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Abstract

The extracellular matrix (ECM) is a scaffold composed of different proteins in
which the cells of living tissues reside. In healthy states, the ECM plays an important
role in regulating cellular processes such as apoptosis, proliferation and
differentiation, contributing to tissue homeostasis. During events of injury, such as
scar tissue formation after myocardial ischemia or fibrotic capsule formation following
organ transplantation, the ECM experiences pathological changes which impact the
survival of cells and significantly contributes to the severity of the injury. These
pathological alterations of the ECM are among the main factors that determine cellular
survival in tissues and treatment efficacy. Hence, understanding the roles of the
various ECM proteins and elucidating their mechanisms of action in different tissues
are of growing interest in the field of tissue engineering and medicine.

In this thesis, the impact of the ECM on cardiovascular and pancreatic tissues
was studied. Cardiovascular tissues experience significant impact on native ECM
homeostasis during the event of myocardial infarction and reperfusion injury (MI/R).
We identified the ECM protein nidogen-1 (NID1) to be highly present during cardiac
development. We furthermore showed the positive effect of recombinantly produced
NID1 on cellular survival, angiogenesis and prevention of pathological differentiation
in vitro. The treatment of mice with NID1 post-MI/R resulted in decreased scar tissue
formation, increased revascularization and increased nerval innervation in the
infarcted area accompanied by overall improvement in heart function.

ECM alterations in pancreatic tissue are of special interest during the process
of isolation and transplantation of hormone-secreting islets of Langerhans to treat
diabetes mellitus type 1. We demonstrated that both NID1 and decorin (DCN) co-
localize with insulin-producing b-cells withint he i sl et s of Lang-er hans
cells with NID1 and DCN improved functionality and survival in vitro. Furthermore, we
demonstrated that hypoxic conditions significantly impact the ECM and functionality
o f -cebls, which was rescued upon co-c u | t u-cdllsnwgth dndothelial cells in a
collagen type 1 gel.



The in vitro models developed in this thesis demonstrate the positive effects of
ECM proteins on survival and functionality of cells from different origins and elucidate
potential underlying pathways. We furthermore highlight that restoration and
recapitulation of native ECM in vitro offers great potential for in vivo translation

regarding cellular treatments and therapies.



Zusammenfassung

Die extrazellulare Matrix (EZM) ist ein Gerist aus verschieden, untereinander
verbunden Proteinen, in dem sich einzelne Zellen lebenden Gewebes befinden. Im
gesunden Zustand spielt die EZM eine wichtige Rolle in der Regulierung zellularer
Prozesse wie Apoptose, Proliferation und Differenzierung und tragt so zur
Gewebshomdoostase bei. Innerhalb der EZM kommet es nach Gewebsverletzungen
und invasiven Eingriffen zu pathologischen Veranderungen, zum Beispiel zur
Narbenbildung nach Herzinfarkt oder der Bildung einer fibrotischen Kapsel nach Zell-
oder Organtransplantationen. Diese Veranderungen wirken sich auf den Fortbestand
der Zellen im betroffenen Gewebe aus und tragen wesentlich zur Schwere der
Verletzung und derer Behandlung bei. Daher ist ein besseres Verstandnis der
Funktionen verschiedener EZM-Proteine und deren Wirkungsmechanismen in
verschiedenen Geweben von wachsendem Interesse im Bereich des Tissue
Engineering sowie der Medizin.

In dieser Arbeit wurde der Einfluss der EZM auf kardiovaskulares und
pankreatisches Gewebe untersucht. Kardiovaskulares Gewebe erfahrt eine
erhebliche Beeintrachtigung der natirlichen EZM-Homdostase wahrend eines
Herzinfarkts mit anschlieendem Reperfusionsschaden. Wir fanden heraus, dass das
EZM-Protein Nidogen-1 (NID1) speziell wahrend der kardialen Entwicklung exprimiert
wird. Dariiber hinaus konnten wir die positive Wirkung von rekombinant hergestelltem
NID1 in Bezug auf das zellulare Uberleben, die Angiogenese und die Verhinderung
einer pathologischen Differenzierung von kardiovaskularen Zellen in vitro
nachweisen. Die Behandlung von Mausen mit NID1 nach einem Herzinfarkt fuhrte zu
einer Verringerung der Narbengewebsbildung, einer verstarkten Revaskularisation
und Innervation im Infarktgebiet sowie einer allgemeinen Verbesserung der
Herzfunktion.

EZM-Veradnderungen im Pankreasgewebe sind von besonderem Interesse
wahrend der Isolierung und Transplantation von hormonsezernierenden Langerhans-
Inseln zur Behandlung von Diabetes Mellitus Typ 1. Wir haben gezeigt, dass sowohl

NID1 als auch Decorin (DCN) in insulinproduzierenden b-Zellen der Langerhans-



Inselnprasents i nd. Di e B e hzzllerdnitiNiDY und @RCN veibesserte die
Funktionalitat und das Uberleben in vitro. Dariiber hinaus konnten wir zeigen, dass
hypoxische Bedingungen einen signifikanten Einfluss auf die b-zelleigene EZM und
deren Funktionalitdt haben. Durch die Ko-Kultur von b-Zellen mit Endothelzellen in
einem Kollagen-Typ-1-Gel konnte die b-Zell-EZM sowie deren Funktionalitat
erfolgreich wiederhergestellt werden.

Unsere in-vitro-Modelle zeigen die positiven Auswirkungen von EZM-Proteinen
auf das Uberleben und die Funktionalitat von Zellen unterschiedlichen Ursprungs und
geben Aufschluss Gber mdgliche zugrunde liegende Mechanismen. Darlber hinaus
heben wir hervor, dass die Wiederherstellung und Rekapitulation der nativen EZM in
vitro ein grofRes Potenzial fur die Translation von zellularen Behandlungen und

Therapien bietet.

Vi
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1 Introduction

1 Introduction

1.1 The Extracellular Matrix

The extracellular matrix (ECM) is a scaffold composed of different crosslinked
proteins which provides biomechanical and biochemical cues in organs and tissues??.
ECM proteins can be divided into different subgroups depending on their
characteristics:  fibrous  proteins, proteins  with  covalently  attached
glycosaminoglycans (proteoglycans) and free glycosaminoglycans3. These proteins
are secreted by different cell types, such as smooth muscle cells (SMCs), pericytes,
fibroblasts and endothelial cells (ECs) to establish a local environment for them to
reside* ®. The combination of proteins, mechanical properties and growth factors
creates an organ- and tissue-specific niche that varies between organs and also within
different parts of a single organ’. This location-specific composition of the ECM
influences cell phenotypes such as functionality, proliferation, differentiation,
physiological homeostasis, protein expression and apoptosis® 4. The mechanical
properties of the ECM, e.g., its stiffness and topography, are controlled by the amount
of proteins and their degree of crosslinking®6. Manipulation of the mechanical
properties is influenced by the cellular secretion of degradation proteins, such as
matrix-metalloproteinases (MMPs) or tissue inhibitor metalloproteinases (TIMPS),
which are highly involved in tissue remodeling, wound healing and disease
development upon dysregulation'”8, The changes in stiffness are then translated
back to the cells and can impact cellular behaviour?. For instance, cells can deform
and spread deeper into a softer matrix®, whereas a stiffer matrix supports cellular
spreading, proliferation and migration?°. Many receptors have been identified to
transmit biochemical and biomechanical cues from the ECM to the cell, including
integrins, tyrosine kinases, dystroglycans and discoidin domain receptors (DDRS).
Within this group, integrins are among the most important receptors due to their major
role during development?l. Integrins are heterodimeric transmembrane proteins
consisting of U-a n d-chéins and facilitate the interactionoft he ECM t o t
cytoskeleton through ligand-binding?2. Following extracellular ligand-binding, integrins

cluster adaptor molecules (such as focal adhesion kinase (FAK), tensin, paxillin or

he

cel



1 Introduction

vinculin?®2%) to the binding site within the cell resulting in actin remodeling and
concomitant activation of intracellular pathways??2627, The phosphorylated state of
FAK (pFAK) is especially important for integrin-mediated cellular signaling, as it can
activate multiple different pathways including mitogen-activated protein kinase
(MAPK) and extracellular signaling-regulated kinase (ERK)?"22 pathways that regulate
cell survival?®2, differentiaion3!, cytoskeleton remodeling?®3? and protein
expression3334, Another important group of proteins for integrin-mediated cell-ECM
signaling are small GTPases of the Rho family including Rho, Rac and Cdc423°. Upon
activation, they regulate actin polymerization, microtubule stabilization, cellular
migration as well as nuclear transcription, differentiation and protein expression36-37,
The impact of the ECM on protein expression of cells closes the feedback loop that is
necessary for tissue homeostasis which is maintained by a constant building up,
breaking down and remodeling of the ECM by residing cells?38. Disturbances in this
feedback loop due to changes in the chemical or mechanical composition of the ECM
can lead to surface receptor mediated changes in cellular signaling driving the
development of pathologies?3%4°, Pathological remodeling of ECM, for instance in the
case of fibrosis post-ischemia or post-transplantation, can induce cellular death
cascades, differentiation and mutations*. Fibrosis is defined as the differentiation of
fibroblasts in myofibroblasts that excessively produce and secrete fibrous ECM
proteins as an abnormal response to injuries or irritations'®22. The change in ECM
composition and stiffness impacts the secretion of ECM proteins, MMPs and TIMPs,
hindering tissue homeostasis followed by reduced cellular proliferation, migration and
the activation of inflammatory processes driving pathological changes*?' 46, Diseases
related to changes in the ECM are diverse and range from osteoarthritis, bone
weakening, impaired wound healing, cancer development to cardiovascular diseases

(CVDs) including blood vessel stiffening and atherosclerosis*”' %0,



1 Introduction

1.1.1 The Interstitial Matrix of the Extracellular Matrix

The ECM is composed of two distinct layers, the interstitial matrix (IM) and the
basement membrane (BM) (Figure 1). The IM is the fibrillar part of the ECM which
provides structural and mechanical stability to organs and tissues while offering
biochemical cues by integrin-mediated signaling. It is mainly composed of collagen
type 1 (COL1), collagen type 3 (COL3), fibronectin (FN) and proteoglycans such as
decorin (DCN)#%%1, COL1 governs the structural integrity of tissues and organs
through its fibril-forming properties and provides stability against shear, tensile and
pressure forces®. It is present in almost every connective tissue and is the main
component of the IM®2, The heterotrimeric collagen triple helix of COL1 is formed by
t wo -clhlai ns a nchainpwhih corfain repetitions of glycine-X-Y repeats,
where X and Y predominantly represent proline and hydroxyproline, or any other
amino acid®*. COL3, another fibril-forming collagen, is often associated with COL1
and is mainly present in hollow organs and blood vessels®®. In contrast to COL1, COL3
is a homotri mer o-+shaigs®®.cToenfignoatoa df fiboillar cdlldgens,
including COL1 and COLZ3, is called fibrillogenesis®®. In the first step, monomers form
a loose procollagen via self-assembly, followed by conversion from procollagen to
collagen via enzymatic cleavage. Next, the collagen molecules assemble into
microfibrils and ultimately to collagen fibers®’. FN is present in vertebrates in two
different forms: as soluble plasma FN in the blood and as insoluble ECM protein.
Comparable to collagens, insoluble FN also forms a fibrillar matrix via fibrillogenesis
to provide binding sites for cells®®. FN is an important regulator of ECM stiffness
through its diverse effects, ranging from integrin-mediated signaling to influence cell
survival and functionality, to modulating the ECM by regulating the fibrillogenesis as
well as fibrotic response of COL1 in wound healing®5%6° DCN is a small leucine-rich
proteoglycan, involved in several cellular processes, including migration, proliferation
and growth®?, It governs the process of fibrillogenesis, where the absence of DCN can
lead to improper fiber formation impairing structural integrity of the IM and fibrotic
response of COL1%2. Additionally, DCN has modulatory effects on the immune
response, improves angiogenesis and is involved in tumour suppression via p53

signaling®31 65,
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Figure 1: Schematic of the ECM composed of the basement membrane and the interstitial matrix. Adapted from®®,

1.1.2 The Basement Membrane of the Extracellular Matrix

The BM is a thin sheet of network-forming proteins which provides organ- and
tissue-specific cell-matrix interactions®’. The most abundant proteins of the BM are
collagen type 4 (COL4), laminins (LAMs), FN and linker proteins, such as nidogen-1
(NID1) and nidogen-2 (NID2)%8 7, The BM consists of two distinct parts: the lamina
densa and the lamina lucida’™. The lamina densa is composed of COL4, the major
network forming protein in the BM’L. Due to interruptions in the glycine-X-Y sequence,
it is significantly more flexible than COLs of the IM®’. Additionally, the lamina densa
encompasses heparan sulfate proteoglycans, e.g., perlecan. Perlecan is a
multidomain proteoglycan that interacts with different integrins to mediate adhesion
and angiogenesis. Furthermore, it also has a role in mediating cell-cell paracrine
signaling through its ability to sequester growth factors®’. The lamina lucida is
composed of different combinations of LAMs, a group of network forming
glycoproteins that polymerize into scaffolds. The LAM family currently contains 15
different members, which are characterized by different combinations of three different
chains ( U LAMs ag nainedoafter their chain composition. Hence LAM-411
contains the chains U4 , b 1 , whereltheddThain mediates cell-matrix interaction
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while the other parts are network-forming by LAM-LAM interactions®’. Lamina lucida
and lamina densa are connected via proteoglycans, namely NID1 and NID27%. NIDs,
also known as entactins, are sulfated glycoproteins which offer binding sites for LAMS,
COL4 and perlecan®’. NIDs are therefore often referred to as linker or bridge proteins,
that are also involved embryonic development, angiogenesis, hepatic regeneration as
well as regenerative axon growth and guidance’? 6, Together, the BM provides a
favorable ultrastructure with varying pore-sizes and thicknesses that supports integrin-
mediated cellular signaling and sequesters growth factors to stimulate intracellular
processes® and is therefore highly involved in organogenesis, tissue development

homeostasis, cell growth regulation and differentiation’’:78.
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1.2 Cardiovascular Tissue

The cardiovascular system ensures the circulation of blood throughout the
whole body and plays a major role in providing of nutrients, oxygen, cells and
hormones for tissue and organ homeostasis as well as removal of waste products’®.
It is composed of four major parts: the heart, which pumps blood via a continuous
contraction-relaxation cycle®; arteries, which distribute oxygen-rich blood and
nutrients from the heart and lungs to peripheral tissues®!; veins, which transport
deoxygenated blood and waste from peripheral tissue back to heart and lungs for
reoxygenation®!; and capillaries, which facilitate the exchange from oxygen, nutrients,
molecules and waste from the blood to the tissue®!.

