-5 weeks before human
islets are infused by a port into the device. The first clinical trial demonstrated safety of the
device'®. The PEC-direct™ device from ViaCyte, Inc. has a different approach to reduce
hypoxia-induce injury subcutaneously by allowing direct contact of the pre-vascularization
with the encapsulated B-cells. However, this strategy requires an immunosuppressive
therapy as the membrane allows the entry of host cells. This device is currently the only
one in trials that uses stem cell-derived B-cells, addressing the issue of islet shortage™®’.
The Company Beta-O2 Technologies Ltd. developed the [-Air device, which is
subcutaneous and provides a replenishable gas chamber to oxygenate the implant until
vascularization is completed. A preliminary study in 2012 reported a successful
transplantation into a 63-year old patient without requiring immunosuppression'32.

Although encapsulation strategies for cell-based therapy have shown great clinical
potential, islet function and survival decrease over time. Importantly, the loss of function
observed in vitro and in vivo hampers both the development of cell-based therapy and the
development of in vitro models to study DM. Therefore, researchers are focusing on
strategies to support B-cell survival and function in vitro and in vivo. Pancreatic ECM and
BM have been shown to be essential for tissue and organ development and homeostasis'33.
B-cell survival and function depend on their microenvironment, which provides mechanical
and biological cues which can influence cell fate®. Natural polymers are physiological
components derived from the native ECM, which contain specific adhesive sequences and
binding sites have shown to support islet function and survival'3. Different strategies have
been explored during the last few years to modulate B-cell function using ECM*35, Strategies
from the tissue engineering field have explored the supplementation of ECM proteins as
soluble forms and as supporting scaffolds or coatings'¢-'3¢. For instance, ECM from

decellularized organs have been of interests, as it resembles the native structure'3°. Several
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studies showed the beneficial effect of decellularized ECM to maintain 3-cell function and
survival'4%-144_ Donor shortage and chemical alterations of ECM present in decellularized
materials are two factors that limit the application of decellularized scaffolds in a clinical
setting. Therefore, researchers have investigated the effect of single ECM protein or as
combinations’3414%. To re-create the native pancreatic niche, different research groups
have incorporated various ECM components into 3D constructs. For instance, collagen-
based hydrogels (COL1, COL4), LAM and FN have been extensively used in this context'46-
150 as well as microenvironments combing different ECM proteins, such as COL1, COL4
and FN'5', Stepwise approaches demonstrated that not all ECM proteins are beneficial for
islet function, and that different ECM protein concentrations may have opposite
effects'®21%3, For example, high concentrations of COL4 decreased islet survival'®?.
Similarly, only specific LAM sequences had a beneficial effect on B-cells, while others were
ineffective’®. Additionally, biofunctionalization of hydrogels can be performed using
bioactive molecules such as the vascular endothelial growth factor (VEGF) or the glucagon
like peptide-1 (GLP-1) to enhance neovascularization or protect [(-cells from
apoptosis'®*1%5_ Another interesting research area is the combination of other cell types to
pancreatic B-cells or islets. Incorporation of fibroblasts with islets increased islet survival
and preserved ECM expression'®®. Similarly, the secretion of FN and LAM from
mesenchymal stromal cells (MSCs) had a beneficial effect on islets'®”:1%8_ Although a large
number of studies have shown the potential of biological cues to support B-cell and islet
function, further research is required for the understanding of the exact underlying

mechanisms.
1.6. In vitro Models for Diabetes Mellitus Research

1.6.1. Species-Specific Mechanisms in 3-Cells

Significant advances have been made in the past decades in the field of DM research
that have relied on human cohort studies and animal models. For instance, cohort studies
have contributed to decipher the genetic component linking certain genotypes to a DM-
phenotypes, or to correlate distinct lifestyles to different manifestations of DM%51%°, DM
animal models ranging from fruit flies to non-human primates have been developed to study

DM in great mechanistic details from a cellular to an organ level'®®. However, the translation
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from animals to humans, as in many other research areas, is challenging and often
difficult’®'-'62, Animal models are mostly developed to study only few aspects of the
pathogenesis and do not represent the complexity and multifactorial characteristics of
DM'6°. Moreover, identification and prediction of human pathogenic pathways based on
animal studies are hampered by species-specific mechanisms at the gene, protein, cellular,
organ, and organism level. For instance, glucose regulation varies between humans and
rodents. Humans have a single copy of the glucose-regulated insulin gene, while rodents
express two functional forms of insulin'63-165_ The regulation and expression of pancreatic
duodenal homeobox 1 (Pdx-1), v-maf musculoaponeurotic fibrosarcoma oncogene
homologue (MAF) protein A and MAF protein B, which are central transcription factors, are
differentially stimulated by glucose based the species specificity of the islets'®. Species-
specific differences have been reported regarding GLUT4 trafficking pathways, insulin
secretion profile and responsiveness, Krebs cycle and other critical glucose metabolic
pathways'®’. Similarly, the immune responses, which are key players in the development
of the autoimmunity toward pancreatic B-cells and in graft immune tolerance, exhibit
important species-specific mechanisms'68. This highlights the need to develop novel in vitro
DM models with a human genetic background that recapitulate the complex physiology of

the human body to bridge pre-clinical and clinical studies.

1.6.2. Cell Source and Model Architecture

In contrast to animal models, in vitro models allow a considerable control over
environmental conditions, enabling the study of specific cellular in molecular pathways
under defined conditions'®®. The low costs of in vitro models facilitate the implementation
of high throughput studies, which are of interest in the drug discovery setting'®. The
development of relevant in vitro models relies, in part, on a source of cells with a human
genetic origin. Primary human tissues, islets and cells obtained from cadaveric donors have
already provided considerable knowledge of islet function and mechanistic pathways,
interplay between the different islet cell types or effect of various drugs and
compounds'’"172. However, it is important to consider that the rare accessibility of human
primary material hinders the possibility to perform high-throughput and large in vitro
studies’”3. Long-term culture of primary isolated islets is also limited by the loss of function

rapidly occurring within two weeks of continuous culture'”*. In addition, it was reported that
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human islet preparations are highly heterogenous and exhibit patient-specific
variations'7%176_ Although intrinsic variability between islet preparations is scientifically
interesting and worth exploring, the establishment of an in vitro system relies on reliable
source of cells exhibiting enough human physiological characteristics with reduced
variability and high reproducibility.

As an alternative, collective efforts were made to derive immortalized cell lines from
primary cells by introducing specific genetic modifications. Until recently, only glucose-
responsive B-cell lines from animal origin were available, such as the rodent-derived
insulinoma cell lines INS-1E and MIN-6'7. In 2011, Ravassard et al. were the first group to
overcome the replicative senescence of human B-cells while preserving glucose-stimulated
insulin secretory capacity'’®. Human fetal pancreases were transduced with a lentiviral
vector expressing SV40 large T antigen (SV40LT) and human telomerase reverse
transcriptase (hTERT). Then, insulinomas were grafted onto SCID mice to further amplify
the proliferation of B-cells. The resulting cell lines, endoC-BH1 expressed specific 3-cell
markers and was glucose-responsive. In 2014 and 2015, the Ravassard group presented
two additional cell lines: endoC-BH2'"® and endoC-BH3'8, which were both conditionally
immortalized B-cell lines based on the endoC-BH1 cell line. The endoC-BH3 cell lines used
a drug-activated excision strategy based on tamoxifen coupled with antibiotic selection to
allow the removal of the proliferative transgenes. The resulting excised B-cells are non-
proliferative and glucose-responsive, and are a promising alternative to human primary
islets80-185,

Since their commercialization, the endoC-H cell lines have been used as 2-dimentional
(2D) in vitro models in a number of studies, which have revealed a number of 3-cell specific
mechanistic pathways'®'-'8. For instance, in the study from Akerman et al., they
investigated the regulation of B-cell function by long non-coding RNAs using the endoC-
BH1 cell line'®'. They identified PLUTO as a regulator of chromatin structure affecting the
expression of Pdx-1. Interestingly, PLUTO was downregulated in isolated islets from T2DM
patients and patients with impaired glucose tolerance.

The main criticism over such in vitro models is the poor physiological complexity?8é.
Consequently, researchers have aggregated 3-cells in so-called pseudo-islets and showed
that they had a superior secretory capacity compared to 2D monolayer cultures of these

same cell types'®. This indicates that providing cell-cell contact in a 3-dimentional (3D)
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manner increases B-cell response to physiological signals'®'8 As a further step to
increase physiological relevance, ECM proteins can be used as soluble factors or scaffolds
to support B-cell function in a similar manner than as done for tissue engineering
approaches4. To gain control of the microenvironment, 3D culture systems can be
integrated into microfluidic devices, a novel field known as organ-on-a-chip (OoC)'®°. Using
a similar approach than the computer microchip fabrication, OoC enables the in vitro
reconstruction of tissue-level and organ-level structures that resemble tissues and organs
in vivo. In addition, their microfluidic integrated platforms are low-shear and can mimic the
vasculature perfusion, allowing the analysis of in vitro biochemical, genetic, and metabolic
activities in a time-dependent manner. Such read-outs require the implementation of non-

invasive label-free techniques to monitor in situ their functions'.
1.7. Non-Invasive Imaging Tools for in Vitro Models

1.7.1. Mechanisms of Light Scattering

An incoming photon from a light source can interact with a molecule, resulting in elastic
and inelastic scattering (Figure 7)'%2. The total kinetic energy of the system is conserved in
elastic scattering (also called Rayleigh). In contrast, in inelastic scattering, the momentum
is conserved but not the kinetic energy of the system. Raman microspectroscopy and
fluorescence lifetime imaging microscopy (FLIM), both rely on inelastic scattering
processes. Raman scattering involves virtual states, where the interactions of the incoming
photon and its re-emission occur almost simultaneously (picosecond range)'%3. When the
energy of the scattered photon is lower than the incoming photon, the process is referred
as Stokes Raman scattering, while the opposite is termed anti-Stokes Raman scattering. In
addition, both processes leave the molecule in a rotation-vibrational modified state. The
result is a measurable frequency shift, which is specific to molecular bonds. In contrast,
when the incoming photon has enough energy to allow the transition to a higher excited
electronic state, the molecule absorbs it. During the relaxation from the higher excited state
to the ground electronic state, (auto-) fluorescence is generated’®. FLIM measures the
lifetime of the (auto-) fluorescence process, which is in the nanosecond range and specific

to the molecular structure of the excited compound.
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Figure 7: Mechanisms of light scattering processes. Incoming photon excites molecules at
different energy levels. Raman microspectroscopy can rely on Stokes and anti-Stokes scattering,

while FLIM relies on the lifetime of the fluorescence process. lllustration adapted from Mitsutake et
a|192.

1.7.2. Raman Microspectroscopy & Fluorescence Lifetime Imaging Microscopy for

Biomedical Research

Raman techniques are well-established and routinely used in the pharmaceutical and
material fields'%®. Early studies used Raman microspectroscopy to characterize molecular
orientations in polymers and proteins'¢. More recently, a number of research groups have
reported the use of Raman microspectroscopy of biological tissues'’. Raman
microspectroscopy has the ability to determine the underlying chemical structures that
compose tissues and cells, such as proteins, lipids, and DNA'®%, In addition, a large number
of studies used Raman microspectroscopy to identify diseased tissues and cancer cells'9%-
205 Raman microspectroscopy was also employed to assess the different stages in stem
cell differentiation, including chondrocytes?®®, neurons?®’, cardiomyocytes?08.209,
osteoblasts?'® and polyhormonal pancreatic progenitors?'".

FLIM is a well-established tool to assess the metabolic state in live cells and tissues in
situ'®. The process relies on probing the autofluorescence lifetime of two coenzymes,
NADH and FAD, that are involved in different metabolic pathways that generate energy for
the cells?®'2. The fluorescence lifetimes of NADH and FAD are depending on their
configuration, protein-bound NADH has a longer lifetime (12: 1000-6500 ps) than its free
form (11: 300-800 ps). Conversely, protein-bound FAD has a shorter lifetime (11: 300- 455
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ps) compared to its free form (12 :2300- 2900 ps). Free form NADH is mostly found in the
cytoplasm and produced by glycolysis, while protein-bound NADH is present in the
mitochondria in the oxidative phosphorylation chain?'3. Free form FAD and protein-bound
FAD are both mainly in the mitochondria, where it can form complexes with lipoamide
dehydrogenases or the electron transfer flavoproteins?'. Therefore, the metabolic
equilibrium between glycolysis and oxidative phosphorylation can be evaluated based on
the respective contribution of 71 (a1) and the optical oxidative ratio, defined as FAD/(FAD
+ NADH). Moreover, lifetimes are highly sensitive to microenvironmental changes such as
pH or temperature?15216,

Raman measurements can give insights into the molecular compositions and structures
of cells, while FLIM can assesses the metabolic state of cells. Such methods have the
potential the monitor in a non-destructive manner the function of in vitro models over a long

period of time.

20









Chapter 2

Objective of the Thesis






2. Objective of the Thesis

2. Objective of the Thesis

This thesis aims to develop advanced in vitro models to assess pancreatic p-cell function
for the field of diabetes mellitus research. The first step was to mimic the insulin secretory
capacity and glucose responsiveness of primary 3-cells in vitro. Conventional in vitro assays
using Langerhans islets isolated from cadaveric pancreases are limited by their low
accessibility and rapid loss of function. Thus, we explored the use of the rat INS1-E
insulinoma cell line and human conditionally immortalized endoC-BH3 cell line as
alternatives. To increase the physiological relevance of the in vitro models, aggregates of
B-cells, so-called pseudo-islets, were produced in a controlled and reproducible manner.

Sever hypoxia post-transplantation contributes to islet loss and clinical failure of islet
transplant. Therefore, we develop a post-transplantation in vitro model to evaluate the
damage caused by sever hypoxia on pseudo-islets. Cellular and extracellular hypoxia-
induced events were evaluated over time. We used the post-transplantation in vitro model
to investigate whether extracellular matrix (ECM) protein collagen type 1 and endothelial
cells could mitigate the hypoxia-induce damage on pseudo-islets in vitro.

Native islets are highly vascularized in vivo. Therefore, we further improved the in vitro
models by providing a vasculature-like flow based on the organ-on-a-chip technology.
Insulin secretory capacity from pseudo-islets was assessed via multisampling. To facilitate
the non-invasive label-free read-outs in situ, we explored the use of Raman
microspectroscopy and Fluorescence Lifetime Imaging (FLIM) microscopy as tool to
monitor pseudo-islet function. The goal was to identify Raman fingerprints and FLIM
metabolic profiles of pseudo-islets during glucose stimulation. Moreover, the potential of
FLIM to discriminate between hypoxic and normoxic pseudo-islets was evaluated.

Finally, the in vitro models developed in this thesis were used to investigate the role of
the basement membrane protein nidogen-1 in B-cells. Precisely, the stimulatory and
protective effect of nidogen-1 on pseudo-islets, as well as the mechanistic pathways were

evaluated in vitro.
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3. Results & Discussion

3.1. Pancreatic B-Cell Containing Pseudo-Islets as an in Vitro Model to Assess

Insulin Secretion

The establishment of in vitro models for DM research that are representative of human
physiology requires the use of an adequate source of cells and model architectures. 2D
cultures have provided considerable information over decades of research, however, they
often fail to predict behaviors and responses in vivo?'’. The underlaying reason is that cells
in 2D culture have been isolated from their native environment, therefore lacking ECM
interactions, native 3D architecture and blood perfusion?'8.

In an attempt to re-create the 3D configuration of native islets, we used the rat INS1E
cell line to form aggregates of pancreatic B-cells, so called pseudo-islets, of different sizes
in vitro (Zbinden & Urbanczyk et al., Appendix I, Figure 1). Pseudo-islet size had a direct
impact on viability and functionality, which was monitored over a period of 8 days in culture.
Small size pseudo-islets (500 cells/pseudo-islets, average diameter of 206 um) had the
highest GSIS index (~2) and viability after 8 days in culture. This is in agreement with other
studies showing that pseudo-islets seeded with less than 1000 cells/pseudo-islets are the
most performant?'9220, The superiority of pseudo-islets over standard 2D culture has been
demonstrated in several studies. For instance, primary human pseudo-islets showed an
increased GSIS response compared to native isolated islets??'-223, Pseudo-islets could also
be maintained in culture for a longer period of time, while retaining their function???.
Transplanted in mice, human primary pseudo-islets reversed DM?23,

There are important differences that are species-specific between rodent and human
cells'®”. Therefore, in this thesis, we adapted our pseudo-islet protocol using INS1E cells to
the human endoC-BH3 cell line as shown in Figure 8 (Zbinden et al., Appendix Il, Zbinden
& Carvajal Berrio et al., Appendix Ill, Zbinden & Layland et al., Appendix IV). The success
of the excision process was monitored over time to ensure the removal of the proliferative
transgenes and subsequent stop in proliferation (Zbinden & Layland et al., Appendix IV,
Figure S6A-C). Pseudo-islets of different sizes were tested for insulin secretion, indicating
that 1000 cells/pseudo-islets led to the highest insulin secretion per cell (Zbinden & Layland

et al., Appendix IV, Figure S6D). The resulting optimized human pseudo-islets were viable
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and expressed insulin homogeneously throughout the pseudo-islets (Zbinden et al.,
Appendix Il, Figure 1). The endoC-BH3 pseudo-islets responded to glucose stimulation
with a GSIS index of ~2.5 after 5 days in culture (Zbinden et al., Appendix Il, Figure 2G).

proliferative INS1E cell line ] Y ./[
+ A S \ o

3 days

proliferative excised
endoC-pH3| 4-OHT treatment  engoc-pH3

‘ X »
: & —_—
21 days = 5 days S

Figure 8: INS1E and endoC-BH3 cell lines. INS1E cells are proliferative and can be seeded in low
adherent wells forming pseudo-islets in 3 days. The endoC-BH3 are conditionally immortalized and
proliferate in absence of 4-hydroxytamoxifen (4-OHT) treatment. In presence of 4-OHT for 21 days,
the proliferative genes are excised. The endoC-BH3 cells form pseudo-islets within 5 days.
lllustration adapted from Zbinden et al.??

We showed that both, the INS1E and the endoC-BH3 cell lines are glucose-responsive
by secreting differential amounts of insulin based on the glucose concentration. In addition,
the GSIS indexes of both cell lines are of the same order of magnitude. However, the
endoC-BH3 pseudo-islet secretion is in the picogram range (10-'2 g/mL insulin), while the
INS1E pseudo-islet secretion is in the nanogram range (10° g/mL insulin). In addition,
native B-cells ex-vivo can secrete insulin with a GSIS index up to 13222, This suggests that
the endoC-BH3 pseudo-islets have partially conserved a “fetal phenotype”, although having
matured in vivo. However, the endoC-BH3 pseudo-islets have the significant advantage of
being from human origin and non-proliferative. EndoC-BH3 pseudo-islets can maintain size
and function over 14 days, while INS1E pseudo-islets proliferate, which lead to the
formation of large apoptotic cores within pseudo-islets, starting after 8 days in culture.
Finally, the methodology to form pseudo-islets generated pseudo-islets with a reproducible
size and function. The use of 96-well plates allows the manipulation of hundreds to

thousands of pseudo-islets in one experiment.
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3.2.Biofunctionalization with Collagen Type 1 and Endothelial Cells Improves

Pseudo-Islet Function in a Hypoxia Model

3.2.1. Modelling hypoxia in vitro

Modelling a hypoxic environment in vitro is highly interesting, as it is prevalent in many
human physiological processes and diseases??®. For instance, during the process of
transplantation, hypoxic conditions and ischemic injuries are present during the organ
procurement, processing, preservation, and subsequent transplantation??®. In regard to islet
transplantation, their oxygen supply is drastically reduced when the islets are separated
from their vasculature network, leading to hypoxia??’. Exposure to sever hypoxia (< 1%
oxygen) leads to B-cell dysfunction, which compromises their GSIS??8. Prolongated hypoxia
induces non-reversible cellular changes that result in ER stress and ultimately leads to
programmed cell death??®. Transplanted islets are relying on diffusion of oxygen until
revascularization is completed, which can last for 10-24 days post-transplantation?%°. In this
thesis, we generated a post-transplantation in vitro model using 1% oxygen (Zbinden &
Urbanczyk et al., Appendix I, Zbinden & Carvajal Berrio et al., Appendix Ill, Zbinden &
Layland et al., Appendix IV). The overall impact of sever hypoxia was assessed in vitro for
72 hours on the INS1E pseudo-islets and showed an increase in apoptotic markers and a
decrease in proliferation, cell-cell contact marker, insulin content and loss of GSIS response
(Zbinden & Urbanczyk et al., Appendix I, Figure 2A-F). Using the human endoC-BH3
pseudo-islets, time-depended expressions of hypoxic and apoptotic markers were
assessed (Zbinden & Carvajal Berrio et al., Appendix lll, Figure 2A-D). The hypoxia-
induced factor 1a (HIF-1a) major expression peak was observed after 6 hours under sever
hypoxia, while caspase-3 expression significantly increased after 12 hours (Figure 9).
Depending on the severity of hypoxia, HIF-1a can act as a pro- or anti-apoptotic
transcription factor?3'. Here, the hypoxic conditions were stringent enough to lead to the
downstream activation from HIF-1a to caspase-3, leading to a non-reversible pro-apoptotic
cascade in both INS1E and endoC-BH3 pseudo-islets?®2. Combined, these two studies give
a global insight on the timeline of hypoxia-induced cellular events in vitro. A post-
transplantation in vitro model is highly relevant when it comes to bioengineer solutions that

aim to counter the damaging effects of a hypoxic microenvironment in vitro and in vivo.
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Figure 9: Timeline of hypoxia-induced cellular events in endoC-BH3 pseudo-islets.
Expression of VEGF increases after 1 hour under hypoxia. Between 3 and 6 hours under hypoxia,
HIF-1a expression significantly increases and is followed by an increase in caspase-3 after 12 hours
under hypoxia. The completion of the apoptotic pathways leads to the formation of an apoptotic core
that can be detected using multiphoton (MP) imaging. lllustration adapted from Zbinden & Carvajal
Berrio et al.?%

3.2.2. Biofunctionalization using collagen type 1 and endothelial cells

Hypoxia significantly reduced ECM expression of INS1E pseudo-islets, as shown by
Raman microspectroscopy (Zbinden & Urbanczyk et al., Appendix I, Figure 2G-K). The
expression of BM proteins, such as LAM, COL4 and NID1 were significantly altered under
hypoxia for 48 hours (Zbinden & Urbanczyk et al., Appendix I, Figure 3). It is well
established that interstitial ECM and BM are essential for tissue and organ development
and homeostasis'. Islet survival and function depend on the surrounding
microenvironment, which provides mechanical and biological cues that can influence cell
fate?4. To re-create the native pancreatic niche, we used COL1, which is natural polymer
derived from the native ECM to encapsulate INS1E pseudo-islets (Zbinden & Urbanczyk et
al., Appendix I, Figure 4). COL1 contains specific adhesive sequences and binding sites
that can initiate signaling cascades, therefore influencing the encapsulated cells?35. ECM,
such as collagens (COL1 and COL4), have been widely used as scaffolds or supplements
to promote cell survival and improve insulin secretion in pancreatic islets?36237. The
combination of LAM and COL4 in an alginate hydrogel reduced cytokine-mediated cell

death in human pancreatic islets'>3. Weber et al. biofunctionalized polyethylene glycol with

32



3. Results & Discussion

ECM such as COL1, COL4, LAM, fibrinogen, FN and vitronectin and assed their effects on
pancreatic mouse B-cells and mouse islets'#5235, Interestingly, by blocking specific integrin
receptors, the effects could be reversed, highlighting the importance of cell-matrix
inteactions'#5. In our study, we showed similar beneficial effects on cell survival and
functionality of INS1E pseudo-islets encapsulated in COL1 gel under sever hypoxic
conditions for 48 hours (Zbinden & Urbanczyk et al., Appendix I, Figure 5). More
importantly, we showed that COL1 encapsulation could rescue the expression of the
glycoproteins NID1 and DCN in hypoxic INS1E pseudo-islets. However, the expression of
BM protein LAM and COL4 remained altered.

Incorporation of pancreatic microvasculature cells, such as pancreatic ECs, with B-cells
have been of interest as there is a crosstalk between ECs and -cells in term of glucose-
sensing and regulation?®®. In addition, ECs are the main producers of ECM in the
pancreas?®®. Therefore, we asked whether INS1E pseudo-islets could be stimulated by a
co-culture with ECs (Zbinden & Urbanczyk et al., Appendix I, Figure 6). Co-cultures
encapsulated in COL1 had improved functionality, which correlate to several studies where
the natural crosstalk between ECs and B-cells has been exploited®%-242, The beneficial
crosstalk between ECs and 3-cells was demonstrated in a study from the Schenke-Layland
laboratory, where Urbanczyk et al. incorporated human umbilical vein endothelial cells
(HUVECSs) and endoC-BH3 cells into pseudo-islets using magnetic levitation?*'. The spatial
distribution of the two cell types could be controlled and showed that B-cell pseudo-islets
surrounded by layers of HUVECs had the highest increase in GSIS and e-cadherin
expression, while apoptosis was significantly reduced in vitro. Here, we also showed that
the incorporation of ECs significantly increased the expression of the BM proteins LAM,
COL4 and NID1 in vitro.

A summary of the main results and proposed mechanisms of action are provided in
Figure 10. We hypothesized that (1) COL1 interacts with receptors present on the cell
surface, which lead to signal transduction. In addition, it is possible that the ECM produced
by the pseudo-islets positively feedbacks and/or interacts as well with the COL1 gel. (2)
The crosstalk between ECs and [B-cells occurs by cell-cell contact and by paracrine
secretion. It is known that ECs produces TGF-B1, which may positively impact the [3-
cells?®8243 Similarly, B-cells secrete VEGF when responding to hypoxia, which may

positively impact ECs®. Our work highlights the beneficial effect of stimulating B-cells via

33



3. Results & Discussion

cell-ECM and cell-cell interactions, which in turn, improves functionality, viability, and ECM

expression of encapsulated cells under sever hypoxia.
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Figure 10: Schematic summarizing the main outcome of the biofunctionalization with COL1
and endothelial cells. INS1E pseudo-islets under hypoxic conditions lose function, become
apoptotic and lose ECM expression. COL1 biofunctionalization and endothelial cells promote
survival and function of B-cells under hypoxia.

The findings and knowledge generated from our post-transplantation models are
valuable and can contribute to the design encapsulation strategies of cell-based
therapeutics to treat DM'?8, The goal is to physically separate transplanted islets from the
host immune system by a permselective membrane, while providing a microenvironment
supporting cell survival and function. Physiochemical and surface properties of the
materials are determinant factors to prevent the entry of immune cells, complements and
antibodies while allowing diffusion of oxygen, nutriments, metabolites, hormones and waste
products'®. Studies have demonstrated that encapsulation strategies can successfully

protect islets from the host immune system?#4. In addition, encapsulation showed promising
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results using xenogeneic islets as a safe alternative to cadaveric islets without inducing

adverse immune rejection?45.
3.3.Non-Invasive Monitoring of B-Cell Function in a Pancreas-on-a-Chip

3.3.1. Pancreas-on-a-chip to model the pancreatic endocrine function

One important factor that has been overlooked in the presented in vitro models is the
lack of vasculature-like perfusion. Our systems are relying on traditional static culture
conditions with passive diffusion of compounds, such as oxygen, nutrients or hormones?'7.
The organ-on-a-chip (OoC) technology has the potential to overcome some of the
limitations of 2D and 3D cultures by combining microphysiological tissue environment
together with vasculature-like perfusion?*6. The OoC technology combines the advantages
of cell culture (human genetic) with the advantage of animal models (physiological
complexity)®®. The laminar flow of the perfusion allows the spatiotemporal delivery of
nutrients, oxygen or other supplements to the microphysiological tissue chamber, while the
waste products or released metabolites are transported away either to be discarded or to
be sampled for further analysis. In this thesis, we developed a pancreas-on-a-chip system
that entraps single human endoC-BH3 pseudo-islets, while providing a continuous
vasculature-like low-shear perfusion (Zbinden et al., Appendix Il, Figure 2A,B). EndoC-
BH3 pseudo-islets in the pancreas-on-a-chip maintained viability, insulin expression and
GSIS (Zbinden et al., Appendix Il, Figure 2D-G). Real-time monitoring and assessment of
organ-on-a-chips are essential for evaluating the dynamics of various cellular processes.
Here, multisampling of the pancreas-on-a-chip efflux was employed in a real-time manner
during the glucose stimulation (Zbinden et al., Appendix Il, Figure 5A). The pancreas-on-
a-chip insulin secretion patterns closely mimicked the first and second phase of insulin
secretion from human islets?*’. The main characteristics of the pancreas-on-a-chip are
illustrated in Figure 11.

In the past decade, promising proof-of-principle studies have shown the benefit of OoC
technology in mimicking in vivo-like functional responses. For instance, Nguyen et al. used
the INS-1 pseudo-islets into a perfused endocrine platform and compared the insulin
secretory capacity between INS-1 2D culture, perfused culture, and co-cultures with the

intestinal L-cell lines?*8, The Rocheleau group used a similar perfused chamber to assess
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the effect of different flow rates on ECs present on isolated mouse islets, which are known
to lose density and morphology in culture?*®. More complex platforms were designed by Jun
et al. and Lee et al. allowing on-chip aggregation of isolated mouse islet cells and mouse
B-cell line into pseudo-islets respectively?3%2%1, As a proof-of-concept study for in vitro drug-
testing, Jun et al. used two know antidiabetic drugs GLP-1 and tolbutamide to stimulate
islets on-chip?®'. In 2020, Walker et al. used primary isolated human islet cells to formed
human pseudo-islets in vitro. In addition, the cells were transduced with a biosensor,
allowing to visualized changes in calcium concentration on-chip?®?2. However, so far, most
of the OoC platforms developed used cells from animal origin or primary islets. With the
development and recent commercialization of human 3-cell lines, the OoC field is expecting
to gain momentum, generating physiologically relevant platforms with human genetic
background.

device allowing to switch
between solutions 1

in situ imaging @)
supernatant sampling
for insulin detection

Figure 11: Schematic illustrating the main characteristics of the pancreas-on-a-chip system.
The pancreas-on-a-chip can be perfused by different media solutions (i.e., 0 mM glucose or 20 mM
glucose) creating a gradient. The supernatant can be collected over time and processed to measure
insulin. The pancreas-on-a-chip is bound to thin glass which allow to perform in situ imaging, for
instance with Raman microspectroscopy or FLIM.

3.3.2. Non-invasive tools to assess [-cells function

Traditional laboratory techniques that evaluate pancreatic islet viability and function,

such as histological sectioning and live/dead staining, are destructive and require the
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addition of exogenous dyes?°3. In addition, the use of fluorescence dyes in live staining and
imaging is currently debatable, as they may influence the overall cell metabolism.
Therefore, the development of novel physiologically relevant in vitro systems requires the
integration of non-invasive, marker-free imaging tools to monitor the in vitro systems in real-
time. We introduced two studies exploring the use of Raman microspectroscopy and FLIM
as promising tools for assessing B-cell function as illustrated in Figure 12 (Zbinden et al.,

Appendix Il, Zbinden & Carvajal Berrio et al., Appendix IlI).
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Figure 12: Schematic illustrating the different non-invasive methods used to characterize the
pancreas-on-a-chip in situ. The pancreas-on-a-chip is sealed on a thin glass, allowing imaging
by confocal microscopy of 3D immunofluorescence staining, Raman microspectroscopy and FLIM.
PCA: principal component analysis; TCA: true component analysis. lllustration adapted from

Zbinden & Carvaijal Berrio et al. and Zbinden et al.224233

Raman microspectroscopy combined with True Component Analysis (TCA) enabled the
identification of 3 major structures in human endoC-BH3 pseudo-islets within the pancreas-
on-a-chip: lipids, mitochondrial and nuclei (Zbinden et al., Appendix Il, Figure 3). We
showed that the distribution of the TCA mitochondrial component increased from pseudo-
islets under Krebs buffer (0 mM glucose) to 20 mM glucose. In addition, using Principal
Component Analysis (PCA), in-depth spectral analysis of the TCA lipid component revealed
changes in lipid composition during glucose stimulation based on the increase in

phosphatidylinositol (Zbinden et al., Appendix Il, Figure 4). These changes correlate with
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the B-cell machinery employed during glucose stimulation to release insulin, where the
overall metabolism is increased to process glucose through glycolysis and oxidative
phosphorylation?%4. Then, insulin is produced and packed into secreting vesicles, whose
lipid compositions were reported to change upon glucose stimulation?®. By reducing the
pixel resolution, real-time monitoring could be achieved by Raman microspectroscopy.
These data demonstrate that Raman fingerprints can be used as biomarkers for glucose-
induced cellular changes in a pancreas-on-a-chip in vitro model.

Although we showed that pancreatic 3-cell response to glucose leads to an overall
increase in metabolism, the glucose response in pancreatic B-cells is a highly dynamic
process that oscillates in a time-dependent manner*®. The glucose enters B-cells by passive
diffusion through transporters of the GLUT family and is processed in the cytoplasm during
glycolysis, which generates, for instance, the coenzyme NADH. The metabolic machinery
proceeds within the mitochondria by oxidative phosphorylation, generating NADH and
FAD?2%, The ATP concentration increases and leads to the closing of K* channels and influx
of Ca?*, ultimately resulting in the exocytosis of insulin granules?>’.

The metabolism machinery is not only involved in insulin secretion of B-cells, but also
in other important cellular processes, such as proliferation, differentiation, metabolic
switching in tumor cells, apoptosis, and necrosis 2°8-260, Deciphering the dynamism of the
metabolic processes such as the time-dependent switch between glycolysis and oxidative
phosphorylation would be highly beneficial to evaluate the metabolic state of cells.
Importantly, due to the dynamic process, such characterizations should be performed in a
non-invasive manner and in real-time. In this thesis, we hypothesized that FLIM could
provide valuable insights into the metabolic state of pseudo-islets in a spatial and time-
dependent manner. Here, we demonstrated the FLIM can detect metabolic changes due to
hypoxic conditions at an early on-set, before the activation of caspase-3 or formation of an
apoptotic core (Zbinden & Carvajal Berrio et al., Appendix Ill, Figure 2). In addition, we
showed that there is a metabolic spatial distribution within a pseudo-islet characterized by
a highly metabolic active outer cell layer (Zbinden & Carvajal Berrio et al., Appendix lll,
Figure 3).

Similar to Raman microspectroscopy, we showed that FLIM can monitor the glucose-
response in pseudo-islets (Zbinden & Carvajal Berrio et al., Appendix lll, Figure 4). FLIM

provided complementary information to Raman microspectroscopy on the metabolic state
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during glucose stimulation. For instance, glucose stimulation instantaneously altered the
lifetimes of cytosolic and mitochondrial NADH, indicating cellular microenvironmental
changes, such as pH. In addition, glucose stimulation induced oscillations in NADH a1 over
time and a drop in optical oxidative ratio. These findings indicate an abrupt increase in
glycolytic flux, generated by the breaking down of the newly transported glucose in the
cytoplasm. The oscillatory behavior of NADH a1 correlates with the dynamic process of the
metabolic machinery during insulin secretion?®’. Importantly, we assessed the metabolic
state during glucose stimulation on pseudo-islets subjected to hypoxia for 6 hours and
compared their FLIM response to normoxic pseudo-islets (Zbinden & Carvajal Berrio et al.,
Appendix lll, Figure 5). Our data indicated that hypoxic pseudo-islets still respond to
glucose based on the optical oxidative ratio which decreased during glucose stimulation.
However, other parameters such as NADH a1 did not show any oscillatory behavior. The
metabolism machinery in hypoxic B-cells is focused on combatting reactive oxygen species
and other hypoxia-induced damage and therefore, it is overloaded when B-cells have to
response to glucose. Importantly, FLIM could detect alteration in the metabolic response of
hypoxic pseudo-islets which were subjected to hypoxia for 6 hours, while traditional
methods such as enzyme-linked immunosorbent assay (ELISA) could not (Zbinden &
Carvajal Berrio et al., Appendix Ill, Figure S3).

These two studies (Zbinden et al., Appendix Il & Zbinden & Carvajal Berrio et al.,
Appendix lll) showed how Raman microspectroscopy and FLIM can be used to track
pseudo-islet function and survival under different culture conditions in a non-invasive
marker-free manner. Combined with the pancreas-on-a-chip system, dynamic cellular
processes, such as insulin secretion, can be measured. Although both methods are based
on inelastic scattering, their outputs provide distinct information that are complementary.
Raman microspectroscopy revealed detailed structural information of the pseudo-islet
composition, including proteins, lipids, and nucleic acids. The unique insight into the
structure and compositions of tissues by Raman microscopy have been shown by a number
of studies, where a high degree of biomolecular specificity and intensities correlated with
molecular content?62263_ |n the field of DM, Raman microspectroscopy was used to
discriminate between insulin and glucagon within pancreatic islets?%*. In a study from the
Liu group, Raman microspectroscopy was used to discriminate between living pancreatic

a, B, & and PP cells?®®. Similarly, Raman microspectroscopy was used to discriminate
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between native pancreatic rat islets and the rat INS1 cell line?%6. A clear separation was
made based on a higher DNA content and lower protein amount in the cell line. In addition,
secretion from human pancreatic islets under different glucose concentrations could be
detected in the surrounding medium by surface-enhanced Raman microspectroscopy?®”.
Although these studies using Raman microspectroscopy in the DM field have allowed to
discriminate between hormones or pancreatic cell type, only few have assessed (-cell
function or dysfunction.

While Raman microspectroscopy can detect a large spectrum of molecules and
molecular structures, FLIM relies on the autofluorescence lifetimes of two district
coenzymes: NADH and FAD, which are involved in different metabolic pathways that
generate energy for the cells?'?. FLIM has been used to characterized metabolic processes,
such as apoptosis and necrosis, various differentiation of stem cells or metabolic switching
in tumors?68-272_|n the DM field, to date, one interesting study from Gregg and associates
investigated mouse pancreatic islets using FLIM, where a metabolic decline was observed
in an age-dependent manner correlating with a loss of insulin secretion?’3. However, studies

utilizing FLIM as a tool to probe B-cell function or dysfunction, so far, remains infrequent.

3.4.The Basement Membrane Protein Nidogen-1 Supports B-Cell Function and

Survival in a Hypoxia In Vitro Model

ECM proteins offer important biochemical and mechanical cues influencing cell
homeostasis and differentiation?’4. The pancreatic BM is a marker for islet integrity: its
disruption contributes to reduced islet yield, viability, and functionality post-isolation?’. In
this thesis, we demonstrated that sever hypoxia not only impaired insulin secretion, but also
ECM expression of BM proteins in a post-transplantation in vitro model (Zbinden &
Urbanczyk et al., Appendix I).

The most predominant component of the BM proteins are collagens, LAM, FN and the
nidogens (NID1 and NID2)°. LAM have been associated to islet survival and B-cell
proliferation in vitro'®3. COL1 and COL4 are essential for a proper BM morphology?®. In this
thesis, we showed the beneficial effect of COL1 gel in a post-transplantation in vitro model
(Zbinden & Urbanczyk et al., Appendix I). LAM and COL4 are copolymerized into a dense

network that are connected by NID1, also known as entactin-1276-278,
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NID1 was identified as a candidate for cardiovascular regenerative approaches by
colleagues at the Schenke-Layland laboratory (Zbinden & Layland et al., Appendix IV,
Figure 1). Briefly, in a myocardial infraction and reperfusion (MI/R) mouse model, injections
of the infract border zone with human recombinant NID1 in a hyaluronic acid (HA) carrier
improved heart function compared to injection with only the HA carrier (Zbinden & Layland
et al., Appendix IV, Figure 2). Investigation of the scar tissue quality of the infarct zone
indicated a protective effect from NID1 of the cardiovascular cells subjected to an ischemic
environment. The protective effect of NID1 was demonstrated in vitro under sever hypoxia
on human induced pluripotent stem cells (hiPSC)-cardiomyocytes, where expressions of
caspase-3 and TUNEL" cells were significantly reduced using NID1 as supplement in the
media (Zbinden & Layland et al., Appendix IV, Figure 3). In addition, NID1 mitigated the
hypoxia-induced effects on fibroblasts, reducing the expression of a-smooth muscle actin
(aSMA). We also demonstrated that NID1 is pro-angiogenic by increasing tube formation
of endothelial cells in vitro. Moreover, NID1 induced the migration of blood monocytes and
influenced its polarization towards a phenotype with characteristics of both the MO and the
M2 regenerative subtypes. Importantly, NID1 did not induced a pro-inflammatory phenotype
(Zbinden & Layland et al., Appendix IV, Figure 5). Altogether, these findings indicate a
protective effect of NID1 under hypoxia which is not restricted to a single cell type (Figure
13).

Therefore, we asked whether the protective and antifibrotic effects of NID1 under sever
hypoxia would benefit in noncardiac therapeutic areas, where ischemia is also present, for
instance for islet transplantation. Investigation of the spatial distribution of NID1 in human
fetal and adult pancreas showed that NID1 is co-localized with insulin at higher degree
compared to COL4, LAM and NID2 (Zbinden & Layland et al., Appendix IV, Figure 4A-C).
These results suggest that NID1 may have a specific function in B-cells. We showed that
insulin secretion could be increased using NID1 at 30 pg/mL for 72 hours as supplement
using the human endoC-BH3 pseudo-islets in vitro model (Zbinden & Layland et al.,
Appendix IV, Figure 4D-F). In addition, expression of e-cadherin significantly increased
using NID1, indicating that NID1 enhanced cell-cell contact. To model the ischemic
conditions present post-transplantation, we subjected the pseudo-islets to sever hypoxia
for 72 hours (Zbinden & Layland et al., Appendix IV, Figure 4G-I). Under these conditions,

NID1 increased the insulin secretion, e-cadherin expression and reduced the expression of
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caspase-3 and TUNEL" cells. Using the pancreas-on-a-chip, the impact on NID1 on hypoxia
pseudo-islets was evaluated by Raman microspectroscopy (Zbinden & Layland et al.,
Appendix IV, Figure S6J-O). TCA analysis could identify four major structures: nucleic
acids, vesicular lipids, mitochondria and cellular lipids and proteins. Quantifications
revealed an increase in TCA vesicular lipid and TCA mitochondria components in pseudo-
islets with NID1.
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Figure 13: lllustration of the effects of NID1 on cardiovascular cells in vivo and in vitro. (a) In
a MI/R mouse model NID1 improved heart function. Histological analysis of heart tissue showed
reduced scarring (in pink, picrosirius) in hearts treated with NID1 in the HA carrier compared to the
HA carrier only condition. (b) In vitro studies showed a pro-angiogenic effect of NID1 on endothelial
cells, a protective effect on cardiomyocytes, an anti-fibrotic effect on fibroblasts and a pro-
regenerative effect on immune cells. lllustration adapted from Zbinden & Layland et al.?™®

Translation into clinical trials of therapeutic candidates, such as NID1, requires the
understanding of the mechanistic pathways involved. Here, we showed how NID1 binds to
the integrin avp3 in vitro (Zbinden & Layland et al., Appendix IV, Figure 6A). Blocking this
integrin on (3-cells could reverse the beneficial effect of NID1 on insulin secretion, indicating
that the integrin avB3 mediated the action of NID1 on 3-cells in vitro (Zbinden & Layland et
al., Appendix IV, Figure 6B). Moreover, specific biological pathways that are activated by

NID1 could be identified using a high-throughput digital western blot platform (DigiWest)
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(Zbinden & Layland et al., Appendix IV, Figure 6E-F)?8°. NID1 binds the integrin avB3 and
activates the downstream signaling via the MAPK pathway. Downstream effectors such as
ERK1/2 are known to be expressed following oxidative stress and can lead to the
transcription of anti-apoptotic genes?®'2%2. The MAPK pathways is also involved in the GSIS
response of B-cells*’. Here, we also showed an increase of p21, Wnt3 and EpCAM in
pseudo-islets treated with NID1. Interestingly, the cell-cycle regulator p21 is among the
effectors of the MAPK pathway and can protect different cell types against apoptosis,
including myoblasts, hematopoietic stem cells and macrophages?83-287, Wnt3 increase may
arise through a crosstalk with avB3 downstream signaling?®-2°0. Wnt signaling is involved
in B-cell insulin secretion mechanisms on the nuclear transcription level, as well as cell
survival?®2%2_ The upregulation of Wnt3 is coherent with increased survival and increased
insulin secretion of 3-cells. Summary of the mechanistic pathways of NID1 is illustrated in
Figure 14.
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Figure 14: Proposed mechanisms of action of NID1 in B-cells in vitro. NID1 ligation with the
integrin avpB3 upregulating Fyn/Src, which stimulates Wnt3 and the MAPK pathway. Fyn/Src
activates the MAPK pathway, upregulating p21, which can be antiapoptotic. Fyn/Src can crosstalk

with Wnt3 and EpCAM, enhancing insulin secretion. lllustration adapted from Zbinden & Layland et
a|.279

DigiWest data showed a significant upregulation in EpCAM in NID1-treated 3-cells. NID1
and EpCAM have a high sequence homology?%3, suggesting that NID1 might bind to
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EpCAM. This was confirmed here, for the first time to our knowledge, by a NID1-EpCAM
binding assay (Figure 15A). We also performed an immunofluorescence staining of
EpCAM expression in hypoxic pseudo-islets with NID1 (Figure 15B). Semi-quantification
showed an increase in EpCAM expression, which corroborate the DigiWest data. Potential
pathways and crosstalk between NID1 and EpCAM in illustrated in Figure 15C. Increase in
EpCAM expression can lead to an increase in Wnt canonical signaling, as the extracellular
domain of EpCAM has been shown to cooperate with Wnt signaling by sequestering
Kremen1294295_|n addition, increase in Wnt might feedback on EpCAM itself, as EpCAM is
a target gene of Wnt signaling®®®. This mechanism might contribute to the increase Wnt
arising from av3. In addition, the homotypic junction formed by EpCAM can stimulate its

own expression?®3, Here, NID1 may have a similar stimulatory role.
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Figure 15: NID1 binds to EpCAM and may stimulate EpCAM expression. (a) Dose-dependent
binding assay between immobilized EpCAM and NID1. Specific binding is shown in red. NID1 binds
to EpCAM in a dose-depending manner and with a relatively low affinity (< 100 pg/ml). (b)
Immunofluorescence staining of EpCAM (green) in hypoxic pseudo-islets with and without NID1.
Corresponding quantification of the mean grey value intensity per pixel (GVI/pixel) is shown on the
right. Unpaired t-test, **** p<0.0001, n=13-18. (c) lllustration shows the potential feedback look,
where NID1 binds to EpCAM leading to the translation of the EpCAM gene in the nucleus. Scale
bar equals 50 pm.

So far NID1 was mostly recognized as a linker protein present in most BMs in the human
body. NID1 and have been suggested to play a role in angiogenesis?®’, hepatic
regeneration®®® and regenerative axon growth and guidance?®®3%, Until now, it was
unknown whether the nidogen family is involved in B-cell survival, proliferation, or function.
Our results indicates that NID1 enhanced B-cell function in hypoxia by increasing the
mitochondrial function, insulin, and insulin-transporting lipid vesicles. For the first time, we

demonstrated the protective effect of NID1 on B-cells under normoxic and hypoxic
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conditions. Moreover, we identified several mechanistic biological pathways induced by
NID1 in vitro. These findings indicate that NID1 have multiple clinical applications not only

in the cardiovascular field, but for islet transplantation as well.
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4. Conclusion

The establishment of in vitro models for DM is essential to bridge the gap between pre-
clinical studies and human clinical trials. Although animal models have provided
considerable knowledge over the past decades, there are important species-specific
mechanisms that hinder the clinical translation of target drugs or biological compounds.
However, the available in vitro platforms using human biological materials lack
physiological relevance and fail to mimic an in vivo-like human responses to drugs or
biological compounds. Therefore, there is an urgent need to develop in vitro models that
mimic some of the physiological complexity seen in vivo.

In this thesis, we developed aggregates of pancreatic B-cells, so called pseudo-islets,
that responded to glucose stimulation by secreting insulin. Pseudo-islets mimicked the 3D
spherical structure of human pancreatic islets. The rat insulinoma INS1E cell line was used
to optimize pseudo-islet size and culture conditions. The expertise developed was then
transferred to form human pseudo-islets based on the conditionally immortalized endoC-
BH3 cell line, forming glucose-responsive human pseudo-islets. In addition, we created a
post-transplantation in vitro model, where sever hypoxia was induced, mimicking the
microenvironment present after islet transplantation. With this model, we evaluated the
impact of sever hypoxia on INS1E pseudo-islets and showed how -cell function, structure
and ECM expression were significantly altered. Using biological cues such as COL1 gel
and endothelial cells, hypoxia-induced damage could be diminished. COL1 binding to -
cells, as well as cell-cell contact and paracrine signals from the endothelial cells, likely
activated downstream protective signaling pathways.

Native islets are highly vascularized, allowing the rapid exchange of nutrients, oxygen,
and release of insulin. To mimic these physiological conditions, we developed a pancreas-
on-a-chip system which entrapped single endoC-BH3 pseudo-islets in a microfluidic device.
The vasculature-like flow allowed for the dynamic glucose stimulation of pseudo-islets.
Multisampling of the pancreas-on-a-chip efflux and analysis of the insulin secretion revealed
a first and second phase of insulin secretion, an important characteristic of native pancreatic
islets in vivo. To non-invasively monitor the function of the pancreas-on-a-chip, we
integrated two non-invasive label-free microscopy techniques: Raman microspectroscopy

and FLIM. The insulin secretion from pseudo-islets could be assessed in situ by Raman
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microspectroscopy based on Raman spectra describing overall mitochondrial function and
phospholipid compositions. Using FLIM, we could assess in more detail the metabolic
dynamic switches between glycolysis and oxidative phosphorylation. In addition, we used
FLIM to identify hypoxia-induced damage in pseudo-islets over time. FLIM could detect at
an early onset the metabolic switches occurring in B-cells that activate an adaptive response
to hypoxia. Importantly, the high sensitivity of FLIM could identify defects in glucose
response, while traditional methods such as ELISA could not.

Using the in vitro models developed in this thesis, we investigated the potential
therapeutic effect NID1 on B-cells. NID1 co-localized with insulin in native pancreatic tissue,
suggesting a specific role in B-cells. Using recombinant human NID1, we demonstrated the
stimulatory effect of NID1 on insulin secretion, and its protective effect on B-cells under
hypoxia. Raman microspectroscopy corroborated these findings by showing an increase in
insulin-containing vesicular lipids and mitochondrial TCA components in pseudo-islets
treated with NID1. Finally, we identified a mechanism of action of NID1 via the integrin av33
and MAPK pathway. We also showed that NID1 binds to EpCAM contributing to the overall
beneficial downstream signaling pathways. These findings indicate NID1 as a potential

therapeutic candidate to support p-cell function and survival post-transplantation.
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The establishment of physiologically relevant in vitro models for DM remains
challenging. With the significant recent technological advances in tissue engineering,
microfabrication and cellular engineering, a number of tools are now accessible to
researchers, facilitating the future development of in vitro models in the field of DM3°. The
main components to consider designing an in vitro system are illustrated in Figure 16. The
first choice to make is a relevant source of cells with a human genetic background. This
includes primary cells, such as isolated islets, pancreatic cell lines or human embryonic
stem cells (hESCs) or iPSC-derived cells. Primary cells are currently the most widely used,
however their rare availability and short-term culture limit their application in large screening
studies'”3. Pancreatic cell lines, such as the endoC-BH cell lines, can be expanded in large
quantity in vitro and provide valuable insights as we and others have shown!78.301.302
However, their less mature phenotype can be debated. Therefore, the use of human hESCs
or hiPSCs to derive the different pancreatic cell types have been of growing interests for in
vitro models, disease modelling and cell-based therapy3°3-3%4, Substantial effort were made
to push forwards the differentiation protocols to derived B-cell fully in vitro3°5-3%7. Recently,
Nair et al., developed a protocol of the in vitro differentiation and maturation of hESCs-
derived B-cell in 3D which closely recapitulate organogenesis3%®. Immature B-like cells were
sorted by FACS based on a GFP insulin reporter gene, and re-aggregated into spheroids.
The hESCs-derived 3-cell aggregates exhibited functional characteristics that were a step
closer to human islets in vitro.

Although pancreatic B-cells play a central role in DM research, collective efforts have
been made to include other cell types to mimic the multifactorial characteristics of DM. For
instance, primary islets were disaggregated and cell types such as a-cells, d-cells (, PP-
cells and ECs were used in combination with B-cells?22:309.310 Currently, there are only few
alternatives to primary pancreatic isolated cells, including the use of a mouse a-cell line or
hESC-derived a-cells, which was recently published by the Melton group3''3'2, Other cell
types such as d-cells, PP-cells or ¢-cells, to date, can only be obtained by transplanting
hESC- or hiPSC-derived pancreatic progenitor cells into animal models to spontaneously
mature in vivo®'3. A number of groups have attempted to differentiate hESCs or hiPSCs into

ECs with relevant functional properties in immune, transport, hematological and mechanical
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response®'. So far, there is no method available to differentiate hESCs or hiPSCs into
organ- or tissue-specific EC subtypes. Although the differentiation towards hiPSCs-derived
pancreatic cell types remains challenging, the use of pancreatic cells derived from hiPSCs
will significantly impact the DM field. For instance, hiPSCs-derived pancreatic cell types
have the potential to generate patient-specific in vitro models for personalized medicine

applications.

primary islet cells

oS
FE3TE

pancreatic cell line(s) pseudo islet

(@)

©®
W@ f e ﬂ%
stem-cell derived % \,

pancreatic cell type(s)
3D culture

1) %@

ECM / ECM-mimicking perfused system
polymers

Figure 16: Main components to establish an in vitro system with a human genetic
background. The first element to determined is the cell source that will be used in the in vitro
systems: primary islets cells, pancreatic cell lines or stem-cell derived pancreatic cells. The second
components that can be incorporated into in vitro systems are ECM or ECM-mimicking hydrogels,
which will stimulate through integrin/receptor-binding the cells. The last component to determined
is the model architecture of the in vitro systems: standard 2D culture, culturing cells as pseudo-
islets, incorporating cells into hydrogel and/or using a vasculature-like perfusion system.

The second component relevant to build an in vitro system are pancreatic ECM proteins,
which provide biological and mechanical cues to B-cells to promote function and survival'34.
Here, we showed the protective effect of two ECM proteins, COL1 and NID1, on B-cells. In
future studies, one should consider the incorporation of other ECM proteins and
biomolecules to further improve our system. The combination of different cell types, ECMs

and biomolecules has the potential to further improve in vitro models for DM research.
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The third component to consider when designing in vitro models, is the model
architecture, including traditional 2D monolayer culture, pseudo-islets culture, 3D hydrogel-
based culture and perfused systems. Future in vitro models should incorporate the
physiological complexity seen in vivo, including ECM-based hydrogels in a 3D manner with
a vasculature-like perfusion provided by microfluidics. For instance, combining the COL1
gel with NID1 into the pancreas-on-a-chip would significantly improve the physiological
relevance of our model. Physiologically relevant in vitro models require the development of
non-invasive label-free imaging tool to monitor and assess in real-time the functionality of
the model. We showed the potential of Raman microspectroscopy and FLIM to assess
pancreatic (-cell function. In future studies, one could combine these two technologies in a
multimodal approach. Although it represents a technological challenge, such multimodal
approach could allow the correlation between Raman fingerprint with the oxidative state of
the model.

The understanding and knowledge acquired through the development of vitro models
are transferable to the design of implant for islet transplantation. Encapsulation and
biofunctionalization of cell-based therapeutics are a promising strategy not only alleviating
the immune response, but also providing a microenvironment supporting cell survival and
function post-transplantation'?®. However, there are important limitations that further need
to be explored before achieving long-term survival and functionality of islet transplant
(Figure 17). These includes: (1) incorporation of biological and mechanical cues to support
islets, (2) engineered solutions promoting enhanced vascularization or providing oxygen
supply, and (3) biofunctionalization of the islet using other cell types. For instance, hydrogel
biofunctionalized with IL-4 and dexamethasone induced the polarization of anti-
inflammatory M2 macrophage, thereby modulating the immune response3's. Similarly,
biofunctionalization with Fas ligands induced ligand-mediated apoptosis in T-cell
effectors3'6. Xenotransplantation outcome from a rat-to-mice model were significantly
improved by the co-transplantation of autologous regulatory IL-10 murine dendritic cells in
absence of any additional immunosuppressive therapy3®'”. In addition, several studies have
reported the benefit of transplanting MSCs with islets in term of graft efficacy in animal
models3'8-322_ |n the future, our work may contribute beneficially to the outcome of islet

transplantation. Incorporation of NID1 and COL1 with encapsulated cells could increase the
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survival rate and function of transplanted islets. Similarly, providing endothelial cells, which

secrete VEGF, may improve the neovascularization of transplanted islets.
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Figure 17: Encapsulation and biofunctionalization for islet transplant. Encapsulation strategies
of islets aim to physically separate host immune cells from the transplant, while allowing diffusion of
small molecules, such as glucose, insulin or oxygen and blocking the entry of larger proteins such
as IgM or IgG. Key research areas focus on: @ biofunctionalization of the transplant material, using
pancreatic ECM proteins such as COL4, FN, LAM and/or biomolecules such as VEGF to promote
vascularization;® developing oxygen-releasing materials, alleviating the hypoxic conditions; © co-
transplantation of islet cells with other cell types.
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Collagen and Endothelial Cell Coculture Improves p-Cell
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The use of biomaterials and biomaterial [unctionalization is a promising approach to support pancrealic islet
viability posttransplantation in an eflort to reduce insulin dependence [or patients afllicted with diabetes
mellitus type 1. Extraccllular matrix (ECM) proteins arc known to impact numcrous reparative functions in the
body. Assessing how cndogenously cxpressed pancreatic ECM proteins are affected by posttransplant-like
hypoxic conditions may provide significant insights toward the development of tissuc-cngincecred therapeutic
strategics to positively influcnce P-cell survival, proliferation, and functionality. Herc, we investigated the
expression of three relevant groups of pancreatic ECM proteins in human native tissue, including basement
membrane (BM) proteins (collagen type 4 |COLA|, laminins [LAM|), proteoglycans (decorin [DCN], nidogen-1
[NID1]), and fibril-forming proteins (fibronectin [FN], collagen type 1 [COL1]). In an irn vitro hypoxia model,
we identified that ECM proteins were differently atfected by hypoxic conditions, contributing to an overall loss
of B-cell functionality. The use of a COL1 hydrogel as carrier material demonstrated a protective eftect on p-
cells mitigating the ellect ol hypoxia on proteoglycans as well as [ibril-forming protein expression, supporting
B-cell functionality in hypoxia. We further showed that providing endothelial cells (ECs) into the COLI
hydrogel improves B-cell response as well as the expression of relevant BM proteins. Our data show that B-cells
benefit from a microenvironment composed of structure-providing COLI with the incorporation of ECs to
withstand the harsh conditions of hypoxia. Such hydrogels support B-cell survival and can scerve as an initial
source of ECM proteins to allow cell engraftment while preserving cell functionality posttransplantation.
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Expression analysis identifies hypoxia-induced pathological changes in extracellular matrix (ECM) homeostasis as potential
targels 1o support B-cell transplants by encapsulation in biomaterials [or the treatment of diabeles mellitus. A collagen-1
hydrogel is shown to attenuate the cffect of hypoxia on B-cells and their ECM expression. The functionalization of the
hydrogel with endothelial cells increases the B-cell response to glucose and rescues essential basement membrane proteins.
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Introduction
THF. EXTRACELLUTAR MATRIX (ECM) physically and bio-
chemically supports tissues and organs. It consists of large
fibrillar proteins, glycoproteins, and proteoglycans, as well as
water, growth factors, enzymes, and other biomolecules." The
ECM is vital for cell survival and function as it provides bio-
logical. chemical, and mechanical cues (o cells, which in turn,
remodel the ECM to control tissue homeostasis.*

Alterations and disruptions of the ECM homeostatic state
adversely alTect cells resulting in structural tissue damages,
diseases, and potentially organ [ailure.?> Mechanical dis-
ruption of the ECM that occurs during injury or is induced
during transplant surgery can severely compromise cell
survival and function, ultimately hindering cell engralt-
ment.' This is a major issuc in ccll and tissuc transplantation
due to a number of underlying factors, including the hypoxic
environment at the transplant site, the implant/transplant-
triggered immune response, and pathological ECM re-
modeling posttransplantation.

The transplantation of Islets of Langerhans or isolated
pancreatic B-cells is a promising therapy to treat type |
diabetes mellitus. However, poor cngraftment combined
with hypoxic conditions of posttransplantation are respon-
sible for the loss of more than 60% ol the transplanted cells
within 1 month, leading to the loss of insulin-independency
and severe hypoglycemic events.”* Therefore. strategies to
improve transplant survival and efficacy should include
lissue-engineered methods to support the transplants’ sur-
vival under hypoxic conditions and improve the ECM ho-
meostasis of the transplant itself.

The isolation of the Islets of Langerhans (rom donor
pancreases scvers the vasculature connection between the
islets and pancreas. During this process, collagenases are
infused into the tissues, disrupting the interstitial matrix of
fibrillar proteins, such as collagen type 1 (COL1).*® The
process partially digests the double basement membrane
(BM) surrounding the islets, which is composed of collagen
type 4 (COL4), laminins {LAM), fbronectin (FN), and
protcoglycans.>” BM proteins were reported to be differ-
entially affected by the isolation procedure; perlecan and
laminin o5 are completely lost, while COL4 and other LAM
are still present after the process.” The resulting loss in ECM
structure has been previously shown to negatively impact
islet survival and function of posttransplantation.®

Endothelial cells (ECs) are the main source of BM pro-
teins in the native pancreas.” Most transplantation sites lack
ECs. The reestablishment of EC presence via revasculari-
zation requires several days of posttransplantation.’” During
that ume, B-cells experience severe hypoxic conditions
Ieading to improper ECM remodeling. Hence. $-cells ini-
tially rely on their intrinsic ECM protein expression to
survive in a hypoxic posttransplantation environment or on
external support, for examPIe, carrier materials such as
collagen-based hydrogels.'"'

Although many studies have shown the importance of the
ECM and how it affects B-cell function, there have been
very few investigations on how hypoxia regulates the cx-
pression and homeostasis of endogenous ECM in pancreatic
islets.!* Therefore, we developed an in vitro hypoxia model
o investigate the ECM expression of p-cell composed of
pseudoislets and to monitor pathological ECM changes
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under hypoxic conditions (Supplementary Fig. S1). We
showed that hypoxia differentially affects the expression of
BM proteins, proteoglycans, and fibril-forming ECM pro-
teins. The use of a clinically approved COL1 hydrogel as
carrier material allowed the rescue of the proteoglycans
and fibril-forming ECM proteins. Coculturing ECs with
B-cell pseudoislets in the COL1 hydrogel improved the
cndogenous cxpression of BM proteins. The combination
of biological cucs together with ECs is a promising strat-
egy to prevent or reduce hypoxia-related apoptosis and loss
ol B-cell functionality.

Materials and Methods
INS1E celf culture and pseudoislet assembly

The insulin producing rat insulinoma cell line INS1E was
a kind gift from Prof. Maechler from the University of
Geneva, Switzerland. INS1E cells were cultured in adapted
RPMI 1640 (Gibco) containing 10mM HEPES (Gibco),
50 uM 2-mercapto-ethanol (Sigma-Aldrich), 1 mM pyruvate
(Gibco), 5% fetal bovine serum (Sigma-Aldrich), 100 iU/
mL penicillin, and 100 pg/mL steptomycin, under standard
humidified normoxic conditions (37°C. 5% CO,, 20% O,),
and passaged at 80% confluency. To assemble pseudoislets,
nonadherent 96-well U-bottom plates {Thermo [Fisher Sci-
entific) were used al a density ranging from 500 to 10,000
cells per well in a working volume of 100 pL/well and placed
under normoxic conditions (or 48h belore any experiment.
Hypoxia experiments were performed under the [ollowing
conditions: 37°C, 5% CO, and 1% O, which were chosen
according to literature.'*™'® Tn detail, pseudoislets were see-
ded in overnight preincubated hypoxia medium. Media was
changed cvery other day. Every 24h, images of the pscu-
doislets were obtained using a brightfield microscope (7Zeiss),
and the pseudoislet size was analyzed using Imagel V
1.52p. The growth speed was assessed by applying a linear
regression curve for each pseudoislet size from day 2 to 8,
resulting in the average growth in micrometers per day.

Viability assay

Fluorescein diacetate (FDA)/propidium iodide (PI)
(Sigma-Aldrich) staining was performed according (o the
manufacturer’s protocol. In bricf, pscudoislets were washed
once with phosphate-buffered saline (PBS). incubated with
33 pL FDA and 300 pL PI per 1 mL RPMI 1640 for 15 min at
normoxic conditions. Aller incubation, pseudoislets were
washed three times with PBS before recording the fluores-
cence using a laser scanning microscope 710 (Zeiss). The
{luorescence was recorded in the z-stack mode using maxi-
mum inlensity projection. Images were evaluated by Zen
Blue (Zeiss) and Image] V 1.52p software. The number of

PI" cells waus normalized by the diameter of each pseudoislet.