1.2.1 Cardiomyocytes

The heart pumps the blood to peripheral tissues through synchronized
contractions of cardiomyocytes (CMs), the main cell type in the heart®?. The cardiac
plexus, a network of nerve fibers located at the base of the heart initiates the
synchronized contractions of CMs. The cardiac innervation is autonomous, yet it is
additionally influenced by the vagus nerve. The sympathetic trunk of the vagus nerve
increases heart rate and force, while the parasympathetic trunk decreases the heart
rate®84, The main purpose of CMs is the contraction and relaxation in a cyclic manner,
which is supported by CM-specific sarcolemma, a structure that tightly controls
molecules entering the CMs®2. CMs contract in a synchronized manner via spatially
defined Ca?* in- and outflux between the cytoplasm and sarcoplasmic reticulum
(SR)®. This in- and outflux is controlled and initiated by the electrical activity of the
sarcolemma and can be classified into five phases® (Figure 2). The initial phase
(phase 4) describes the resting phase with a membrane potential of ~ -90 mV. In
phase 0, the voltage-gated Na* channels open to cause a rapid depolarization
resulting in a positive membrane potential. In phase 1, the Na* channels close and the
voltage-gated K* channels open resulting in a rapid repolarization®. Phase 2, the
plateau phase, is characterized by Ca?* entering the cell via voltage-gated L-type Ca?*
channels while the K* efflux continues88. In this phase, CM contraction takes place.
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Ca?* is the principal intracellular signaling ion and is not only provided from
extracellular space by the surface membrane transverse tubules®’, but also via
intracellular release of Ca?* via ryanodine receptor 2 from the SR, where Ca?*is tightly
packed via calcequestrin®:28, The available intracellular Ca?* binds to troponin-C
inducing conformational changes in the troponin complex. These conformational
changes provide binding spots for myosin to actin, resulting in contraction of the
myofilaments82.8289 Post-contraction, intracellular Ca?* is removed and stored in the
SR via the SR Ca?* adenosine triphosphatase pump (SERCA) and through Na*/Ca?*
exchangers in the sarcolemma?®. In phase 3, the voltage-gated Ca?* channels close
and the slow voltage-gated K* channels open to restore the resting membrane
potential®®.

As cyclic contractility is their main purpose, the mitochondria and contractile

machinery make up mor e t hantorbeétdhe loigh enerjye CMO s

requirements®. To increase the heart rate, contractile frequency changes are induced
by norepinephrine released by neurons, which leads to the generation of cyclic
adenosine monophosphate and activation of protein kinase A pathways. This induces
increased expression of proteins involved in contractile regulation, such as SERCA,
ryanodine receptor 2 and L-type Ca?* channels®®. The electrical coordination
between CMs is coordinated by gap junctions and the cardiac conduction system?&085,
Gap junctions are low resistance intercellular connections formed by connexins with
connexin 43 being the most abundantly present followed by connexin 40 and 45. The
location of these gap junctions varies between developing CMs and adult CMs: in
young CMs, gap junctions are located all over the cell, while in adult CMs, post-
elongation and bundling, gap junctions are only located at both tips of the cell, thus
increasing the speed of signal transduction®:%,

Further characteristics of the CMs in the adult heart are karyokinesis without
cytokinesis, resulting in two nuclei per cell. Although they are growing, adult CMs are

non-proliferative®®. CMs are also active in intercellular signaling. They can secrete

several proteins and growth factors, such as tumour necrosis flUactor

transforming growth factor b  ( TOGQF, i nterl euki nbb, 1611y

angiopoietin-1 and -2 as well as vascular endothelial growth factor A (VEGF-A). These

and

(
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molecules play major roles survival and contractility of CMs as well as promoting of

vascularization in myocardial tissue®.
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Figure 2: Membrane potential changes in CMs are distributed in five phases. 0: depolarization, 1: initial repolarization, 2:

plateau, 3: rapid repolarization, 4: resting potential. Adapted from®.

1.2.2 Endothelial Cells

ECs line the inner lumen of blood vessels and are in direct contact with
molecules, nutrients, cells and toxins transported by the blood. They regulate the
exchange of these molecules between blood and surrounding tissue to ensure
homeostasis®. In addition to presenting a physical barrier between blood and tissue,
ECs control vascular wall integrity and permeability, thrombosis development as well
as cell differentiation and division by angiocrine signaling®.-°2. Activation of angiocrine
signaling is controlled by mechanosensing via flow through VEGF receptors at the
luminal side®® and by integrin-mediated ECM-signaling at the abluminal side®. ECs
secrete proteins to form a BM which separates the tunica intima, the innermost layer
of blood vessels, from the tunica media, the middle layer of the blood vessel®. ECs
are the main source for BM proteins, including LAM, COL4, NIDs and heparan sulfate
proteoglycans3®7%, By controlling the formation of a BM, ECs provide initial stability
and spatial orientation during organogenesis®-%. Additionally, ECs secrete signaling

molecules and various growth factors that can influence proliferation, migration and
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differentiation®%, underlining their important role during development and
homeostasis.

Vasculogenesis, the de novo formation of vessels, occurs three weeks post-
gestation, when vascular plexuses are formed from multipotent mesenchymal cells®”.
Vascular maturation and branching angiogenesis leads to extension and maturation
of these premature vessels®®9. Simultaneously, from three to eight weeks post-
gestation, organogenesis occurs, where the changing local environment drives the
differentiation into organ-specific ECs, which secrete growth factors pushing the
differentiation of organ-specific cell types3®1%°. Hence, ECs express a significant
heterogeneity between organs and even within organs, influencing phenotypes and
functionality of other cell types4.

Once matured, blood vessels are composed of three layers. The first and
outermost layer is the tunica adventitia, comprised mainly of fibroblasts that secrete
ECM proteins to form the IM around the vessel to provide mechanical stability. The
middle layer, tunica media, contains SMCs and pericytes, while the inner layer, tunica
intima, is built up by ECs!4101, As highlighted earlier, blood vessels are classified into
three groups: arteries, veins and capillaries. Depending on their location in the
cardiovascular systems, ECs express significant differences. Arterial ECs form a
dense monolayer with high barrier function and have reduced proliferation and
branching to maintain this phenotype!®? 194, Furthermore, arteries are characterized
by a thicker and stronger BM encompassing more SMCs to provide mechanical
support to withstand high arterial pressure'®319, |n contrast, veinous ECs are more
proliferative©3104 with higher branching capabilities'31%4, leading to a more irregularly
shaped vessel structure. Veinous ECs express less BM proteins, resulting in thinner
BM and tunica medial®® 195 which increases their elasticity.

When the blood travels along the vascular tree from the heart to peripheral
tissues, it reaches capillary structures where the exchange from tissue to blood takes
place®'. The morphological appearance of capillaries is designed to facilitate the
exchange of oxygen, nutrients and waste. It is important to note that not only the

perivascular sheath surrounding vessels decreases traveling along the vascular tree
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from macro- to microvasculature, also the thickness of ECs themselves decreases

from 1 pm in macrovasculature down to 0.1 um in capillaries”.

1.2.3 Cardiovascular Extracellular Matrix and Pathologies

A functional vasculature that provides a healthy BM is vital for maintaining
functionality in cardiac tissue. The shape and function of CMs is dictated by their
cytoskeleton, which is also responding to the underlying BM8. CMs mainly interact
with the underlying BM by integrin-signaling and dystroglycans and DDR1/2°".
Dystroglycans are the major non-integrin receptor in the membrane of CMs. These
transmembrane receptors are compr i s e d -/ fldmain§ that form adhesion
complexes with proteins of the BM, such as LAMs or dystrophin to support
sarcolemma stability against mechanical stress®7:1%, DDR1 and 2 are the second non-
integrin receptor tyrosine kinases of the CM membrane. They have been described to
interact with BM proteins such as COL4 and other fibrillar collagens!®’, offering binding
sites for both IM and BM. Binding of DDRs activates autophosphorylation of tyrosine
to control proliferation, migration and adhesion and can further be harnessed as
markers for cardiac fibroblast induced matrix remodeling after myocardial ischemia
(MI) or MI and reperfusion injury (MI/R)°7,

Changes in the ECM of cardiac tissues are associated with a variety of
diseases. In the native state, cardiac BM is composed of LAM and COL4
interconnected by perlecan and NIDs. The BM ensures cellular polarization, acts as
reservoir for growth factors and anchors the residing cells to the IM®7.198, Collagen
types 15 and 18 are polarized to link the BM to IM. Additionally, direct interaction
between COL4 and collagen type 6 creates a physical connection between the fibrils
of IM and BM to strengthen their cohesion®’. Deficiency in perlecan and NIDs, can
lead to lethal cardiac abnormalities, since they are critical to maintain structural
integrity of the BM under mechanical stress!%110, COL4 deficiency results in blood
vessel dilation, cardiac hemorrhaging and abnormal development!'l112  Similarly,
LAM deficiency can lead to microvasculature rupture, resulting in the development of

CVDs such as hypertrophic cardiomyopathy®’.
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CVDs are the leading cause of death attributing to more than 60 million deaths
per year in Europe alone314, From 1990 to 2019, the worldwide prevalence doubled
to 523 million cases®’, where patients above 80 years are most affected with a
prevalence rate greater than 80%?*°. CVDs include diseases of the heart itself, such
as hypertrophic cardiomyopathy and MI/R, as well as diseases of the vascular system,
including atherosclerosis or deep vein thrombosis®2.

A disease pattern often associated with constriction of coronary arteries is
MI/R16, MI/R is characterized by reduced or no blood flow to the heart resulting in an
imbalance between oxygen supply and demand (ischemia) resulting in damage and
dysfunction of cardiac tissue!!’. Studying MI/R has shown that the reperfusion injury
attributes for 50% of the final Ml size!!®, The main cells suffering from reperfusion
injury are CMs. The lethal reperfusion results in oxidative stress, intracellular Ca?*
overload and rapid changes in pH-value which causes mitochondrial
permeabilization!'®. Characteristical changes in the MI/R zone include glycogen
depletion, margination of nuclear chromatin, mitochondrial swelling, breaking of
sarcolemma and scarring!*®. Depending on the severity of the MI/R, mitochondrial
permeabilization can be rescued or results in apoptosis or necrosis!!’. Disruption of
the mitochondrial membrane causes production of reactive oxygen species which
activate stress pathways via IL-1b, TNF-U and nuclear factor k-light-chain-enhancer
of activated B cells (NF-a B resulting in CM death!”. In the surrounding
microvasculature, reactive oxygen species signaling can lead to impaired vasomotion,
obstruction, microembolization, leukocyte adherence accompanied by infiltration and
inflammation and even rupture of vessels to further worsen the pathological state!'6.
Several approaches have been pursued to inhibit the activation of such stress
pathways, decrease the MI/R scar size and restore native ECM composition'é. These
include the inhibition of inflammatory process by phosphoinositide 3-kinases -0 i
inhibitors, the use of anti-apoptotic agents (e.g., erythropoietin) or intracoronary
aqueous oxygent!®, Another strategy is ischemic preconditioning by controlled
reduction of oxygen in remote tissue which activates protective nitric oxide
pathways!'’; however, there are currently no effective treatments available to reduce

the MI/R scar size and the one year mortality rate remains above 10%16.118,
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After pathological stimuli, such as long-term heightened blood pressure or
MI/R, which result in apoptotic or necrotic CMs, the remaining CMs are exposed to
increased workload. This increased stress over time and the limited proliferative
capacity of the remaining CMs leads to CM growth as well as ECM remodeling termed
hypertrophic cardiomyopathy®. Hypertrophic cardiomyopathy can activate the
pathways involving protein kinase B, glycogen synthase kinase-3 b, or ERK1/2.
Disruptions in these pathways can result in systolic (contractile) dysfunction, which is
characterized by increased secretion of MMPs and reduction in COL network integrity,
driving CM loss; or diastolic (relaxation) dysfunction induced by excessive production
of fibrillar COLs in the IM as well as COL4 in the BM accompanied by impaired
sarcolemma anchorage®’.