Human umbilical vein endothelial cell culture and
coculfure pseudoisiet assembly

Human umbilical vein endothelial cell {HUVEC) culwre
and coculture pscudoislet assembly was performed as re-
cently reported.'” The magnetizing of HUVEC and INSIE
allows the proper and reproducible aggregation ol pseudois-
lets by placing the HUVECs around the INSIE B-cells. In
brief. HUVECs (PromoCell) were cultured in corresponding
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EC growth medium (PromoCell). passaged at a conflucncy
between 80% and 90%, and used between passage 2 and 6.
For coculture pseudoislets assembly, INSIE cells and HU-
VECs were magnetized overnight belore seeding, using
NanoShuttle™-PL (Greiner) at a concentration of 40 uL/mL
according to the manufacturer’s protocol. To obtain optimal
glucose-stimulated insulin secretion (GSIS) functionality of
the cocultured pscudoislets, INS1E cells were sceded first at
a density of 500 cells per well in SOpL INSIE media to
ensure proper pseudoislet formation. HUVECs were added
24 h later at a density of 500 cells per well in 50 uL HUVEC
media, resulting in a media ratio of 1:1, and placed atop the
magnetic levitation plate for 30 min under standard culture
conditions for another 24 h.

COL1 pseudoislet encapsulation

An average number ol 48 pseudoislets or cocullure pseu-
doislets were encapsulated in COLI with a concentration of
6.0mg/mL with a total volume of 250 pL followin% the
manufacturer’s instructions (Fraunhoter IGB, Stuttgaxt' ).

GSIS assay

Ninety-six hours after seeding, pseudoislets with 500 and
1000 cells per pseudoislel were grouped by 4 per well in
S0pL medium. Pseudoislels were washed twice using
KREBS 1xbuffer containing 0.1% bovine serum albumin
(Sigma-Aldrich) and 25 mM HEPES (Gibco). Then, pseu-
doislets were incubated for 30min in KREBS I Xxbulfer
under normoxic conditions. Subscquently, KREBS 1 X buffer
containing 3.3mM glucose (Gibco) was added and the
pseudoislets were incubated for 1.5 h. The pseudoislels were
washed again twice and incubated with KREBS 1 x buffer
containing 16,7 mM glucose for another 1.5h. The super-
natants were collected and stored at —20°C for (urther in-
sulin detection using enzyme-linked immunosorbent assay
(Mercodia). The GSIS index represents the fold increase in
insulin secretion from 3.3 to 16.7 mM glucose. For the GSTS
assay in COLI1 hydrogel, all incubation times were doubled
with regard to diffusion propertics.

Histological analysis

Pscudoislets were washed with PBS (Gibeo), fixed with 4%
paraformaldehyde, embedded in HistoGel® (Thermo Fisher
Scientific), and processed (or paraffin embedding using a
Shandon Citadel 1000 (Thermo Fisher Scientilic) according to
the manufacturer’s protocol. Sections were cut with a thick-
ness of 3um (Microtome RM2145; Leica), deparaffinized
using xylene, and rehydrated by graded ethanol (100-50%) in
VE-water. Adult human pancrealtic tissues were commercially
obtained from Novus biologicals (NBP2-30191; Novus Bio-
logical, Bio-Techne GmbH, Wiesbaden, Germany).

Immunofiuorescence staining

TRIS-EDTA (pH9) and citrate (pH6) bufter were used for
antigen retrieval. The antibodies were used according (o the
manufacturer’s specifications and arc shown in Supple-
mentary Table S1. Sections were incubated for 10 min with
4’ 6-diamidino-2-phenylindole (DAPI, 2ug/mL in PBS;
Sigma-Aldrich) prior mounting with Molecular Probes Pro-
Long Gold Antifade solution (Invitrogen). Immunofluorescence
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(IF) staining images of pscudoislets and pancreatic tissucs
were obtained using an Axio Observer Z1 microscope (Zeiss)
as well as laser scanning microscopes 710 (Zeiss) and 780
(Zeiss). The images were analyzed using Zeiss Zen Blue
software and ImageJ V1.52p.

Terminal deoxynucieotidy! transferase-mediated
nick-end labeling assay

Click-iT TUNEL Alexa Fluor Tmaging Assay Kit (Ther-
mo Fisher Scientific) wus used according (o the manulac-
turer’s specifications and used as previously described.!” In
brief, the sections were deparaffinized and permeabilized
with 0.25% Triton-X for 20 min. Terminal deoxynucleotidyl
translerase reaction bufler was added (o the slides for 60 min
at 60°C. Subsequently, sections were incubated with Click-
iT reaction butfer for 30 min at room temperature, The
counterstaining was performed using DAPI.

Image analysis

PI" cells were counted using an automated macro in Im-
ageJ V 1.52p and normalized by the size of the pscudoislet.
Blinded terminal deoxynucleotidyl transferase-mediated
nick-end labeling (TUNEL)- and Ki67-stained images were
quantilied by two independent, unbiased observers. Cells
were counted as TUNEL' and Ki67' when exhibiting a green
(TUNEL or Ki67) and blue (DAPI) double staining. Ratios of
TUNEL" and Ki67" cells were calculated by dividing the
number of TUNEL" and Ki67* cells, respectively, by the
number of total DAPT' cells. Staining intensities were eval-
uated via the mean gray value (MGV) per pixel within the
region of interest (ROI). Pscudoislet ROI was sclected as
DAPI' area and for human pancreatic sections as insulin'
region. Fold changes were calculated by dividing the MGV of
the hypoxia samples by the MGV of the normoxia samples.
The standard deviation was calculated using the formula for
the propagation of etror.

Nuclear expression of FN wus quantified by a custom-
written macro using Microsoft Excel (Microsoft Corporation,
2018). The program validates, whether the single pixel values
of the blue channel (DAPI) and the green channel (FN) ex-
ceed a set threshold value. If both thresholds were exceeded,
this pixel was counted as nuclear FN expression. The pixel
was counted as nonnuclear FN expression only when the
green (hreshold was exceeded. The percentage of nuclear FN
cxpression was calculated using the following formula: per-
centage of nuclear fibronectin expression=(number of pixels
with nuclear fibronectin expression)/(number of pixels with
nuclear [ibronectin expression + number ol pixels with non-
nuclear fibronectin expression).

Overall fold changes for ECM protein expression be-
tween normoxic COL1 hydrogel und hypoxic COL1 hy-
drogel+HUVECs were calculated by multiplying the fold
changes of (hypoxic COLI hydrogel/normoxic COLIL
hydrogely*(hypoxic COL1 hydrogel + HUVECs/hypoxic
COL1 hydrogel).

Raman imaging of pseudoislets

INSIE pseudoislets were prepared for Raman imaging as
previously described.'® In brief, hypoxic and control



Appendices

4

pscudoislers were placed in a microfluidic chip for nonin-
vasive /n site Raman imaging. The microfluidic device
stabilizes the pseudoislets during measurements, while
supplementing nutrients via media perfusion. Spectral
mapping was performed on a customized inverted WITec
alpha300 R Raman system (WITec GmbH) equipped with a
green laser (532 nm) and a CCD spectrograph with a grating
of 600 g/mm. An incubation chamber (Okolab S.R.L.) was
integrated in the sctup to keep the pscudoislets constantly at
37°C. Tmages were acquired as triplicates at a laser power of
58 mW, an integration time per spectrum of 0.5 s and a pixel
resolution of 1x 1 pum.

Muitivariate data analysis

Image analysis of the spectral map was performed with the
Project Five 5.2 software (WITec GmbH). Raman data were
pretreated whereby each scan was subjected (o cosmic ray
removal, polynomial baseline correction (10 remove the glass
background). and intensity normalization. True component
analysis (TCA) was performed at the spectral range of
600-1800cm™. In briel, TCA is a nonnegative matrix
factorization-based multivariate data analysis tool elaborat-
ing spectral components, which predominantly occur in the
data set allowing to identify the localization of these com-
ponents by lalse color intensity distribution heatmaps. Gray
value intensities per pixel (MGV) were determined in Im-
agel V 1.52p to semiquantify the distribution of the spectral
components in normoxic and hypoxic conditions. Further-
more, TCA allowed to presclect ROI with similar spectral
information representing nuclei, ECM, and mitochondria,
which was extracted for further in-depth analysis of the
molecular composition by principal component analysis
(PCA) using Unscrambler X10.5 (Camo). PCA is a multi-
variate data analysis tool reducing the dimensionality of a set
of spectral data on a vector-based approach. Each vector, the
so-called principal component {(PC), describes a variation in
the spectra, Plotting PC values against each other visualizes a
correlation or separation of (wo or more dala sets.

Statistical analysis

Statistical analysis was pertormed using Origin 2019b
(OriginLab) and GraphPad Prism version 6.00 for Windows
(GraphPad Software). Results are shown throughout the
entire article as mean standard deviation. All data sets are
tested {or normal distribution using Kolmogorov—Smirnov
test; outlicrs were removed using Grubb’s test with a con-
fidence interval of 0.05. All n-numbers, applied tests, and
corresponding significances for each result are listed in the
ligure legends.

Results

Assembly of pancreatic f3-cells into glucose-responsive
pseudoislets

To assess the ECM-related changes induced by hypoxic
conditions on pancreatic islets, we established an in vitro
model composed of INS1E B-cells that were assembled into
pseudoislets to mimic the insulin-secreting endocrine func-
tion of the native Islets o Langerhans. The native pancreatic
islets range is [rom 50 (o 400 pm in diameter with an av-
erage size of 150 um.z‘w Therefore, pseudoislets were
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formed by spontancous aggregation with 500 to 10,000 cclls
per pseudoislets (Fig. 1). The proliferative nature of the
INS1E f-cells lead to an overall increase in their size over
time, monitored [or a period of 8 days (Fig. 1A). The growth
speed was impacted by the number of initially seeded cells:
pseudoislets of 2000 (2k), 4000 {4k}, and 10,000 (10k) cells
per pseudoislet grew significantly [aster than pseudoislets of
500 (0.5k) and 1000 (1k) cells per pscudoislet (Fig. 1B).
Diffusion of nutricnts and oxygen arc csscntial for the
survival and physit)]oﬁgical function of three-dimensional
(3D) cell constructs.”>> The lack of diffusion that occurs in
large cell aggregates results in the formation of a hypoxic
core.”* Therefore, we assessed the influence of pseudoislet
size on pseudoislet viability (Fig. 1C). We observed a
hypoxic core depicted by Pl-stained cells in large pseu-
doislets (4k and 10k pseudoislets) after 8 days in culture,
which was not observed in smaller pseudoislets (0.5k, 1k,
and 2k pseudoislets). The quantification of P1* cells in 0.5k,
1k, and 2k pscudoislcts showed a significantly higher dead
cell ratio in 2k pseudoislets compared with 0.5k and Lk
pseudoislets alter 3 and 8 days (0.5k: .038 £(1.026 |3 days]
vs. 0.082£0.04 |8 days], p<0.0001; 1k: 0.0656+0.024
[3 days] vs. 0.163 £0.006 [8 days]. p<0.01; 2k: 0.163 £0.022
[3 days] vs. 0.0164 £0.040, p<0.0001). These data sug-
gest that .5k and 1k pseudoislets allowed [or proper
nutrient and oxygen diffusion overtime, which is in line
with previous studies showing that pseudoislets above
1000 cells Eer islet lead o an unstable aggregation
(Fig. 1D).2*23
The major function of B-cells is to secrete insulin in re-
sponse Lo glucose, which is also influenced by the pseudoislet
size.”>*" Therelore, GSIS assays were performed 10 assess
potential functional differences between 0.5k and 1k pseu-
doislets (Fig. 1E. F). The GSIS index revealed that 0.5k
pseudoislets had a significantly higher glucose response
comparcd with the 1k pscudoislets (Fig. LE; 0.5k GSIS of
2.024+0.51 compared with 1k GSIS 1,232+0.340; p <0.05).
We showed (hat 0.5k pseudoislets were highly viable and
glucose-responsive with an average basal insulin secretion of
0.0427£0.0077 and 0.0839+0.0134 ng/L. per islet when
stimulated with 16.7mM glucose (Fig. 1F). The 0.5k pseu-
doislets were chosen for all further experiments, as they offer
high reproducibility and stability over time to study the cf-
fects of hypoxia on endogenous B-cell ECM expression.

Hypoxia induces apoptosis and impairs pseudoislet
functionality in vitro

Pseudoislets were subjected for a period of 48h to hyp-
oxic conditions (1% oxygen). B-cell death, prolileration,
and functionality were cvalvated to validate the hypoxic
effect in the /n vitro model (Fig. 2). The expression of
caspase-3, which is a downstream activator of the apoplotic
pathway, significantly increased under hypoxic conditions
(Fig. 2A).”® To verify that the activation of caspase-3 sig-
naled to its final target, we looked at the number of cells
positive for TUNEL, which identilies DNA [ragmentation
in nuclei that occurs during late-stage apoptosis.?® We
identified a significant increase of TUNEL™ cells in the
hypoxia in vitro model (Fig. 2B: 0.54% £0.76% normoxia
vs. 10.45% +0.764% hypoxia; p<0.0001), conflirming
the completion of apoptotic pathways. The proliferative
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capacity ol INSIE B-cells was impaired by the hypoxic
culture condition, demonstrated by a significant loss of
Ki67 expression (Fig. 2C: 79.27% £7.89% normoxia vs.
43.3% + 11.34% hypoxia; p <0.001).

We assessed GSIS, insulin expression, and E-cadherin ex-
pression, which is an important cell—cell contact protein
contributing to pseudoislet integrity and functionality under
hypoxic conditions.?” We showed that pseudoislets cultured
under hypoxic conditions expressed significantly lower
amounts of E-cadherin (Fig. 2D; 6321+ 1086 gray value in-
tensities (GVI)/pixel normoxia vs. 19404209 GVI/pixel hyp-
oxia; p<0.0001) and also expressed significantly less insulin
(Fig. 2BG; 14223 £2491 GVI/pixel normoxia vs. 4583+ 1204
GVI/pixel hypoxia; p<0.0001), contributing to a lack of
response when stimulated by glucose (Fig. 2F).

To identily hypoxia-specific biochemical changes in situ
within the living cells and cell-derived ECM in pseudoislets,
Raman microspectroscopy and Raman imaging were used as
noninvasive marker-independent techniques on living
pseudoislets (Fig. 2G-K)." Raman imaging and TCA
identificd three main components in the pscudoislets that
were previously assigned to nuclei, mitochondria, and ECM
(Fig. 2G, H). Major peaks related to nuclei were identified as
785cm™ (DNA) and 826 and 1090cm™ (PO, backbone).
Mitochondria TCA was defined by intense peaks located
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oPed oPed oPe®  compared to 1k pseudoislets, #=35, un-
paired f-test. (F) Insulin secretion of 0.5k
pseudoislets under 3.3mM glucose and
16.7 mM glucose, n=>5, unpaired #-test.
#p<0.05, **p<0.01, **p<0.001,

Fokin < (,0001. Scale bars=50 pm,
FDA, fluorescein diacetate; GSIS,
glucose-stimulated insulin secretion; PI,
propidinm iodide.

at 747, 1125, and 1583 cm™* describing heme vibrations in
cytochrome C complexes.’®*! The ECM TCA was highly
impacted by changes in collagens (1173, 1310, and
1340 em 1923 TCA quantification further revealed a
significant decrease in the distribution of the nuclei compo-
nent, indicating changes and/or loss of the nuclear bio-
chemical spectral fingerprint, while there was no impact on
the mitochondrial component (Fig. 2I).

For in-depth analysis of the TCA patterns within the mito-
chondrial component, Raman spectra were subjected to PCA.
The multivariate data analysis of single spectra showed a
separation according to the first principal component (PCT)
(Fig. 2J). The loading of PC1 revealed that the major molec-
ular differences responsible for the separation were 751 and
1125¢m™, indicating that mitochondria of pseudoislets are
more active under normoxic conditions (Fig. 2K). The nega-
tive range showed an overall higher protein signal in hypoxic
pseudoislets, which may be the results of mitochondrial
damage followed by the infiltration of cytoplasmic proteins,

Raman TCA quantification identified a significant alter-
ation of the ECM proteins in hypoxic pscudoislets. This
impact on crucial pancreatic ECM structures most likely
contributes to the loss of B-cell function, as it has been
previously shown that intraislet ECM interactions can
modulate B-cell proliferation and survival.*
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FIG. 2. Hypoxia induces apoptosis and impairs pseudoislet functionality in vitro. (A, B) Cell death assessment under
normoxic and hypoxic conditions is quantified via (A) expression of cleaved caspase-3 (n>4) and (B) number of TUNEL"
cells (n23) (TUNEL' in green, DAPI in blue), (C) Ki67 (n25) (Ki67' in green, DAPI in blue), (D) E-cadherin expression
(n26), (E) insulin expression (12 6); unpaired #-test. Scale bars=50 pm. (F) GSIS response of pseudoislets (7=19); two-
way ANOVA with Tukey’s multiple comparisons test. (G—K) In séfu characterization of hypoxic pseudoislets by Raman
imaging. (G) Identification and location of the three major components: nuclei (blue), mitochondria (pink), and ECM
(green). Scale bar=10 pm. (H) Corresponding Raman spectra of the three major TCA components. (I} Semiquantification
of component intensitics (z2 2 3): unpaired #-tests. (J) Scparation of normoxic and hypoxic samples by mitochondrial spectra
component by PCA and difference ol spectral mean values (r=600); unpaired #test. (K) Loadings plot of PC1 with peak
marking responsible for sample separation. *p <0.05, **p <0.01, ***p <(.001, **=kp <0.0001. DAPI, 4’,6-diamidino-2-
phenylindole; ECM, extracellular matrix; PC, principal component; PCA, principal component analysis; TCA, true com-
ponent analysis; TUNEL, terminal deoxynucleotidyl transferase-mediated nick-end labeling.
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Hypoxia differentially impairs the ECM protein
expression in pseudoisiets

To assess the effects of hypoxia on endogenous ECM ex-
pression in $-cells, we focused on three different groups of
ECM proteins: BM proteins (LAM and COL4), the proteo-
glycans decorin (DCN) and nidogen-1 (NID1), and the fibril-
forming proteins FN and COL1 (Fig. 3 and Supplementary
Fig. S2). Comparative immunofiuorescence staining verified
the presence of the selected ECM proteins in both native human
pancreatic tissue and pseudoislets cultured under normoxic
conditions. However, semiquantification showed that hypoxia
dilTerentially regulated ECM expression. The expression of
BM protcins LAM (Fig. 3A, B) and COL4 (Fig. 3C. D) was
homogenous throughout pseudoislets cultured under normoxic
conditions and significantly decreased in the hypoxia
in vitro model (LAM: 12259+985 GVI/pixel normoxia vs.
7628+ 1241 GVI/pixel hypoxia, p < 0.001: COL4: 5980 + 336
GVT/pixel normoxia vs. 3928 £ 900.97 hypoxia, p<0.001).

Similar to the BM proteins, the expression pauerns of DCN
(Fig. 3E, F; 8619+436 GVl/pixel normoxia vs. 5464 +504
GVI/pixel hypoxia: p<0.001) and NID1 (Fig. 3G, H:
12267 £ 1656 GVI/pixel normoxia vs. 7568 £ 1675 GVI/pixel
hypoxia; p<0.01) were homogeneous under normoxic condi-
tions, but significantly decreased in the hypoxia in vitro model.

Tn contrast to BM proteins and proteoglycans, the ex-
pression levels of [ibril-lorming proteins (Fig. 31-M) were not
significantly impacted (FN: 7820+ 2499 GVI/pixcl normoxic
conditions vs. 8454 £ 1840 GVI/pixel hypoxic conditions,
p=0.68: COLI: 5527+1353 GVI/pixel normoxia vs.
5915+ 1617 GVI/pixel hypoxia, p=0.70). Although FN ex-
pression did not significantly decrease (p=0.68), its cellular
location shifted from cytoplasmic to nuclear after being sub-
jected (o hypoxia (Fig. 31).

Changes in ECM composition have been described to
promote transcriptional changes in the nucleus, potentially
hinting toward cellular stress.™ Therefore, we investigated
whether cytoplasmic and nuclear expression of FN was
present under hypoxic conditions (Fig. 3K). When normalized
to the normoxia pseudoislel controls (1.01+0.26), native
human tissue did not show a significant fold change (0.91+0.19,
p=0.75). In contrast, under hypoxic conditions, pscudoislets
expressed significantly more nuclear FN (1.0£0.26 normoxia
vs. 1.46+0.29 hypoxia; p<0.01), reflecting increased cellular
stress under hypoxic conditions.

Our data show that B-cells have the ability to express
relevant pancreatic ECM proteins under normoxic condi-
tions.**3° However, hypoxia significantly impacted pan-
creatic BM proteins, glycoproteins, and FN, while COLL
expression remained stable.

COL1 hydrogel mimics native pancreatic tissue and
attenuates hypoxic impact on pseudoislet functionality

To prevent ECM loss with concomitant loss of func-
tionality under hypoxic conditions, we investigated the ef-
[ect of encapsulating the pseudoislets in a COL1 hydrogel
that is commercially available as an FDA-approved GMP-
product and has been used to support -cell function in
normoxic conditions.’”*® Pseudoislets were encapsulated in
a COL1 hydrogel, exhibiting similar COLI1 expression
patterns to native human adult pancreatic tissue (Fig. 4).
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The impact of COL1 hydrogel on pscudoislets under
hypoxic conditions was investigated by comparing changes
in apoptosis, proliferative capacity, basic f-cell functionality
and ECM protein expression patterns with pseudoislets cultured
in suspension under hypoxic conditions (Fig. SA-F). The ex-
pression of the hypoxia-induced apoptosis marker caspase-3
(Fig. 5A; 4.41+1.44 suspension vs. 1.7720.68 COL1 hydro-
gcl; p<0.05) as well as the number of TUNEL' cclls
(Fig. 5B; 5.88+1.67 suspension vs. 3.27+0.76 COLI hydro-
gel; p<0.05) were significantly decreased in pseudoislets
cultured in the 3D COL1 hydrogel when compared with pseu-
doislets grown in suspension cultures. Although the prolifera-
tive capacity between pseudoislets in suspension and COIL.1
hydrogel was comparable (Fig. 5C; 0.55+0.14 suspension vs.
0.49+0.15 COL1 hydrogel; p=0.55), the expression of
E-cadherin (0.31£0.06 suspension vs. 0.75£0.25 COLI
hydrogel; p<0.01) and insulin (0.32+0.09 suspension vs.
0.59+0.12COLI hydrogel: p <0.01) was significantly higher
in pscudoislets in COLL hydrogel (Fig. 5D, E). Whilc hypoxia
significantly decreased the overall insulin content of the
pseudoislets in COLT hydrogel, E-cadherin did not change
significantly (Supplementary Fig. S3). Pseudoislets in COL1
hydrogel under normoxic and hypoxic conditions secreted
significantly more insulin with 16.7mM glucose stimulation
than in the basal state (3.3 mM) (Fig. 5F; normoxia: 0.08 £0.03
basal statc vs. 0.144+0.04 16.7mM glucose, p<0.05; hyp-
oxia: 0.0910.02 basal state vs. 0.1610.06 16.7mM glucose,
p<0.05). These data demonstrate the beneficial ellect of the
COL1 hydrogel on pseudoislet [unctionality when comparing
glucose diffusion and insulin release under hypoxic conditions.

Exogenous biomechanical cues are known to impact cellular
behavior.! Therefore, we investigated whether providing an
external COLI hydrogel changes the ECM protein secretion
patterns in the pseudoislet cultures (Fig. SG-M). Tnterestingly,
only the secretion of LAM (6577 £ 1360 GVI/pixel normoxia
vs. 4007 + 594 hypoxia; p <0.05) and COL4 (8553 +223 GVI/
pixel normoxia vs, 73061708 GVI/pixel hypoxia: p<0.05)
significantly decreased, whereas the expression of DCN
(9117 £2877 GVI/pixel normoxia vs. 6418+ 1824 GVlI/pixel
hypoxia; p=0.14) and NIDI (445111488 GVI/pixel nor-
moxia vs. 3996196 GVI/pixel hypoxia; p=0.60), as well as
fibril-associated (FN: 6655+936 GVI/pixel normoxia vs.
7129 £ 1360 GVI/pixcl hypoxia; p =0.58) and fibrillar protcins
(COL1: 9396+2297 GVI/pixel normoxia vs., 6751+£2022
GVlI/pixel hypoxia; p=(.18) were not significantly impaired.
In contrast Lo pseudoislets cultured in suspension. no change in
nuclear FN expression was observed under hypoxia in pseu-
doislets encapsulated in the 3D COLI hydrogel (Fig. 5L;
1.0£0.09 normoxia vs. 0.90 £0.24 hypoxia; p=0.46).

COL1 hydrogel functionalized with HUVECs supporis
endogenous pseudoisiet BM protein expression

The encapsulation of pseudoislets in a COL1 hydrogel at-
tenuated the hypoxic effect and preserved the expression of the
glycoproteins DCN and NID 1. However., the expression ot BM
proteins LAM and COL4 remained impaired. ECs are an im-
portant produccrs of BM protein in the pancreas.” Therefore,
we established a co-culture of 1000 INS1E B-cells with 1000
HUVECS using magnetic levitation with HUVECS surround-
ing the B-cells as previously described."” Alter culturing con-
trol B-cell only pseudoislets and coculture pseudoislets in a
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FIG. 3. Hypoxia differentially impacts the expression patterns of BM proteins, glycoproteins, fibrillar, and fibril-
associated ECM proteins. IF staining and quantification of different ECM proteins in human native tissuc and in pseu-
doislets under normoxic and hypoxic culture conditions. (A-D) BM proteins are represented by (A, B) LAM (n>5) and
(C, D) COL4 (n26). (E-H) Glycoproteins arc represented by (E, F) DCN (r23) and (G, H) NID1 (n2>4). (I-M) Fibril-
associated and fibrillar ECM proteins are represented by (I, J) FN (z25) and (L, M) COLI (n25). (K) Quantification of
nuclear FN in native pancreatic tissue, and in pseudoislets cultured under normoxic and hypoxic conditions (# > 5); one-way
ANOVA. Unpaired t-test. *p <0.05, **p <0.01, ***p <0.001. Scale bar =50 um. BM, basement membrane; COL1, collagen
type 1; COLA, collagen type 4; DCN, decorin; FN, fibronectin; IF, immunofluorescence; LAM, laminins; NTD1, nidogen-1.
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human native pancreatic tissue

COL1 hydrogel for 48h under hypoxic conditions, function-
ality, and ECM protein expression were assessed (Fig. 6).
Coculture pseudoislets grown in the COL1 hydrogel were
glucose responsive after 48h in hypoxia (Fig. 6A) and secreted
significantly more insulin upon glucose stimulation compared
with only B-cell-containing pseudoislets in COL1 hydrogels

FIG. 4. COL1 hydrogel
mimics native pancreatic
tissue. (A, B) TF staining of
adult pancreatic tissue
showing COL1 (green),
insulin (red), and nuclei
(DAPI, white). Scale bars
equal (A) 200 um and (B)
50 pm. (C, D) IF staining of
COL1-encapsulated pseu-
doislets with COL1 (green),
insulin (red), and nuclei
(DAPI, white). Scale bars
equal (C) 200 pm and

(D) 50 pm.

(Fig. 6B: 0.16+0.06 COLI hydrogel vs. 0.36+0.24 COLIL
hydroge+tHUVECs; p<0.05), while the GSIS was not sig-
nificantly changed (Supplementary Fig. S4A). Furthermore,
evaluation of caspase-3, TUNEL, Ki67, E-cadherin, and in-
sulin expression using IF staining did not show signifi-
cant differences between the two groups (Supplementary

.

FIG. 5.

>

COL1 hydrogel improved pseudoislet functionality and minimized ECM changes due to hypoxia. (A-F) Relative

fold change in expression due to hypoxic conditions of pseudoislets in suspension or encapsulated in COL1 gel: (A) cleaved
caspasc-3 (72 3). (B) number of TUNEL" cells (r23), (C) Ki67, (n=4), (D) E-cadhcrin (#2>5) and (E) insulin (>4).
unpaired #-lests. (F) GSIS response of encapsulated normoxic and hypoxic pseudoislets (n=7}; two-way ANOVA with
Tukey’s multiple comparisons test. (G-M) Quantification of the expression under normoxic or hypoxic conditions of

relevant pancreatic ECM proteins, including (G) LAM (rn=4),

(H) COL4 (n>3), (I) DCN (2>3), (J) NID1 (n>4), (K) FN

{(n>4), and (M) COL1 (n=4). (I.) Quantification of nuclear FN in encapsulated normoxic and hypoxic pseudoislets (1=4)

with corresponding representative IF images are shown on the
(L) Scale bar=5pum *p<0.05, **p<0.01.

right. Unpaired (-tests. (A-E, G—K, M) Scale bars=50 pm.
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FIG. 6. COLI hydrogel with incorporated HUVECs stimulates insulin and BM protein secretion in [-cell-containing
pseudoislets. (A) Insulin expression in B-cells encapsulated in COL1 hydrogel with HUVECs (n=7). (B) B-cell-containing
pseudoislets in COL1 hydrogel with HUVECs secrete significantly more insulin upon glucose stimulation compared with
B-cell-containing pseudoislets cultured in COL1 hydrogels alone (n=7); two-way ANOVA with Sidak’s multiple com-
parisons test. (C-I) Quantification of pancreatic ECM protein expression under hypoxic conditions in cultures with or
without incorporation of HUVECs: (C) LAM (124), (D) COL4 (n26), (E) DCN (n#24), (F) NIDI (n26), (G) FN (n#26),
and (I) COL1 (n24). (H) Quantification of nuclear FN in pseudoislets with or without HUVECs (rn 2 6). Unpaired #-tests.
(C-G, 1) Scale bars=50pum. (H) Scale bar=5um. *p <0.05, *p <01, **¥p<0.001. HUVEC, human umbilical vein
endothelial cell.
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Fig. S4B-F). The successful integration of HUVECS into the
hydrogel was shown by significantly more CD31' cells (Sup-
plementary Fig. S4G: 0.0710.03 GVI/pixel COL1 hydrogel
vs. 0.26 £0.11 GV1/pixel COL1 hydroge+tHUVECS; p<0.01).
The evaluation of the ECM protein expression in B-cell only
pseudoislets and coculture pseudoislets in the COL1 hydrogel
afler 48h (Fig. 6C-I) revealed a significant increase in both
LAM (1.24+0.66 GVI/pixcl COLI hydrogel vs. 3.16+0.96
GVI/fpixel COL1 hydrogel+HUVECs; p<0.01) and COL4
(1.62+£0.62 GVI/pixel COL1 hydrogel vs. 3.42+1.24 GVT/
pixel COLI hydrogel+HUVECs; p<0.01) as well as NIDI1
(1.23+0.39 GVUl/pixel COLI hydrogel vs. 3.38+0.85 GVI/
pixel COL1 hydrogel+HUVECs; p < 0.001). Tnterestingly, both
the overall expression of FN (2.55+1.34 GVI/pixel COL1
hydrogel vs. 0.97+0.33 GVl/pixel COL1 hydrogel+
HUVECs; p<0.05) and the normalized nuclear expression
of FN (1.0+0.15 COL1 hydrogel vs. 0.57+0.2( COL1
hydrogel+HUVEC: p<(.001) decreased signilicantly,
while DCN (1.75£0.33 GVI/pixcl COLL hydrogel vs.
1.44+0.18 COLI hydrogel+HUVECS; p=0.12) and COL1
(5.10£0.81 GVI/pixel COL1 hydrogel vs.4.72+1.37 GVV/
pixel COL1 hydrogel+HUVECs: p=0.64) were not af-
fected by the HUVEC coculture. These data demonstrate
the stimulative capacity of HUVECS on B-cells regarding
[unctionality, BM protein expression, and decrease in
hypoxia-induced cellular stress markers.

Discussion

In healthy native pancreatic tissuc, pancreatic [(-cell
functionality is supported by a highly specialized composition
ol ECM proteins produced by various cell types, including
fibroblasts and ECs.” A dense vascularization of the pan-
creas further ensures highly oxygenated blood and nutrient
delivery.* Using current protocols, during the Tslets of
Langerhans isolation procedure, the majority ol the ECM and
vascular access arc duslrovcd resulting in decrcased islet
survival and functionality.>*' Posttransplantation, the Tslets
of Langerhuans are subjected to an ischemic period leading 1o
severe hypoxia, with a partial oxygen pressure ranging from 5
to 10 mmHg, corresponding to 1% oxygen.** The removal of
the pancreatic ECM, which is accelerated by hypoxic con-
ditions, accentuates the importance for B-cells to produce
their own microcnvironment. However, the role of f-cell
ECM production in hypoxia had not been investigated yet.

In this study, we asked whether -cells have the ability to
secrete ECM proteins and how their production is impacted by a
hypoxic environment that mimics the initial phase post-
transplantation where no vascularization is present. We devel-
oped a [unctional rat-based model 10 successlully mimic hypoxic
conditions to study the direct cffect of hypoxia on B-cells. In linc
with previously reported studies, B-cell glucose responsiveness
was lost under hypoxic conditions accompanied by increased
apoptosis and necrosis markers, especially in the core region of
the islets.'®* Here, marker-free Raman imaging on living
pseudoislets identified a significant hypoxia-induced alteration
in ECM homeostasis. This impact on pancreatic ECM structures
may contributc to the loss of B-cell function, as it had been
previously shown that intraislet ECM interactions can modulate
B-cell proliferation and survival > The overall decrease in ECM
signal within pseudoislets supports our hypothesis that hypoxia
negatively impacts the ECM expression of B-cells.

ZBINDEN ET AL.

The specific roles of the different types of ECM regarding
Islets of Langerhans transplant survival and function are not
fully understood.* Hence, we assessed the hypoxia-induced
disruption of ECM homeostasis on six different ECM proteins.
DCN is an important binding partner of collagens (mainly
types T and TIT) that regulates collagen fibrillogenesis. The loss
of DCN can lead to uncontrolled collagen fiber [ormation,
which then results in pathological ECM development such as
fibrosis and ultimately graft failurc.”> The hypoxia-induced
decrease of DCN in the pseudoislets after 48 h expression can
be a driver [or early grafi [ailure as a controlled (ibrillogenesis
of COLI and COL3 may be impaired. Furthermore, DCN has
been shown to positively affect angiogenesis and modulate
the immune response, 647 \which are both highly important
processes to achieve proper transplant engraftment.

The main purpose of COLI and other parts of the exo-
crine interstitial matrix is the preservation of structural
stability*® as well as assuring B-cell survival and insulin
expression by stimulating a varicty of surface receptors.*
Although COL1 overall expression remained stable, the
quality or maturity of COL1 fibers might be impaired by
the decreased DCN expression. Immature COL1 has not
been described yet to act via the same integrins as fully
formed COLI, potentially contributing to the loss of glu-
cose responsiveness.””

FN is another componcnt of the interstitial matrix.*! The
impact of FN on $-cells is currently controversially discussed.
Freshly isolated human Islets of Langerhans %howed an im-
proved glucose response on surfaces comed with EN.*” Hadavi
et al. recently published the positive effect of FN in combi-
nation with COL4 and LAM (o stimulate B-cell (unctionality
in vitro.™ In contrast, Navarro-Alvarez et al. demonstrated
that isolated human Islets of Langerhans, which were attached
to FN-coated dishes, showed a clear tendenw toward disin-
tegration and loss of spherical structure.” Here, FN expression
patterns cxhibited a hypoxia-induced shift from cytoplasmic
to nuclear expression, especially in the central region of the
pseudoislets. Since EN is present in tissues 10 repair damaged
cells, the increase in nuclear FN expression may be the first
indicator for a hypoxia-induced cell damage > Nuclear FN has
been shown to be present in some tumor cells; however, the
precise role of nuclear FN remains unclear.

In contrast to proteins of the interstiial matrix, the ex-
pression of ECM proteins associated with the BM were
highly affected by hypoxic conditions. In the pancreas, Islets
ol Langerhans are located in the BM, a dense network of
copolymerized LAM and COL4. These proteins are con-
nected by NTD1, which acts as key brldglnu protein between
LAM and COL4 in native tissues.>® Laminin o35 and COL4
have been reported to modulate 3-cell differentiarion and
maturation from stem cells into mature B-cells and stimulate
insulin expression in pseudoislet systems,’ 273 hlghhghtmg
the relevance of BM proteins (or -lunctionality in vitro.
Since the expression of all proteins of the BM was reduced
in our study under hypoxic conditions. this lack of BM
proteins may be associated with [unctionality loss. Hence,
the rescue of BM proteins may support B cell function under
hypoxic conditions posttransplantation.”®*

One approach to reduce hypoxia-induced damage and
altered ECM expression is to provide exogenous ECM to
the cellular transplant. The addition of a protective COLL
hydrogel surrounding the B-cell pseudoislets significantly
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TaBLE 1. OveErVIEW OF EXTRACELLULAR MATRIX PROTEIN ExPrESSION CLIANGES IN COLLAGEN Type | HYDROGEL
OF B-CELL PSEUDOISLETS AND COCULTURE PSEUDOISLETS AFTER 48 H UNDER HYPOX1C CULTURE CONDITIONS
(NORMALIZATION TO PSEUDOISLETS CULTURED UNDER NORMOXIC CULTURE CONDITIONS)

ECM protein LAM COL4 DCN NIDI FN COLI
COL1 gel normoxia 1 1 1 1 1 1
COL1 gel hypoxia 0.63 | 0.80 | n.s. n.s. n.s. n.s.
COL1 gel+HUVECs hypoxia 161 1 1.69 1 0n.s. 2,63 1 0.38 | f.s.

The up arrow indicates significant upregulation (p<0.05) and the down arrow indicates significant downregulation (p<0.05).
COLI, collagen type 1; COL4, collagen type 4: DCN, decorin; EC, endothelial cell; ECM, extracellular matrix; KN, fibronectin;

HUVECs, human umbilical vein endothelial cells; [LAM. Taminins;

reduced the negative impact of hypoxia. While apoptotic
and necrotic cell numbers decreased, lunctionality markers
incrcased, and glucose responsivencss was restored. The
results of previous studies on the effect of COL1 as well as
the reduced number of apoptotic markers and dead cells in
this study point toward a combination of biological and
mechanophysical support by the COL1 hydrogel.®'

Assessment of the endogenously expressed ECM proteins
showed that DCN and NID1 could be restored. DCN binds
COL1 via the leucine-rich repeats five to six to regulate its
assembly, structure, and biomechanical properties.** The
rescue of DCN might therefore be (acilitated by the supply
of the COL1 hydrogel, which offers possible binding sites.
However, an interaction between COLI and NID1 has not
been reported yet. Interestingly, the translocation of FN into
the nucleus was prevented, supporting the observation that
the COL1 hydrogel attenuates the cellular stress levels of the
hypoxic environment.

Although the levels of NID1 could be restored, the LAM
and COLA did not show any signs of rescue. The persistent
lack of BM proteins suggests that providing B-cells with only
COL1 is not enough for a long-term restoration of glucose-
responsiveness. Therefore, we hypothesized (hat stimulation
of B-cells by ECs might enhance the expression of BM pro-
teins, as ECs are the main producers of BM proteins in pan-
creatic lissues.” We encapsuluted both B-cells and HUVECs
into the pscudoislets and cultwred them in COLL hydrogels.
We identified that upon encapsulation of B-cells together with
HUVECs, we could both stimulate functionality of B-cells as
well as rescue BM protein expression of LAM, COLA, and the
linker protcin NIDL (Table 1). In addition, ovecrall FN ex-
pression was reduced, which might be precipitated hy the
highly significant decrease in nuclear N, an indicator for
reduced hypoxia-induced cellular stress.?” Furthcrmore, FN
regulates the fibrotic response along with COT.1,* which is
untavorable for engrattment of the transplant. Consequently, a
drop in BN content may have a beneficial long-term effect.

In summary, our data demonstrate the supportive cffect of
the COL1 hydrogel protecting f3-cell-composed pseudoislets
under hypoxic conditions by reducing apoplotic ellects and
cell death, atenuating a loss of ECM protein secretion while
rescuing the glucose responsiveness. We further showed how
the combination of biological cues from ECs in a coculture
system with COL1 hydrogel rescued BM protein expression
and improved the glucose responsivencss. Importantly, COL1
is a bioactive base hydrogel that can be further modified and
[unctionalized using growth [actors, other ECM proteins or
cell types 1o meel specilic requirements, for example 1o im-
prove transplant function,>>**7' 636 o1 to create a more

NIDI, nidogen-1: n.s., not significant,

robust in vitro model. Future studies could include the addi-
ton of « and & cells into the pseudoislets. Also, the investi-
gation of rcoxygenation posthypoxia would be of interest as it
may elucidate key biomolecules influencing the transplanta-
tion and healing process: however, it may be difficult to mimic
the exact time response and oxygen percentages in vitro that
are found during the healing processes in vivo. In addition, the
addition of immune cells would be of high interest as the
foreign body response Lo islel transplantation is a major issue
requiring the use of immune suppressants posttransplantation.
Many groups are working on the addition of immune cells into
in vitro tesL systems in general, which has been dilficult in the
past due to the complexity ol the immune system. Any ad-
dition to in vifro model complexity must be weighed against
its increase in cost and the ability to determine valid readouts
that can answer the scientific question being asked.

Conclusion

In this study, we developed an in vitro model mimicking
the hypoxic posttransplantation environment of pancreatic
islets for the purpose of investigating and mitigating the
pathological elfects of hypoxia on ECM homeostasis with a
funcrionalized material. We identificd a significantly re-
duced production of important ECM proteins such as COLA4,
LAM, DCN, and NID1 within B-cells accompanied with
increased cellular death and loss in functionality. Further-
more, we evaluated a clinically approved COLI hydrogel
and demonstrated its protective effect on f-cells in hypoxia.
We further functionalized the hydrogel with HUVECs,
which prevented ECM loss and stimulated (3-cell function-
ality. By establishing a COLI hydrogel, including ECs, we
created a carrier matrix that attenuates the hypoxia-induced
disruption of ECM homeostasis in B-cells to support them
during the first phase of ECM reestablishment of post-
transplantation and therefore potentially increase the elfi-
cacy ol the Edmonton protocol (or diabetic patients.
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1 Supplemental data

Pseudo-islets Pseudo-islets in Co-culture pseudo-islets
in suspension COL1 gel & endothelial cells in COL1 gel

normoxia

Op

v v
+ hypoxia

oo

» Functionality assessment

+ hypoxia

» Raman microspectroscopy

» ECM expression
2

3 Figure S1: Illustration of the experimental set-up using pseudo-islets, pseudo-islets encapsulated into

4 aCOL1 gel, and co-culture pseudo-islets with endothelial cells encapsulated into a COL1 gel.
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human native tissue

>

o

Figure S2: Immunofluorescence staining expression patterns of relevant ECM proteins (in green) in
adult human pancreatic tissue. (A) LAM, (B) COL4, (C) DCN, (D) NID1, (E) FN and (F) COL1 with

insulin (INS) in red and nuclei (DAPI) in white. Scale bar equals 50 pm.
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pseudo-islets in suspension pseudo-islets in COL1 hydrogel
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Figure S3: Expression of E-cadherin and insulin in suspension and COL1 hydrogel cultures under
normoxic and hypoxic conditions. (A,B) Semi-quantification of IF staining of insulin in (A)
suspension (n > 6) and (B) COL1 hydrogel cultures (n > 4) shows a significant decrease in insulin
expression under hypoxic conditions. (C,D) E-cadherin staining in pseudo-islets in (C) suspension (n

> 6) and (D) COL-1 hydrogel (n > 5). Unpaired t-test, *p<0.05, ***p<0.001.
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@

m

Figure S4: Comparison of 3-cell pseudo-islets and co-culture B-cell pseudo-islets with HUVECs in
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COL1 hydrogel under hypoxic conditions for 48h. (A) No difference in GSIS response was observed.

No differences were seen in the expression of (B) caspase-3 (n > 4), (C) TUNEL" cells (n > 6), (D)
KI67 (n = 6), (E) E-cadherin (n > 5) and (F) insulin (n > 6). (G) Co-culture B-cell pseudo-islets

express significantly more CD31 (n > 6). Unpaired t-test, *¥*p<0.01.

107



Appendices

Zhinden & Urbanczyk et al. Supplemental Thata

Collagen and endothelial cell co-culiure improves p-cell functionality and rescues pancreatic ECM

Table S1: List of primary and secondary antibodies used (or immunofluorescence staining

antibodies 0.1% Triton-X treatment dilution

primary antibodies

caspase-3 (ab13847) 30 min 1:100
collagen type 1 (ab138492) 1:75
collagen type 1 (R1038) 1:250
collagen type 4 (ab6586) 1:250
decorin (sc-73896) 1:200
E-cadhcrin (ab76055) 1:250
fibronectin (ab2413) 1:100
insulin (ab181547) 30 min 1:200
K167 (ab15580) 30 min 1:1000
laminin (ab11575) 1:50
nidogen-1 (sc-33141) 1:100
sccondary antibodics

Alexa Fluor 488 anti-rabbit IgG(ab150077) 1:250
Alcxa Fluor 488 anti-mousc IgG 1 (ab150117) 1:250
Alcxa Fluor 594 anti-rabbit IgG(ab150080) 1:250
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Abstract

The increasing prevalence of diabetes, its heterogeneity, and the limited number of treatment options drive the
need for physiologically relevant assay platforms with human genetic background that have the potential to
improve mechanistic understanding and e\xpedite diabetes-related research and treatment. In this study, we
developed an endocrine pancreas-on-a-chip model based on a tailored microfluidic platform, which enables
self-guided trapping of single human pseudo-islets. Continuous, low-shear perfusion provides a
physiolagically relevant microenvironment especially important for modeling and monitoring of the endocrine
function as well as sufficient supply with nutrients and oxygen. Human pseudo-islets, generated from the
conditionally immortalized EndoC-BH3 cell line, were successfully injected by hydrostatic pressure-driven flow
without altered viability. To track insulin secretion kinetics in response to glucose stimulation in a time-
resolved manner, dynamic sampling of the supernatant as well as non-invasive real-time monitoring using
Raman microspectroscopy was established on-chip. Dynamic sampling indicated a biphasic glucose-
stimulated insulin response. Raman microspectroscopy allowed to trace glucose responsiveness in situ and
to visualize different molecular structures such as lipids, mitochondria and nuclei. In-depth spectral analyses
demonstrated a glucose stimulation-dependent, increased mitochondrial activity, and a switch in lipid
composition of insulin secreting vesicles, supporting the high performance of our pancreas-on-a-chip model.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction

Diabetes mellitus (DM) is a group of metabolic
disorders characterized by a dysregulated glucose
metabolism, which is the result of a progressive
autoimmune destruction of pancreatic B-cells (type
1) or a combination of B-cell dysfunction and

systemic insulin resistance (type 2) [1]. In 2017,
over 450 million adults were diagnosed, represent-
ing a global cost of 727 billion USD for the health
care expenses [2]. A wide range of chronic and acute
complications are associated with DM, mainly
caused by sustained elevated blood glucose levels
[3,4]. Injection of insulin and transplantation of the

0022-2836/© 2019 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license

(http:/fcreativecommons.org/licenses/by/4.0/).
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pancreas or pancreatic islet are the most prominent
treatment options for type 1 DM, while for type 2 DM
lifestyle changes and metformin administration are
the recommended clinical approaches [5]. To date,
no robust cure for DM has been developed and
patient's life quality is continuously challenged
physically and psychologically by the high-mainte-
nance management of their disease, as well as the
severe risk of hypoglycemic events [6]. Therefore, it
is highly urgent to deepen our knowledge of the
underlying mechanisms of DM, as well as to provide
new tools to facilitate pharmacological drug screen-
ing that could support the development of an
effective cure reversing the functionality loss of
beta-cells or insulin resistance. Unfortunately, the
identification and prediction of relevant pathways
involved in diabetic patients based on animal models
is often inadequate, mainly due to the multifactorial
nature of DM, as well as species-differences in
mechanisms, for instance in glucose regulatory
pathways [7]. Due to the difficultly in creating
human DM in animal models, there is a strong
need to develop advanced in vitro platforms with
human genetic background, physiological relevance
as well as integrated non-invasive readouts.
Organ-on-a-Chip (OoC) technologies provides the
basis for the recapitulation and monitoring of the
endacrine function of the pancreas by generating a
physiologically relevant microenvironment with a
constant low-sheer perfusion, allowing exchange of
nutrients (e.g. glucose) as well as transport of
secreted hormones (e.g. insulin). In the last decade,
significant efforts have contributed to the develop-
ment of OoC platforms, allowing microfluidic assess-
ments of rodent and human pancreatic Langerhans
islet function by measurement of insulin release,
evaluation of mitochondrial potential and intracellular
Ca?" changes to glucose stimulation [8-13]. The use
of native pancreatic islets for research is hampered
by two main limitations; while findings from rodent
pancreatic islets have resulted in controversy due to
major differences in spatial composition within the
islets as well as in insulin secretory pathways, the
shortage of cadaveric human pancreatic islets
remains the most predominant drawback [14-16].
An alternative is the use of cell lines. Previously, only
rodent (INS-1E, MIN-6) cell lines were glucose-
responsive and the human cell lines available had a
debatable insulin expression and glucose-stimulated
insulin secretion [17]. Recently, a new conditionally
immortalized cell line was developed (EndoC-BH3),
enabling the generation of hon-proliferative glucose-
sensitive B-cells representative of primary human 3-
cells [18]. In addition to the generation of physiolog-
ically relevant, perfused microenvironments and the
establishment of suitable cell and tissue sources, it is
of upmost importance for an advanced in vitro
platform to integrate non-invasive, marker-indepen-
dent read-out methods [19-21]. Raman microspec-

troscopy and Raman imaging provide excellent
features for non-destructive in situ monitoring in
OoC systems. The laser-based techniques allow the
assessment and visualization of molecular informa-
tion in the form of a spectral fingerprint. Whereas this
technique is already well-established in pharmaceu-
tical and material sciences [20-22], it is constantly
gaining broader relevance in the biomedical field for
applications such as tissue diagnosis, monitoring of
drug-delivery or the identification of cells with regard
to differentiation state, cell death stage or carcino-
genesis [23—27]. Moreover, recent work reported the
application of Raman spectroscopy-based technol-
ogies to define diabetes biomarkers in body fluids
[28-30].

In this study, we developed a microphysiological
pancreas-on-a-chip model enabling the self-guided
trapping of human conditionally immortalized EndoC-
BH3 pseudo-islets. Our platform enables a precisely
controllable vasculature-like perfusion, ensuring the
constant delivery of nutrients to the pseudo-islets and
removal of metabolites and secreted factors. This
enabled the time-resolved sampling of the effluent to
characterize endocrine functionality. In addition, taking
advantage of the optical accessibility of the platform, we
established Raman microspectroscopy and Raman
imaging as marker-independent, non-invasive, real-
time technique to monitor pseudo-islets functionality.
Applying this toolbox of non-invasive characterization
methods, we were able to monitor dynamic insulin
secretion, mitochondrial activation as well as lipid
composition of insulin secreting vesicles in situ on-chip.

Methods

Chip design & fabrication

Tailored microfluidic platforms were fabricated
using standard PDMS soft lithography. Master
molds were generated by spin coating two consec-
utive layers of SU8 50 (MicroChem Corp, Newton,
MA, USA) onto a previously cleaned and dehydrated
4" wafer. The first layer of SU8 50 was coated onto
the substrate at 500 rpm/s (10 s; acceleration
100 rpm/s) and then at 1000 rpm (30 s; acceleration
300 rpm/s), resulting in an overall height of 100 pm.
Subsequently, the substrate was baked at 65 °C for
10 min and at 95 °C for 30 min. Prior to spin coating
the second layer, the substrate was allowed to cool
down to room temperature. Afterwards, SU8 50 was
spin coated onto the substrate at 500 rpm (10 s;
acceleration 100 rpm/s) and then at 2000 rpm (30 s;
acceleration 300 rpm/s) to achieve an overall height
of 150 pm. Subsequent to a baking step at 65 °C for
6 min and at 95 °C for 20 min, the wafers were
exposed to UV-light for 16 s at 25 mW/cm? (400 mJ/
cm?). A post-exposure bake was then carried out at
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65 °C for 1 min and at 95 °C for 15 min. Develop-
ment of the substrate was performed in three
consecutive washing steps: The substrate was
developed in two baths of SU8 developer (Micro-
Chem Corp) for 5 min each followed by a final wash
in isopropyl alcohol for 5 min. Afterwards the
substrate was blow dried using a nitrogen gun.
Master molds were immediately silanized using
chlorotrimethylsilane (75-77-4) (Sigma-Aldrich,
Schnelldorf, Germany).

PDMS replicas were generated by pouring a 1:10
mixture of PDMS (Sylgard 184, Dow Corning,
Midland, MI, USA) onto the silanized master and
baking it at 60 °C overnight. PDMS slabs were then
released from the master and cut into individual
devices. Inlets and outlets were punched using a
biopsy punch with a diameter of 0.75 mm (World
Precision Instruments, Sarasota, USA). Prior to the
experiments, each chip was thoroughly cleaned with
acetone, isopropyl alcohol and, after drying, scotch
tape. Cleaned chips were bonded onto a cleaned
microscopy slide using oxygen plasma exposure in a
plasma generator (Diener electronic GmbH & Co
KG, Germany).

Computational fluid dynamics simulation

Computational fluid dynamics (CFD)-based anal-
ysis was performed using COMSOL multiphysics
(COMSOL Multiphysics GmbH, Géttingen, Germa-
ny) with the model geometry depicted in Fig. S1. The
incompressible stationary flow was modeled by the
Navier-Stokes equation with the properties of water
(dynamic viscosity p = 1 x 10~° m?/s, density p =
1000 kg/m®) and an inlet pressure of 294 Pa. The
transport of diluted species was described by the
time dependent convection-diffusion with a diffusion
co-efficient 1 x 107 m?/s and an initial concentra-
tion of 1 mol/m®.

Cell culture & pseudo-islet formation

The conditionally immortalized human pancreatic
beta-cell line EndoC-BH3® was cultured as de-
scribed previously [18]. Briefly, unexcised cells were
culture in T25 flasks coated with BCOAT® (Uni-
vercell-Biosolutions, Paris, France) at a density of
70,000 cells/cm?. Cells were passaged every 7 days
and cultured with OPTIB1® (Univercell-Biosolutions)
media supplemented with 10 pg/ml puromycin (Invi-
trogen, Darmstadt, Germany). Excision of the floxed
immortalizing transgenes of the EndoC-RH3® cells
was performed according to the manufacturer's
instructions (Univercell-Biosolutions) using 4-hy-
droxy tamoxifen (4-OHT} (Sigma-Aldrich, Germany)
treatment. After 21 days of 4-OHT treatment, pseu-
do-islets were formed under standard culture condi-
tions at a concentration of 1000 cells/aggregate over
96 h in a 96-well plate with a non-adherent round

bottom (Greiner, Frickenhausen, Germany). Fully
formed pseudo-islets were loaded in the pancreas-
on-a-chip model by hydrostatic pressure-driven flow.
The starving medium OPTIR2® (Univercell-Biosolu-
tions) was perfused at a speed of 50 pl/h for 24 h
prior to any experiments.

Immunofluorescence staining

Pseudo-islets in static culture conditions and in the
pancreas-on-a-chip platform were washed with PBS
and fixed with 4% paraformaldehyde (PFA) (Sigma-
Aldrich) for 10 min. Pseudo-islets in static culture
were encapsulated in HistoGel (Thermo Fisher
Scientific, Darmstadt, Germany) and embedded in
paraffin. Sections of 3 pm thickness were deparaffi-
nized and antigen retrieval with Citrate and EDTA
buffer was performed. Then, the sections were
permeabilized with 0.1% Triton-X for 15 min, rinsed
with PBS, and blocked for 30 min using 2% goat
serum block. The pseudo-islets in the pancreas-on-
a-chip were permeabilized with Triton-X 0.1% for
25 min and blocked for 45 min using 2% goat block
serum. Afterwards, sections and pseudo-islets on-
chip were incubated with an anti-insulin guinea pig
antibody (DAKO, Frankfurt, Germany, anti-guinea
pig 1gG, 1:100) ovemight at 4 °C. The next day,
sections and pseudo-islets on-chip were washed
with PBS, incubated with anti-guinea pig Alexa 594
(abcam, Cambridge, UK, 1:250) for 25 min at room
temperature and incubated with DAPI (Sigma-
Aldrich) for 10 min. Sections were mounted using
with Prolong Gold Anti Fade solution (Thermo Fisher
Scientific). Imaging was done with an LSM710
confocal microscope (Zeiss, Jena, Germany).

Live/dead staining

Pseudo-islets in suspension and in the pancreas-
on-a-chip were washed with PBS, incubated for
15 min with fluorescein diacetate (FDA) at 5 pg/ml
(Thermo Fisher Scientific) and propidium (PI) (Ther-
mo Fisher Scientific) at 1 yg/ml in OPTIB1® and
imaged using a fluorescence microscope (Leica
DMi8, Wetzlar, Germany).

Glucose stimulated insulin secretion (GSIS)
assays

Static control

Pseudo-islets were grouped by 5 per well, washed
twice with KREBS-BSA (Krebs buffer) (Univercell-
Biosolution), and incubated for 1 h with KREBS-BSA
to induce synchronization, as described previously
[18]. Supernatant was discarded and fresh KREBS-
BSA was added for 1 h. Pseudo-islets were washed
twice with KREBS-BSA and incubated with 20 mM
glucose (Gibco, Thermo Fisher Scientific) in
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KREBS-BSA for 1 h. Supernatant was then collect-
ed, and pseudo-islets were washed twice with
KREBS-BSA and freshly incubated with KREBS-
BSA for 1 h. Subsequently, supernatant was again
collected. All supernatant samples were stored at
—20 °C for further analysis.

GSIS-in-the-chip

20 human pseudo-islets in OPTIR2® were loaded
in each pancreas-on-a-chip through hydrostatic
pressure-driven flow. Low pressure 4-port switching
valves (IDEX Heath & Science, Oak Harbor, USA)
were incorporated upstream to the chip inlets to
allow dynamic switching between the different
conditions (KREBS-BSA and 20 mM glucose). A
low-shear flow of 50 pl/h was set for all experiments.
To enable a comparison to the static GSIS assay,
effluent was sampled at respective time points.
Switching time points were calculated based on
total volume of the tubing, the chip and the switching
valves (t, media transport from the switching valves
to the pseudo-islet positions: 8 min; t, media
transport from pseudo-islets to the collecting Eppen-
dorf: 16 min). Prior to assay start (t=0), an
incubation of 1 h 24 min with KREBS-BSA was
performed in order to exchange the media (24 min)
and synchronize the pseudo-islets (1 h). Then at =
1 h, the supernatant (50 pl) of a second incubation
with KREBS-BSA was collected as “Krebs(1)”. The
switch to high glucose was performed at t=2 h -t -
t,. The pseudo-islets were incubated with high
glucose for a total of 1 h and effluent was collected
as “high glucose” at t =2 h. The switch back to
KREBS-BSA was performed at t = 3 h - t, - t, with a
last effluent sampling at t=3h as “Krebs(2)".
Experiments were performed in quadruplets.

Dynamic insulin secretion

Pancreas-on-a-chip platforms were prepared as
mentioned above. Sampling took place every 15 min
(starting at t= -1 h), during the first KREBS-BSA
incubation/synchronization (1 h), the second
KREBS-BSA (1 h) and 4 h of high glucose. Exper-
iment were performed in triplicates. Effluent was
sampled straight out of the platform outlets (t, media
transport from pseudo-islets to the outlet: 10 min}.
All GSIS assays were performed at 37 °C.

Raman microspectroscopy and imaging on-chip

Raman measurements and imaging were per-
formed on a customized WiTec alpha300 R Raman
microscope equipped with a charge-coupled device
(CCD) camera (WiTec GmbH, Ulm, Germany) [31].
An inverted microscope setup with a 60x air
objective (Carl Zeiss GmbH, Jena, Germany), a
green laser (532 nm) and a spectrograph with a

grating of 600 g¢/mm were selected for spectral
acquisition. In addition, the setup contained an
incubation chamber (Okolab S.R.L., Pozzuoli, Italy)
to keep the pancreas-on-a-chip at constantly 37 °C.
For data acquisition, the pancreas-on-a-chip was
loaded with human pseudo-islets as described
above for the dynamic GSIS assay and placed in
the sample holder of the microscope stage. In situ
Raman images were acquired of complete pseudo-
islets in KREBS-BSA or 20 mM glucose buffer. A
spectral map containing a single spectrum per pixel
was generated of an area of 150 x 150 um, at a pixel
resolution of 2 x 2 ym, an acquisition time of 0.5 s
per spectrum and a laser power of 50 mW.
Furthermore, real-time monitoring of the kinetic of
insulin secretion in the pancreas-on-a-chip was
performed as described above. A defined area
within the islet of 160 x 30 pm was constantly
measured every 5 min at an acquisition time of 3 s
per spectrum. Measurements were acquired over a
total period of 90 min (the last 20 min in KREBS-
BSA and 1 h at 20 mM glucose). Experiments were
performed at least as triplicates.

Spectral analysis

Image analysis of the spectral map was performed
by the Project FIVE 5.1 software (WiTec GmbH).
Spectral data were baseline corrected and pre-
treated by cosmic ray removal. True component
analysis (TCA) was applied to generate images of
the spectral map data. TCA identified spectral
components that were most prevalent in the data
set and enabled a visualization by generating
intensity distribution images for each identified
component [31]. The peaks of the identified compo-
nents were analyzed to characterize their molecular
assignment. Grey value intensities (GVI) were
determined in the intensity distribution images for
quantitative assessment of each component under
different buffer conditions. In very heterogeneous
samples only the major spectral components are
clearly distinguished by TCA. Thus, principal com-
ponent analysis (PCA) was performed on extracted
spectra of the same TCA component for in-depth
analysis of smaller spectral differences. PCA is a
multivariate data analysis tool, commonly applied in
chemometrics, that has been established as well for
the analysis of Raman data [32]. Briefly, spectral
data are reduced in their dimensionality on a vector-
based approach. Each vector, so-called principal
component (PC), describes a variation in the
spectra. The first PC represents the highest amount
of variation, the subsequent PCs refer to the next
highest amount of variation chronologically. PC
values can be plotted against each other to visualize
a correlation or separation of two or more data sets.

In situ GSIS assay Raman data were evaluated by
TCA to identify a time-dependent component.
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Fig. 1. Generation and static culture of human pancreatic pseudo-islets. (A) Schematic timeline of the EndoC-BH3 cell
culture and pseudo-islet generation. (B) Brightfield image of human pseudo-islets in static culture. {(C) Live (FDA, green) /
dead (P!, red) staining of pseudo-islets. (D) Immunofluorescent staining of insulin (red) and nuclei {DAPI) of pseudo-islet.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Weightings of the CCD counts were extracted from
the intensity distribution images of the TCA results
and compared.

Statistical analysis

Data are presented as mean + standard deviation
(SD). Data normality was determined by Sharpiro
Wilk test. Statistical significance was determined by
ANOVA by employing the Kruskal Wallis, with Tukey
multiple comparison test. Statistical analyses were
performed in Prism 6 (GraphPad Software Inc., La
Jolla, CA, USA). Data with p-values <0.05 were
identified as statistically significant.

Results

Generation of functional human pseudo-islets

Human pseudo-islets were generated using the
conditionally immortalized cell line EndoC-8H3,
aiming to mimic the endocrine function of Langer-
hans islets in vitro (Fig. 1A). EndoC-BH3 was
cultured in standard conditions as previously de-
scribed [18]. After excision, non-proliferative cells
were harvested and seeded with 1000 cells per well.
Within 4-5 days, cells aggregated and formed stable
so-called pseudo-islets with a highly reproducible
size (Fig. 1B). The aggregation of cells was
promoted by the low-adherence feature of the 96-
well plate used and occurred in a spontaneous
manner in static conditions. Cell viability and insulin
expression were maintained by pseudo-islets as
demonstrated via live/dead staining (Fig. 1C) and
routine immunochemistry, showing a homogenous

insulin staining throughout the pseudo-islet (Fig.
1D).

Chip design, fabrication & modeling

A tailored microfluidic PDMS-based system was
developed to culture and analyze individual human
pseudo-islets, which can hold up to 32 pseudo-islets
per chip (Fig. 2A). A microfluidic hydrodynamic
trapping principle previously described by Takeuchi
et al. was modified to isolate individual pseudo-islets
from suspension [33]. A detailed description and
calculations of the hydrodynamic entrapment of
pseudo-islets in the pancreas-on-a-chip is provided
in the Supplemental Data File. The pseudo-islets are
sequentially loaded into the traps (Fig. 2B, Supple-
mental Movie), whereby individual pseudo-islets are
guided one after another in the 4 x 8 trapping array
until all trapping structures are filled. Trapping is
supported by a small interconnecting (60 um width)
channel between each trapping structure and the
surrounding so-called loop channel. After the first
trap is filled thereby blocking the interconnecting
channel, flow through the interconnecting channels
of the subsequent trapping structures is increased,
guiding the following pseudo-islets to. Channel
dimensions were chosen such that a successful
loading of human pseudo-islets was achieved
leveraging gravitational flow from a 200 pl pipette
tip inserted in the inlet port of the pancreas-on-a-
chip, resulting in an inlet pressure of approx. 294 Pa.