Other cardiac diseases involving changes in the ECM are myopathies.
Myopathies are rooted in mutations of the CMs within the striated muscles located in
the myocardium, affecting their mechanosensing. The dysregulation of integrin-
mediated interaction between sarcomeres and ECM can lead to hypertrophic
cardiomyopathy!1®'122. Concomitant changes in cardiac behavior can increase the
deposition of COL1 by cardiac fibroblasts resulting in cardiac fibrosis!?3. Changes in
the cardiac ECM composition have a negative impact on CM function, as the BM
ensures separation and interaction between intracellular structure of CM with the
extracellular space and provides binding sites for signaling ions including Ca?* 6787, A
functional ECM therefore plays an important role in mammalian transmembrane ion
exchange and cardiac function®”. Tissue engineered implants used to treat cardiac
diseases must be designed to mimic and replace the structure and function of native
tissuel?4. Approaches include the use of isolated ECM proteins or decellularized tissue
to provide a structure closely mimicking native ECM to support neoformation of tissue
in vivo'?4125_ |solated ECM proteins used for cardiac tissue engineering include fibrin,
elastin or COL1. Fibrin offers controlled degradation properties and improved
elastogenesis compared to COL1'%6 and has already been used to successfully
deliver mesenchymal stromal cells (MSCs) into regions of MI/R*?’. Elastin offers
comparable mechanical strength as the native tissue regarding both CMs and ECs

and offers autocrine signaling for controlled SMC regulation'?®'130, COL1, as a main
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component of the cardiac IM mediates cell adhesion, proliferation, migration and
differentiation and is a wuseful tool to study myocardial contraction and
electrophysiology in vitro?4131, A functional recapitulation of the native ECM could be
achieved by mixing all three ECM gels to offer several different binding sites and
mechanical characteristics to mimic the complex architecture of human cardiac

tissuel?s,
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1.3 Pancreatic Tissue

The pancreas is part of the digestive system and consists of exocrine tissue
(>95%) and endocrine tissue (<5%)*%2. The exocrine pancreas consists of acinar cells
that secrete digestive enzymes, such as amylase, proteinase and lipase into the
gastrointestinal tract to digest fats, proteins and carbohydrates!33. The endocrine
pancreas is built up by islets of Langerhans that secrete hormones to regulate blood
glucose levels!3, Islets of Langerhans are aggregates of different cell types with a
size ranging from 50-400 pum in diameter, with a mean diameter of 150 um?3>136, The
two main cell types in islets of Langerhans are ~3 0 %-cdlls secreting glucagon and
~60% b-cells secreting insulin'®’. Glucagon is secreted at low glucose levels in the
blood and results in breakdown of stored glycogen into glucose to elevate blood
glucose levels'®. Insulin is secreted at high blood glucose levels to mediate the
uptake of fatty acids, glucose and amino acids in insulin-sensitive tissues, including
muscles, adipose tissue or liver; in the liver, glucose is stored as glycogen28139, Other
cell types present in the endocrine pancreas include U-cells (~5%) secreting
somatostatin, a local paracrine inhibition of both insulin and glucagon'4%, pancreatic
polypeptide cells (~1-2%) secreting pancreatic polypeptide that regulates post-
prandial pancreatic secretion activites'4!,  a rcells (1310%) secreting ghrelin42i 145
which mediates insulin, glucagon, pancreatic polypeptide and somatostatin

secretion146i 150,

1.3.1 Insulin-producing b-cells

Insulin secretion by b-cells is triggered by glucose, amino acids and non-
esterified fatty acids; however, glucose is the most potent regulator'>. Once triggered,
insulin is secreted in a biphasic manner where the majority of intracellularly stored
insulin is secreted within 5 min (first fast phase), and the remaining insulin is slowly
released in the second phase while new insulin is produced (second slow phase)!®2.
Glucose is transported into h u ma rcelldvia glucose transporter 1 via facilitated
diffusion®®3. After entering the cell, glucokinase controls the phosphorylation of
glucose to enter glycolysis'>*. Once the process of glycolysis is finished, the endpoint
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product pyruvate is transported to the mitochondria to enter the Krebs cycle to produce
adenosine triphosphate (ATP)!°. The rise in intracellular ATP levels results in K*atp
inactivation and membrane depolarization, which opens Na* and Ca?* channels. The
entry of Ca?* results in fusing the intracellular insulin vesicles with the plasma
membrane to release the insulin®® (Figure 3). Post-secretion, Ca?* homeostasis is
maintained by the endoplasmic reticulum (ER)'®’. Along with Ca?* influx, insulin
trafficking requires remodeling of the cytoskeleton and actin filaments via focal
adhesion complexes which can be controlled by the MAPK pathway!®81%9 As
described earlier, the MAPK pathway can be triggered by external effectors, such as
binding to integrin or growth factor receptors, which suggests an important role of the

BMf or insulin secreticels®and functionality of
Tglucose ® Tinsul
® o
o ©
O]
GL U OcO
5
)
! =
glucose
)
AN
glucokinase @ %OO

A 4
g% insulin
guco-6phosphate ®% vesicles

glycolysis 1+

v

me mbr ane
TATP depolarizT@ﬁ“lon

] N
Kftchannel Ca&'channel
closed open

Figure 3: Schematic pathway of glucose-induced insulin secretion in b-cells. Adapted from?®s2.

The pancreatic ECM is mainly composed of COL4, LAM, NID1, NID2, heparan
sulfate proteoglycans (e.g. perlecan)¢1.162 as well as COL1 and FN'63, Interestingly,
islets of Langerhans are surrounded by two distinct BMs: the peri-islet BM that delimits

the endocrine from the exocrine tissue and the vascular BM between the endocrine
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tissue and the capillaries!®4. Both BM are mainly composed of LAM, COL4 and NIDs
as linker proteins!®. The BM plays an important role in developing and maintaining
the function of the endocrine pancreas. LAM U5 a n d h&@©hedn described to
modulate b-cell differentiation and maturation as well stimulate b-cell functionality in
vitro'66.167 Interaction of b-cells with their environment is controlled by a large
spectrum of surface proteins, including integrins, growth factor receptors, ion channels
and transporters'®8. The binding of the arginylglycylaspartic acid sequence present in
LAMs or FN to integrin Uv b 3 pedally érgportant for ECM related signaling69.170,
In general, b-cells are highly susceptible to their ECM environment, where differences
in composition can have a significant impact on their functionality. FN alone as well as
in combination with LAMs and COL4 has been reported to have positive effects on
glucose-stimulated insulin secretion (GSIS) of b-cells'’1172; however, it was also
shown that FN coating resulted in disintegration and loss of the structural integrity of
islets of Langerhans®®. COL1, which provides structural stability to the pancreas itself,
plays a role in controlling b-cell survival and functionality by providing biochemical
cues?®®. Immature fibrillar COL1 as a result of impaired DCN content in the ECM, can

contribute to loss of b-cell glucose-responsiveness’s,

1.3.2 Endocrine Vascularization

The pancreas is a highly vascularized organi’4. Although the endocrine
pancreas only accounts for <5% of the pancreatic volume, the islets of Langerhans
receive up to 20% of the pancreatic blood flow'’. There are significant differences
between the endocrine and exocrine vasculature!’®. The microvasculature of the
endocrine pancreas is thinner than its exocrine counterpart, contains 5-7x more
capillaries and 10x more fenestraes. It also has a thinner BM to facilitate the reciprocal
exchange of glucose and secreted hormones between blood and tissuel’4177,

ECs within the pancreas are vital during development since EC signaling
initiates insulin secretion and pancreatic budding, where removal of dorsal aorta
precursors lead to insulin deficiency!’8. Native adult pancreatic tissue shows a

capillary density of up to 400 capillaries / mm?179.180 which results in a close proximity
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between ECs and b-cells to ensure the quick exchange between blood and endocrine
pancreatic tissuel’?1811183 These phenotypes are tightly controlled by the secretion of
VEGF-A o-tellsb®. The VEGF-A signalingb et we e n  E-Cells isccongplextbut
can be summarized as follows: ECs are recruited to the endocrine pancreas by VEGF-
A secretion by b-cells'’®. VEGF-A furthermore stimulates growth of vessels and
fenestration to maintain the phenotype of endocrine capillaries®4 186, The attracted
ECs secrete BM proteins, especially COL4 and LAMs (namely LAM-211, LAM-322,
LAM-411 and LAM-511162187.188) tg improve and maintain b-cell functionality, e.g. via
Wnt or MAPK pathway activation and integrin-mediated interaction38189.19 a5 well as
b-cell survival and therefore VEGF-A secretion, closing the feedback loop.
Additionally to VEGF signaling, thrombospondin-1 is an important glycoprotein.
It is secreted by ECs and has the potential to regulate b-cell functionality via TGF-
p19%1194 |t has been described to activate antioxidant defense responses within the
ER via protein kinase R-like ER kinase and nuclear factor erythroid 2-related factor 2
during cellular stress. Such defense mechanisms can prolong the functionality of b-
cells and ensure their survival in vivo, especially since the ER is highly involved in the

Ca?*-mediated sensing, production and trafficking of insulin®.

1.3.3 Diabetes Mellitus

The disease with the highest impact on modern society associated with the
pancreas is diabetes mellitus (DM). DM is a chronic disease characterized by chronic
hyperglycemia due to the depletion and dysfunction of b-cells and accompanied loss
of insulin for blood glucose regulation (type 1) or the defective response to the
secreted insulin (type 2)13°1% 10% of the whole adult population suffer from either
type 1 or type 2 DM, and the numbers are expected to rise from currently 537 million
patients to 783 million patients by 20457, The majority of DM patients suffer from
type 2 DM, which is a multifactorial disease that results in dysregulation of insulin
signaling and the concomitant loss of glucose regulation. Several target organs of
insulin contribute to the development of type 2 DM, such as the liver, pancreas,

adipose tissue and skeletal muscle by lipid accumulations within these tissues that
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directly lead to insulin resistance!®®. The main causes of this lipid accumulation are
high calorie diets and excessive intake of sugar, saturated fatty acids and fats!®’. Type
2 DM can be treated by physical exercise as well as dietary change. The remaining
5-10 % of patients suffer from type 1 DM. The specific cause for the autoimmune
destruction of b-cells is still unknown; however there are several risk factors that
trigger the pathological development such as genetic predisposition®, an
overprotective immune system with auto-reactive thymic lymphocytes?®, a general
immune response dysfunction?°.292 as well as environmental influences (microbiota,
dietary change or viral infections)?°3. These patients rely on lifelong medication by

intake of exogenous insulin via single injections or pump systems.

1.3.4 Edmonton Protocol

Severe cases of type 1 DM can be treated with the transplantation of donor
islets into the patient, known as the Edmonton protocol?°42%5, In this process, the
donor human pancreas is enzymatically digested to isolate the islets of Langerhans
that are then injected into the portal vein of the liver of the patient; however, long-term
insulin independency fails because of impaired graft survival due to loss of ECM70:206
and lack of vascularization following islet isolation and transplantation81204207 Up to
60% of transplanted islets fail within the first week post-transplantation due to initial
ischemic conditions, leading to a maximum insulin independency of one to five
years?98.209 | ong-term complications include immune response modulated fibrotic
capsule formation around the graft including the transplanted islets of Langerhans,
resulting in decreased vascularization concomitant with lack of oxygen and nutrient
supply leading to loss of cellular mass?192!t, During the enzymatic digestion of donor
pancreases to isolate the islets of Langerhans, both vascularization and native ECM
surrounding islets are removed, limiting the chances of islets survival significantly?*2.
Therefore, restoring the native pancreatic ECM that surrounds the islets of
Langerhans in vivo, and the BM of islets in particular to protect the functionality of
insulin-s e ¢ r e tcells, ¢ offspecial interest?324, One promising approach is the
supplementation of native ECM proteins to support the successful integration of
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transplanted islets i nt o ethdésarvivalamdifupctiomality 6 s b o d
of islets post-transplantation?!®21’, The supplementation of native BM proteins,

including the use of NID1, has already been shown to improve the survival and

functionality of isolated human islets ex vivo?*8, highlighting the important role of isletsd

BM in the pancreas; however, the specific roles of the single ECM proteins during
transplantation is not fully understood yet?*°.

Apart from the destruction of ECM, native vascularization is highly affected by
current isolation protocols resulting in decreased long-term functionality and
survival®?%2?1, The microvasculature, responsible for ECM-mediated signaling, and
the capillary network, supplying nutrients and oxygen to the islet???, are especially
affected. Destruction of the vasculature directly affects oxygen concentration and is
followed by ischemic conditions of around 1% oxygen in the islets compared to native
20% oxygen?23, These hypoxic conditions initially affect the isletsocore, represented
by increase in apoptosis and necrosis in the central region of the islets??4225, Internal
apoptosis and necrosis can be hard to identify, demanding improved isolation
protocols or support of islets post-isolation.

Recreating the pancreatic niche in vitro can support islet survival by minimizing
harmful conditions on the isolated cells. This can be achieved by either mimicking the
ECM composition, co-culturing with other cell types, or a combination of both. Co-
c ul t ur icallgor isldts ofbLangerhans with ECs has been described to improve
survival of islets of Langerhans and potentially induce pre-vascularization, a process
that takes up to 14 days in vivo?26'228_ Besides being the main cell type to build up
vasculature, ECs are the major source of BM proteins in the pancreas!®.21522° Hence,
co-culturing of ECs with islets might not only be beneficial on survival and functionality,
but is also necessary to recreate the pancreatic niche, making them a highly potent
candidate to improve islet survival ex vivo. Other cell types that are described to
support islets survival and functionality are ductal epithelial cells, fibroblasts or MSCs.
Ductal epithelial cells play a major role in pancreatic morphogenesis?*° and during
differentiation of stem cells into pancreatic islets?3. Since these cells also originate
from foregut endoderm, they can also be used to create insulin-producing cells?3L. In

the native pancreatic niche, they secrete growth factors, such as insulin-like growth
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factor Il, to control the b-cell population®232, A COL1-matrix populated with
fibroblasts has been shown to enhance survival and functionality in vitro over 30 days
as well as reducing the required amount of transplanted islets by 50% in diabetic B6
mice?33. MSCs, a self-renewing multipotent cell type with immunomodulatory
properties, offers another potent cell type for co-transplantation. They have been
described to improve graft survival and function in vivo?34. Potential reasons for
improved functionality due to co-culture with MSCs include their secretion of bioactive
molecules and improved cell-cell contact by increased expression of N-cadherin?3®,
Consequently, the co-transplantation of islets with supportive cell types resulted in

enhanced functionality and reduced revascularization time post-transplantation236' 245,
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1.4 In Vitro Models for Diabetes Mellitus Research

Significant advances have been made in the recent past to decipher the
pathology behind the failure of islet transplantation as well as underlying mechanisms
of DM itself. Scientists rely on the use of animal models to study such mechanisms in
the in vivo environment, including insects, rodents, pigs and non-human primates?45;
however, the translation from animal models to humans is difficult, since there are
significant differences in species-specific pathogenic pathways at gene, protein, cell
and organ level>*”'25%, On top of the varying biological components between single
animals, growing ethical concerns and the concepts of 3R (reduce, refine, replace) in
animal research have increased the importance of in vitro models for basic research.