Structural and functional characterization of
human pseudo-islets on-chip

A reproducible loading of pseudo-islets into the
pancreas-on-a-chip was successfully achieved via
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Fig. 2. Human pancreas-on-a-chip. (A) Image of pancreas-on-a-chip (visualized using dyed water) and schematic of
the fluid channels and trapping geometries. (B} 3D illustration depicting the loading procedure of single pseudo-islet into
trapping sites with the respective changes in fluid flow, described by computational fluid dynamics based analysis. The
hydrodynamic trapping yields a sufficient and stable immobilization of always one individual pseudo-islet per trapping site
in the entire device, demonstrated by a brightfield image of human pancreatic pseudo-islets loaded in the pancreas-on-a-
chip. (C) General key features and benefits of the pancreas-on-a-chip system compared to conventional static cell culture
methods. {D) Live (FDA, green) /dead (PI, red) staining of pseudo-islets on-chip 24 h after loading. (E) Representative
immunofluorescent staining of insulin (red) and nuclei (DAPI) of pseudo-islet on-chip. (F} Sequential glucose stimulated
insulin secretion assay on-chip with Krebs {no glucose) and high glucose (20 mM) buffer. **p « 0.01; n= 4. (G)
Comparison of the GSIS index between static and dynamic conditions. n > 4. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. In situ Raman imaging of human pancreas-on-a-chip in Krebs and high glucose condition. (A) True component
analysis identified 3 major spectral components in the pseudo-islets and the PDMS of the chip (light blue). (B} The
identified compenents show peaks assigned to lipids (green), mitochondria (pink) and nuclei (blue). (C-K) Image analysis
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Krebs buifer and glucose condition. A significantly different distribution was observed for the mitochondrial component (F-
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is referred to the web version of this article.)

hydrostatic pressure-driven flow. The precisely
controllable, low-stress character of the loading
process did not impair cell viability in the pseudo-
islets as demonstrated via live/dead staining (Fig.
2D). In contrast to static dish culture, the pancreas-
on-a-chip platform enabled in situ immunofluores-
cence staining of individual pseudo-islets. Thereby,
we could show that on-chip, insulin is homoge-
neously distributed throughout the entire pseudo-
islet (Fig. 2E). To validate the functionality of the
pseudo-islets on-chip, we adapted the conventional
static culture Glucose Stimulated Insulin Secretion
(GSIS) assay to the perfusion conditions of the
pancreas-on-a-chip system by first flushing the
media channel with no glucose solution (Krebs
buffer) for 1 h, followed by a 1 h perfusion with
20 mM glucose solution and finally a second flushing
with Krebs buffer. The perfused effluent was
collected for 1 h for each condition resulting in
50 pl samples for further ELISA analysis. The insulin
secreted by the pseudo-islets on-chip increased
significantly from the first incubation of Krebs buffer
(Krebs(1)) to the 20 mM glucose condition (high
glucose) and subsequently decrease significantly
again when perfused with Krebs buffer (Krebs(2))
(Fig. 2F). The fold increase between Krebs(1) and
20 mM glucose, the GSIS index, corresponded with
the results from the gold standard static culture

experiments, validating that glucose response from
the pseudo-islets was not impaired in the pancreas-
on-a-chip model (Fig. 2G).

On-chip Raman analysis for in-situ imaging and
characterization of molecular structures

Raman microspectroscopy was established as
non-destructive in situ monitoring tool for functional
and qualitative assessment of the pancreas-on-a-
chip. Raman images of single human pseudo-islets
in the pancreas-on-a-chip in Krebs buffer or 20 mM
glucose solution were acquired under dynamic flow
conditions. Combined with true component analysis
(TCA), a non-invasive, marker-independent assess-
ment of three major structures was possible (Fig.
3A). Furthermore, the PDMS mold could be clearly
identified due to its strong Raman signal. The peaks
were analyzed to characterize the assigned molec-
ular structures (Fig. 3B). The first component (green)
showed major peaks at 705, 1266 and 1445 cm™
referring to ring deformation in cholesterol as well
as = CH deformation and CH,/CHj3 scissoring in
lipids [34]. The second component {pink) contained
peaks at 751, 1130 and 1585 cm™', described
before in relation to mitochondria and mitochondrial
activity [35-37]. Peaks at 788, 1096 and 1339 cm™
were found in the third component (blue) and

Please cite this article as: A. Zbinden, J. Marzi, K. Schliinder, et al., Non-invasive marker-independent high content analysis of a
microphysiological human pancreas-on-a-chip model, Matrix Biology, https:/doi.org/10.1016/j.matbio.2019.06.008

115



Appendices

Nonnvasive markerndependent high content analysis

Table 1. Peak assignments of the components identified
by Raman imaging and TCA.

Peak [om™] 1 - lipid-related 2 - mitochondria-
related
3- DNA-
related
415 Phosphatidylinositol
[41]
488 Glycogen [42]
608 Cholesterol [41]
704  Cholesterol
[34,43]
751 Mitochondria [37]
755 Symmetric
breathing
tryptophan [42]
788 Phosphodiester
strefching in DNA
[38]
940 C-C mode [44]
1006 Phenylalanine
(ring-breathing)
[44]
1096 Phosphodioxy
groups [39]
1127 C-N lipids,
proteins
[42,45]
1130 Cytochrome C
[46,47]
1257 AT (ring breathing
modes) [48]
1266 C-H lipids,
amide 111 [40]
1307 CH;/CH,
twisting in
lipids [49]
1312 CH;CH, twisting [49]
1342 Nucleic acid mode
(DNA/RNA) [40]
1402 Oxidized
cytochrome C [46]
1445 CH, bending
in lipids [50]
1455 Deoxyribose [51]
1585 Mitochondria [46]
1659 C =0
stretching,
C=C [39,50]

corresponded to phosphodiester and nucleic acid
vibrations in DNA [38-40]. A detailed summary of all
peaks and molecular assignments is displayed in
Table 1. Quantitative assessment and comparison of
the distributions of the three components in the
pseudo-islets in Krebs buffer and 20 mM glucose
conditions was performed by grey value intensity
analysis. There was no significant difference in lipid
(Fig. 3C, D, E) and nuclei (Fig. 3l, J, K) expression
between both conditions. The mitochondria-related
spectral component was significantly higher
expressed in glucose-stimulated pseudo-islets (Fig.
3F, G, H).

Whereas the mitochondrial component revealed
an increased expression in the pseudo-islets in

glucose conditions, no quantitative differences be-
tween Krebs buffer and 20 mM glucose conditions
were detected for the lipid component. However, the
average spectra of all spectra identified as lipids in
Krebs or 20 mM glucose conditions demonstrated
minor qualitative differences in their Raman finger-
print. The peak at 415 cm™', referring to phos-
phatidylinositol (PI3) [41], appeared with a higher
intensity in glucose conditions when compared to
Krebs buffer condition (Fig. 4A). Thus, a principal
component analysis (PCA) was performed on the
extracted lipid component spectra for in-depth
spectral analysis of differences in the lipid compo-
sition. The scores plot of PC-2 against PC-3
demonstrated a separation of the pancreas-on-a-
chip lipid spectra in Krebs and 20 mM glucose
condition (Fig. 4B). Compared to the lipid data set in
Krebs buffer, the spectral data of the glucose
conditions were highly significantly shifted to the
positive PC-2 range and significantly shifted to the
negative PC-3 range (Fig. 4C). The major spectral
differences explained by the PCs were demonstrat-
ed in the loadings plots (Fig. 4D). Negative peaks in
the loadings referred to relevant spectral information
of data in the negative PC range, positive loadings
peaks indicated spectral assignments of data in the
positive PC range. Spectral differences within the
groups were linked to PI3 peaks at 415 and
597 cm™' [41,52,53] that were more prevalent in
the glucose condition data. Moreover, differences
were observed in peaks at 1136 and 1269 cm ™" that
are assigned to C—C vibrations and = CH deforma-
tion in lipids [34]. Data of the lipids in the Krebs
condition were dominated by spectral assignments
to 1437, 1656 and 1737 cm ™", characterizing CH,/
CHj scissoring in sphingomyelin as well as C—=C
and C=0 vibrations in phosphatidylcholines and
phosphatidylethanolamines [34]. These data corre-
spond to a previous study that reported changes in
the insulin secreting granules' phospholipid compo-
sition in correlation to glucose stimulation [54].
Certain phospholipids such as PI3 and phosphati-
dylserine increased, whereas other phospholipids
remained unaffected.

Real-time monitoring of GSIS kKinetics

To monitor insulin secretion in a time-resolved
manner, we employed both dynamic sampling of the
supernatant as well as non-invasive real-time
monitoring using Raman microspectroscopy. The
continuous, low-shear flow of buffer/solution through
the pancreas-on-a-chip allowed the tracking of
insulin secretion kinetics by collecting the superna-
tant every 15 min (Fig. 5A). The first switch from the
culture medium to Krebs buffer is known as a
synchronization step to equilibrate pseudo-islets to
their basal insulin secretion level. The typical
decrease of insulin secretion due to this
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Fig. 4. PCA analysis of the influence of glucose stimulation on the lipid composition in pseudo-islets. (A) Average
spectra of the lipid component identified by TCA in Krebs and glucose reveal minor spectral differences. (B) Detailed
analysis using a PCA of the lipid spectra highlights the differences in the lipid component. (C)} A highly significant
separation of lipid composition in glucose and Krebs buffer is visible in PC2 and a significant separation is demonsirated in
PC3. (D) The loadings plots were assigned to lipid-related spectral differences. *p « 0.05, ***p « 0.001.

phenomenon was observed over the first hour of
sampling (yellow). During the second incubation with
Krebs buffer, the pseudo-islets reached their stable
basal insulin secretion (blue). Addition of 20 mM
glucose increased insulin release significantly within
the first 45 min (red) and stayed higher than the base
level for an additional hour. Afterwards, the insulin
secretion slowly decreased to its baseline level.
Here, the multisampling of the supernatant indicates
a biphasic glucose response of our human pseudo-
islets, a feature which has been widely used to
characterize the functionality of native pancreatic
Langerhans islets [55].

In addition, the GSIS response in the pancreas-
on-a-chip was monitored in situ by Raman micro-
spectroscopy. A transverse section of a pseudo-
islet in the chip of an area of 160 x 30 pm was
imaged every 5 min over a total period of 90 min.
The images were stitched and analyzed by TCA.
TCA was able to identify a time-dependent
intensity shift in the intensity distribution images
(Fig. 5B). The corresponding spectral component
indicated an increase in mitochondrial activity and
protein synthesis in correlation to the buffer
change/glucose stimulation (Fig. 5C). Peaks at
415, 597 and 776 cm ™" referred to PI3 [41,52,53].

Mitochondria-related peaks were found at 748 and
1585 cm™" [37,46]. An increased protein synthesis
was characterized by peaks at 1123, 1445 and
1656 cm™"' corresponding to C—N stretching as
well as amide | and amide Il vibrations in lipids
[42,45,48,56]. Furthermore, an assignment to
disulfide-bond vibrations of insulin was detected
at 511 cm™' [57,58] as shoulder of the PDMS
peak at 498 cm™'. A detailed summary of all
peaks and their molecular assignments is provid-
ed in Table 2.

The weightings of the CCD counts of the TCA were
compared to assess the time point and effect of
glucose stimulation on the pancreas-on-a-chip (Fig.
5D). A significant difference was demonstrated
between the 35 and 40 min measurement. This
time point correlated to the predicted time point of
complete replacement of the Krebs buffer after
switching to the 20 mM glucose condition. After the
stimulating effect, no significant increase or de-
crease in mitochondrial activity and protein synthesis
was detected, the weightings stayed on a constant
high level. The baseline of Krebs buffer measure-
ments indicated minor, however not significant,
increases of the CCD weightings after the time
point of switching to glucose buffer.
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Fig. 5. Real-time monitoring of GSIS assay in human pancreas-on-a-chip. (A) Kinetic of insulin secretion by
multisampling, n = 3. (B) Real-time Raman monitoring of glucose stimulation. Each 5 min time step represents a cross
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metabolic activity and protein production. (D) Statistical analysis of the weightings of the TCA shows a significant increase
20 min after the switch from Krebs to glucose buffer, whereas the baseline of Krebs and glucose buffer indicated no

significant alteration. *p « 0.05; n = 3.

Discussion

Translation from animal models to human clinical
trials for the treatment of DM often fails due to the
vast differences between animal models and human
biology [63]. Current in vitro models often use rodent

cells and feature a limited recapitulation of the
complex physiological microenvironment found in
vivo. Therefore, there is a strong need to develop
human-based in vitro platforms with physiological
relevance as well as integrated non-invasive read-
outs, providing tools to investigate human-specific
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Table 2. Peak assignments TCA component GSIS assay
monitoring.

Peak Assignment
fem™]

415 Phosphatidylinositol [41]

511 Insulin $—S bond [57,58]

597 Phosphatidylinositol [52,53]

704 Cholesterol [34,43]

748 Mitochondria [37]

776 Phosphatidylinositol [52,53]

849 Vibration amino acids, polysaccharides, tyrosine [59]

1002 Phenylalanine [60]

1060 C-C stretching (lipids), C-0, C-C stretching
(carbohydrate), glucose, proteoglycans [38,61,62]

1123 C-N (proteins), C—C stretching mode lipids & proteins,
glucose [42,45]

1257 Amide Il (proteins) (48]

1308 CH3/CHs, lipids/ proteins [49]

1445 CH,CHj bending modes of proteins, phospholipids [45]

1585 Mitochondria [46]

1656 C=C (lipids), Amide | {protein) [56]

mechanism in DM in vitro and to facilitate pharma-
ceutical drug testing. The concept of microphysiolo-
gical systems (OoC platforms) has provided a novel
approach with the potential to revolutionize drug
development and testing [64,65]. By integrating
human tissue in microfluidic systems that provide a
physiological microenvironment and a vasculature-
like perfusion, OoCs allow the recapitulation of the
{patho) physiology and basic features of an organ or
tissue in vitro [64].

In this study, we developed a novel integrated
pancreas-on-a-chip platform featuring a self-guided
trapping of individual human pseudo-islets, a con-
trolled vasculature-like perfusion, and a non-invasive
marker-free read-out possibility based on the inte-
gration of Raman microspectroscopy and imaging.
Human pseudo-islets were generated from the
conditionally-immortalized EndoC-BH3 cell line,
which is to this date, the commercially available
human cell line that most closely mimics functional
human primary B-cells. In these cells, the excision of
the proliferative transgenes leads to a complete
arrest of proliferation, glucose-sensitivity and insulin
secretion [18]. In addition, it has been extensively
described that B-cells have an increased insulin
secretion when cultured as pseudo-islets [66]. Here,
we showed the robust and reproducible formation of
pseudo-islets of approximately 124 pm diameter in
average size, corresponding to what has been
previously described in the literature to avoid oxygen
and nutrients diffusion issues, while assuring high
glucose-responses [57,67]. The pseudo-islets were
viable and showed homogenous insulin expression
throughout the entire construct.

The tailored microfluidic platform employs a
hydrodynamic-based trapping mechanism to stably
confine individual pseudo-islets in defined spatial
patterns, while ensuring that subsequent pseudo-

islets are guided to unoccupied trapping sites. The
loading via hydrostatic pressure-driven flow of
pseudo-islets, as well as the trapping mechanism
did not alter the pseudo-islet viability nor it affected
the overall insulin expression. Most importantly, the
stable confinement of the individual pseudo-islets
allowed the high-resolution analysis of single pseu-
do-islets. The standard GSIS assay was modified for
our pancreas-on-a-chip in order to model the
endocrine function of the pancreas, where in vivo,
the Langerhans islets are periodically subjected to
different glucose concentration and correspondently
adjust their insulin secretion. The pancreas-on-a-
chip secreted a basal level of insulin under vascular-
like flow without glucose. The insulin secretion
significantly increased when 20 mM glucose was
perfused through the chip, demonstrating the glu-
cose-sensitivity of the pancreas-on-a-chip. More-
over, the subsequent perfusion of Krebs buffer
restored the basal insulin secretion level, which is
an important feature demonstrating that glucose
stimulation is not leading to an impaired response or
cell death.

Fully functional Langerhans islets feature a dy-
namic biphasic glucose-response; therefore the
monitoring of insulin kinetics in a time-resolved
manner is of upmost importance [55,68]. Using the
here presented pancreas-on-a-chip, we tracked the
insulin secretion every 15 min via multisampling. A
first significant insulin decrease was observed during
the synchronization phase from standard media
culture to Krebs buffer. Insulin present in the normal
culture media may impact the secretory capacity of
B-cells [69], which is why Krebs buffer, which does
not contain insulin, was used in our study in order to
trigger the release of pre-existing insulin vesicles,
while inhibiting further insulin translation as no
glucose is present. At 20 mM glucose, the pseudo-
islets significantly increased their insulin production
within the first 30 min and maintained a higher level
of insulin secretion for an additional 30 min. This
insulin secretion profile is comparable to some
extent to isolated human Langerhans islet biphasic
glucose response [68]. The major release of insulin
occurred in the first phase of 10 min. The second
phase of insulin secretion was shown to stay higher
than the basal level for 110 min. In this study, the
second phase of insulin secretion lasted for half of
the time when compared to isolated human Langer-
hans islets.

Although the EndoC-BH3 cell line represents a
considerable advancement for human-based
models of pancreatic B-cells, limitations in the
secretory capacity, i.e. amplitude and duration of
the second phase of insulin secretion should be
considered. Future applications of our pancreas-on-
a-chip aim to incorporate human pluripotent stem
cell-derived B-cells, which so far have been limited in
terms of maturation, but for which progressively
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more advanced differentiation protocols are being
developed, resulting in almost mature phenotypes,
including dynamic glucose responsivity [70].

Integrating our pancreas-on-a-chip with Raman
microspectroscopy provides a powerful tool for non-
destructive and marker-independent in situ assess-
ment of pseudo-islet performance. Indeed, addition
of fluorescent dyes in many studies (i.e. for calcium
imaging) or biologicals is debatable, as it may impact
the overall cell metabolism [12,13,71]. Furthermore,
any additives to the standard culture methods would
prohibit any further use of the biological materials in
vivo (i.e. transplantation). Raman imaging allowed
for in-depth molecular characterization of pseudo-
islet structures under different conditions based on
highly specific spectral fingerprints. Moreover, it
enabled real-time monitoring of glucose response.
Based on high-resolution spectral maps, different
molecular structures such as lipids, mitochondria or
nuclei, were identified and quantified by TCA, by
which a higher mitochondrial activity in glucose-
stimulated pseudo-islets was revealed. Mitochondri-
al activation and metabolism have been reported to
play a fundamental role in stimulating insulin
secretion [72,73]. In-depth molecular analysis of
the lipid composition in Krebs buffer and glucose-
treated samples was enabled by PCA. Rapid
remodeling of the lipids in the intracellular membrane
of insulin secretory vesicles together with an
increase in overall metabolism are required during
insulin exocytosis [74]. The precise composition and
role of lipid changes during glucose stimulation has
recently been described by MacDonald et al., who
demonstrated that predominantly phosphatidylser-
ine and PI3 increased in insulin secretory vesicles
[54]. Our PCA results of the lipids detected in the
pancreas-on-a-chip in Krebs buffer and under
glucose stimulation are in line with these findings
by indicating a higher amount of PI3 in the lipid
composition of pseudo-islets in 20 mM glucose
solution. High-resolution imaging that enables the
visualization and molecular characterization of the
structures in the pseudo-islets, is relatively time-
consuming (approximately 1 h per pseudo-islet). By
limiting the data acquisition to a cross section of the
pseudo-islet and a lower pixel resolution of 90
spectra per image, we could achieve a real-time
monitoring of the pseudo-islet performance during
media switch from Krebs buffer to 20 mM glucose
solution. Combined with multivariate analysis, we
were able to identify a biomarker that indicates a
glucose response in the pancreas-on-a-chip.

The Raman analysis did not focus on direct insulin
detection, but rather the definition of an overall
Raman fingerprint as biomarker for glucose-induced
metabolic effects on the pseudo-islets. In static
conditions and tissue sections, it has been shown
that Raman microspectroscopy is sensitive enough
to image insulin and glucagon in human Langerhans

islets [57]. We hypothesize that in our study, insulin
detection was limited due to the dynamic conditions
in the chip and the physiological wash-out of the
secreted insulin. However, one further application of
the on-chip Raman could focus on the analysis of the
outflow liquid to detect secreted biomarkers. A
recent study by Cho et al. applied surface-enhanced
Raman microscopy, a signal-enhancing Raman
technique, to determine pseudo-islet performance
according to the detection of secreted insulin [75].
However, they used the phenylalanine peak at
1001 cm™! as reference peak, which needs to be
discussed carefully, because phenylalanine is the
most prevalent amino acid, which does not only
occur in insulin but in numerous proteins [76].
Moreover, in the future, a PDMS-free chip fabricated
out of a less scattering material, such as glass,
would be beneficial. The PDMS of the chip caused
an intense Raman scattering and predominant
peaks. Particularly the strong peak at 498 cm™'
overlapped the most characteristic insulin peak at
512 cm™', which is assigned to the disulfide bonds in
insulin and prevented the quantitative assessment of
insulin. Biomechanical stress, such as flow, strain
and compression has been demonstrated to induce
numerous effects on cells and tissues [82-86]. Lock
et al. showed an increased MING B-cells response to
glucose with pseudo-islets cultured in a stirred
suspension culture when compared to static controls
[87]. While the role of perfusion in this study was not
yet to influence pseudo-islet function via biomechan-
ical flow, the continuous flow in the pancreas-on-a-
chip on the one hand allowed trapping of single
islets, and the analysis of single pseudo-islets over
time and under different media conditions. On the
other hand, the flow enabled precisely controllable
(constant) media conditions for the islets due to the
continuous delivery of fresh nutrients, oxygen and
further dissolved molecules as well as the removal of
secreted and metabolized products. Moreover, the
immobilization of the pseudo-islets offered the
capability of long measurements, which were not
possible in a standard cell culture dish. The
underlying microfluidics and vasculature-like perfu-
sion of the pancreas-on-a-chip provided a further
significant benefit: it paves the way for the integration
with further organ systems to multi-organ platforms,
for instance, by combining the pancreas-chip with
adipose, brain, and/or liver, blood-on-a-chip systems
[77-81]. These platforms can recapitulate inter-
organ crosstalk and systemic effects, thereby
providing powerful tools to study complex diseases
such as diabetes.

Conclusion

We developed a microfluidic platform and inte-
grated it with a Raman microspectroscope system
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for the non-invasive monitoring of human pseudo-
islets in biomechanical flow conditions. Pseudo-islet
glucose response was assessed via multisampling,
which demonstrated a beta-cell dynamic biphasic
response. Additionally, Raman microspectroscopy
analysis identified molecular markers, such as PI3,
which were used to assess glucose response in situ.
The here presented microfluidic platform with inte-
grated optics demonstrates the advantages of
combining interdisciplinary engineering solutions to
solve problems such as the quality control of
biologics pre-implantation and the online monitoring
of biological processes for mechanistic studies.
Furthermore, our integrated pancreas-on-a-chip
platform is a blueprint for future generations of
OoC systems in areas beyond pancreas and
diabetes research.
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Supplement

Hydrodynamic trapping mechanims for guided immobilization of islets

The resistance of the loop channel (Q2) must exceed that of the trap channel (Q1) such that islets
will be dragged into the trap structure and immobilized. Once immobilized, the islet will block the
trap channel, increasing the resistance of this fluid path to near infinite and thus subsequent islets
will follow the loop channel until reaching a subsequently empty trap.

Chip geometry

_ Trapping structure
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Supplemental Figure 1: Schematic of microfluidic chip and trapping structure. If the ration Q1/Q2
> 1 islets are guided into the trapping channel while other islets can bypass the occupied trap and
travel along the loop channel to the next empty trap.
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Trapping Efficacy

Q4/Q2=0.9

Q1/Q2=4.8

Q1/Q2 = 6.2

Supplemental Figure 2; Trapping efficancy at varring volumetric flow rates
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Equations

As described by Takeuchi and co-workers [1], using the Darcy-Weisbach equation and thus
solving the continuity and momentum equation for the Hagen-Poisueille problem we can describe

the pressure drop in a microfluidic channel as
fLpV?
Ap = —— Eq.1
p=—5 (Eq )

where Ap is the pressure drop, f is the Darcy friction factor, p is the density of the fluid, v is the
average fluid velocity and D is the hydrodynamic diameter of the channel.

The Reynolds number of such a flow regime is described by:
VD
Re = e (Eq.2)
n
where p is the dynamic viscosity of the fluid. Thus, by combining Eq.1 and Eq.2, one can obtain:

_ fLVRep

Ap ==z

(Eq.3)

where D is described as a function of the cross sectional area A and the perimeter P:

D= 1A Eq.4
=3 Ea9b
Thus, combining Eq.3 and Eq.4 yields:
fLVReu
bp=—— (Ea.5)
p2

V can further be expressed as volumetric flow rate Q and cross sectional area A:

Q
V=_ (Eq.6)

where Q is the volumetric flow rate and A the cross sectional area. Now, combining Eq.5 and

Eq.6 gives:

Ap = fLQuReP?
VT E

where f X Re is a function of both the Reynolds number and the aspect ratio, «, such that 0 <«<

1, and is defined as a constant Cj, (<, ):

(Eq.7)

Caloy) = 96(1 — 13553 o¢,+ 1.9467 o¢,2— 1.7012 o3+ 0.9564 o, *— 0.2537 ,5) (Eq.8)
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Since the pressure drop between two points in a channel are equal, regardless of the route
taken, Ap; = Ap,, and hence:

Co(ox)Ly QuuPy® _ Co(oz)LopPy”
324,° 324,°

(Eq.9)

Thus,

C1 ()L, QP %Ay = Cy(e,)L,Q,P°A,°  (Eq.10)

In order to achieve trapping, the flow rate through the trap channels Q; must exceed that of the
loop channels Q,. Thus, Q; > Q,.
Q: _ Calp)Ly Py Ay °

—_—=——>1 Eq.11
Q2 C1(°‘1)L1Plez3 (Fa- 1D

and, for a non-circular channel yielding following equation:

Q_ KL, W, H) = Cz(ec)Ly (W, + H)2W1:
Q2 Cy (¢ Ly (Wy + H)2W,

>1 (Eq.12)

where W is the width of the channel and H is the height.

If Qi/Q2< 1, islets should remain in the loop channel, bypassing the traps and flowing straight to
the outlet. However, if Q4/Qz > 1, the islets are forced into the traps.
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Supplemental Table 1: Values for Q1/Q2 during the sequentiel loading of islets

H Wi W, L4 L, Ci(a1) Caag) Q Q. Q1

{(um)  (um) (pm)  (um) Q:
(nm)
250 60 450 50 14780 7357 60.85 9.52E+16 3.22E+16 2.96
250 60 450 50 15420 7357 60.85 9.93E+16 3.22E+16 3.08
250 60 450 50 16060 73.57 60.85 1.03E+17 3.22E+16 3.21
250 60 450 50 16700 73.57 60.85 1.08E+17 3.22E+16 3.34
250 60 450 50 17340 7357 60.85 1.12E+17 3.22E+16 3.47
250 60 450 50 17980 73.57 60.85 1.16E+17 3.22E+16 3.60
250 60 450 50 17340 73.57 60.85 120E+17 3.22E+16 3.72
250 60 450 50 16700 73.57 60.85 124E+17 3.22E+16 3.85
250 60 450 50 16060 73.57 60.85 128E+17 3.22E+16 3.98
250 60 450 50 15420 7357 60.85 1.32E+17 3.22E+16 4.11
250 60 450 50 14780 7357 60.85 1.36E+17 3.22E+16 4.23
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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 B-cell dysfunction that
can compromise glucose-stimulated insulin secretion
(GSIS) [8]. The lack of oxygen forces 3-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 1o (HIF-1a) 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 te 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 B-cells in a three-dimensional in vitro model (= pseudo-islets).
‘We demonstrate how (pre-) hypoxic p-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 7, of the
protein-bound NADH is longer (1000-6500 ps). Similarly,
free FAD has a longer fluorescence lifetime 1, (2300-
2900 ps), and the lifetime of bound FAD T, is shorter (300-
455 ps). Based on the respective contribution of 7, («;) 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-$H3 (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-
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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-um-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-1o: 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-lu-stained images were quantified by three
independent unbiased observers. Cells were counted as
HIF-1a * when nuclei were exhibiting a double staining
with DAPI and HIF-1o. 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, Grifelfing, 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 y* value
smaller than 1.1 per image. ASCII images for «, 7 and *
were exported for further analysis. Concentric ROT 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 pm 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.

2,52 | 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 p-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 p-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, B-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
VEGF after 1 hour under hypoxia (Figure 2A).

Our results showed that HIF-1¢, 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-1a exerts both pro- and anti-apoptotic effects,
depending on the severity of hypoxia [31]. Under severe hyp-
oxic conditions, HIF-1a 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, and ¢« 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 1, [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 <, at 3 and
6 hours, while NADH 7, 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]. 1t is also the means with which NAD™ is recovered
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FIGURE 2

IIypoxia-induced cellular response in human pscudo-islets is detectable with fluorescence lifetime imaging microscopy

(FLIM). Immunofluorcscence staining of, A, vascular endothelial growth factor (VEGF), B, hypoxia-inducible factor 1o (IIF-1a) and, C,
cleaved capase-3 in pseudo-islets under normoxic and hypoxic conditions and the corresponding quantitication (right). n > 3. D,
Multiphoton (MP) imaging and quantification of the lumen size of hypoxic pseudo-islets over a time period ot 12 hours. n > 10. E-J, Time
lapsc I'LIM analysis of hypoxic pscudo-islets showing, E, nicotinamide adenine dinucleotide (NADII) 14, IY, NADII 15, G, flavin adeninc
dinucleotide (IFAD) 14, II, FAD 15, I, NADII o, and, J, the optical oxidative ratio based on cndogenous fluorescence of FAD/TFAD + NADIL
n > 10. Scale bars equal 50 pm. One-way analysis of variance (ANOVA) with Tukey's multiple comparisons test. * < .05; **P < .01 and

HEEP <0001
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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 <, at 6 and
12 hours under hypoxia may reflect the activation of antioxi-
dant pathways [37].

Under hypoxia, FAD t; and <, 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 7, and T, 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
«; 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 27).

We showed that FLIM can detect metabolic changes that
are induced by the hypoxic environment in a nondestructive
manner in pancreatic (3-cells. Moreover, our data reveals that
the NADH lifetimes ©, 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
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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-, v- 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 f-cells.

Under hypoxia, FLIM parameters NADH t;, FAD
T, NADH o, 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 1, decrease in
FAD t,, decrease in NADH «,, 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 1; 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 t, and FAD 1, were not affected by the spatial
distribution within the pseudo-islets (Figure 3C,D). While
NADH 7, 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) ty, C,
NADH 13, D, flavin adenine dinucleotide (FAD) t,, E, FAD 7,, 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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NADH 7, and FAD T, are protein-bound lifetimes within
the mitochondria, which may reduce their sensitivity to

microenvironmental changes.
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The segmentation of FLIM outputs allowed the dis-
crimination of surviving and apoptotic cells within a sin-

gle pseudo-islet. As expected, the innermost ROIs are
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In situ fluorescence lifetime imaging microscopy (FLIM) probes glucose-responsiveness of normoxic pseudo-islets in vitro.
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FLIM analysis over time of nonstimulated pseudo-islets and glucose stimulation with 20 mM shows, A,B, nicotinamide adenine dinucleotide

(NADH) 74, C,D, NADH 15, E,F, NADH ¢, and, G,H, the optical oxidative ratio based on endogenous fluorescence of flavin adenine
dinucleotide (FAD)/FAD + NADH. I, Representative images of NADH «, over time during glucosc stimulation. Corresponding time points

are shown with red arrows in F. n = 4. Scale bar equals 50 pm
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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 p-cells located in the outer ROIs
were characterized by a lower NADH «, and stable
values for NADH T, FAD 7, 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 p-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 o
decreased, which reflects the known metabolic changes
due to glucose starvation (Figure 4A,E) [44]. Prolonged
starvation resulted in NADH 7y, FAD t, and FAD 1,
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-
Iytic 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 p-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 o, 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 o, 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 =, before glucose stimulation
under hypoxia was similar to normoxia (Figure 5B,E).
Upon stimulation, NADH 1, 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 p-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 <, 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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conditions for 6 hours. FLTM analysis over time during glucose stimulation with 20 mM reveals, A, nicotinamide adenine dinucleotide
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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 p-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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multiple comparisons test. ****p <0.0001.
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Nidogen-1 Mitigates Ischemia and Promotes Tissue

Survival and Regeneration

Aline Zbinden, Shannon L. Layland, Max Urbanczyk, Daniel A. Carvajal Berrio,

Julia Marzi, Monika Zauner, Anne Hammerschmidt, Eva M. Brauchle, Katrin Sudrow,
Simon Fink, Markus Templin, Simone Liebscher, Gerd Klein, Arjun Deb, Garry P. Duffy,
Gay M. Crooks, Johannes A. Eble, Hanna K. A. Mikkola, Ali Nsair, Martina Seifert,

and Katja Schenke-Layland*

1. Introduction

Ischemia impacts multiple organ systems and is the major cause of morbidity

and mortality in the developed world. Ischemia disrupts tissue homeostasis,
driving cell death, and damages tissue structure integrity. Strategies to heal
organs, like the infarcted heart, or to replace cells, as done in pancreatic islet
P-cell transplantations, are often hindered by ischemic conditions. Here, it is
discovered that the basement membrane glycoprotein nidogen-1 attenuates
the apoptotic effect of hypoxia in cardiomyocytes and pancreatic f-cells via
the avp3 integrin and beneficially modulates immune responses in vitro. It is
shown that nidogen-1 significantly increases heart function and angiogenesis,
while reducing fibrosis, in a mouse postmyocardial infarction model. These
results demonstrate the protective and regenerative potential of nidogen-1 in

ischemic conditions.

Ischemic injury due to the disruption of
blood flow can lead to irreversible tissue in-
jury precipitating to neurologic stroke, limb
ischemia or myocardial infarction (MI}.1!l
Ischemic conditions also disrupt regener-
ative and protective therapies to attenuate
cell death and restore organ function, par-
ticularly in applications where cell engraft-
ment is required. Strategies to protect cells,
modulate the immune response, and repair
the tissue milieu within ischemic environ-
ments are therefore of critical importance.
The current clinical and preclinical stage
strategics that seck to restore organ func-
tion post-ischemia include the injection of

A. Zbinden, S. L. Layland, M. Urbanczyk, D. A. Carvajal Berrio,
Dr. ). Marzi, S. Liebscher, Prof. K. Schenke-Layland
Department of Bioengineering

Eberhard Karls University Tiibingen

Tubingen 72076, Germany

E-mail: katja.schenke-layland@uni-tuebingen.de

A. Zbinden, S. L. Layland, M. Urbanczyk, D. A. Carvajal Berrio,
Dr. ). Marzi, Dr. M. Zauner, A. Hammerschmidt, Dr. E. M. Brauchle,
S. Liebscher, Prof. K. Schenke-Layland

Department of Women's Health

Research Institute for Women's Health

Eberhard Karls University Tiibingen

Tubingen 72076, Germany

Dr. . Marzi, Dr. E. M. Brauchle, S. Fink, Dr. M. Templin,

Prof. K. Schenke-Layland

NMI Natural and Medical Sciences Institute at the University of Tiibingen
Reutlingen 72770, Germany

K. Sudrow, Prof. M. Seifert

Institute of Medical Immunology

Charité Universitdtsmedizin Berlin

corporate member of Freie Universitit Berlin

Humboldt-Universitit zu Berlin

Berlin 10117, Germany

K. Sudrow, Prof. M. Seifert

Charité Universititsmedizin

Berlin Institute of Health (BIH) Center for Regenerative Therapies Berlin

D. A. Carvajal Berrio, Dr. |. Marzi, Dr. E. M. Brauchle, (BCRT)
Prof. K. Schenke-Layland Berlin 10178, Germany
Cluster of Excellence iFIT (EXC 2180) “Image-Cuided and Functionally Prof. G Kleiryw

Instructed Tumor Therapies”
Eberhard Karls University Tiibingen
Tubingen 72076, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202002500
© 2020 The Authors. Advanced Science published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

DOI: 10.1002/advs.202002500

Center for Medical Research
Department of Medicine |1
Eberhard Karls University Tiibingen
Tubingen 72076, Germany

Prof. A. Deb, Prof. H. K. A. Mikkola
Department of Molecular

Cell and Developmental Biology
UCLA

Los Angeles CA 90095, USA

145

updates



Appendices

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

www.advancedsciencenews.com

cells, growth factors, small molecules, hydrogels or decellular-
ized extracellular matrix (ECM) proteins.>*] The ECM is the
3D nonccllular component of tissucs and organs. It consists of
mostly water, proteins, and polysaccharides, and provides the bio-
physical scaffolding for tissues. The ECM also offers important
biochemical and mechanical cues influencing cell homeostasis
and differentiation.l’! Ischemia leads to pathological ECM re-
modeling, resulting in fibrosis due to the deposition of fibrillar
proteins, such as collagens type [ (COL1) and 111, leading to fi-
brotic scarring.[®l The alteration of ECM proteins can lead to cel-
lular mutations, transdifferentiation or apoptotic death.”. Base-
ment membranes (BMs) are crucial ECM structures created by
networks of collagen type 1V (COL4) and laminins (LAM), which
are linked by nidogen-1 (NID1). Other macromolecules integrate
into BMs to give them unique functions in different tissues.!®)
BMs are essential for tissue development and homeostasis.”] In
previous work, we demonstrated the cardiogenic effect of COL4
and LAM in vitro,') as well as the role of NID1 in human embry-
onic stem cell (hESC) assembly.|"! Therefore, we asked whether
a single BM protein could have a functional impact on tissue pro-
tection or regeneration./*?!

To address the condition of MI, we analyzed the expression
of BM proteins during heart development to identify candidates
that could protect cardiac tissues during ischemia and support
regeneration. NID1, also known as entactin-1,1*] was selected as
the lead candidate as it was the most prominent BM protein in
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hESC-derived cells that were differentiated to the cardiovascular
lineages. In vitro and in vivo studies uncovered a novel protec-
tive function of NID1 in the cardiovascular system. We also doc-
umented a beneficial effect of NID1 on immune cells, which is an
essential component of the regenerative process for therapeutic
approaches.

To test if NID1 may have a similar effect on other organ sys-
tems, therefore potentially supporting a regenerative therapy that
is otherwise hindered by ischemic conditions, we choose a model
of pancreatic beta cell transplantation, which is a therapy for type
1 diabetes where up to 60% of beta-cell-containing islets fail to en-
graft due to ischemia at the transplant location and the adverse
reaction of the immune system.!'!! Here, we demonstrated the
protective and functional effect of NID1 on pancreatic beta cells
in an ischemia model. Our studies uncovered a novel protective
function of NID1 in multiple organ systems in vitro and in vivo
and elucidate potential integrin-driven mechanisms of action.

2. Results

2.1. NID1 Is Identified as a Candidate for Cardiovascular
Regenerative Approaches

To identify potential therapeutic cardiovascular candidates, the
expression of ECM BM proteins was investigated in differenti-
ating hESC-derived embryoid bodies (EBs). We used a modified
cardiovascular differentiation protocol for the formation of EBs
from the HYhESC line (Figure S1, Supporting Information).!5¢]
Semiquantification of ECM immunofluorescence (IF) staining
within spontaneously beating day-10 EBs showed a significantly
higher expression of NID1 compared with other well-investigated
ECM proteins such as fibronectin {FN), periostin (POSTN), LAM,
COL4, and COL1 (Figure 1A).*'%] In addition, NID1 gene ex-
pression significantly increased during cardiovascular differenti-
ation {Figure 1B).

To assess if NID1 has a beneficial effect during cardiovascular
differentiation, we produced recombinant full length human
NID1, available upon request, (Figure S2, Supporting Informa-
tion) and supplemented it to hESCs that were differentiating
toward the cardiovascular lineages. The supplementation of
NID1 increased gene expression for cardiac (cardiac troponin
T (TNNT2)) and smooth muscle (smooth muscle e2-actin
(ACTA2)) cell markers (Figure 1C). Image-Stream analyses
revealed the presence of a significantly higher number of car-
diac muscle troponin T (CTNT)* cells within the NID1-treated
cultures when compared with the controls, indicating a potential
cardioinductive or cardioprotective effect of NID1 (Figure 1D-F).

The presence of NID1 in native human cardiac tissue was ver-
ified both during development (9-, 12-, 17-week embryonic) and
in the adult (18 and 51 years) by IF staining (Figure 1G,F; Figure
S3A, Supporting Information). The positive correlation of NID1
with cardiovascular development and its presence in human car-
diac tissuc nominated N1D1 as a potential candidate for regener-
ative and reparative therapies.

2.2. NID1 Improves Heart Function Post Myocardial Infarction

Regenerative and remodeling approaches for post-MI therapies,
to modulate infarction size and scar formation, aim to protect
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cardiovascular cells from the ischemic environment. We thus
asked whether the potential remodeling properties of NID1 could
improve the outcome of an MI and reperfusion (MI/R) mouse
model. Ischemia/reperfusion was conducted through the liga-
tion of the left anterior descending (LAD) artery in C57BL/(]
mice as previously described.['”] Directly after reperfusion, three
groups of mice received a single treatment of five injections in
the infarct border zone of either saline as a procedure control,
the hyaluronic acid {HA)} gel carrier as a carrier control, or NID1
within the HA carrier gel (NID1 + HA).

Echocardiography 28 days post MI/R revealed a significant
increase of heart ejection fraction (EF) by 19.7% (NID1 + HA
44.6% =+ 1.6% versus saline 25% =+ 4.8%, p < 0.001) (Figure 2A)
and fractional shortening (FS) by 9.6% (NID1 + HA 21.1% +
0.8% versus saline 11.5% + 2.3%, p < 0.01) (Figure 2B). Left ven-
tricular (LV) volume and diameter (end-systolic volume (ESV),
left ventricle end-systolic diameter (LVES), and left ventricular in-
ternal dimension at end -systole (LVIDs)) were all significantly
improved in the NID1 + HA-treated hearts when compared with
the controls {p < 0.0001} (Figure 2C). Significant differences be-
tween NID1 + HA and HA treatments were found in EF and FS,
as well as in LV volume and diameter. Strikingly, NID1 + HA
treatment resulted in a complete recovery in end-diastolic vol-
ume (EDV), left ventricular end-diastolic diameter (LVED), and
left ventricular internal dimension at end -diastole (LVIDd) when
compared with the pre-MI/R baseline (Table S1, Supporting In-
formation); however, the HA-treated hearts also showed a recov-
ery in these values, which should be taken into consideration as
the HA carrier gel may have contributed to the positive effect in
these parameters.

Mouse hearts from the HA and NID1 + HA-treated groups
were excised after the final echocardiography and processed.
Russel-Movat pentachrome staining identified qualitative differ-
ences between the ECM-rich infarct zone and the surrounding
tissue with intact cardiac muscle (Figure 2D-I). Picrositius Red
and Fast Green staining of serial sections throughout the whole
heart (Figure 2],K) were analyzed to identify and quantify scar
tissue formation based on hue, saturation, and value (HSV) his-
tograms {Figure S3B, Supporting Information). Scar tissue con-
stituted 13.9% =+ 2.6% of the HA-treated hearts and 8.8% + 1.5%
of the NID1 + HA-treated hearts, which is a 37% absolute reduc-
tion of scar tissuc in the entire heart, not only the LV (Figure 2L).

TF staining of a-smooth muscle actin (¢SMA) and CD31 was
performed to study the cffect of the NID1 + HA trecatment on
angiogenesis within the infarct zone (Figure 2M—P). The density
of ®SMA*/CD31* vessels in the scar area was significantly in-
creased in the NID1 + HA treatment group when directly com-
pared with the baseline and HA-treated tissues (Figure 2Q).

www.advancedscience.com

It has been recently demonstrated that reinnervation is critical
for mammalian cardiac regeneration./?®l We used the neuronal
marker g-tubulin 3 (TuJ1) to investigate the potential of NID1
+ HA to increase nerve protection and innervation of infarcted
tissue (Figure 2R-U). Interestingly, we identified a significant
twotold increase of TuJ1™ cells in the infarct area of the NID1
+ HA-treated hearts compared with the baseline and HA-treated
hearts (Figure 2V).

To investigate the scar tissue quality in the infarct areas, Ra-
man microspectroscopy and Raman imaging were employed as
noninvasive marker-free techniques to differentiate biochemical
spectral fingerprints as previously demonstrated by our group.!?!!
True component analysis (TCA) and principal component anal-
ysis (PCA) identified molecular differences and spatial distri-
bution of spectral information corresponding to myocardium,
DNA, and scar tissue {(Figure S4A,B, Supporting Information).
Interestingly, PCA analysis of the scar fingerprint of the NID1
+ HA-treated mice showed peaks associated with glycogen (497
cm™'), porphyrin (1513, 1557, and 1612 cm™'), and DNA (1093
cm™Y), while the scar fingerprint of the control mice was domi-
nated Dy peaks assigned to collagens (858, 940, and 1248 cm™),
which indicates that the scar tissue in the treated mice resem-
bled the molecular fingerprint of the noninfarcted myocardium
connective tissue (Extended Data in Figure S4C-G and Table S2,
Supporting Information). Taken together, these data demonstrate
that NID1 positively affects heart function, angiogenesis, scar
size, and scar tissue quality in a therapeutic model.

2.3. NID1 Protects Cardiovascular Cells in an Ischemia In Vitro
Model

To clucidate the therapeutic cffect of NID1 in vitro, human
induced-pluripotent stem cell-derived (hiPSC) iCell cardiomy-
ocytes (CMs) were investigated in a hypoxia (1% oxygen)
ischemia-like in vitro model. For two days, N1D1-treated and con-
trol hiPSC-CMs were cultured under normoxic and hypoxic con-
ditions and evaluated for cell death via the expression of cleaved
caspase-3 and the number of TUNEL' cells (Figure 3A,B).
NID1-treated hiPSC-CMs had a significantly lower expression of
cleaved caspase-3 and a reduced the number of TUNEL' cells in
hypoxic conditions when compared with nontreated controls. No
changes were observed in normoxic cultures in the presence of
NID1.

PCR array analysis of the cxpression of human ECM and ad-
hesion molecules in NID1-treated hiPSC-CMs identified several
significantly up and downregulated genes (Figure 3C). In hy-
poxic conditions, NID1-treated hiPSC-CMs showed significantly

Figure 1. ECM BM protein NID1 is identified as a candidate for regenerative approaches. A) IF staining and semiquantification of BM proteins NID1,
FN, POSTN, LAM, COL4, and COL1, as well as DAPI and MF20 in day-10 beating EBs. Gray value intensities (GVI) of IF images were normalized to
the laser intensity (n = 3), one-way ANOVA with Tukey's multiple comparisons test. B) qPCR analysis of N/DT expression on day 0 {undifferentiated
hESCs), and after 4 and 10 days (beating EBs) of cardiovascular differentiation. Data are normalized to the average of day 0 and shown as fold change
{n = 3—4); one-way ANOVA with Tukey's multiple comparisons test. C) qPCR analysis of TNNT2 and ACTA2 gene expression within EBs at day 10 of
cardiovascular differentiation without {control) and with NID1 {n = 5); Kolmogorov—Smirnov t-test. D) Bright field (BF) and CTNT IF images of single
cells derived from EBs that were cultured for 10 days without (control) and with NID1 acquired with 40x magnification using imaging flow cytometry.
An isotype control is provided. E) Representative histogram of cells that were cultured for 10 days with {blue) or without (red) NID1. The isotype control
is shown in gray. F) Quantification of the data obtained by imaging flow cytometric analysis showing the relative amount of CTNT™ cells derived from
EBs that were cultured for 10 days without (control) and with NID1 (# = 7); Kolmogorov-Smirnov t-test. G,H) IF staining of BM proteins COL4, LAM,
NID1, NID2, as well as DAPI and sarcomeric myosin CTNT within human (G) fetal heart sections (9 weeks postgestation) and (H) adult heart tissue
{51 years). Scale bars: 20 ym. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Figure 2. NID1 increases heart function post-MI. A-C) Echocardiography analysis: absolute values of (A) EF and (B) FS after intracardiac injections of
saline, HA and 50 pg mL~" NID1+ HA at 28 days post-MI/R, and C) parameters were normalized to the baseline at 28 days post-MI/R. Echocardiography
data were analyzed by one-way ANOVA with Tukey's multiple comparisons test. D-I) Movat pentachrome staining of representative sections of (D-F)
HA- and (G—I) NID1 + HA-treated hearts after 28 days post-MI/R with scar tissue stained in green and yellow. Scale bars: (D,G) 1 mm, (E,H) 200 pm,
and (F,I) 100 pm, | K) Picrosirius Red and Fast Green staining of representative (]} HA- and (K) NID1 + HA-treated heart sections with scar tissue
stained in pink. Scale bars: 1 mm. L) Quantification of scar size in Picrosirius Red- and Fast Green-stained serial sections. Whole-heart scans of every
tenth slide throughout the whole heart were analyzed. M—P) Confocal images of @SMA, CD31, and CTNT IF staining of representative (M) baseline,
(N) HA-, and (O) NIDT 4 HA-treated heart sections obtained with a 25x magnification (scale bar: 100 pm), and with a P) 63x magnification (scale
bar; 50 pm). Q) Quantification of vessel density within the infarct area using images obtained with a 25X magnification. R-U) Images of TuJ1 and
CTNT IF staining of representative (R) baseline, (S) HA-, and (T) NID1+ HA-treated tissue sections obtained with a 25x magnification (scale bar equal
100 pm), and a (U) 63X magnification (scale bar: 50 pm). V) Quantification of Tu)1* cells within the infarct area. For all MI/R studies saline mice
(n = 3), HA mice (n = 3), NID1 + HA-treated mice (n = 4) were used, unpaired t-test. *p < 0.05, *#p < 0,01, ***p < 0.001, ***¥p < 0.0001. LVIDd:
left ventricular internal dimension at end diastole, LVIDs: left ventricular internal dimension at end-systole, LVED: left ventricle end-diastolic diameter,
LVES: left ventricle end-systolic diameter, EDV: end-diastolic volume, ESV: end-systolic volume, EF: ejection fraction, FS: fractional shortening.
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Figure 3. NID1 mitigates the effects of hypoxia on cardiovascular cells. A,B) Protective effect of NID1 on hiPSC-CMs shown by (A) cleaved caspase-3
staining and semiquantification (n = 6) and (B) by number of TUNEL™ cells over total cell number (n = 10); one-way ANOVA with Tukey’s multiple
comparisons test. C) qPCR array analysis of NID1-treated hiPSC-CMs under hypoxic conditions with a focus on matrix production, degradation, and
regulation (n = 3). D) qPCR analysis for the expression of «SMA in control fibroblasts under normoxic and hypoxic conditions, as well as for NID1-
treated fibroblasts under hypoxic conditions (n = 3). One-way ANOVA with Tukey’s multiple comparisons test. E} qPCR array analysis of NID1-treated
fibroblasts under hypoxic conditions (identical qPCR array as in (C}) (n = 3). F) Tube formation assay performed using 1.5 x 107 HUVECs/0.32 cm?
with serum-reduced Matrigel without (control) or with NID1 {n = 4-5). Quantification of different tube formation parameters using the angiogenesis
analyzer of the Image| software. Data are normalized to the Matrigel control (set as 1), one-way ANOVA with Tukey's multiple comparisons test. For
qPCR, gene regulation by NID1is shown when fold-regulation > |2|, p-value < 0.05. *p < 0.05; **p < 0.01, **¥p < 0.001, and ***¥p < 0.0001. Scale bars:

50 pm.

upregulated expression levels for TNC, THBSI, ITGA2,
ADAMTS8, MMP11, and several collagens such as COL1AI,
COL6A2, and COLI5A1. Interestingly, TGFB1 was significantly
upregulated in both normoxic and hypoxic NID1-treated hiPSC-
CMs (Figure SS5A, Supporting Information). LAMB3, VTN,
COL14A1, ADAMTSI, and MMP1 were significantly downreg-
ulated in NID1-treated hiPSC-CMs under hypoxic conditions.
Of the transcriptional changes in ECM-associated genes in
hiPSC-CMs induced by hypoxic conditions, 28 genes out of a
total of 89 genes tested were significantly differentially expressed
compared to the normoxic groups. In NID1-treated hiPSC-CMs,
transcriptional changes induced by hypoxia were minimal with
only one differentially expressed gene (COL14A1) (Figure S5B,
Supporting Information).

Hypoxia is known to induce a phenotypic switch from fibrob-
lasts to myofibroblasts, which is the cell population producing

Adv. Sci. 2020, 2002500
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the majority of the structural ECM proteins during fibrosis.!??
The phenotypic switch to myofibroblasts can be assessed by a-
SMA expression and was observed in our control fibroblasts (Fig-
ure 3D}. Interestingly, the expression of a-SMA was significantly
reduced in N1D1-treated fibroblasts. Gene expression analysis
of fibroblasts showed that MMP7, MMP11, MMP12, MMP13,
COL14A1, and CLEC3B were significantly downregulated Dby
NID1; and COL7A1, COL11A1, HASI, ADAMTSI, and THBS1
were significantly upregulated by NID1 (Figure 3E). Exposure to
hypoxic conditions resulted in significant up- or downregulation
of 26 genes in the control group, while only 11 genes were im-
pacted in NID1-treated fibroblasts (Figure SS5C, Supporting In-
formation).

The MI/R model data showed an increased number of
aSMA*/CD31% vessels in the NID1-treated infarcted hearts. To
test the angiogenic potential of NTD1, a human umbilical vein
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endothelial cell (HUVEC) tube formation assay was performed.
NID1 significantly increased a variety of angiogenesis parame-
ters including the total segment length, number of meshes, and
total mesh area, as well as number of segments (Figure 3F).

Our data shows that NID1 supports angiogenesis and cardio-
vascular cell homeostasis during hypoxia and provides an antifi-
brotic effect on fibroblasts, elucidating the cellular events under-
lying the positive functional effect of NID1 in the therapeutic
model.

2.4. NID1 Protects Pancreatic g-Cells and Increases Insulin
Secretion in an In Vitro Ischemia Model

We next asked if the protective and antifibrotic effect of NID1
during ischemia is organ-specific or would be of benefit in
other noncardiac therapeutic areas, such as islet transplantation,
where ischemia and the survival of transplanted islets are a ma-
jor therapeutic roadblock. The presence of BM proteins COL4,
LAM, NID1, and nidogen-2 (NID2) was confirmed in human
11-week fetal and 64-year adult pancreatic tissues by [F staining
(Figure 4A,B). Interestingly, in adult tissues, NID1 was spatially
confined to insulin-producing g-cells in contrast to other BM
proteins, suggesting that NID1 has a specific function in f-cells
(Figure 4C).

To determine if NID1 impacts f-cell functionality, we estab-
lished an in vitro hypoxia model using f#-cell aggregates, so-
called pscudoislets, using the conditionally immortalized human
EndoC-gH3 cell line (Figure S6A-I, Supporting Information).
The impact of dosages of 20, 30, and 40 pg mL~" NID1 on pseu-
doislet function was first assessed under normoxic conditions.
NID1-treated pseudoislets significantly increased insulin secre-
tion at all dosages; with 30 pg mL™! reaching the maximum ef-
fect, which wag the dosage chosen for all further pseudoislet ex-
periments (Figure 4D). IF staining of NID1-treated pscudoislets
cultured under normoxic conditions showed a significant in-
crease in E-cadherin when compared with the controls (Fig-
ure 4E). NID1 had no effect on cell death under normoxic condi-
tions, assessed by the quantification of TUNEL? cells and cleaved
caspase-3 staining (Figure 4F). In hypoxic conditions, NID1 res-
cued the loss of insulin secretion that was lost in control cul-
tures, preserved the significant increase in E-cadherin seen in
normoxia, and significantly reduced cell death (Figure 4G-1).

Raman imaging with TCA analysis and multivariate curve res-
olution confirmed that NID1 enhances g-cell function in hy-
poxia, particularly in the pseudoislet core, by an increase in mi-
tochondrial function, insulin, and insulin-transporting lipid vesi-
cles (Figure S6)—P, Table S2, Supporting Information).!?*l These
data demonstrate the protective and stimulative effect of NID1
on pancreatic f-cells.

2.5. NID1 Modulates Immune Cell Responses toward
Regeneration

Our data nominated NID1 as a potential therapeutic candidate.
Therefore, its interaction with immune cells of the innate and
adaptive system was evaluated in vitro utilizing a previously de-
scribed human-based assay.**! Briefly, a chemotaxis assay was
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performed to measure the impact of NID1 on human CD14*
blood monocyte migration (Figure 5A). CD14" blood monocyte
migration is an important process to clear the tissue of debris
from apoptotic cells and disrupted ECM, thereby inducing nor-
mal tissue remodeling. Significant migration was detected for the
50 pg mL~"' NID1-treated CD14" monocytes compared with the
negative control. Measuring the induced short-term tumor necro-
sis factor alpha (TNFa) release from human monocytes showed
negligible TNFa levels for a NID1 dosage up to 50 ug mL™! com-
pared with the lipopolysaccharide (LPS) control (Figure 5B).

To determine the influence of NID1 on macrophage polar-
ization, unpolarized MO macrophages were exposed to NID1
for 24 h. The macrophages were of rounded morphology with
a tendency to arrange in clusters. This appearance was quali-
tatively more similar to an alternatively activated/regenerative
{M2) macrophage, since classically activated/proinflammatory
(M1) macrophages have a more elongated cell shape (Figure 5C).
Flow cytometry studies detecting the surface molecules HLA-
DR, CD80, CD206, and CD163 confirmed that NID1-treated
macrophages did not develop an M1 phenotype (Figure 5D). Cy-
tokine analysis of supernatants from NID1-treated macrophages
confirmed the absence of M1 macrophage induction. Rather,
a profile was detected that is characteristic for MO or M2
macrophages with low levels of [L-6 and TNF« (Figure 5E).

T cell subsets with diverse functions can also influence the
inflammatory milieu and the remodeling process, for example,
post-MI in heart tissue.?*! Therefore, we studied the impact of
NID1 on preactivated T cells by measuring its effect on anti-CD3
{aCD3)-induced proliferation of classical T cell subsets. NID1
provided an additional trigger to CD4* T cells, but not to the
cytotoxic CD8" T cell fraction (Figure 5F). The release of the
proinflammatory cytokines TNFa and IFNy was significantly re-
duced in 5-day cultures of NID1-treated aCD3-activated immune
cells (Figure 5G). A standardized cytotoxicity test was performed
according to EN [SO 10993. With this test, we assessed the
metabolic activity of primary-isolated human dermal fibroblasts
to determine a potential cytotoxic effect of NID1 as requested
by certification bodies such as the European Medicines Agency
(Figure SH). As a complementary test, cytotoxicity of NID1 was
also investigated using human primary-isolated cardiac fibrob-
lasts (Figure 5I). We observed no cytotoxic effect due to NID1
cxposure in the tested concentrations of 50, 100, and 200 pg
mL~1, Interestingly, we noted an increased metabolic activity of
both dermal and cardiac fibroblasts in the NID1-treated groups
compared with controls. These data show the regenerative im-
munomodulatory effect of NID1 in a human in vitro system and
the safety of NID1 at dosages up to 50 1g mL™!, supporting the
therapeutic potential of NID1.

2.6. NID1 Signals via Integrin avp3 and Activates the MAPK
Pathway

Understanding the mechanistic function of a therapeutic
biomolecule is required before entering clinical trials. Here, we
sought to elucidate the mechanisms driving the function of NID1
during hypoxic events. The integrin avfi3 has been reported as
a binding partner for NID1 and is expressed on the cells of
human langerhans islets and on CMs.”® %] NID1 and avf3
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Figure 4. NID1 mitigates the effects of hypoxia on pancreatic f-cells and increases insulin secretion. A,B) Expression pattern of BM proteins, insulin
{INS), and DAPI in human (A) fetal (11 weeks postgestation) and (B) adult pancreas (64 years). Scale bars: 20 ym. Highly magnified images show the
colocalization of NID1 with INS in native adult pancreas. Scale bar: 5 pm. €) Quantification of the colocalization of ECM proteins with INS {(n = 10),
one-way ANOVA with Tukey's multiple comparisons test. D) GSIS response (with 0 x 1073 and 20 x 1073M glucose) under normoxic conditions of
human NID-treated pseudoislets in suspension at different concentrations: 20, 30, 40 pg mL~" when compared with the control (PBS) (n = 5); two-way
ANOVA with Tukey's multiple comparisons test. E} E-cadherin expression under normoxic conditions (n > 5). F) Cell death under normoxic conditions
via the detection of cleaved caspase-3 (n = 14} and TUNEL™ cells (n = 7). G) GSIS response (with 0 x 1073 and 20 x 10~*m glucose) under hypoxic
conditions of NID1-treated pseudoislets at 30 uyg mL™" and normalized by live cells (n = 10); two-way ANOVA with Tukey’s multiple comparisons test.
H) E-cadherin expression under hypoxic conditions (n > 5 m; unpaired t-test. 1) Protective effect of NID1 assessed by cleaved caspase-3 expression
{n > 7). and via detection of TUNEL* cells (n > 4); unpaired f-test. *p < 0.05; **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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binding was confirmed at the protein level by titration of im-
mobilized avfi3 with soluble NID1 (Figure 6A). No fixation was
employed, as this would have altered the protein binding. Coat-
ing of 4 pg mL™" of avf3 was sufficient to have a specific ELISA
signal of bound NID1 in the presence of Mn®* when compared
with NID1 in EDTA, indicating a divalent cation-dependent inter-
action of NID1 and avf3 integrin. In addition, the binding was
dose-dependent as a specific ELISA signal was detected starting
between 25 and 50 pg mL™" of NID1 (corresponding to ~0.167 x
1076 M 10 0.334 X 107° m).

Blocking of the avf3 integrin on pseudoislets and hiPSC-
CMs was performed to investigate whether the positive effect
of NID1 is mediated through the activation of the avg3 inte-
grin (Figure 6B-D). Blocking of NTD1-treated pseudoislets with
an avf3 antibody inhibited the increase in insulin secretion
under normoxia {Figure 6B). Blocking avfi3 integrin in NIDI-
treated hiPSC-CMs under hypoxic conditions negated the de-
crease in apoptosis seen in nonblocked NID1-treated hiPSC-CMs
in caspase-3 staining and TUNEL assay (Figure 6C,D). These
data indicate that avf3 is involved in mediating the interaction
of NID1 with -cells and CMs.

A novel high-throughput digital Western blot platform
(DigiWest) was employed to investigate the specific biological
pathways that are mediated by NID1 in #-cells and CMs cultured
under hypoxic conditions.!””l NID1-treated f-cells showed a sig-
nificantly upregulated expression of EpCAM, Erk 2, pFyn, p21,
Src, pSrc, Wnt3, and a trend toward the upregulation of pMEK1/2
(Figure G6E,F). NID1 treatment of hiPSC-CMs led to an upreg-
ulation of Bax, pErk 1/2, SAPK, MOBL, Racl/cdc42, and Wnt3
(Figure 6G,H) Downregulation was observed for b-Raf, pFAK,
and Notch2. Bax and SAPK protein contents were normalized by
Bcl2 and Erk1,2 in order to determine whether proapoptotic path-
ways have been activated. Ratios of Bax/Bcl2 and SAPK/Erk1,2
showed no significant difference between NID1-treated and con-
trol cultures (Figure 61,]), which indicates that the increase in Bax
and SAPK in the NID1-treated hiPSC-CMs had been offset by an
increase in Bcl2 and Erk.1*#'] All target proteins tested and the re-
sulting protein regulation are shown as heatmaps in Figure S7 of
the Supporting Information. The hypothetical pathways associ-
ated with NID1 are proposed in Figure 6K. Here, we have shown
that NID1 binds and signals through integrin av3 as seen by the
upregulation of pFyn, Src, pSrc, and Rac1/cdc42. This leads to the
activation of the mitogen-activated protein kinases (MAPK) path-
way, including the kinases extracellular signal-regulated kinase
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1/2 (Erk 1/2) and mitogen-activated protein kinase 1/2, which is
driving the protective cffects of NID1 both on f-cells and CMs.

3. Discussion

In this study, we report the protective and immune-modulatory
effects of NID1 on cells and tissues of the cardiovascular, pancre-
atic, and immune system. We demonstrate the therapeutic effi-
cacy of NID1 by a significant improvement in heart function post-
MI/R in a preclinical mouse model and discovered a promising
new avenue to improve the outcome of f-cell transplantation. We
propose that the effect of N1D1 is mediated by the avf3 integrin
leading to the activation of the MAPK pathway in both CMs and
p-cells.

NID1 is an underinvestigated ECM BM protein that is mostly
recognized as a linker protein of COL4 and LAM.*! It has been
suggested to play a role in angiogenesis, hepatic regeneration,
and regenerative axon growth and guidance.l***. Here, the iden-
tification of NID1 as the highest expressed BM component dur-
ing cardiovascular differentiation, and the important role of BM
proteins in organogencsis suggested that NID1 may have a re-
generative or protective effect on the ischemic heart. The heart
has a highly limited capacity for regeneration; therefore, current
treatment strategies seek to restore cardiac function by methods
such as cell injections into the infarct border zone, and deliver-
ing growth factors and small molecules or ECM proteins to ac-
tivate or modify native cardiac cells.’7-*| Despite promising re-
sults, many of these approaches have questionable or unknown
safety profiles, hindering their clinical translation. We propose
a simplified strategy of one ECM protein that has a potential
supportive effect on immune cells, as opposed to an inflamma-
tory effect. The therapeutic ability of NID1 was demonstrated
by an improved heart function in a post-M1/R mouse model as
demonstrated by clevated EF and FS, as well as the recovery of
EDV, LVED, and LVIDd. Moreover, in vitro studies showed that
NID1 suppresses the transdifferentiation of fibroblasts into fibril-
lar ECM-secreting myofibroblasts, potentially enhancing the sig-
nificant reduction of fibrosis seen in vivo. The ECM protein agrin
was previously shown to improve heart function post-MI through
CM division and proliferation.*”! Qur findings are unique as we
show that NID1 improves heart function by the protection of CMs
and potential regeneration of other heart cells. Interestingly, both
NID1 and agrin activate the MAPK pathway in CMs; however,
NID1 ligates the avfi3 integrin and agrin ligates Dagl.