In vitro models offer a more ethical alternative to the use of animals with the
advantage of substantial control of the environmental influence on the system?%2,
Furthermore, the low costs compared to in vivo studies combined with the potential of
high throughput studies make them a viable alternative?>3. DM research has greatly
relied on the use of rodent-derived immortalized cell lines from primary cells, such as
INS-1E or MING2°4, Although these cell lines offer reproducible results, the
translatability of results from rodent to human models is limited. Especially for b-cells,
there are reported species-specific differences regarding mechanisms of glucose
metabolism and insulin secretion, such as in glucose uptake by glucose transporter 4,
Krebs cycle, insulin-response to glucose stimulation and other pathways involved in
insulin secretion and gene expression?4?'251.255  As an alternative to rodent b-cells,
cadaveric human islets from organ donors can be used for in vitro models; however,
availability of donor organs is highly limited and the quality of those available for
research is often poor?°6. Additionally, donor-related variations result in heterogenic
experimental outcomes?°7:258, Donor variability is important to validate the efficacy,
e.g., during the development of new drugs prior to in vivo studies; however, for the
establishment of an experimental setup, donor variability can be hindering.

Only recently, in 2011, a human-based immortalized b-cell line was introduced
that overcame the so far existing shortcoming of senescence and loss of glucose-
responsiveness over time in human-based b-cell models?®°. Due to subsequent

advancements, there is now a variety of subsets of functional human-based b-cell
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lines available with different properties, such as conditionally immortalized,
proliferative cell lines that can be turned into non-proliferating, glucose responsive b-
cells or thaw-and-go, non-proliferative b-cells that highly match the insulin-secretory
profile of native human islets260' 262,

The main drawback of such highly controllable in vitro systems is the lack of
physiological relevance, since they do not represent the complexity of the in vivo
situation?®3. To improve such systems, the use of ECM proteins and co-cultures have
been established to recreate the native environment?!®, Further improvements have
been made to induce physiological signals to the system by mimicking biomechanical
forces through microfluidic devices, e.g., organ-on-a-chip systems?*. These devices
can combine mechanophysiological stimuli in combination with several cell types and
native ECM cues to accurately recapitulate the native environment of a specific cell
type of interest in a controlled manner. To study such complex systems without
disturbing the intrinsic equilibrium, non-invasive imaging methods can be used?¢®.

A non-invasive imaging technique that is receiving more and more attention in
the field of biology is Raman microspectroscopy. Raman microspectroscopy is a
standard technique in material and pharmaceutical sciences to characterize the
molecular structure of proteins and polymers266:267. The method is based on inelastic
scattering where a laser is focused on the sample of interest and incoming photons
interact with molecules of the sample and result in both elastic and inelastic scattering
(Figure 4)?%8, In the case of inelastic scattering, where the kinetic energy of the
scattered particle is either increased (Anti-Stokes-Raman) or decreased (Stokes-
Raman). The scattering results in a rotation-vibrational state of the interacting
molecule which can be detected by a frequency shift specific for molecular bonds?6°.
Recently, researchers have applied Raman microspectroscopy to characterize
biological samples to give insights on the biomolecular composition of the tissue and
underlying structures, such as lipids, proteins or nucleic acids?/%2’1, Raman
microspectroscopy has mainly been used to identify structural changes in cancerous
samples?’?'278  put also to track the differentiation processes in neurons?’,

cardiomyocytes?®%281 and pancreatic progenitors?®2. The non-invasive nature of
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Raman microspectroscopy makes it a viable tool to monitor and control the quality of

in vitro models over time.
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Figure 4: Interaction of incoming photons with molecular structures results in elastic and inelastic scattering. Adapted from?68,
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2 Objective of the Thesis

The aim of this study is to investigate the influence of different ECM proteins
on cardiac and pancreatic tissues during periods of normoxic and ischemic
environments to support functionality and survival, and understand the mechanisms
of action to be harnessed during MI/R or islet transplantation.

In the first step, we investigated cardiogenesis and identified the BM protein
NID1 to be cardioinductive. We hypothesized that these cardioinductive properties of
NID1 could be harnessed to support the cardiovascular system during ischemic
conditions in vitro and mitigate the harmful effects of ischemia on cells involved in
CVDs. Apart from the impact of NID1 on the survival of CMs, we were interested in
the effect of NID1 on ECs and fibroblasts, since a functional microvasculature is
essential for wound healing, while transdifferentiation of fibroblasts into myofibroblasts
is the main driver of fibrotic response post-ischemia®22, We further performed in vivo
studies in mice modeling MI/R to investigate whether the results found in vitro are
translatable to the in vivo environment. Additionally, we analyzed the effect of NID1-
treatment on scar size post-MI/R in mice, as pathogenic CM remodeling post-ischemia
is a driving factor of Ml size and therefore survival rate.

In pancreatic tissue, especially for the endocrine pancreas, the restoration of
native ECM post-transplantation is vital for the successful integration into the host. We
therefore investigated in vitro the role of the BM protein NID1, under normoxic and
hypoxic conditions regarding survival and functionality of insulin-secreting b-cells and
explored its mechanisms of action. In addition to NID1, we asked, whether the IM
protein DCN, which is vital for regulation of fibrillogenesis of COL1 in vivo, can be
leveraged to stimulate b-cell functionality and modulate fibrosis formation post-
transplantation in vitro. These effects were investigated in suspension as well as
encapsulated in a COL1 carrier material.

As ECM is mainly secreted by ECs and the pancreas is a highly vascularized
organ, we aimed to improve our in vitro models by implementing a co-culture system
of insulin-producing b-cells and ECs. Initially, we harnessed the approach of magnetic

levitation to create stable co-culture pseudo-islets in suspension to study the
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stimulatory effect in different spatial distributions. Once the co-culture was
successfully established, we used the system to co-encapsulate b-cells and ECs in a
COL1 carrier material in a post-transplantation setup and analyzed the impact of the
co-culture on ECM expression and functionality.

Through these four studies, we aim to highlight that the incorporation of native
ECM proteins, either through direct supplementation or through the use of supportive
cells, is important for the survival and functionality of cells of different tissue origins.
We further address that these proteins are usable in an in vivo approach through their
incorporation in carrier materials towards the long-term goal of improving the outcome

of MI/R and islet transplantation through recapitulation of the native ECM.
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3 Results & Discussion

3 Results & Discussion

3.1 Protective Effects of Nidogen-1 in Ischemic Cardiac Tissues

Ischemic conditions during MI/R result in severe tissue damage and
pathological remodeling of the native ECM?83284, This in turn can lead to cell death,
differentiation and mutations of the initially unaffected cells, worsening the clinical
outcome of MI/R*1, Due to the limited regenerative capacity of cardiac tissue, current
treatments include the injection of cells, growth factors, small molecules and native
ECM proteins into the damaged cardiac tissue to support cellular survival, reduce scar
size and improve clinical outcome for MI/R patients?85' 289,

In the first part of this work, we focused on the use of native ECM proteins
present in cardiac tissue to support the survival of CMs. We investigated the
expression of different ECM proteins in embryonic bodies (EBs) that underwent
cardiovascular differentiation?°%2°1 and found a significantly higher expression of NID1
compared to FN, periostin, LAM, COL1 and COL4 in spontaneously beating EBs
(Zbinden & Layland et al., Appendix I, Figure 1 A,B), suggesting that NID1 plays an
important role in cardiac differentiation. To test this hypothesis, recombinantly
produced full-length human NID1 was supplemented during differentiation into cardiac
lineage, which resulted in increased expression of TNNT2, ACTAZ2 and overall cardiac
troponin T (CTNT)-positive cells in spontaneously beating EBs (Zbinden & Layland et
al.,, Appendix I, Figure 1 C,F). CTNT, encoded by the gene TNNTZ2, is solely
expressed in CMs as part of the sarcomeric structure that regulates their contractility,
whereas ACTA2 encodes U smooth muscle actin (USMA), a marker for early
mammalian heart development. Together, the upregulation of these genes and CTNT
in EBs after NID1 treatment supports our hypothesis that NID1 drives differentiation
towards the cardiac lineage?°22%3, Interestingly, we found that NID1 is also present in
adult heart tissues, suggesting that NID1 not only plays a cardioinductive role during
development, but also a role in cardiac tissue homeostasis over time, making NID1 a
potential treatment option post-MI/R (Zbinden & Layland et al., Appendix I, Figure 1
G,H).
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3 Results & Discussion

MI/R induces a variety of pathological changes in cells present in the cardiac
tissue, including CMs, ECs and fibroblasts. To induce the in vivo effects of MI/R on
cardiovascular cells in vitro, we exposed cells to hypoxic conditions of 1% oxygen,
recapitulating the oxygen tissue concentration during ischemic invents, and
investigated whether NID1 can mitigate these hypoxic effects. The supplementation
of NID1 to human induced pluripotent stem cell (hiPSC)-derived CMs resulted in a
significant decrease in caspase-3 expression and terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL)-positive cells under hypoxic conditions.
Caspase-3 is a downstream activator of the apoptotic pathway, while the TUNEL-
assay identifies DNA fragmentation as a marker for late-stage apoptosis?®*. The
combination of downregulated caspase-3 expression and TUNEL-positive cells post-
NID1 treatment under hypoxic conditions showed that NID1 can reduce the impact of
hypoxia-induced cell death in CMs (Figure 5 A,B). In addition to improved survival,
NID1-treated CMs expressed significantly higher levels of TNC, TGFB1 and THPS1
(Figure 5 C). TNC is involved in the detachment process of CMs from pathological
ECM for reorganizing and rebinding to the ECM, preventing anoikis?%®. Additionally,
both TNC and THPS1 are downstream activators of TGF-b-signaling, which is a
regulator of fibrotic fiber deposition in cardiac tissue post-infarction2%.

The main cells responsible for pathological ECM remodeling post MI/R are
fibroblasts that transdifferentiate into myofibroblasts following hypoxia concomitant
with increased deposition of ECM proteins resulting in fibrotic scar formation'622,
Human dermal fibroblasts cultured under hypoxic conditions expressed significantly
higher levels of U S M.AUpon NID1-treatment, this expression could be completely
inhibited, indicating that NID1 prevents the phenotypic switch from fibroblasts to
myofibroblasts, potentially minimizing the pathological ECM remodeling post-MI/R
(Figure 5 D). In addition to preventing the phenotypic switch, we found that especially
the expression of MMP genes, namely MMP7, MMP11, MMP12 and MMP13 were
significantly downregulated after NID1-treatment. MMPs in general are associated
with ECM remodeling, showing that NID1 has the capability to limit the remodeling
response of fibroblasts during hypoxic episodes.
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3 Results & Discussion

In addition to CMs and fibroblasts, the ECs of the microvasculature are also
affected by cardiac ischemia. Angiogenesis post-ischemia is vital to support ECM
remodeling. Therefore, we investigated whether NID1 has the potential to improve
angiogenesis in vitro. We found that NID1-treatment significantly improved several
parameters related to angiogenic potential in human umbilical vein ECs (HUVECS) in
vitro (Figure 5 F). In summary, NID1-treatment shows significant impact on cells of the
cardiovascular system under hypoxic conditions providing cardioprotective, antifibrotic
and pro-angiogenic stimuli that could improve the outcome in of MI/R in vivo.
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Figure 5: NID1 reduces the harmful effects of hypoxia treatment on cardiovascular cells. (A,B) NID1 supported survival of

hiPSC-CMs under hypoxic conditions shown by (A) reduced caspase-3 expression (n = 6) and (B) reduction in TUNEL-positive
cells(n=10);1-way ANOVA wi th Tuk ey 0&)GenelexpiegsibnaliffeceacesirehiP$CGCGMs induced by NID1-

treatment of genes related to matrix production, degradation and regulation via gPCR array (n = 3). (D) NID1-treatment

significantly reduced USMA expression in fibroblasts under 3)¢pwayANOQY/Awitbndi ti ons
Tukeyds mul ti.(fE)Gneexpregsianrdiffesenaes in fibroblasts induced by NID1-treatment of genes related to matrix

production, degradation and regulation via gPCR array (n = 3). (F) Tube formation assay of HUVECs on serum-reduced Matrigel

in absence (control) and presence of NID1 showed a significant upregulation of pro-angiogenic parameters after NID1-treatment.