Figure 5. NID1 modulates immune cells. A) CD14* monocyte migration in the presence of different NID1 concentrations (50, 100 pg mL™") and the
control protein MCP-1 after 3 h. Cell migration is shown relative to the control (=) (n = 3 experiments with 9 single values); one-way ANOVA with
Dunnett’s multiple comparison test. B) Potential endotoxin contamination was tested by adding 50 pg mL™! NID1 or 100 ng mL~" LPS in a monocyte
culture for 24 h. Released TNF« was measured by ELISA (n = 5); Friedman test with Dunn’s multiple comparison test. C) Representative images of
M1- and M2-type macrophages, unstimulated MO-type macrophages and NID1-treated MO-type macrophages. Scale bar: 100 um. D} Expression of
polarization markers (HLA-DR, CD80, CD206, CD163) was determined for MO-type macrophages cultured for 24 h with 50 pg mL~! NID1, MO, M1, and
M2-type macrophages. Mean fluorescence intensity {(MFI) is shown relative to the untreated MO macrophage control (set as 1) (n = 5); two-way ANOVA
with Dunnett’s multiple comparison test. E) Release of IL-6, TNFa, and IL-10 after 24 h culture of MO macrophages with NID1 (50 pg mL™') and MO,
M1 or M2 type cultures (n = 5); two-way ANOVA with Tukey’s multiple comparison post-test. F) T cell proliferation after 5 days culture of human PBMCs
with low-dose aCD3 alone or combined with NID1 (50 pg mL~") was tested in a CFSE-based assay and measured by flow cytometry. Shown is the relative
proliferation level of CD3* CD4* and CD3* CD8* T cells compared to the aCD3 control. G) Relative TNFa and IFNy release of PBMC cultures after 5
days with either aCD3 alone or combined with NID1 (50 g mL~"). Data for proliferation and cytokine release were analyzed by Kolmogorov-Smirnov
t-test, relative to the aCD3 control {n = 6). H} Cytotoxicity test using human dermal fibroblasts (EN 1SO 10993) or |} cardiac fibroblasts. Cell viability
was measured after treatment with control medium, HA hydrogel, and HA-supplemented with NID1 (50, 100, and 200 ug mL™") for 24 h. Cell viability
is shown relative to the control (set as 100% viability) (n > 22); one-way ANOVA with Tukey's multiple comparisons test: *p < 0.05, **p < 0.01, *¥*p <
0.001, and *¥tp < 0.0001.
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Our functional data suggest that NTD1 is also applicable in
other therapeutic applications where ischemia and fibrosis hin-
der therapeutic efficacy, such as in islet g-cell transplantation.
During the first week of islet transplantation, fibrosis encapsu-
lates the transplant delivery device, and the lack of oxygen sup-
ply causes the loss of f-cell mass, restricting the patient’s insulin
independency.*” Interestingly, NID1 was the only BM protein
to have a specific spatial distribution that exclusively colocalized
with insulin-producing f-cells. In vitro data showed that NID1
has a protective effect on f-cells under hypoxic conditions and has
a direct impact on insulin secretion in a dose-dependent manner.
This suggests that NID1 could be used as a protective and func-
tional molecule during islet transplantation as it could enhance
angiogenesis and reduces fibrosis around the device while im-
proving f-cell function and survival within.

We discovered that full length human NID1 binds to human
integrin avf3 in a divalent cation-dependent way, and that avg#3 is
the primary binding ligand driving the therapeutic effect of NID1
on CMs and g-cells. The combination of gene and protein expres-
sion analysis confirmed the activation and downstream signaling
of the avp3 via the MAPK pathway in hiPSC-CMs and g-cells.
MAPK effectors such as Erk 1/2 are expressed following oxida-
tive stress in CMs, which protect them from apoptosis in vitro
and in vivo.!"!! In addition, the MAPK pathway is essential for
glucose-stimulated insulin secretion in f-cells.l*?] In CMs, an ad-
ditional protective mechanism may be provided by shutting down
the Hippo pathway, which has been described to inhibit adult
cardiac regeneration.|"*/ Wnt signaling, which may arise through
avft3 downstream signaling, is involved in f-cell insulin secre-
tion, as well as cellular survival in both cell types./***1 The MAPK
and Wnt pathways as well as the stimulation of the 43 integrin are
known activators of TNC expression.l*! TNC is involved in CM
detachment from the ECM that allows surviving CMs to reorga-
nize and rebind to the ECM thus protecting CMs from anoikis.|*’]
TNC and THSP1 are known activators of TGF-g signaling, which
regulates the inflammatory response in the postinfarcted heart
and the deposition of fibrous tissuel"® Taken together, our data
uncovered the key mechanisms of NID1 action in vitro, providing
insight into the therapeutic function of NID1 seen in vivo.

1t is well established that the ECM has a modulatory func-
tion on a variety of immune cells. Monocytes migrate to injured
tissue and polarize to distinct macrophage phenotypes depend-
ing on the surrounding tissue milieu.l*”! We identified in vitro
a significant migration of CD14+ monocytes in the presence of
NID1 and the influence of macrophage polarization toward a
phenotype with characteristics of both the M0 and the regenera-
tive M2 phenotype, but not the pro-inflammatory M1 phenotype.

www.advancedscience.com

Tt was previously shown that NTD1 binds to natural killer cells
via NKp44, mediating an inhibitory cffect scen by the reduction
of cytokine release such as 1L-2 and IFNy.**l We demonstrated
a similar reduction of proinflammatory cytokine secretion such
as TNFa and IFNy in activated T cells by NID1, indicating the
anti-inflammatory potential of NID1. Taken together with recent
research showing that macrophages contribute collagen to scar
formation, the NID1-mediated modulation of macrophages may
play an important role in the reduction of scar tissue seen in this
study.>t

4. Conclusion

In summary, in our study, in vitro and in vivo modcls demon-
strated that NID1 increases cardiogenesis, angiogenesis, and cell
survival, while beneficially modulating immune responses and
reducing fibrosis. Mechanistically, NID1 was shown to ligate the
avf3 integrin to activate the Erk 1/2-MAPK and Wnt pathways
in cardiomyocytes and pancreatic f-cells. In a preclinical mouse
model, a single treatment with an NID1-functionalized gel sig-
nificantly increased heart function post-MI. These data demon-
strate the positive effect of NID1 on ischemic cells and tissues
from different organs, suggesting that it may have multiple clin-
ical applications as an off-the-shelf product.

5. Experimental Section

hESC Cultures and Cardiovascular Differentiation: The use of hESCs
(H9, passages 36-60, WiCell) was approved by the Robert Koch-Institute,
Berlin, Germany (AZ: 3.04.02/0086). hESCs were maintained according
to WiCell feeder-dependent Pluripotent Stem Cell Protocols, SOP-SH-001,
version G, on mouse embryonic fibroblasts {AMS Biotechnology (Europe)
LTD) in stem cell growth medium. For EB generation, 3 x 10% cells of
an H9 single cell suspension in mTeSR1 (STEMCELL Technologies), sup-
plemented with 10 ng mL~" BMP4 and 10 ng mL~! ROCK inhibitor Y-
27632 (Sigma-Aldrich), were centrifuged per 96-well (nontreated, conical
bottom, Thermo Fisher Scientific) at 1000 rpm for 5 min and incubated
overnight. Two previously described protocols were modified for cardio-
vascular differentiation.l’> 6] On day 1, after the overnight incubation, up
to 200 EBs were transferred to one ultralow attachment 6-well well (Corn-
ing Inc.) in 3 mL of stage 1 media (StemPro 34 (Life Technologies), 3 ng
mL~T activin A, 5 ng mL™! bFGF, 10 ng mL~! BMP4). On day 4, the float-
ing EBs were transferred to a 6-well plate, coated with 0.1% gelatin or
0.1% gelatin-supplemented with or without 50 yg mL~" nidogen-1 (NID1)
and cultured in 2 mL™" of stage 1 media + 5 X 10~ m inhibitor of WNT
response-1 {IWR-1). The EBs were incubated for 24 h to allow attachment.
The attached EBs were differentiated in stage 2 media (StemPro 34, 5 ng
mL~T VEGF, 10 ng mL™" bFGF, 5 X 107® M IWR-1} from day 5 to day 10.

Figure 6. NID1 signals via avf#3 and activates the MAPK pathway in fi-cells and cardiomyocytes. A) Divalent cation-dependent and dose-dependent
binding of av#3 with NID1. B) Blocking of avf3 in NID1-treated and control pseudoislets under normoxic conditions. Functionality assessment by
glucose stimulation at 20 x 107*m glucose (n > 4); one-way ANOVA with Tukey’s multiple comparisons test. ¢,d) Blocking of av43 in NID 1-treated and
control hiPSC-CMs by a avf3 antibody under hypoxic conditions. Protective effect of NID1 assessed by C) cleaved caspase-3 {n > 4) and D) TUNEL assay
{n = 6); one-way ANOVA with Tukey's multiple comparisons test. E-H) DigiWest-based protein expression analysis of significantly regulated proteins in
NID1-treated E,F) pseudoislets {(n = 12) and G,H) hiPSC-CMs (n = 4) under hypoxic conditions compared with their respective controls. Data are (E,G)
shown as column-wise and color-coded heatmap from the lowest (blue) to the highest {yellow) expression for each analyte; and (F,H) quantified as fold
change induced by NID1. Nonparametric Wilcoxon Rank sum test. 1)) Protein ratios of (I} Bax to Bcl2 and (J) SAPK to Erk1,2 (1 = 4); unpaired t-test. K)
Proposed common and separate mechanisms of action of NID 1 for CMs and g-cells in vitro. Middle: common pathway, NID1-av$3 ligation upregulating
Fyn/Srcin f-cells and cdc42 in CMs, which stimulates Wnt3 and the MAPK pathway. Left: f-cells, Fyn/Src activates the MAPK pathway, upregulating p21,
which can be antiapoptotic, Fyn/Src crosstalks with Wnt3 and EpCAM, which enhances insulin secretion. Right: CMs, cdc42 downregulates the Hippo
pathway as shown by an upregulation of MOB1. Pathways specific for each cell type are shown either on the left for g-cells and on the right for CMs.
%p < 0.05; *p < 0.01, ¥*¥p < 0.001, and **kp < 0.0001.

Adv. Sci. 2020, 2002500 2002500 {12 of 18}  © 2020 The Authors. Advanced Science published by Wiley-VCH GmbH

156



Appendices

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

CT=D

www.advancedsciencenews.com

Media changes were required every two days throughout cardiovascular
differentiation. Attached EBs typically started beating on day 7 and were
harvested for further analysis on day 10.

Ethics information: This study was performed in accordance with in-
stitutional guidelines and was approved by the local research ethics com-
mittees {University of California, Los Angeles IRB #05-10-093; University
Tubingen IRB #356-2008B02, #406-2011BO1, and #495-2018B02; Lan-
desarztekammer Baden-Wiirttemberg, IRB #F-2012-078 and #F-2011-068;
and the Charité Universitaitsmedizin Berlin #EA/226/14).

Human first trimester and second trimester tissues were obtained
from electively aborted fetuses following informed consent and de-
identification. Normal adult heart sections were obtained from post-
mortem autopsy samples (expiration due to noncardiac cases, with no
history or evidence of cardiac disease on post-mortem inspection), which
were provided by the department of pathology, David Geffen School of
Medicine at UCLA, Los Angeles, USA.

All mouse surgeries were performed under the supervision and with
approval of the UCLA Animal Review Committee (#2011-042 and #2013-
057).

Histology, Histochemistry, Immunofluorescence Staining, and Quantifica-
tion:  Fetal tissues were freshly fixed in 4% PFA and embedded in paraffin
using a Shandon Citadel 1000 (Thermo Fisher Scientific). The pseudoislets
and EBs were fixed in 4% PFA, placed in Histogel (American MasterTech)
and processed for paraffin embedding. All paraffin-embedded cells and tis-
sue were sectioned (3 pm sections) using a microtome HM340E (Thermo
Fisher Scientific). Sections of adult pancreas (3 pm sections) were com-
mercially obtained (NBP2-30191, Novus Biologicals). Sections of adult hu-
man heart tissue were provided by UCLA as stated in the Ethics section.

Histological and histochemical staining was performed on deparaf-
finized and hydrated serial sections of explanted mouse hearts, 28 days
post MI/R. Russell-Movat pentachrome staining visualized collagens
(yellow), muscle tissue (red), proteoglycans/ glycosaminoglycans (blue-
green), mature elastic fibers (black), and cell nuclei (dark red). Bright field
(BF) images were acquired using a Zeiss Axio Observer Z1 (Carl Zeiss).
Picrosirius Red and Fast Green stain visualized the collagen-rich scar (red)
and the myocardium (green). In detail, deparaffinized and hydrated sec-
tions were incubated for 5 min in 0.5% acidified water (acetic acid, Carl
Roth) and subsequently for 1 h in a solution of 0.1% Fast Green FCF at pH
2 (Sigma-Aldrich) and 0.1% Picrosirius Red in saturated picric acid (Mor-
phisto) at a 1:1 ratio. The sections were cleaned twice in acidified water
for 2 min, dehydrated using graded ethanol washes (70-100% v/v), and
then mounted. High definition images were acquired with the glass slide
scanner Opticlab H850 (Plusteck) and saved as TIFF. The glass scale bar
1972-50 peak (CW/ Co) was used to scale the collected images. A MAT-
LAB algorithm was developed to identify and quantify the image compo-
nents based on their HSV histograms. Valves and vessels of the outflow
tract were stained red and cropped out of the image to determine the
true scar areas. All areas calculated were normalized to the total tissue
area.

Forimmunofluorescence staining, the paraffin sections were stained as
previously described.!?'-5 Briefly, antigen retrieval was performed con-
secutively in Tris-EDTA (pH = 9.0) and citrate buffer (pH = 6.0) in a steam
cooker. For the intracellular antigens, the sections were treated with 1%
Triton X-100. A goat block solution was used to block unspecific binding
sites. Antibodies were diluted in antibody dilution buffer (PBS contain-
ing 1% BSA, 0.1% TritonX-100, 0.1% cold-water Fish Skin Gelatin, 0.05%
Tween20) and samples were incubated overnight at 4 °C. After several
washes, the secondary antibody was applied to the samples and incubated
for 30 min at room temperature, and after several washes the sections
were exposed to a DAPI solution (5 pg mL~" in PBS, Roche). Fluores-
cence images were acquired using a confocal laser scanning microscope
{LSM 880 with Airyscan, Carl Zeiss Microscopy GCmbH, Germany). The im-
ages acquired were processed with Adobe Photoshop CS5 (Adobe System
Inc.). Semiquantitative analyses of IF images were conducted by detecting
the gray value intensity (GVI) using Image| software. All GVI data were
normalized to the laser power. Quantification of E-cadherin and caspase-
3 staining of pseudoislets was conducted utilizing images obtained with
a 63x magnification on a Zeiss Axio Observer Z1 (Carl Zeiss). The en-
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tire pseudoislet was selected as region of interest {ROI). GVI quantifica-
tion of the ROI was conducted using Image], version 1.52p. TUNEL assay
was performed using the Click-iT Alex Fluor Imaging Assay kit (Thermo
Fisher Scientific). Sections were mounted with Prolong Gold Anti Fade
solution (Thermo Fisher Scientific}). TUNEL images were evaluated in a
double-blinded study by two unbiased observers. Cells were identified as
TUNEL* when a clear green and blue staining was exhibited. The ratio
was calculated by dividing TUNEL™ cells by total number of DAPI* cells
per pseudoislet. Images were obtained using a 63x magnification on a
Zeiss Axio Observer Z1 (Carl Zeiss). Quantification of the vessel density
in aSMA/CD31/CTNT-stained mouse infarct scar area sections was con-
ducted by counting aSMA+/CD3 1+ vessels utilizing images taken with
a 25x objective (n = 6). The scar area of each image was measured us-
ing the Image| software. To quantify colocalization, a macro was designed
using Microsoft Excel, version Office 365. Briefly, the algorithm compares
GVl values of pixels of the simultaneously obtained NID1and insulin chan-
nels. Colocalization was counted when the GVI of a specific pixel exceeded
a set threshold on both channels and normalized by the total amount of
pixels exceeding the threshold value in the NID1 channel. Tuj1 was used
for the assessment of neuronal cells in the infarct area. 10 IF images per
heart were taken with a 63X objective. Tu)1* and total cells were counted.

NID1 Production Plasmid: The inducible NID1 production plasmid
was constructed from several sections of commercially available vec-
tors. The main backbone consisted of the pcDNA3.1 vector. The in-
ducible TRE promotor for NID1 expression was taken from the pTRE3G
vector and DHFR expression was controlled by the TK promoter from
the pGL4.74(hRluc/TK) vector. A codon-optimized sequence of human
NID1 (GenBank accession number: BC045606.1, 5406 bp) with a histi-
dine/asparagine tag at the C-terminus was synthesized from GeneArt (Life
Technologies).

Stable NID1 Production Clone Generation and Production Induction:
CHO DHFR-negative mutant cells (DSMZ no.: ACC 126) were transfected
with the pCMV-Tet3G plasmid (631166, Clontech Laboratories) and se-
lected for Geneticin (G418, Calbiochem) resistance. Selected activator
clones were transfected with the NID1 production plasmid and cultured
for two weeks in selection media (MEM a, 109 FBS dialyzed, 500 pg mL~"
of G418), which does not support the growth of DHFR-negative cells.
Single cell cloning was conducted and clones were treated with 100 ng
mL=" doxycycline hydrochloride {(Dox}) (Thermo Fisher Scientific) to in-
duce NID1 production. Secreted NID1 was measured using an ELISA
{DY2570, R&D Systems). Clones with the highest measured levels of NID1
underwent selection rounds with rising levels of methotrexate (MTX) for
genomic amplification. During MTX selection, ELISA, g-RT-PCR, and g-
PCR were performed to measure NID1 protein levels and assess the rela-
tive levels of NID1 mRNA and the relative copy number of genome ampli-
fied NID 1, The best production clones were adapted to suspension growth
in Erlenmeyer flasks with serum-reduced media (DMEM/Ham’s F12 basal
medium, 0.5% FBS dialyzed, 2.5 X 1076 m MTX, 2 x 107* m L-Glutamine,
1% penicillin-streptomycin (Pen/Strep), 250 pg mL~" G418} in an incu-
bation shaker (Minitron, Infors GmbH) at 37 °C and 5% CO; at 85 rpm.
NID1 expression was induced with 100 ng mL~" Dox and the media with
secreted NID1 was harvested 4-5 days later and stored before NID1 pu-
rification at —20 °C.

NID1 Purification:  The IMAC purification of the histidine/asparagine-
tagged human NID1 was performed with a HisPrep FF 16710 affinity chro-
matography column (GE Healthcare), controlled by the FPLC system Akta
Explorer 10 (GE Healthcare). NID1 elution was indicated by the increased
absorption at the wavelengths 280 and 256 nm. Protein-containing elution
fractions were pooled and desalted using a HiPrep 26/10 desalting column
(GE Healthcare), controlled by the Akta Purifier 100 (GE Healthcare). Sub-
sequently, the protein solution was washed and concentrated with ultra-
filtration units (Vivaspin 20, Sartorius), sterile filtered (SCCP00525, Milli-
pore), and stored at —80 °C until further use.

SDS-PAGE and Western Blot:  All protein samples were mixed with 4x
Roti-Load ({Carl Roth) and denatured at 90 °C for 5 min. The samples
were run on a NuPAGE Novex 3-8% Tris-Acetate gel (EA03752BOX, Life
Technologies) under denaturing conditions. The HiMarlk Pre-Stained Pro-
tein Standard was used for easy band identification. After SDS-PAGE, the
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proteins were transferred to a nitrocellulose membrane (Whatman) in an
electrical field (30 V, 60 min) in the XCell 1| Blot Module (Life Technolo-
gies). For an unspecific protein staining, the nitrocellulose membrane was
incubated in a Ponceau-Red solution (Sigma-Aldrich) for 5 min at room
temperature. Images were acquired and the membrane was discolored in
a 0.1 m NaCH solution for later specific protein immunodetection. The
membrane was blocked using 5% skim milk powder {Sigma-Aldrich) in
TBS-T and then incubated with the primary antibodies overnight at 4 °C
while shaking. After several washes with TBS-T, the membrane was incu-
bated with the secondary antibody in TBS-T with 5% skim milk powder
for 1h at room temperature. After washing with TBS-T, SuperSignal West
Dura Extended Duration Substrate {Thermo Fisher Scientific) was applied
onto the membrane, drained after few seconds and the developed chemi-
luminescence was detected in the Luminescent Image Analyzer LAS-1000
plus (FujiFilm).

NIDT Deglycosylation: Purified NID1 was deglycosylated with an en-
zyme mix (P6039S, New England Biolabs) as instructed by the manufac-
turer. In addition to the 4 h incubation time described by the manufacturer,
an identical reaction mix was incubated for 20 h. The control sample was
treated accordingly, except for the addition of the deglycosylation enzymes,
and incubated for 4 h. NID1 deglycosylation was analyzed by the mobility
shift of the NID1 bands to a lower protein size on the SDS-PAGE gel.

Co-Immunoprecipitation (Co-IP): The protocol for Co-IP was modified
from previously published studies.l>*3] The interaction partners NID1
{1 pg) and LAM 511 (0.5 pg, LN511-02, BioLamina) were mixed in 500 pL
of a dilution and washing buffer (0.1 m NaCl, 0.05 m Tris/HCl pH 7.4 con-
taining 0.04% Tween-20 and 1% BSA) and were agitated gently on a rotis-
serie mixer overnight. 6 pg of the antibody against LAM (ab11575, Abcam)
was added to the protein mix and incubated for 24 h for Co-IP. This anti-
body was not added in the negative control (unspecific background con-
trol). Protein A magnetic beads (LSKMAGAO2, Millipore) were added and
gently agitated on the rotisserie mixer with the protein complexes + the
LAM antibody for 2.5 h at 4 °C and another 30 min at room temperature. Af-
ter washing off the magnetic beads using a magnetic stand (LSKMAGS08,
Millipere), the protein complexes were eluted from the beads and dena-
tured in 30 L of 1x Roti-Load {K929.2, Carl Roth) via heating for 10 min
at 90 °C. Detection of the specific protein bands occurred after SDS-PAGE
and Western blot.

qPCR and Expression Profiling Using RT2 Profiler PCR Array: RNA
extraction of dermal fibroblasts was performed on lysed cells.
Briefly, RNA was isolated using sequential incubation and centrifu-
gation of the lysate with chloroform (Sigma-Aldrich), isopropanol
{Carl Roth), and 75% ethanol (Applichem). RNA was resuspended
in nuclease free-water and heated for 10 min at 55 °C prior to
RNA quantification. RNA was reverse transcribed according to the
manufacturer’s instructions {(RNeasy Micro Kit, Omniscript RT Kit, Qia-
gen). qPCR of EBs was performed on the LightCycler 480 Il (Roche) with
the 480 SYBR Green | Master (04887352001, Roche) for the primers NID1,
p53 and f-actin for normalization and reference as listed in Extended
Data in Table S4 of the Supporting Information. qPCR was performed
using a Bio-Rad CFX96 system and the QuantiFast SYBR Green PCR
Kit (Qiagen) for the primers TNNT2 (QT00089782, Qiagen) and ACTA2
{QT00088102, Qiagen).

gPCR on dermal fibroblasts was performed using ACTA2 (QT00088102,
Qiagen), GAPDH {QT01192646, Qiagen) and the QuantiNova SYBR green
PCR Kit (208052, Qiagen). All samples were performed as triplicates. The
2-"C method was applied for qPCR data quantification.

For expression profiling using RT? profiler PCR Array (Qiagen), RNA ex-
traction was performed according to manufacturer’s instructions (RNeasy
Micro Kit, Omniscript RT Kit, Qiagen). RNA was reverse transcribed to
<DNA using RT2 First Strand Kit (SABiosciences, Qiagen). The Human
Extracellular Matrix & Adhesion Molecules RT2 Profiler PCR Array (PAHS-
013ZD; Qiagen) was used to measure expression levels of 84 individual
genes important for cell-cell and cell-matrix interactions. For all RNA and
DNA quantifications, absorbance was measured using a NanoQuant Plate
in combination with Infinite 200 PRO (Tecan). If not mentioned otherwise,
qPCR measurements were performed using a Bio-Rad CFX96 system and
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data analysis was performed using the Qiagen data analysis center online
tool.

{maging Flow Cytometry: EBs were harvested at day 10 of the cardio-
vascular differentiation protocol to conduct flow cytometry analyses using
a standard staining protocol.[58] Briefly, cells were incubated with Zombie
Red dye (BioLegend) to exclude dead cells and CD29-PE (MCA2298PE,
AbD Serotec, UK) for 25 min at 4 °C protected from light. After washing,
the Foxp3 Staining Buffer Kit (421403, BioLegend) was used to fix the cells
for 30 min on ice, followed by washing and permeabilization for 15 min at
4 °C. After blocking with BSA for 10 min, cells were incubated with CTNT
primary antibody (ab8295, Abcam) for 35 min at 4 °C, washed and blocked
with 5% BSA for 10 min at room temperature to avoid unspecific binding.
The secondary anitbody (rat antimouse 1gG1-AF647, 406617, BioLegend)
was added for 25 min at 4 °C, protected from light. For the analysis using
the ImageStreamx mkll (Amnis Corporation, USA) with the INSPIRE in-
strument controller software with 40x magnification, 1 x 10* single cells
were acquired per sample. Data were analyzed with IDEAS Image analysis
software. All samples were gated on single cells that were Zombie Red-
negative. The percentage of CTNT+ cells was determined and a control
sample {stained with the same antibodies except the primary antibody)
was used to set the background fluorescence.

In Vivo Mouse MI/R Model and NIDT Injections: A mouse MI/R model
was used to identify the effect of myocardial NID1 injections post M1
All surgeries were performed at UCLA. In detail, 8 weeks old female
C57BL/6) mice, strain DLAMb6, were anesthetized using 2.0% isoflurane
(Butler Schein), placed on a heated surgical board and given 2.5 mg kg™’
flunixin (Flunixin Meglumine, Schering-Plough Animal Health) subcuta-
neously. Under a dissecting microscope, a midline cervical incision was
made to expose the trachea for intubation with a PE-90 plastic catheter
(Stoelting Company). The catheter was connected to a Harvard minivent
(Harvard Apparatus) supplying oxygen with a tide volume of 225-250 puL
and a respiratory rate of 130 strokes per minute. Surgical plane anesthe-
sia was subsequently maintained with 1-1.5% isoflurane. A lateral inci-
sion was made in the fourth intercostal space. The heart was exposed and
the left anterior descending coronary artery (LAD) was ligated intramurally
2 mm from its origin with a 9-C nylon suture (Ethicon). The suture was
tied around a small piece of plastic tubing (PE-10) to occlude the coro-
nary artery while allowing an easier and safer relief of the occlusion. This
occlusion occurred for 45 min. During this time, a moist gauze pad was
placed over the incision to maintain a sterile atmosphere. Ischemia was
verified by the regional paleness of the myocardium that was no longer
supplied with blood by the left coronary artery. Reperfusion was allowed
by cutting the knot on the PE-10 tube and could be verified by the appear-
ance of hyperaemia in the previously pale region. Reperfusion caused the
infarcted region to change into a normal pinkish red color. This procedure
was conducted on five mice for the NID + HA treatment group, five mice
for the HA carrier gel group, and three mice for the saline control group.
Samples sizes were determined for statistical power and in accordance to
the EU 3Rs regulation for the reduction of animal studies. After confirming
that there was no bleeding, the animals received injections in the M1 bor-
der zone. Three animals in the control group were injected with 50 pL of
saline solution. Five animals were injected with a total of 50 pL of HyStem
hyaluronic acid (HA) hydrogel (Clycosan BioSystems) in PBS per animal.
In the NID1 + HA group, five animals received 50 pL injections of HA in
PBS with 50 pg mL™! NID. For each mouse, the 50 pL total injection vol-
ume was divided into 10 pL injections at five sites in the LV myocardial
infarction border zone. The mouse chests were closed in two layers. The
ribs (inner layer) were closed with 6-0 coated vicryl sutures {Ethicon) in
an interrupted pattern. The skin was closed using 6-0 nylon or silk sutures
(Covidien) in a subcuticular manner. The anesthesia was stopped and the
mice were allowed to recover for several minutes before the endotracheal
tube was removed. The mice received intraperitoneal injections of 2.5 mg
kg™ Banamine postsurgery for the alleviation of pain. One mouse in the
NID1 + HA treatment group died of arrhythmia after surgery, which lead
to the total number of four animals in this group. Two animals from the
HA carrier gel group (HA controls) had to be excluded due to incomplete
ischemia, giving the final number of three for this group.
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Hydrogel Preparation with and Without Supplementation of NIDT:  All
procedures for control and NID1 + HA injections were conducted under
sterile conditions. The HA hydrogel was prepared according to the manu-
facturer's instructions (HyStem) and was further diluted to 2:13, For each
mouse, a total of 50 uL HA in PBS + 50 pg mL™" NID1 was needed; there-
fore, due to possible residues in the preparation tube or in the syringe,
70 pL were prepared per mouse (HA: PBS + 50 ug mL™" NID1).

Echocardiography: Conscious echocardiography was conducted on
three different time points. A baseline echocardiography measurement
was conducted on each mouse prior to the MI/R procedure. In serial na-
ture, further echocardiography measurements were conducted 2 days and
28 days after the MI/R and myocardial injection procedure to track cardiac
function. For noninvasive echocardiographic imaging of the conscious
mice in vivo, the high-frequency ultrasound imaging system Vevo 2100
(VisualSonics) was applied with the MS400 transducer 18-38 MHz. My-
ocardial performance was assessed via the Vevo LAB software. The mice
were sacrificed after the 28-day echocardiography, and their hearts were
explanted for histological and immunofluorescence assessment.

Raman tmaging of Mouse Heari Sections and Pseudoislets:  |slets were
prepared as previously described.*] Briefly, hypoxic NID1-treated and
control pseudoislets were placed in a microfluidic chip for noninvasive in
situ Raman imaging as previously performed.[2457] Spectral mapping was
performed on a customized inverted WiTec Raman system {(WITec GmbH)
equipped with a green laser (532 nm) and a CCD spectrograph with a grat-
ing of 600 g mm~". Images were acquired at a laser power of 50 mW, an
integration time per spectrum of 0.5 s, a pixel resolution of 1x 1 pm and at
least as triplicates. Based on Movat staining, representative sections were
selected from each heart and deparaffinized. The sections were kept at 4
°C in PBS until measurement. The spectra were collected with a 63x dip-
ping objective (W Plan-apochromat; Carl Zeiss), a laser power of 60 mW
and an integration time of 0.05 s {per pixel). In order to locate the scar,
an overview image of 1000 x 1700 pym was collected from the apex of the
heartwith 1 pm image resolution. Within this scan, 3 ROIs of 200 x 200 ym
were acquired with a resolution of 0.5 pm.

Multivariate Data Analysis: Raman images were processed and ana-
lyzed by TCA using the Project FIVE 5.2 software (WITec GmbH).[2*] Briefly,
TCA is a non-negative matrix factorization-based MVA tool that elaborates
spectral components that predominantly occur in the data set and allows
the identification and localization of these components by false color in-
tensity distribution heatmaps. GVI per pixel were determined in Image] to
semiquantify the distribution of the spectral components in both condi-
tions. Furthermore, TCA allowed the preselection of ROIs of similar spec-
tral information, which were extracted for further in-depth analysis of the
molecular composition by PCA using Unscrambler X {Camo). Moreover,
MCR analysis was applied to define the local spectral composition within
the islet periphery and islet core of the pseudoislets. NID1 core, con-
trol core, NID1 periphery and control periphery were defined by the islet
area and compared to determine the protective effect of NID1 on the pseu-
doislets.

hiPSC-Derived Cardiomyocyte Cell Culture:  iCell Cardiomyocytes2 (cat:
#R1057, Cellular Dynamics) culture was performed according to the man-
ufacturer's specifications. Briefly, 96-well plates were coated with 0.1%
porcine gelatin solution for 1 h. hiPSC-CMs were seeded at a density of
2 x 10% cells mL~1. At day 9, hiPSC-CMs were treated with 50 pg mL™!
NID1 and placed in normoxic or hypoxic conditions for 48 h. At day 9,
hiPSC-CMs were treated with 50 pyg mL™" NID1, or PBS as control, and
placed in normoxic or hypoxic conditions for 48 h. Cells were either fixed
in 4% PFA for IF staining, lysed in TRI-Reagent (Sigma-Aldrich) for RNA
isolation and qPCR or prepared for DigiWest evaluation. For DigiWest eval-
uation, the cells were detached using TryplE (Gibco), washed five times on
ice and snap frozen in liquid nitrogen.

Fibroblast Cultures:  Fibroblasts were isolated from adult skin and my-
ocardial biopsies after informed consent was given (Landesirztekammer
Baden-Wiirttemberg, IRB #F-2012.078 and #F-2011.068} as previously
reported.[83% Fibroblasts were cultured until 90% confluency. Prior to
seeding, 3.5 mm dishes (glass bottom p-Dish, ibidi) were coated with 0.1%
porcine gelatin coating (Sigma-Aldrich) for Th. 1x 10° cells per dish were
seeded in media containing 50 pg mL™! NID1 and placed in normoxic
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or hypoxic conditions for 48 h. After incubation, cells were either fixed in
4% PFA for IF staining or lysed in TRI-Reagent (Sigma-Aldrich) for RNA
isolation and qPCR.

Tube Formation Assay. HUVECs {single donor cells, C2517A, Lonza)
were thawed and cultured in EGM-2 medium per manufacturer's instruc-
tions (CC-4176, Lonza) at 37°C and 5% CO,. One day before the tube
formation assay, the cells were equilibrated in low-serum EGM2 medium
(0.5% FBS and no other supplements). HUVECs were seeded in a cell
density of 1.5 x 10 cells/96-well well (1.5 x 10* cells/ 0.32 cm?) in trip-
licates on serum-reduced Matrigel only, or serum-reduced Matrigel sup-
plemented with 50 pyg mL~" NID1. All materials for the coating were pre-
cooled and the coating was performed with 75 uL per 0.32 cm?. Following
75 pL low serum EGM-2 medium, 100 ug mL™! NID1 were added to the
respective wells and allowed to equilibrate at 37 °C and 5% CO, for 30
min. 75 plL of the cell suspension was added per 96-well and incubated
for 2 h. HUVEC tubular structure formation was assessed with a Zeiss
Axio Observer Z1 (Carl Zeiss). Quantification of different tube formation
parameters was performed using the angiogenesis analyzer of Image| Ver-
sion 1.50 g, which allows for the automated visual recognition of different
tube formation parameters.

EndoC-gh3 Cell Culture and Pseudoislet Formation: The conditionally
immortalized human pancreatic beta cell line EndoC-RH3 was cultured
per manufacturer's instructions. After 21 days, pseudoislets were formed
as previously described.?*] After 48 h in standard culture, pseudoislets
were incubated for an additional 72 h under hypoxic {37 °C, 5% CO,, and
19 O,) or normoxic (37 °C, 5% CO,, and 21% O,) conditions. NID1 was
supplemented in the media 72 h after seeding and for an additional 48
h at 20, 30, and 40 pg mL~". PBS was used as negative control. After 72
h, pseudoislets were either subjected to a glucose-stimulated insulin se-
cretion (GSIS) assay, fixed in 4% PFA (Sigma-Aldrich) for IF staining or
prepared for DigiWest evaluation. For DigiWest evaluation, pseudoislets
were grouped and washed five times on ice, centrifuged at 700 x g and
snap frozen in liquid nitrogen.

Pseudoislet Size Tracking: A minimum of 10 pseudoislets were imaged
every 24 h with a brightfield microscope (Carl Zeiss). Images were further
processed with the Image] software, version 1.52p, where the average area
was evaluated and subsequent average diameter calculated.

GSIS Assays:  Prior to all GSIS assays, pseudoislets were incubated
with NID1- or PBS- OPTIf2 (Univercell Biosolutions) medium for 24 h in
normoxic or hypoxic condition. GSIS assays were performed after 5 days
as previously described, except otherwise mentioned.[2*6% Pseudoislets
were grouped by 6 to 8 per well and washed twice with g-Krebs (Univercell
Biosolutions) and 1% BSA (Thermo Fisher Scientific}. Pseudoislets were
preincubated for 1 h with Krebs-BSA and the supernatant was discarded.
20 X 1073 m glucose (Thermo Fisher Scientific) solution was prepared in
Krebs-BSA, and pseudoislets were incubated with either Krebs-BSA or 20 X
1073 m glucose solution for 1 h. The supernatant was collected and stored
at —20 °C. An ultrasensitive insulin ELISA (Mercodia) was performed and
the GSIS index was calculated by dividing the amount of secreted insulin
during high glucose treatment by the amount of secreted insulin during
basal state.

NID1 Cytotoxicity Test: A standardized cytotoxicity test according to
EN 1SO 10993 was performed using primary isolated human dermal fi-
broblasts (IRB #F-2012-078). An additional cytotoxicity test was performed
utilizing primary isolated human cardiac fibroblasts (IRB #F-2011-068).
2 x 10* cells were seeded per 96-well well. In parallel, sterile solutions
containing 50, 100, and 200 pg mL~" NID1 were prepared in Dulbecco’s
modified Eagle medium (DMEM, Life Technologies). After 24 h, 200 pL of
the NID1 solution was pipetted into each well and incubated for another
24 h. The cytotoxic substance SDS, which induces cell death, served as the
positive control, and DMEM was used as the negative control. After incu-
bation, the medium was removed and an MTS assay was performed. The
cells of each well were incubated with a solution of 20 pL MTS (CellTiter
96 AQueous One Solution Cell Proliferation Assay, Promega) mixed with
100 pL DMEM. The absorbance was measured at 492 nm (Infinite 200
PRO, Tecan) after 45 min and the percentage of viable cells was calculated
relative to the negative control, which was set to 100%. In all samples, cell
numbers were counted.
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Isolation of Human immune Cells:  Peripheral blood mononuclear cells
{PBMCs) were isolated from buffy coats (DRK, Berlin, Germany, IRB
#EA/226/14) as previously described.I®!] Briefly, blood was diluted (1:2)
with PBS (Biochrom, Germany), layered on Biocoll Separation Solution
(Biochrom) and centrifuged for 30 min at 800 x g at room temperature.
PBMCs were isolated and washed three times with PBS. PBMCs were used
to isolate CD14+ monocytic cells by CD14 MicroBeads (Miltenyi Biotec)
according to manufacturer's instructions with MACS separation columns
(Miltenyi Biotec). Labeling with CD 14 PerCP/Cy5.5 (BioLegend) confirmed
a purity of 95-98%.

Cultures of Human Macrophages with NID1: 1 x 10% monocytes per
well or 7 x 10° MO-macrophages per well were seeded in 24-well culture
plates and were treated with NID1at 50 ug mL=" in VLE-RPMI (Biochrom)
containing 10% AB-Serum {Sigma-Aldrich) 1% penicillin/streptomycin
{Life Technologies) and 1% glutamine (Life Technologies) at 37 °C in a
5% CO?2 incubator for 7 days or 24 h, respectively. Monocytes (2 x 10°
mL~"} were differentiated into MO-type macrophages for 7 days in 6-well
culture plates using 50 ng mL~" M-CSF {Miltenyi Biotec) in complete VLE-
RPMI. MO-type macrophages were polarized for 24 h either toward M1
macrophages by adding 20 ng mL~" IFN-y (Miltenyi Biotec) and 100 ng
mL~" LPS from E. coli ©127:B4 (Sigma-Aldrich) or into M2 macrophages
by adding 20 ng mL=" IL-4 (Miltenyi Biotec) according to the recently de-
scribed method.[>*] Representative images were obtained using a bright-
field microscope (Carl Zeiss).

Macrophage  Flow  Cytometry Analyses: As described above,
macrophages were harvested using 1% (v/v) trypsin/EDTA (Life
Technologies), washed with PBS and labeled with a master mix of
fluorophore-labeled human-specific antibodies CD163-FITC, CD80-PE,
HLA-DR-PE/Cy7, CD206-APC (all Biolegend), CD14-APC/Cy7 (BD
Biosciences), and a Live/Dead violet fixable staining kit (Molecular
Probes).[%#67] Samples were measured with FACS Canto Il {BD Bio-
sciences) and analyzed using FlowJo Version 8.8.6 (TreeStar Inc.). Surface
marker expression levels were normalized to the unstimulated controls
(setas 1).

Immune Cell Proliferation Assay: Modulation of NID1-treated T cell
subset proliferation was analyzed with a CFSE-based proliferation assay
as described previously.[24] Briefly, 96-well culture plates were coated with
0.05 pg mL™! anti-CD3 antibody (OKT3, Janssen-Cillag) overnight at 4 °C.
Wells were washed three times with PBS, coated with 50 yg mL~' NID1 for
6 h at room temperature and washed again with PBS. Isolated PBMCs were
labeled with 2.5 x 107 m 5.6-CFDA-SE and seeded at a cell density of 3 x
10° cells per well in complete VLE-RPMI in wells coated with anti-CD3 and
NID1, anti-CD3 alone (positive control) or they were used uncoated (un-
stimulated control). After 5 days of culture at 37 °C and 5% CO,, PBMCs
were harvested and labeled with human-specific antibodies CD8-PE and
CD4-APC (both Miltenyi Biotec) as well as CD3-APC/Cy7 (BioLegend) and
Live/Dead violet fixable staining kit. Samples were processed using a FACS
Canto Il and data were analyzed using Flowjo Version 8.8.6. MFI of all
markers were normalized to the anti-CD3 control MFI level (set to 1).

Cytokine Detection Assays:  Supernatants of NID 1-treated macrophage
cultures (24 h or 5 days) and NID1-treated PBMC proliferation assays (5
days) were collected for detection of released cytokines IFNy, TNFa, IL-6,
and IL-10 using ELISA kits {BioLegend) according to the manufacturer's
instructions. Samples were measured on a Micro-plate reader (Bio-Rad).

Monocyte Chemotaxis Assay: To analyze chemotaxis, a specific 96-
well cell migration system (Neuro Probe) was applied as previously
described.[>#] Briefly, the chemotactic stimulus was added in a volume
of 37.5 pL per well. A membrane filter with 5 pm pores was placed onto
the plate. 3 x 10* cells in 40 pL diet medium consisting of VLE-RPMI
(Biochrom) and 0.1% autologous serum were added on the membrane.
Chemotaxis was induced by 50 or 100 yg mL~" NID1 or without stimulus
(negative control). MCP-1 (50 ng mL™", Miltenyi Biotec) served as positive
control. After incubation for 3 h at 37 °C in a 5% CO, incubator, the mem-
brane was carefully removed. Monocytes that adhered to the membrane
were fixed with methanol (Merck) and labeled with Hemacolor staining
kit {(Merck}. After microscopic documentation using ProgRes CapturePro
2.8.8 (Jenoptik), the number of migrated monocytes was determined us-
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ing Image) Version 1.4.3.67 (National Institutes of Health). The number
of migrated cells was normalized to the negative control.

Endotoxin Test: CD14* monocytes (1 X 10°) were incubated alone
{negative control), with 100 ng mL~" LPS O127:B4 (Sigma-Aldrich, posi-
tive control) or with 50 pg mL™! NID1 in 24-well plates in 1 mL™! of VLE-
RPMI (Biochrom). After 24 h, the supernatant was collected and tested for
TNFa by ELISA (BioLegend). In addition, a Pierce Chromogenic LAL Endo-
toxin quantification kit (Thermo Fisher Scientific) was employed according
to the manufacturer’s instructions.

Integrin Binding Assays:  Binding assays were performed as previously
described.[5?] Microtiter plates (Costar Half Area plate) were coated
overnight at 4 °C with 50 uLper well and 4 ug mL~" avf3 (R&D Systems) in
TBS containing 2 X 1073 m MgCl, or TBS with 2 X 107 m MgCl, and 1x
1073 m CaCl, respectively. Plates were washed twice with the respective
buffers. Blocking of nonspecific binding was performed for 1h at room
temperature with 1% BSA/TBS/MgCl, or 1% BSA/TBS/ MgCl, /CaCl,. Se-
rial dilutions of NID1 were prepared on ice. For avf3, NID1 serial dilu-
tions were prepared in 1% BSA/TBS/MgCl, and 1x 103 M MnCl,, or in
196 BSA/TBS/MgCl, and 10x 10~* m EDTA-buffer for nonspecific binding.
Reaction was stopped using 1.5 m NaOH solution. OD determination was
performed at 405 nm. Three independent experiments were performed,
each of them with duplicates.

Blocking of Integrin avf}3: Mouse IgG (Vector Laboratories) and avfi3
(Novus Biologicals) were used at a concentration of 10 uyg mL™" in PBS.
Pseudoislets at 48 h and CMs at § days, respectively, were washed twice
with PBS and incubated with the blocking antibody or control for 1 h
under standard culture conditions. Pseudoislets and CMs were washed
twice with PBS. The respective NID 1-treated culture media or control were
added to the pseudoislet or CM culture. Pseudoislets were culture for an
additional 72 h and CMs for an additional 48 h before evaluation via IF
staining or GSIS assay, respectively.

DigiWest: DigiWest assays {NMI Reutlingen, Germany) were per-
formed as recently described.[*] Briefly, gel electrophoresis and blotting
onto PVDF membranes was performed using the NuPAGE system as rec-
ommended by the manufacturer {Life Technologies, Carlsbad, CA, USA).
Blots were washed in PBST, proteins were biotinylated on the membranes
using NHS-PEG 12-Biotin (50 x 1076 M) in PBST for 1 h followed by wash-
ing in PBST and drying. Individual sample lanes were cut into 96 molecular
weight fractions (0.5 mm each) and proteins were eluted in 96-well plates
using 10 pL elution buffer per well (8 m urea, 1% Triton-X100 in 100 x
1073 m Tris-HCl pH 9.5). Eluted proteins from each molecular weight frac-
tion were loaded onto color-coded, neutravidin coated Luminex bead sets
{MagPlex, Luminex, Austin, TX, USA). 384 Luminex bead sets were em-
ployed and the protein loaded beads from four different sample lanes were
pooled into one bead-mix resulting in 6 bead mixes for the 24 samples.
The bead-mixes were sufficient for 100 antibody incubations {see Extended
Data in Table S5, Supporting Information). Aliquots of the DigiWest bead-
mixes {1/100th per well) were added to 96-well plates containing 50 L per
well assay buffer (Blocking Reagent for ELISA supplemented with 0.2%
milk powder, 0.05% Tween-20, and 0.02% sodium azide, Roche). Beads
were briefly incubated in assay buffer and the buffer was discarded. Anti-
bodies were diluted in an assay buffer and 30 uL were added per well. After
overnight incubation at 15 °C on a shaker, the bead-mixes were washed
twice with PBST and PE-labeled (Phycoerythrin) secondary antibodies (Di-
anova) were added and incubated for 1 h at 23 °C. Beads were washed
twice prior to readout on a Luminex FlexMAP 3D. Secondary antibodies
were either diluted in an assay buffer or in a polymer buffer (Blocking
Reagent for ELISA supplemented with 4% PVP 360.000, 1% milk pow-
der, 0.05% Tween-20, and 0.02% sodium azide, Roche). For quantifica-
tion of the antibody specific signals the DigiWest analysis tool (version
3.8.6.1, Excel-based) was employed. This tool uses the 96 values for each
initial lane obtained from the Luminex measurements on the 96 molecular
weight fractions, identifies the peaks at the appropriate molecular weight,
calculates a baseline using the local background and integrates the peaks.
The values are based on relative fluorescence (accumulated fluorescence
intensity). For analysis, data {measured signal intensity) was normalized
to the total protein amount corresponding to the sample, median centered
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and log,-transformed. The software package MEV 4.8.1 was used for data
visualization, clustering, and nonparametric statistical analysis.

Statistical Analysis:  The relevant statistical tests, sample sizes, repli-
cate types, and p-values are described in the corresponding figures and
tables of the Supporting Information. Each »n represents a distinct sam-
ple. Statistical tests were two-sided if not mentioned otherwise. Data are
presented as mean + SD and as dot plots every time possible. All data sets
were tested for normality. Statistical analysis was performed using Prism,
version 6.07 (GraphPad Software). Statistical significance was defined at
p < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. Schematic illustration of the modified cardiovascular differentiation protocol.
EBs were derived from hESCs (line H9). (A) The differentiation protocol timeline is shown
together with the stage-specific additives to the medium. Scale bar equals 100 pm. (B) The
differentiation protocol using NID1 from day 4 (d4) and control are shown together with the
stage-specific additives in the medium.
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Figure S2. Recombinant NID1 production and characterization. (A) Schematic representation
of NID1 production plasmid generation with main components for genomic amplilication
strategy. (B) Schematic depiction of CHO culture transfection with the NID1 production plasmid,
MTX selection and clone analysis. Scale bars equal 200 pm. (C) Schematic depiction of
production clone adaptation to FBS-reduced suspension culture and purification of secreted NID1
using immobilized-metal affinity chromatography (IMAC). Characteristic protein absorption is
shown at 280 nm (blue line) and 256 nm (red line) in milli absorption unit (mAU). (D) Ponceau-
Red staining of a nitrocellulose membrane with IMAC eluates: negative control (NC, 10 pl IMAC
cluate of media with 1% FBS, dialyzed), BSA (10 pl IMAC cluate of media with 1% BSA) and 5
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or 10 pl IMAC eluate of NID l-containing cell culture media with originally 0.5% FBS, dialyzed.
(E) Samc membrane afier discoloring and specilic immunodetection of NID1. Arrows indicate 3
NID1 bands at about 140 kDa, 110 kDa and 90 kDa. (F) Specific immunodetection of NID1
deglycosylated for 4 hours and for 20 hours shows a shift of the characteristic NID1 bands to
lower molecular weight compared to a NID1 control that was not treated with the deglycosylation
enzyme, proving the glycosylated state of the recombinant NID1. (G) Schematic of Co-IP
between interaction partners NID1 and LAM-511. (H) Specific immunodetection of the 1 and y1
chain of LAM-511 in Co-IP, NC (Co-IP w/o LAM antibody) and positive control (PC, LAM-
511). (I) Specitic immunodetection of NID1 in Co-IP, NC (Co-IP w/o LAM antibody) and PC
(NID1). The HiMark pre-stained protein standard (PS) was used in all blots.
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Figure S3. Identification of NID1 as crucial ECM protein in fetal and adult hearts by IF
staining & Myocardial scar quantification. (A) NID1 (green) was detected in fetal heart
sections 9, 12 and 17 weeks post-fertilization as well as in sections of 18 and 51 year old adult
heart tissue. CTNT (red) was used to detect CMs. Cell nuclei were visualized with DAPI (white).
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Scale bar equals 20 um. (B-H) HSV color segmentation was performed using a customized
MATLAB code. The HSV histogram bands responsible for the background are shown in (C), the
Fast Green-positive region labeling the myocardium is shown in (D) and, the Picrosirius Red-
stained areas corresponding to the scar content are shown in (E). By subtracting band (C) from an
image of Picrosirius Red and Fast Green (F), an image without background is generated (G) and,
comparably, the removal of bands (C) and (D) yields an image of only the scar component (H).
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Figure S4. Raman imaging and multivariate analysis of infarcted mouse hearts and single
animals. (A) Representative overview of Raman images showing DNA (blue), myocardium (red)
and the scar (green). Three regions within the scar area (rectangular boxes: 1-3) were selected for
high-resolution Raman images. (B) Spectra-associated to the color-coding shown in (A). Based
on the signal patterns, the specific ECM composition for the scar area was detected. Scale bar
equals 100 pm. (C,D) PCA of Raman spectra revealed molecular and structural differences in the
scar area of NID1+HA and control hearts. PC score values of spectra from NID1+HA and control
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hearts were significantly different, unpaired t-test. (E) The loading plot displays typical porphyrin
vibrations (1513, 1557, 1612 em™) scen in the NID1+HA heart tissue. Collagen peaks (858 and
1248 cm™) were assigned to the control hearts. PCA of TCA scar component of (F) control (HA)
and (G) NIDI+HA mouse hearts. Significant differences between animals are detected in both
groups. Kruskal-Wallis test with Dunn’s multiple comparisons test. Results are shown as standard
box plot diagram. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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Figure S5. Translational changes in ECM production, degradation and regulation due to
hypoxic conditions. (A) Transcriptional changes of TGFBI in NID1-treated hiPSC-CMs under
normoxic conditions. (B,C) Transcriptional changes in gene expression after hypoxic conditions
without (control) and with NID1 (B) hiPSC-CMs and (C) dermal fibroblasts. Gene regulation are
shown when fold-regulation > |2|, p-value < 0.05.
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Figure S6. Human pseudo-islet functionality under hypoxic conditions and characterization

by in situ Raman imaging and multivariate analysis. (A) Unexcised and (B) excised EndoC-

BH3 morphology. Scale bars equal 100 pm. (C) Reduced cell number over time due to the

excision of the proliferation transgene over 21 days. (D) GSIS assay (with 0 and 20 mM glucose)

of pseudo-islets composed of 1000 (1k), 2000 (2k), 5000 (5k) and 10000 (10k) cells/ pseudo-islet
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after 5 days of culture under normoxic conditions. (E) 1k pseudo-islet morphology. Scale bar
cquals 100 um (F) Pscudo-islet size, described as pscudo-islct diameter, is stable [rom 72h until 5
days under normoxic conditions (n = 10); one-way ANOVA, *p<0.05. (G) GSIS assay (with 0
and 20 mM glucose) of pseudo-islets under normoxic conditions at 5 days (n = 15); unpaired t-
test, *p<0.05 (H) Significant loss of glucosce responsiveness under hypoxic conditions, described
as the GSIS index (fold increase in insulin release due to the transition from Krebs buffer (0 mM
glucose) to 20 mM glucose (n = 10); one-way ANOVA, *p<0.05. (I) DNA fragmentation under
hypoxic conditions determined by the quantification of TUNEL  cells (n = 3-7); unpaired t-test.
(J) True component analysis (TCA) identified four major spectral components assigned to nuclei
(blue), insulin-transporting lipid vesicles (green), mitochondrial activity (pink) and cellular lipids
and proteins (light blue). (H-O) False color intensity distribution images for each spectral
component in (H,J,L,N) PBS controls and (I,K,M,0) NIDI-treated pseudo-islets. Semi-
quantitative analysis by definition of the mean gray value intensity/pixel demonstrated a
significant increase in the vesicular lipids and the mitochondrial activity in NID1-treated islets.
(P) Multivariate curve resolution (MCR) analysis was performed for in-depth analysis of the
molecular composition in the periphery and core region of the hypoxic pseudo-islets. Most
relevant, components related to nuclei, insulin, lipids and mitochondria were identified and their
distribution within both regions were compared in PBS controls and NID1-treated pseudo-islets.
The control core region showed a significant decrease in insulin, lipids and mitochondria, whereas
the NID1-trcated core region showed levels comparable o the peripheral regions (n = 4);
*p<0.05, ¥*¥p<0.01, ***p<0.001.
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Figure S7. Change in protein expression in NID1-treated cultures. DigiWcst*-based protein
expression analysis of all tested proteins in (a) NID1-treated pseudo-islets (n = 12) and (b) NID1-
treated hiPSC-CMs (n = 4) under hypoxic conditions compared with their respective controls.
Data are shown as column-wise and color-coded heatmap from the lowest (blue) to the highest
(yellow) expression for each analyte.
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baseline saline HA NID1 + HA
Heart Rate™n | 605 + 46 675+ 18 549 t 46* 539 & 45*
LVIDdmm 265+040 |4.77+0.36 3.40 £ 0.44* 2.90 £ 0.18***
LVIDsmm 1.30+0.22 |429+0.31 2.93 £ 0.51 2.16 + 0.18****#
LVAWdmm 0.73+0.10 |0.49+0.01 0.48 +£ 0.05 0.51+0.06
LVAWsmm 1.12+0.14 |0.52+0.03 0.49 £ 0.04 0.60 £ 0.10
LVPWdmm 0.71+£0.03 |[0.61+x0.17 0.53+0.11 0.61£0.07
LVPWsmMm 0.98+0.03 |0.79+0.17 0.58 + 0.03 0.70+0.08
LVEDmm 267+031 |482+0.26 3.52 + 0.42* 2.82.+ 021
LVESm™ 1.27+0.20 |4.26+0.30 3.04 £ 0.43* 2.22 + 0.18****#
EDVH 26.89+7.50 | 108.80 + 13.57 [ 52.39 + 15.62*** | 30.30 + 5.69****
ESVH 418+149 |81.83+13.34 |[36.91+13.01** [16.86 + 3.57****
EF% 84.88+3.08 [2496+475 30.17+4.31 44 63 + 1.57**##
FS* 52.56+3.70 | 11.54 +2.34 13.80+£2.10 21.12+£ 0.78**#

Table S1. Echocardiography analysis 28 days after MI/R. Baseline is the pre-MI/R
measurement of the NIDI+HA mice. Data are presented as means + standard error of the mean
(SEM). *p<0.05, **p<0.01, ***p<0.001, ***¥p<0.0001 saline vs. HA and NIDI1+HA, “p<0.05,
*5<0.01 HA vs. NID1+HA; individual one-way ANOVA with Tukey’s multiple comparison test,
baseline (n = 4), saline (n = 3), HA (n = 3), NID1+HA (n = 4). LVIDd: left ventricular internal
dimension at end diastole, LVIDs: left ventricular internal dimension at end-systole, LVAWA: left
ventricular anterior wall thickness in diastole, LVAWSs: left ventricular anterior wall thickness in
systole, LVPWd: left ventricular posterior wall dimensions in diastole, LVPWs: left ventricular
posterior wall dimensions in systole, LVED: left ventricle end-diastolic diameter, LVES: left
ventricle end-systolic diameter, EDV: end-diastolic volume, ESV: end-systolic volume, EF:

ejection fraction, FS: fractional shortening.
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Raman shift [em™] Assignment

497 glycogen

718 C-N / nucleotide peak

751 mitochondrial DNA

752 porphyrin

780 DNA

788 DNA

841 Polysaccharides

858-9 proline, hydroxyproline

940 C-C backbone

1003 phenylalanine

1004 phenylalanine

1080 typical phospholipids

1090-3 phosphodioxy / DNA

1119 C-C stretch in lipids

1130 phospholipid structural changes / Mitochondrial activity
1240 lipids

1247-8 collagens, amide Il

1301 lipids, fatty acids, triglycerides
1302 collagens

1339 tryptophan, CH2, CH3 wagging - bending in lipids/proteins
1342 guanine (DNA/RNA)

1440 CH2, CH3 deformation (lipids)
1455 deoxyribose

1460 CH2, CH3 deformation of lipids and collagen
1513 cytosine, porphyrin

1557 porphyrin v(C=C)

1585 mitochondria /mitochondrial activity
1612 C=C stretching (ring)

1620 porphyrin v(C=C)

1660 amide |

1737-8 lipids

Table S2. Raman-associated peaks. Raman peaks in cm” and their assigned molecular

structure.
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antibodies for DigiWest species order information antibodies for IF species dilution order information
1A1978, Sigma
12897, Cell Signaling NID1 raboit 19G 1:100 S$c-33741 Santa Cruz
14585, Cell Signaling NID1 raboit 19G 1:1000 kind gift from . Zaucke
12772 Call Signaling NID2 raboitIgG 1:1000 kind gift from F. Zaucke
2872, Call Signsling FN raboit 196 1:500 AD245, Dako
6480, Cell Signalin: POSTN raboit IgG 1:100 HPAD12303, Sigma-Aldrcn
ZEFReli) ab LAM raboit IgG 1:50 ab11575, Abcem
eote Calen1 - phosoho Serss2 rab COLZ raboitloG___| 1:250 | abb586 Abcam
U7'M» CoL1 raboitIgG 105 R1038, Acris
2696 Coll Signaling USMAFITC mouse IgG2a | 1:500 3777, Sigma-Adrick
9508 _Call Signaling CD31 rat [gG2a 1:20 DIA-310, Dianova
3512 Call Signsling MF20 meuse IgG2k | 1:50 MF20. Developmental Studies.
Hybr doma Bank
g CTNT raboit IgG 1:3000 HPA015774, Sigma-Aldrca
! £ 4695, Cell Signallig: | TR mouse IgG1 | 1:600 NEB200-412, Novus
Eik 12 (MAPK pA4/42) = phosehe mbbitlgG 4370, Call Signaling Biologica's
(12021 204 T reboltlgt | 12000 | 802001 BioLegend
e = TR ahoil g ioLege!
IF-cadherin iat IgG 5059778, Santa Cruz NESTIN rabait 106, 1200 839801 BioLegend
[E-czdherin — phospno Ser838/Ser840 rabbit 1I9G 12239-1, Epitomics WAP2 rabait IgG 1500 200522 Merck-Millpore
FAK1 rabbil IgG 5285 Csll Signaling INS Juinca-pig 1-200 D56, —p—Daku
FAK1 - phospho Tyr397 rabbiz 19C 8556 Call Signsling 196 .
Fyn rabbizIgG 14923, Cell Signaling = n =
IFyn — paospho Tyr530 kit 196 0199261, biorb E-cadherin mouse IgG2a | 1:260 ab76055, Abcam
IGAPDH G 5174 _Cell Signaling CASP-3 raboit I9G 1:1¢0 ab13847, Abcam
SK3 alphateta - phosoho Se21/Serg 9331 Csll Signaling [ rabbit gG-AF488 | geat 1:250 A-11034_Invitrogen
SK3 beta 9315 _Coll Signaling rat lcG2a-AFE47 geat g A-21247_ Invitrogen
k}SK3 beta - phosphe Serd 9336 Call Signaling mouse IgG1-AFS94 | goat A-21128, Invitrogen
I.I_NKISAF‘K 9252, Cell Signaling mouse |gG2a-AF488 | goat A-21131, Invitrogen
EK1/2 - phospho Ss1277/8er221 19154, Call Signaling -
mouse 13G26-AF534 | geet 1:250 A-21145, Invitrogen
MP13 MABS"1, R&D Systems - — o
021 3863, Coll Signaling i‘,’,';;:'mg Is5- goat st AANDTE Atrogen
MIC31 - phospho Thr3s 8599 _Cell Signalin;
TOR (FRAF) 2983, Call Signaling ibodies for WB | species dilution order information
TOR (FRAF)- phosphe Ser2448 2971 _Call Signaling
INotch 2 15732, Cell Signaling NID1 raboit 19G 1:400 sc-33141, Santa Cruz
P21 2347 Cell Signalin LAM Rabbit19G f ab 11575, Abcam
P38 MAPK - phasoho Thr?8C/Tyr182 511, Call Signaling anti-rabbit [9G-HRP | geat ab6721 Abcam

2506, Cell Signalin:
557G _Call Signalin

IPAK 1/2 - phcspho Ser144/Ser121
Pdx1

P13-kinase p85 a pha 24C758. abcam Primer Sequence
IPKA C apha rabbit 1IgG 782 Csll Signaling = P —
Rac1/Cdod2 abbitlgG 4551 Call Signalin HumonNip1 5 | GPNID1-389F CEOCICACTELTTCCACATA
= = QhN/D1-495R GTCCCGAGAAGGGCCCTGGT
Ras rabbi: I9G 8355, Cell Signalin: CCACCOCTGCCATACCAACGCEG
IRSK 1 (p9ORSK) - phasphe Thr573 rabbitIgG [a062324, abcam IDID0EE TR S MR éc R iR e
C rabbi: 19G 12108 Call Signaling Human NID1 3' 8 n 3
¢ — phosoho Tyrb27 rab G 12105, Cell Signaling GhNIDT-2160R CAGGATETECTCTCTCTCGTECTS
MWNtSA rabbi: I9G 09-152, Mil_pore G
- i ) ) ) QhamB-Actin-F GGCGCTTTTGACTCAGGACTTTA
lantibodies for DigiWest pecies lorder information Hamster 3-Actin QhamB-ActinR GGGATGTTTGCTCCAACCGA
dk-rx-tb IgG (H+1 ) - RPF H711-118-152, Jackson R— Qnam-po3-F CATGCCGAATACCTGGATGACAAG
= R Qham-p53-R GCAAATCAAACCCTGTCTTCAACC
ldk-a-ms IgG (H+L) - RPE #716-118-15", Jackson
- g 7112-116-14;
pteet a0 (10 -RRE [F1216-143,J20kS0n | | manosMA | Hs ACTA2 1,86 Qiagen, QTO0088102
iStreptavidin - RPE #01€-110-084, Jackson
Auman GAPDH Hs_GAPDH_Z_SG Qiagen, QT01192646

RT? Profiler PCR | Ext-acel ular Matrix &

Anays Adhesion Molecules Qiagen, PAHS-013Z

Table S3. List of antibodies and primer sequences.

15

177