For gPCR, only significantly differentially regulated genes with a fold change > |2| and p<0.05 are displayed. *p<0.05; **p<0.01,

***n<0.001 and ****p<0.0001. Scale bars equal 50 pm. Adapted from?'°,
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3 Results & Discussion

To understand the mechanisms of action of NID1, we explored potential binding
partners for NID1 in hiPSC-derived CMs, and identified integrin Uv b 3
cardiomyocytes?®’. We confirmed the binding of immobilized U v bwath soluble NID1
dose-dependently between 25 to 50 pug/ml via divalent cation-dependent interaction
(Zbinden & Layland et al., Appendix I, Figure 3 A), which has been reported earlier?%,
Through blocking of Uv b 8e were able to inhibit the reduction in caspase-3
expression under hypoxic condition by NID1-treatment, elevating the values to PBS-
controls (Figure 6 A). Accordingly, the number of TUNEL-positive cells significantly
increased after blocking of Uv bi® hiPSC-CMs, supporting that NID1 has a
cardioprotective effect in CMs via binding to the integrin U v birBvitro (Figure 6 B). The
digital western blotting technique (DigiWest?®®) was used to decipher potential
pathways activated by NID1 binding U v b I8ID1-treated hiPSC-derived CMs showed
significant upregulation of Bax, pERK1,2, SAPK, MOB1, Racl1/Cdc42 and Wnt3,
whereas b-Raf, pFAK and Notch2 were significantly downregulated (Figure 6 C,D).
Bax and SAPK are involved in pro-apoptotic pathways3°%31, To investigate whether
NID1-treatment and the concomitant increase in Bax and SAPK led to a shift towards
pro-apoptotic conditions, the ratios between Bax and Bcl2 as well as SAPK and
ERK1,2 need to be considered. These ratios depicted in Figure 6 E and F show no
significant differences between NID1-treated CMs and control, which indicates an
offset of Bax and SAPK expression by (non-significant) upregulation of Bcl2 and
ERK1,2. The upregulation of pERK1,2 and Rac1/Cdc42 suggests the activation of the
MAPK pathway which drives the protective effect of NID1 in CMs. The effectors of the
MAPK pathway, such as pERK1,2 are expressed within CMs following cellular stress
(hypoxia), protecting them from apoptosis®®2. Agrin, a proteoglycan associated with
the BM, has been shown to support heart function by CMs and other heart cells
through CM division and proliferation via activation of the MAPK pathway via Dag13%,
Interestingly, agrin has also been described to bind t he i nt e,gactivating
downstream pathways including MAPK and Wnt signaling, highlighting the potential
of different ECM proteins to induce cardioprotective effects via MAPK and Wnt

signaling394.395,
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3 Results & Discussion

The upregulation of MOBL1 is associated with inhibiting the Hippo pathway,
which has been described to limit the cardiac regeneration in adults3°. The
upregulation of Wnt3 is a downstream element of Uv b 3  a c ,twhishéhasibeen
associated with cell survival®®’. In addition to the activation of Wnt signaling, the
acti vat i o-domairf of thehitegrim & known to activate TNC expression®%,
which we showed to be the most upregulated gene in hiPSC-derived CMs post NID1-
treatment. All of the presented results suggest that NID1 acts in a cardioprotective
manner through Uvb3 signaling in CMs via do

and MAPK pathway as well as through inhibiting the Hippo pathway.
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Figure 6: NID1 upregulatespr ot ei ns of the MAPK pathway vi a -GMs.tBedingiofintegfimb 3 i nt er a
U v bishibited the positive effects of NID1 on hiPSC-CMs under hypoxic conditions as shown by (A) increase in capase-3

expression and (B) increase in TUNEL-positive cells in comparison to control (n O 14vay ANOVA with Tukey6s m
comparisons test. (C) Heatmap and (D) column wise fold change representation of differentially expressed proteins in NID1

treated samples (n = 4); non-parametric Wilcoxon Rank sum test. Protein ratios of (E) Bax to Bcl2 and (F) SAPK to ERK1,2

showed no change after NID1-treatment (n = 4); unpaired t-test. *p<0.05; **p<0.01. Adapted from?*,
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3 Results & Discussion

The positive outcome of NID1-treatment on different cell types affected by MI/R
injury in vitro raised the question whether these supportive and preventive effects were
translatable in vivo. In C57BL/6J mice, MI/R was induced via ligation of the left anterior
descending artery. Injured areas were treated post-infarction with injections of a
hyaluronic acid (HA) carrier material alone or with NID1 (HA+NID1) and compared to
saline-injected mice as baseline. In NID1-treated mice, echocardiographic analysis
showed an overall improvement in parameters for left ventricular volume and diameter
(end-systolic volume, left ventricle end-systolic diameter and left ventricular internal
dimension at end-systole) compared to baseline levels 28 days after MI/R (Zbinden &
Layland et al., Appendix I, Figure 2 A-C). Interestingly, HA-treated mice also showed
an improvement, supporting previous studies that reported positive impact of HA-
based hydrogels as carrier materials for cells and growth factors in cardiac tissue3°°,
HA carrier materials have been used to support CM maturation with insignificant
systemic immune response3°. Muscari et al. reported an improvement in blood
perfusion in combination with reduced inflammatory response after treating the
infarcted area with an HA-based scaffold carrying MSCs3!. Further, Yoon et al.
highlighted the potential of pure HA to induce myocardial regeneration and function
post-infarction®'2, We show that in addition to improved functionality, scar size in
HA+NID1-treated mice was reduced in comparison to baseline as shown by Movat
pentachrome as well as Picrosirius and Fast Green staining (Zbinden & Layland et al.,
Appendix |, Figure 2 D-L). The semi-quantification of Picrosirius and Fast Green
staining showed a significant decrease in scar size by 37% throughout the heart. This
finding suggests reduced transdifferentiation of fibroblasts to myofibroblasts post-
infarction that results in decreased matrix deposition limiting the scar size and is in
line with the previously presented in vitro data. Raman imaging was further used to
identify differences between HA+NID1-treated and baseline scar tissue. HA+NID1-
treated infarcted area was characterized by peaks for glycogen (497 cm-?), porphyrin
(1513, 1557 and 1612 cm) and DNA (1093 cm), which closely resembled the non-
infarcted area, whereas baseline scar tissue was dominated by collagen peaks (858,
940 and 1248 cm) (Zbinden & Layland et al., Appendix |, Figure S4). Hence,

HA+NID1-treatment not only had an impact on the size of the scar tissue, but also
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3 Results & Discussion

reduced overall collagen deposition, supporting the finding of reduced matrix
remodeling post-MI/R in HA+NID1-treated mouse heatrts.

Revascularization and reinnervation are highly important for cardiac
regeneration and limitation of scar size post-MI/R3!3. |F staining for U S M-Aand CD31-
positive cells in the infarcted area showed a significant increase in vessel density per
mm? in HA+NID1-treated mouse hearts compared to baseline and HA alone (Zbinden
& Layland et al., Appendix I, Figure 2 M-Q). This finding supports the results shown
in the in vitro tube formation assay indicating improved angiogenic potential after
NID1-treatment. TuJl, a marker for neuron-s peci fi c dubudins svas
significantly increased in HA+NID1 treated mouse hearts compared to both HA and
baseline hearts (Zbinden & Layland et al., Appendix I, Figure 2 R-V). This suggests
that NID1 stimulates nerval reinnervation in infarcted areas, which plays an important
role in successful regeneration of mammalian tissues33.

In summary, we showed cardioprotective and pro-angiogenic effects of NID1
on different cell types of the cardiovascular system in vitro. NID1 mitigated the effects
of ischemic conditions and supported survival and functionality of CMs, fibroblasts and
ECs. We furthermore investigated the potential translatability for the in vivo application
by treating mice with NID1 in a HA-based carrier material post-MI/R. We found that
the positive results obtained in vitro could be recapitulated in vivo and resulted in
improved echocardiographic results 28 days post-MI/R. Additionally, MI/R-induced
scar size was significantly reduced in HA+NID1-treated mice accompanied with
increased vessel density and reinnervation compared to HA-treated and baseline
mice.

These findings underline the importance of recapitulating the native organ-specific
environment in vitro as well as the need for ECM remodeling in vivo to support tissue
regeneration after cardiac ischemic injury. Taken together, NID1 is a promising
candidate to successfully reduce scar size to improve the clinical outcome and long-

term survival of patients suffering from MI/R injury.

39



3 Results & Discussion

3.2 Effects of Nidogen-1 and DecorinonPancr e acelilsc b

The Edmonton protocol offers a promising long-term treatment option for
patients with severe cases of type 1 DM; however, the survival rate of islets of
Langerhans post-isolation and transplantation is one of the biggest limitation for this
therapy?8299, One potential approach to support the survival and functionality post-
transplantation is the restoration of the native pancreatic niche by supplementation of
ECM proteins to the transplanted cells. Therefore, it is of interest to find ECM proteins
that are present in native pancreas and specifically located in close proximity to islets
of Langerhans.

3.2.1 Stimulatory and Protective Effects of Nidogen-1 o n -cdlls

In the first step, we investigated the BM proteins present in the pancreatic ECM
during fetal development and adulthood. We found that the BM proteins COL4, LAM,
NID1 and NID2 were present in the pancreas during both stages (Figure 7 A,B). Co-
localization analysis of the co-staining with insulin (INS) revealed that NID1 had a
significantly higher co-localization with INS compared to all other BM proteins (Figure
7 C). We therefore hypothesized that NID1 is a potential candidate to support islets of
Langerhans post-transplantation.

In order to test our hypothesis, we supplemented human recombinantly
produced NID1 to our human EndoC-b H3 -celi pseudo-islet model. Upon
supplementation with different concentrations of NID1 (20, 30 and 40 pg/ml) under
normoxic conditions, insulin secretion was significantly elevated for all dosages
compared to PBS controls; however, 30 ug/ml NID1 showed the highest insulin
secretion at 20 mM glucose and was therefore used for future experiments (Figure 8
A). Ani ndi c a tcellrfundtianality &hd pseudo-islet integrity is the expression of
the transmembrane protein epithelial cadherin (E-cadherin), which regulates and
maintains cell-cell contact through cytoskeleton remodeling and therefore
functionality®4. b-cells treated with NID1 expressed significantly higher levels of E-
cadherin, which potentially contributes to the improved insulin secretion (Figure 8 B).

The increase in insulin secretion cannot be attributed to more cells secreting insulin,
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as cleaved caspase-3 and TUNEL-staining showed no difference between NID1-
treated and control pseudo-islets (Figure 8 C). The increase in insulin secretion can

therefore be associated with NID1-treatment.
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Figure 7: BM protein staining reveals that NID1 is highly co-localized with insulin in native pancreatic tissue. Expression
of BM proteins in (A) fetal (11 weeks) and (B) adult (64 years) pancreatic tissue with magnified images demonstrated a strong
co-localization between NID1 and INS within the islets of Langerhans. (C) Co-localization quantification of the BM proteins with

INS in adult pancreatic tissue (n = 10); -way ANOVA with Tukeyo6s mul tdaqual 20 pntforngvar i son.

magnification and 5 pm for high magnification images. ***p<0.001, ****p<0.0001. Adapted from?'5.

Under hypoxic conditions, NID1-treated pseudo-islets exhibited higher E-
cadherin levels and were still glucose responsive in terms of increased insulin
secretion at 20 mM glucose, whereas control pseudo-islets did not react to the
environmental glucose (Figure 8 D,E). Concomitant with loss of glucose-
responsiveness, cleaved caspase-3 and TUNEL-staining revealed significantly higher
cell death in control pseudo-islets compared to NID1-treated samples (Figure 8 F).

Raman imaging of control and NID1-treated pseudo-islets under hypoxic
conditions showed higher mitochondrial function as well as increases in insulin and

insulin-transporting lipid vesicle expression, contributing to faster intracellular
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production and release into the extracellular space (Zbinden & Layland et al.,
Appendix |, Figure S6)31°,
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NID1 supplementation at 20, 30 and 40 pg/ml significantly increased the insulin secretion at all dosages compared to control
(PBS) with 30 pg/ml inducing the maximum effect under normoxic conditions (n = 5); 2zway ANOVA wi th Tukeyds mul f
comparison test. (B) NID1-t r e a tcelldselmo-islets expressed significantly more E-cadherin than control under normoxic
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significant difference between control and NID1-treatment under normoxic conditions; unpaired t-test. (D) NID1-treatment at 30
Og/ ml rescued gl uc o scl pseadosletn under hypoxdcscanditioris (nb= 10); 2way ANOVA wi t h Tukeyods

multiple comparisons test. (E) NID1-t r e a tcelldoselido-islets expressed significantly more E-cadherin than control under
hypoxic conditions (n O5); unpaired t-test. (F) Immunofluorescence staining for caspase-3 (n O7) and TUNEL (n O4) showed a
protective effect of NID1-treatment via a significant downregulation of both parameters; unpaired t-test. (G) Blocking of the
i nt egr iinhibitdd the Stimulatory effect of NID1-treatment on insulin secretion o f -cebh pseudo-islets at 20 mM glucose
under normoxic conditions (n ©4), 1-way ANOVA. (H) Heatmap and (I) column wise fold change representation of differentially
expressed proteins in NID1-treated samples (n = 4); non-parametric Wilcoxon Rank sum test. *p<0.05; **p<0.01, ***p<0.001 and
**+*n<0.0001. Adapted from?*5,
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As shown earlier, N | Drhediated tsignaliogn TheCddree v i a

integrin is also expressed within the islets of Langerhans, which led us to the

assumption, t heatelNIsDIlalascot st hor3déyTo validate tigg r i n
hypot hesi s, we blocked the integrin Uvbs3

inhibition of the positive effects of NID1-treatment on the glucose-stimulated insulin
secretion (Figure 8 G). DigiWest protein analysis was used to evaluate the NID1-
induced changes in protein levels under normoxic, high glucose conditions (Figure 8
H,l). We found a significant upregulation of epithelial cell adhesion molecule (EpCAM),
ERK2, pFyn, p21, Src, pSrc, Wnt3 and a trend towards the upregulation of pMEK1/2.
In particular, the upregulation of ERK2, pMEK1/2, Src and pSrc are strong indicators
for the activation of the MAPK pathway in a comparable manner to the results found
in CMs. The MA P-tellspsantolvedanyGSISF. Forthermore, increase
in Wnt3 protein expression is a resul
binding, which is associated with insulin secretion and cell survival®'’. Increase in
EpCAM expression might result in increased Wnt canonical signaling. This can be
induced by the cooperation between the extracellular domain of EpCAM and Wnt
signaling by sequestering Kremen138319, Furthermore, Wnt activation might result in
a positive feedback loop with EpCAM, as EpCAM is a target of Wnt signaling itself,
contributing to increased Wnt activity induced by U v Bligation3%. In summary, we
suggest that NID1 acts via U v dmediated integrin ligation on both CMs and b-cells to
activate several downstream pathways. These pathways include MAPK signaling via
upregulation of Fyn, Src and Cdc42 and crosstalk with Wnt3 signaling as well as the
cell-specific regulation of EpCAM and p21 (b-cells) or Notch2 and MOB1 (CMs)
(Figure 9).
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Figure 9: Potential mechanisms of action of NID1 on CMs and b-cells. Center: common pathway for both cell types. NID1-
Uvb3 ligation results in upregulation of Fyn/Src/Cdc42 stimulating MAPK and Wnt3 signaling. Left: b-cell-specific pathway. MAPK-
induces upregulation of anti-apoptotic p21. EpCAM- and Wnt-mediated crosstalk can enhance insulin secretion. Right: CM
specific pathway. Anti-apoptotic function of NID1 via Cdc42-mediated downregulation of Hippo by MOB1 upregulation. Adapted
from?%5,

3.2.2 Stimulatory Effects of Decorin on b-cells

In section 3.2.1, we focused on ECM proteins of the BM within native pancreatic
tissue. Here, we investigated expression patterns and co-localization of ECM proteins
of both the BM (LAM, COL4) and the IM (FN, COL1, DCN) and their co-localization
with INS via IF staining (Figure 10 A-E). Quantification of the co-localization showed
a significantly higher correlation between INS and DCN compared to any other ECM
proteins investigated in this study (Figure 10 F). To elucidate which cell type of the
endocrine pancreas DCN co-localizes with, we stained islets of Langerhans for
glucagon (GLU;t o i d ecslls)jINSy(to iUd e n tcell§) ynd BCN. We found that
DCN is significantly more expressed in INS-positive areas compared to GLU-positive

areas (Figure 10 1), suggestingaroleof DCN icells. b
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To validate our hypothesis, we treated EndoC-b H B®-cell pseudo-islets with 50
pg/ml of recombinantly produced full-length human DCN and observed a significant
increase in secreted insulin upon glucose challenge compared to the control group
(Figure 11 A). This increase was also accompanied with an increase in the GSIS
index, describing the fold change from low to high glucose, where a higher GSIS index
indicates stronger response to the high glucose environment, highlighting improved
b-cell functionality (Figure 11 A). IF staining for DCN in control and DCN-treated
samples revealed the presence of a ring-like structure, showing the attachment and
physical interaction of the exogenous DCN to the pseudo-islets (Figure 11 B), which
occurred 24 h post-treatment (Figure 11 C). In addition to increased functionality,
DCN-treatment also significantly downregulated the endogenous expression of ECM
proteins FN and COL1 (Figure 11 D, E), while there was no effect on expression of E-
cadherin, INS, LAM and COL4 (Appendix Il, Figure S2). The downregulation of FN
and COL1 is of special interest for graft transplantation, since they are two of the three
main proteins (together with COL3) involved in immune-modulated fibrotic capsule
formation?84321.322. The downregulation of FN and COL1 after DCN-treatment could
therefore support the incorporation of the transplanted graft by reducing the fibrotic
capsule formation, improving vascularization and survival of the cells. The modulatory
effect of DCN has been demonstrated earlier in the context of scar tissue reduction
and inhibition of inflammatory response32%325, The absence of DCN in mice resulted
in increased inflammation by downregulation of histidase, driving inflammation,
oxidative stress, insulin resistance and impaired glucose tolerance3?6'32°, All results
indicate a role of DCN in the regulation of inflammatory response and upholding

glucose tolerance, supporting our initial hypothesis.
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Figure 10: DCN co-l o c al i z e-sellswr rtative pancreatic tissue. IF staining of native pancreatic tissue for the ECM

proteins (A) LAM, (B) COL4, (C) FN, (D) COL1 and (E) DCN. (F) Co-localization quantification with INS showed significantly
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comparison test. (G,H) IF staining for GLU, INS and DCN in human islets of Langerhans. (I) Quantification of co-localization of

DCN with GLU and INS showed significantly higher correlation between DCN and INS compared to DCN and GLU (n = 4);

unpaired t-test. Scale bars equal (A-E, G) 50 pm and (H) 5 pm. ***p<0.001, ****p<0.0001.
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We employed next-generation sequencing to understand the underlying DCN-
induced changes in gene expression xdisat | ed t
We found that a total of 348 genes were differentially expressed upon DCN-treatment.
84 of these 348 genes were mapped to specific pathways using the Kyoto
Encyclopedia of Genes and Genomes (Appendix Il, Figure 3 A). 51 of these 84 genes
were involved in pathways regulating b-cell metabolism, namely ER, oxidative
phosphorylation (OxPhos), cyclic guanosine monophosphate, semaphorin, MAPK
and type 2 DM (Appendix II, Figure 3 B). Of special interest are pathways involving
the OxPhos and the ER.
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OxPhos is a process that produces ATP within the mitochondria®*°. In our DCN-
treated samples, genes related to OxPhos and to the electron transport chain were
upregulated (Appendix II, Figure 3 C,D), indicating increased mitochondrial activity
and providing ATP which is essential for insulin secretion®3%332, -cglls that were not
glucose-responsive demonstrated lower mitochondrial activity compared to glucose-
responsive ones333. Reduced mitochondrial DNA and activity has also been described
to be associated with type 2 DM334, The upregulation of mitochondrial activity is in line
with the increased insulin secretion shown in the GSIS assay, underlining improved
functionality of DCN-treate d -cdils.

The ER, among other tasks, is responsible for the folding of proteins and their
transportation via vesicular traffickingt o t hei r t ar g e-tellsiteedotdngh at i on .
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of pro-insulin and insulin is especially important in a high glucose environment. The
upregulation of heat shock proteins in DCN-treated samples hints towards increased
ER stress (Appendix IlI, Figure 3 E,F). ER stress occurs during periods of high insulin
expression where more insulin and pro-insulin is produced and secreted33% 33
however, up to 20% of pro-insulin is misfolded leading to degradation via ER
associated degradation and unfolded protein response34%'342  explaining the
increased ER stress. Besides protein folding and removal of misfolded proteins,
vesicular trafficking is regulated by the ER. In DCN-treated samples we found an
upregulation of CANX, SAR1A, SEC62 and SAR1B, genes associated with vesicular
trafficking. The increased secretion of insulin requires more vesicular trafficking to
transport the insulin from the ER to the extracellular space. Impaired vesicular
t raff i c-kellsnhgs been debcribed to lead to li p ot o x-cedl faluge ,and b
ultimately DM3437346, MIN6 cells mutant for SarlA were unable to achieve proper
insulin f ol diceldailure#’s*¥ Thisiindiqatesithat SAR1A upregulation
in our samples not only plays a role in trafficking, but also in improved insulin folding.

We furthermore showed a downregulation of genes expressing Wolframin ER
transmembrane glycoprotein (WFS1) and ribosome binding protein 1 (RRBP1). WFS1
is a Ca?*-channel present on the E R i-cells Allowing the entry of Ca?* into the
ER349350  As described earlier, Ca?* is a major regulator of insulin secretion351:352,
Reduction in WFS1 might increase cytosolic concentration of Ca?*increasing the Ca?*
available for Ca?*-mediated insulin secretion. RRBP1 is involved in the interaction
between ribosomes and the ER and is associated with the unfolding protein
response3>3, Reduction or knockdown of RRBP1 has been associated with ER stress;
however, gene analysis of mice suggested upregulation of Rrbpl to result in b-cell
dysfunction and onset of type 2 DM353:3%4,

To gain further understanding in the changes of the ER within DCN-treated
samples, we used Raman microspectroscopy to investigate the ER-related spectra of
control and DCN-treated pseudo-islets (Figure 12). When applying the corresponding
Raman spectra of the ER component to the Raman images, we found no difference
in distribution and expression of ER-positive pixels via true component analysis (TCA)
(Figure 12 A,B, Appendix Il, Figure S4); however, when performing principal
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component analysis (PCA) of the ER component, we found a separation via PC-2,
which was significant when comparing the mean loading scores between control and
DCN-treated pseudo-islets (Figure 12 C,D). The loading plot of PC-2 can be used to
identify peaks and therefore biochemical structures and fingerprints that are
responsible for the separation between both groups (Figure 12 E). DCN-treated
samples were characterized by peaks for phosphatidylinositol (PI) (415, 516 and 770
cm), whereas control samples showed peaks for cholesterol (1444 and 1659 cm™)
and triacylglycerol (TAG) (1252 and 1300 cm) . Quantification of
intensity showed a significant higher presence of Pl in DCN-treated samples (Figure
12 F), while TAG and cholesterol were significantly downregulated post-DCN
treatment (Figure 12 G,H). Pl is associated with intracellular processes including
vesicular trafficking, engulfment, ion channel regulation and intracellular signaling3>>
357, All these processes, especially vesicular trafficking and ion channel regulation are
highly relevant f o rcells. Additidnadllyp ansupregulaidniobM o f
supports the findings of our NGS data that DCN affects ER-related genes.
Furthermore, in a previous study we showed increased expression of Pl in pseudo-
islets under high glucose conditions, further strengthening our findings31-3%¢, TAG was
identified as potential regulator of insulin secretion. Reduced levels of TAG have been
described to increase insulin secretion by increased Katp-channel expression3®9. In
summary, we hypothesize that DCN-treatment acts on the vesicular trafficking system
as wel |l as t he -gallstooimphnogenirtsulin secretioh. Obe potential
mechanism of action through which DCN affects the ER and the mitochondria is
through low density lipoprotein receptor-related protein 1 (LRP1)-mediated signaling.
LRP1 is an endocytic receptor that has various roles in different cell types including
glucose metabolism and lipid turnovers®, It has been shown to bind ECM proteins
including FN36t and DCN?362, as well as growth factors such as platelet-derived growth
factor36® and TGF-b3%4. In murine islets, LRP1 was shown to be essential for the cell
homeostasis of lipid metabolism and insulin secretion, particularly in obese mice3%°.
The deletion of LRP1 resulted in reduced insulin secretion and increased lipid content,
which was in line with previous studies on LRP1 deletion in adipocytes30.
Furthermore, the activation of TGF-b pat hways t ¥4 wagdhtheL RP 1
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Figure 12: Raman imaging shows differences within ER component of DCN-t r e a t-eeldl pséudo-islets at 20 mM
glucose. (A) False color TCA-i mages of ECM, DCN a ncdl pseRlo-isleinidentifie@ by Ramiamimalging. (B)
Corresponding Raman spectra of ECM, DCN, ER and nuclei component. (C) PCA of ER component showed separation via PC-
2 between control and pseudo-islets +DCN. (D) Mean loading scores of PC-2 showed significant difference between control and
pseudo-islets +DCN (n = 3); unpaired t-test. (E) Loading plot of PC-2 identified peaks for cholesterol (1444 and 1659 cm™) and
TAG (1252 and 1300 cm?) describing control and peaks for PI (415, 516, and 770 cm™) describing the pseudo-islet +DCN. (F)
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Scale bar equals 50 um. *p<0.05, **p<0.01.

In the last step of this study, we encapsulated our pseudo-islets in a COL1

carrier material before DCN-treatment, to evaluate whether DCN has comparable
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ef fects on e-celtsamsan beantagedavaitable during transplantation of
islets of Langerhans. A comparative IF staining for COL1 and INS between native
pancreatic tissue revealed a high resemblance between native pancreas and our
COL1-e mb e d d-eeli psdudo-islet model (Appendix Il, Figure 5 A-D). Additionally,
the COL1 gel exhibited comparable mechanical stiffness to native pancreatic tissue
(Appendix Il, Figure 5 E)3681370 making it both a biochemically- and mechanically-
valid model for studyi ngceltsma carrier mataria.c t i

IF staining for DCN after DCN-treatment in the COL1 gel resulted in a
comparable ring-formation and attachment of DCN to the periphery of the pseudo-
islets as demonstrated in suspension (Appendix Il, Figure 5 F), highlighting that the
exogenous addition of DCN does interact with the encapsulated pseudo-islets.
Correspondingly, we f o u n d-celts reacapsulbted in the COL1 gel secreted
significantly more insulin upon glucose challenge after DCN-treatment compared to
control (Figure 13 A). Additionally, IF staining for INS and E-cadherin showed
increased expression after DCN-treatment compared to control (Figure 13 B,C). DCN
al so has modul atory properties on the-
cell pseudo-islets within the gel. While COL1 was again downregulated (Figure 13 D),
FN expression was not affected in the gels (Appendix Il, Figure S8), partly preserving
the modulatory effects regarding fibrotic capsule formation within a 3D environment.
Interestingly, in contrast to suspension pseudo-islets, DCN-treatment also significantly
downregulated the expression of LAM, while COL4 expression was significantly
increased (Figure 13 E,F). Both BM proteins LAM and COL4 have been reported to
increase insulin secretion167 A decrease in LAM would therefore be contradictory
to our finding of increased insulin secretion upon DCN-treatment; however, the
increase in COL4 might account for the decrease in LAM, not limiting the insulin
secretion after DCN-treatment.

Raman mi cr os p e ecellrpgesdo-slptyin COL1 dels furthermore
confirmed the results obtained in suspension: DCN-treated pseudo-islets showed
significant differences in TAG and cholesterol expression within the ER component of
control and DCN-t r e a tcal gseunlo-islets (Appendix Il, Figure S7).
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3 Results & Discussion

Overall, we showed that DCN significantly increased insulin secretion in vitro
in suspension and in a COL1 carrier material. We present that the improved
functionality can be attributed to increased mitochondrial activity as well as improved
vesicular trafficking and ER stress handling. Furthermore, the modulatory effect of
DCN o-gells bmight contribute to a reduction in fibrotic capsule formation via
suppressing the endogenous expression of fibrillar proteins. Taken together, these
ef fects of-cellD@dke DON a fpromising candidate to be used in islet
transplantation to restore the native ECM and support integration and functionality of

b-cells within islets of Langerhans in vivo.
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Figure 13: Effects of DCN are preserved wh e n-cell pseudo-islets are encapsulated in a COL1 carrier material. (A) DCN-

t r e a tcal gsednlo-islets secreted significantly more insulin at 20 mM glucose conditions ( n O-wAa)y; AINOVA with Fisheros
multiple comparison. IF stainingfor(8) | NS ( nC)@c@aX hamd n( (n O 8) showed scéllgseadé-i cantly hig
islets +DCN. IF staining for ECM proteins showed a significant downregulation of (D) COL1 (n O E)) LaMd (o O 9) after
DCN-treatment, while(F) COL4 (n O 6) was si gn i-téstscm@as,|*p<0.0ln*¢*p<d®HR0k Bcaleharspai red t

equal 50 pm.
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3.3 Establishing the Co-Culture of Endothelial Cells a n d-cefls

ECs play a critical role in islet functionality and survival, which has been
reported extensively181,182:207,240,371,372. however, these positive effects have only been
demonstrated in vitro by rodent-only co-cultures®* or mixtures of co-cultures using
rodent- and human-based cells'®2372.373  One limitation of rodent-only and mixed
cultures is that rodents exhibit significantly different ECM-distributions and
mechanisms of action regarding cell-cell signaling and insulin secretion47.374,
Additionally, rodent cells show dissimilarities upon exposure to cytotoxic reagents and
cytoarchitecture, limiting the translatability of results obtained in rodent-based models
to human mechanisms in vivo!4”375, Therefore, human-based in vitro models are
required. To study the mechanisms of actiont hr ough whi ¢ h -gelssn
vivo, the spatial distribution between ECs and islets of Langerhans need to be met in
Vitro376,

To tackle this current limitation, we employed magnetic levitation to control the
aggregation process of co-culture pseudo-islets composed of HUVECs and the
humaelllneEndoC-b H3, creating the f ibassedico-caliure
model of Ecells (Uebandzyk fet al., Appendix lll, Figure 1). Magnetic
levitation uses positively charged poly-L-lysine amino acid chains to attach gold and
iron-oxide particles to cells to make them susceptible to external magnetic fields3”.
This process improves the reproducibility of size of multicellular organoids, eliminating
one major limitation of heterotypic spheroids371:378,

In native pancreatic tissue, we identified three distinct spatial distributions of

r

st

i mu

repo

E Cs a-edls: random distributions (1:1) (Figure 14 A,B), ECs surroeunded
ECs

cells (ECs inside) (Figure 14 Hl) and-c &1l | s s ur r o u n-deblsdnsidely
(Figure 14 O,P). By means of magnetic levitation, we were able to recreate stable
heterotypic spheroids (Figure 14 E,F,L,M,S,T) recapitulating the three different spatial
distributions, where spontaneous aggregation failed to do so. Native ratios of CD31-
positive to INS-positive cells were recreated using magnetic levitation, while
spontaneous aggregation showed significantly lower levels of CD31 incorporation into
heterotypic spheroids (Figure 14 G,N,U). Survival was not affected by magnetic
levitation as shown by TUNEL staining (Urbanczyk et al., Appendix Ill, Figure 4).
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Figure 14: Native distribution of ECs  a n-cellsfin the pancreas can be recreated using magnetic levitation.ECs and b
cells show random distribution (A,B) , -celfs surrounding ECs (H,l) or ECss u r r o u rcdlls (©,8). Spontaneous aggregation
of HUVE C ellainidcaphble of recreating any of these distributions (C,D,J,K,Q,R), whereas magnetic levitation offers
controlled assembly of both cell types (E,F,L,M,S,T). Semi-quantification of CD31 and insulin showed recreation of native ratio
of E C scell$ usingfmagnetic levitation compared to spontaneous aggregation (G,N,U) (n = 6); unpaired t-tests. **p<0.01,
***p<0.001. Adapted from?%,

Functionality assessment of the three spatial distributions obtained via
magnetic levitation or spontaneous aggregation showed a significant increase in
insulin secretion at-ceRifsidenchhditoh (Figuoesl® A).fThis t he
structure was also used in other studies to result in superior insulin secretion, yet not
in a comparative study between different spatial distributions230232.379  Although the
basal level of insulin secretion was significantly i n c r e a s -eefls insiaderobtained
with magnetic levitation, the GSIS index was not impaired showing an overall
stimulation of insulin secretion at both low and high glucose conditions (Figure 15 B).
Interestingly, the spontaneously aggregated b-cells inside spheroids also showed a
significant increase in insulin secretion. This hints towards a stimulation via paracrine
signaling rather than direct contact, since spontaneously aggregated spheroids
contained significantly fewer ECs. It has been previously described that medium
conditioned with EC-secreted growth factors and other signaling molecules increased
insulin secretion'®1230 which could explain the increase in insulin secretion despite
the lack of integrated ECs. TUNEL staining on heterotypic spheroids obtained by
magnetic levitation showed no significant difference in cell death, indicating that the

higher levels of secreted insulin are not due to differences in viable cells in the
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heterotypic spheroids (Figure 15 C-F). IF staining and semi-quantification of E-
cadherin content in the magnetic levitation samples showed a significantly higher
expression of E-c a d h e r i n-cells mside boaditibn compared to ECs inside and
1:1 (Figure 15 G-J). As described earlier, E-cadherin is a cell-cell contact marker
protein and promotes insulin secretion by improving intra-islet communication38' 382,
l'ts binding graoepei ni ecsant cobtr ol acti-n skel
catenin®3,  whi ch regul at es -cellss. Wicomparable mechartismon i n
has been described for MSCs in combination with islets of Langerhans, where co-
transplantation of both cell types resulted in increased N-cadherin expression
concomitant with improved functionality of islets?®.

Ot her potenti al pat hways t doal dunctjamalityw h i ¢ h
includes the interaction of CD31 with its counterre ¢ e p t o ¥238{3% fwidich is also
pr es e n-tells$% Webalready showed the involvement of this integrin on insulin
secr et i-els inodectioh 3.2.1. CD31 has been shown to participate in
heterophilic interactions3®. Hence, CD31 present on the surface of ECs can bind to
the integrin Uvb3 to activate the ERK1/ 2
comparable to the mechanism of action of NID15%:316:38:; however, the fact that
spontaneously aggregated heterotypic spheroids also showed increased insulin
secretion suggests a paracrine signaling-induced stimulation. It is possible that the
ECs present in the heterotypic spheroids secreted different ECM proteins that
st i mul-ecell fandtionality; however, this was not evaluated in the frame of this

work.
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3.4 Effects of Hypoxiaont he Extr acel | uwkllar Matri x of

ECs are a strong candidate to be co-transplanted with islets of Langerhans to
reduce the time until revascularization occurs while supporting islet survival and
functionality. A functional vasculature requires a surrounding 3D matrix in which the
ECs can anchor, grow and sprout. Such matrices can be composed of a variety of
materials, including Matrigel, electrospun scaffolds as well as natural or synthetic
polymers. In chapter 3.2.2, we showed that COL1 can be used as such carrier material
to encapsulate the islets of Langerhans as well as supportive cells!®:38813% |n addition
to its potential to be functionalized and support transplant function in vivo!7%391139%
COL1 has been u scelldundionality ungep mmoxic bonditions’1:397,
We therefore asked the question, whedelser
under hypoxic conditions.

In the first step, we optimized an INS1E pseudo-islet in vitro model under
normoxic conditions (Zbinden & Urbanczyk et al., Appendix IV, Figure 1). After
ensuring reliable functionality, we exposed the pseudo-islets to hypoxia for 48 h prior
to analyzing the i mpact of -tefiseAslexparteds wec
found that hypoxia significantly increased caspase-3 expression and percentage of
TUNEL-positive cells in pseudo-islets, while significantly decreasing proliferation rate
as well as E-cadherin and INS expression compared to hormoxia samples (Zbinden
& Urbanczyk et al., Appendix IV, Figure 2 A-E). Pseudo-islets also lost their glucose-
responsiveness after 48 h of exposure to hypoxic conditions (Zbinden & Urbanczyk et
al., Appendix IV, Figure 2 F). These results indicate a successful modeling of hypoxic
conditonst hat r el i ably i nduc e-cell pséutio-istets.at h on

Raman imaging to compare normoxic and hypoxic pseudo-islets showed a
significant decrease in signal intensity for nuclei and ECM components, while the
mitochondria component was not significantly affected (Zbinden & Urbanczyk et al.,
Appendix IV, Figure 2 G-1). The decrease in nuclei component is in line with increase
in  TUNEL-positive cells, since DNA fragmentation changes the biochemical
composition of DNA'®, In-depth analysis of the mitochondrial component indicated a
significant separation between normoxic and hypoxic samples via PC-1 clustering
(Zbinden & Urbanczyk et al., Appendix IV, Figure 2 J). The loading plot of PC-1
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showed higher mitochondrial activity (at 715 and 1125 cm™) for normoxic samples
compared to hypoxic ones, contributing to the finding of decreased functionality under
hypoxic conditions (Zbinden & Urbanczyk et al., Appendix IV, Figure 2 K)3%:3%, The
ECM component, characterized by peaks at 1173, 1310 and 1340 cm showed
significant decreases in endogenously expressed ECM proteins, contributing to the
loss of pseudo-islet functionality398-400.491 The hypoxia-induced changes in intra-islet
ECMmi ght |l ead to dysregulation of p-cetist®4d feratio

To investigate changesinendogenously expressedelECM prot
pseudo-islets, we conducted IF staining of ECM proteins representing different
groups: LAM and COL4 (BM proteins), NID1 and DCN (glycoproteins) as well as
COL1 and FN (fibrillar and fibril-associated proteins) (Zbinden & Urbanczyk et al.,
Appendix IV, Figure 3). We showed that hypoxia led to a significant decrease in LAM,
COL4, DCN and NID1 expression, while the overall content of FN and COL1 was not
affected. Loss of LAM, COL4 and NID1 are associated with reduced b-cell
functionality, as their signaling directly impacts insulin secretion166.167.215 |n general,
decrease in DCN content can lead to uncontrolled collagen fiber formation, ultimately
leading to fibrosis and graft failure post-transplantation®?. Additionally, DCN has been
shown to positively affect angiogenesis and modulate immune response%4,
Therefore, rescuing the expression of all four ECM proteins under hypoxic conditions
is highly important to support islets survival post-transplantation. Interestingly, hypoxic
conditions resulted in higher nuclear expression of FN without impacting the overall
content. Changes in ECM compositions can induce transcriptional changes in the
nucleus hinting towards cellular stress (such as hypoxia)*®2. Nuclear FN might be a
first indicator of hypoxia-induced cellular damage*®3, since nuclear FN is also present
in cancer cells; yet its role remains unclear*°.

Carrier materials, such as COL1, are commonly used to encapsulate islets prior
to transplantation. Therefore, we embedded our pseudo-islets into a COL1 gel before
exposing them to hypoxic conditions for 48 h to investigate whether the negative
effects of hypoxia could be dampened by the carrier material. The overall structure of
our encapsulation model highly resembles the native pancreatic tissue in terms of islet

distribution and size (Zbinden & Urbanczyk et al., Appendix IV, Figure 4).
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Il n the first step, we i nvesdlsviplistaeiningt he ef
for cell death (caspase-3, TUNEL), proliferation (Ki67) and functionality markers (E-
cadherin, insulin). To be able to interpret the results from pseudo-islets in suspension
to COL1-embedded pseudo-islets, we compared the hypoxia-induced fold changes in
staining intensity in suspension versus COL1 gel. We found a significantly lower fold
change in caspase-3 expression as well as TUNEL-positive cells (Figure 16 A,B) when
pseudo-islets were encapsulated in the COL1 gel. Regarding proliferation, we found
no difference in suspension and COL1 samples (Figure 16 C). In terms of functionality
markers, higher levels of E-cadherin and insulin expression in COL1 samples, which
was significantly different to the decrease we observed in the suspension samples
(Figure 16 D,E). Additionally, we found that the pseudo-islets encapsulated in the
COL1 gel remained glucose-responsive after 48 h of hypoxic conditions (Figure 16 F),
confirming the IF staining results and our hypothesis of the dampening effects of a

COL1 carrier material regarding functionality.
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Figure 16: Encapsulation of b-cells into COL1 gel supports survival and rescues functionality. COL1 embedded pseudo-

islets showed (A) significant decrease in caspase-3 expression ( n  (B) 3ignificant decrease in TUNEL-positivecells ( n O 3)

compared to pseudo-islets in suspension; unpaired t-tests. (C) IF staining for K167 indicated no change in proliferation ( n O 4) :

unpaired t-test. IF staining for (D) E.cadherin (E) Ol 83 (@mdO (4) showed increased insul
encapsulated pseudo-islets compared to suspension; unpaired t-tests. (F) GSIS assay shows glucose-responsiveness of

pseudo-islets encapsulated in COL1 (n=7);22way ANOVA with Tukeydés multiple comparison.
equal 50 pm.
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After finding that the COL1 carrier material supports functionality after 48 h in
hypoxia, we performed IF staining on the six target ECM proteins to investigate the
hypoxia-i nduced changes of endogenou scel&€whibh
encapsulated in COL1 (Figure 17). The BM proteins LAM and COL4 were significantly
decreased, even when pseudo-islets were encapsulated (Figure 17 A,B); however,
the glycoproteins NID1 and DCN showed no significant differences in staining intensity
between normoxic and hypoxic conditions (Figure 17 C,D). Expression intensity of FN
and COL1 remained unaffected by hypoxia (Figure 17 E,G). Interestingly, the
translocation of FN from cytoplasm to nucleus was reversed and showed no difference
between normoxia and hypoxia (Figure 17 F), strengthening our hypothesis of
dampening effects of the COL1 carrier material.

The protective effects of encapsulation on NID1 and DCN expression might
explain the succ e<=d ffundtionalitye @ NIBlr and CN pldy

protein

significant rol es i n s-+dlsvas deanbnstrateddearlferuinct i on all

summary, the decrease in cell death and improved ECM expression indicate a
combination of biological and mechano-physical cues provided by the COL1 gel that

S U p p ocells®4 s,
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Figure 17: Encapsulation of b-cells into COL1 gel restores DCN and NID1 expression under hypoxic conditions. IF
staining and semi-quantification showed significant decrease of (A) LAM (n=4)and (B)COL4(n O 3) C) whCN e(
(D) NI D1 En PN 40n @ COLL (nad)dshoged no significant differences; unpaired t-tests. (F) Quantification of
nuclear FN showed no significant difference between normoxia and hypoxia (n = 4). Scale bars equal (A-E,G) 50 um and (F) 5

um. *p<0.05.

Although COL1 encapsulation helped restore functionality and reduce hypoxia-
induced cell death, encapsulation did not support complete restoration of all
endogenously expressed ECM proteins. Since the BM proteins remained significantly
downregulated, we hypothesized that the co-culture of ECs with b-cell pseudo-islets
within the COL1 gel might restore BM protein content. The co-culture of HUVECs and
b-cell pseudo-islets were functional after hypoxia and showed significantly higher
glucose-r esponsi veness under hypo xdelsin€0Li dal

alone (Figure 18 A,B). IF staining for ECM proteins showed a significant upregulation
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3 Results & Discussion

of both BM proteins LAM and COL4 (Figure 18 C,D) as well as their linker protein
NID1 (Figure 18 F) i n-ceb pseudo-islets after co-culture compared to monoculture
samples. Overall FN expression was also reduced upon HUVEC co-culture
accompanied by a significant decrease in nuclear FN expression (Figure 18 G,H).
Both findings are positive as reduction in overall FN expression might indicate a
reduced fibrotic response, while decrease in nuclear FN expression hints towards
reduction in hypoxia-induced cellular stress and damage*°24%3, The co-culture did not
have an effect on DCN and COL1 expression (Figure 18 E,I).

In summary, we showed that hypoxia significantly reduces the endogenous
ECM e x pr e scell psendo-gsiets, which might be one of the main reasons for
decreased functionality andincr eased cel | deat h.-celBwithinencapsu!
a COL1 gel which provides biochemical and mechano-physical support resulted in
restoration of glycoproteins concomitant with increased functionality and survival. In
previous studies, we showed thate s peci al |l y NI D1 i s anceli mport an
survival. Hence, the COL1-induced rescue of NID1 content could be beneficial for
overall survivalandf u n c t i o ncalls unteyhypmxic cdnditions. The co-culture of
b-cells with ECs, which are one of the main sources for BM proteins in the
pancreast®®215229  restored BM protein content and further enhanced functionality
c o mp ar e-cell moaocuttures. The presented data shows that the restoration of
native ECM i s e s scelrfundtiandlity tnder stress comdiionsh e.g.,
post-transplantation. This can be achieved by using carrier materials in combination
with supportive cell types to enhance survival and functionality of transplanted islets

of Langerhans.
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Figure 18: Co-encapsulation of pseudo-islets with HUVECs increases insulin secretion and restores endogenous BM

protein expression of pseudo-islets. (A) GSIS assay of pseudo-islets co-encapsulated with HUVECs were highly functional

under hypoxic conditions and (B) secreted significantly more insulin compared to pseudo-islets encapsulated alone (n = 7);

unpaired t-test, 2way ANOVA wi t h Samgaaidord ¥ staming and serhi-quantification showed significantly higher

expression of (C) LAM (n O 4D)cOLd(n O 6) Famml (n(O 6), EWICNI(ne®d (6) DO (G 4) were not
affected. (G,H) Overall and nuclear expression of FN was significantly decreased upon co-encapsulation of pseudo-islets with
HUVECs(nO 6) ; u -tegtsa *p<0.65d **pk0.01, ***p<0.001. Scale bars equal (C-G,l) 50 pm and (H) 5 pm.
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4 Conclusion & Outlook

The ECM is a major contributor to homeostasis in healthy tissue and plays a
critical role in pathological developments and disease progression in Vvivo.
Investigating the role of ECM in such pathophysiological processes is an important
component to decipher disease development and progression. Pathological process,
such as MI/R as well as invasive procedures, such as transplantations, have an
immense effect on the homeostatic equilibrium and the native ECM. These changes
further worsen disease progression and limit regenerative processes. Therefore, there
is an urgent need to understand the roles of the different ECM proteins in their native
environment and their effects on the residing cells in terms of survival, functionality
and differentiation since the ECM can determine the survival of the patient and the
success or failure of the intervention. This knowledge could be harnessed to restore
the native composition of the ECM to minimize extents of injuries or to recapitulate the
ECM ex vivo prior to transplantation to reduce recovery time and increase success
rate.

In this thesis, we investigated the impact of the ECM on cardiovascular and
pancreatic tissues. Regarding cardiovascular tissues, we focused on disease
modeling of MI/R, since CVDs and MI/R are a major cause of death in the modern
world. We found that the ECM glycoprotein NID1 plays an important role during
cardiac differentiation and has positive impacts on different cell types of the
cardiovascular system. More specifically, the treatment of ECs, fibroblasts and CMs
in vitro resulted in increased angiogenesis, reduced transdifferentiation of fibroblasts
to myofibroblasts and increased survival of CMs under hypoxic conditions. The
protective effects of N I-niediated signaling ss ofvgreat
interest, since CMs are non-proliferative in vivo. The protection of CMs under ischemic
conditions is therefore of utmost importance for survival of MI/R patients. We
hypothesized, that NID1-treatment of MI/R could reduce the ischemia-induced trauma
in vivo. NID1-treatment showed a significant decrease in scar tissue formation,
increase in nerval innervation and angiogenesis accompanied with improvement in

heart function post-MI/R in mice, confirming our hypothesis; however, there are
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limitations that hinder the direct extrapolation from results in mice to humans. For
instance, mice hearts are 1500 times smaller than human hearts with heart rates up
to ten times faster and differences in electrophysiology®®. Nevertheless, the in vitro
results obtained from human-derived cells in combination with successful in vivo data
indicate that NID1 could be a potential candidate to treat MI/R patients. Its protective
properties on CMs and fibroblasts as well as its stimulatory effects on neurons and
ECs shows the importance of ECM in pathophysiological processes and the potential
of individual proteins in disease treatment and homeostasis restoration.
The ECM also plays an important role for the successful transplantation of islets
of Langerhans to treat severe cases of type 1 DM, as success relies on the integration
of cells into their new environment. One key aspect, therefore, is the restoration of
native ECM which is removed during the isolation process. The successful
recapitulation of the pancreatic niche offers great potential to improve the integration
oftranspl anted cells into the recipientds syster
understand the role of ECM wells, bspatiallydudingt s of L
the initial hypoxic episode before revascularization occurs. To find potential ECM
proteins that might impact the survival and functionality of the insulin-p r o d u ecelle g b
in vivo, we investigated the native ECM of pancreatic tissue. We found that the
glycoproteins NID1 and DCN are highly co-localized with insulin-expressing cells in
pancr e at i c-cells shevged fgnificéntly increased insulin secretion and survival
under hypoxic conditions in vitro upon treatment with NID1. The stimulatory, as well
as protective,e f f ect of NI D1 is mediated via Kvb3 sig
and Wnt signaling pathways. DCN-t r eat ment i ncr easalsinfitmncti onal
by stimulating mitochondrial activity and vesicle trafficking, potentially through LRP1-
signaling. Additionally, DCN-treatment significantly reduced the expression of fibrillar
ECM proteins involved in fibrotic capsule formation. Besides hypoxic conditions,
fibrotic capsule formation around the transplanted cells is a major reason for graft
failure. The combination of anti-fibrotic and stimulatory features makes DCN a
promising candidate to be used as supplement during islet transplantation. The
combination of both ECM proteins, AReEll®1 and LC
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survival and functionality, e.g., supplemented in a COL1 carrier material, recapitulating
the pancreatic ECM even further.

In the next step, we wanted to validate the supportive effects of both ECM

proteins i n a more <clinicall y-celrory pseudonrstets. We d e |

therefore treated isolated human islets of Langerhans from donor organs with our
target concentrations of NID1 or DCN and cultured them under both normoxic and
hypoxic conditions (Figure 19). Under normoxic conditions, all conditions were
glucose-responsive and there was no significant difference observable between
control and NID1- or DCN-treated groups (Figure 19 A). Under hypoxic conditions,
untreated islet of Langerhans lost their glucose-responsiveness, whereas both NID1-
and DCN-treated samples were still glucose-responsive (Figure 19 B). While we
previously demonstrated the protective effect of NID1-t r e at me rcells, this
preliminary result also shows the potential of DCN to support cellular survival and
functionality under hypoxic conditions. Potential mechanisms of action for DCN
besides LRP1 include insulin growth factor 1 receptor4®, U“%%pahd Toll-like
receptor 4497, Future studies including next-generation sequencing will be focusing on

identifying affected signaling pathways in human islets.
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Figure 19: NID1 and DCN supplementation rescue functionality of human islets of Langerhans under hypoxic conditions.
(A) Human islets of Langerhans are functional under normoxic conditions independent from treatment method (n O40); unpaired
ttests,22way ANOVA wi th Tukey s nB)NDIlapdDEN teatmgniarescus iosalin seeretion.in hgman

islets of Langerhans after 72 h of hypoxia (n ©40); unpaired t-tests,22way ANOVA with Tukeyo6s *wdDg i pl e

**p<0.01, ***p<0.0001.
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4 Conclusion & Outlook

External recapitulation of ECM can support survival of transplanted islet cells
and increase the success rate; however, it does not overcome current limitations of
long-term incorporation of grafts into the recipient& body. In order to obtain
homeostasis, the restoration of ECM and its cellular composition needs to be met. A
major milestone to reach homeostasis is the restoration of vascularization in the
transplant area, since ECs play a major role in ECM secretion, cellular recruitment
and differentiation apart from supplying oxygen and nutrients®. To improve the
incorporation of grafts into t lo@anrkeowledge
about the interplay between ECs and organ-specific cells as well as their role in tissue
homeostasis and functionality. Therefore, in vitro test systems need to be developed
that closely mimic organ-specific environments in terms of biochemical and
biomechanical signaling*®®. This includes creating correct ECM compositions by
combining different gel types such as fibrin?4, COL113%190.409  matrigel*® or
decellularized pancreatic ECM as bioink#'!, applying biologically relevant forces (such
as stiffness, strain and shear forces®2412413) appropriate culture techniques (such as
3D culture using soft substrates?114141416) and the use of ECs with organ-specific
characteristics®®. The development of sophisticated in vitro systems encompassing
ECs is necessary to understand the feedback loop between ECs and islets of
Langerhans in the pancreas to optimize vascularization pre- and post-
transplantation®417; however, the main EC type used in developing co-culture
systems until now are HUVECSs, although they do not exhibit biologically relevant EC-
features!82.204,228,245373,4181421  Only recently, scientists are moving away from
HUVECs and use other EC sources, such as microvascular fragments*??, heart
microvascular ECs?4° or mouse pancreatic ECs*°°.

Therefore, our next goal is to investigate the differences in ECs and their impact
o n -cdll functionality to improve co-culture in vitro systems and their meaningfulness.
We started to analyze ECs from human umbilical vein (standard model) in comparison
to ECs from human pancreatic microvasculature (hpmvECs) using Raman
microspectroscopy (Figure 20). PCA of the lipid component of HUVECs and hpmvECs
cultured under standard monolayer conditions showed clustering via PC-2 and PC-3

(Figure 20 A). The mean loading score of PC-2 showed a significant difference, where
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peaks for TAG (1097 and 1127 cm™) characterized HUVECS, while hpmvECs were
characterized by increased presence of cholesterol (1260 and 1655 cm™) and other
membrane lipids (1300 and 1436 cm™) (Figure 20 B). Comparable tendencies were
observable in PC-3, where TAG (1127 and 1249 cm) was found in HUVECS, while
hpmvECs were characterized by sphingolipids (1067 cm™) and cholesterol

(1659 cm™) (Figure 20 C).
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Figure 20: Raman imaging shows differences in biochemical composition of the lipid component between HUVECs and
hpmvECs. (A) PCA of the lipid component shows separation between HUVECs and hpmvECs for PC-2 and PC-3. (B) PC-2
mean loadings score and plot show separation between HUVECs (TAG at 1097 and 1127 cm™) and hpmvECs (cholesterol at
1260 and 1655 cm*; membrane lipids at 1300 and 1436 cm™) (n = 8); unpaired t-test. (C) PC-3 mean loadings score and plot
show separation between HUVECs (TAG at 1127 and 1249 cm™*) and hpmvECs (sphingolipids at 1067 cm™1; cholesterol at 1659
cm™) (n = 8); unpaired t-test. *p<0.05, ****p<0.0001.

Vesicular trafficking ensures the transport of nutrients and oxygen from the
bloodstream to the surrounding tissue and is controlled by the content of fenestrae
build up by membrane lipids®®. The increased expression of membrane lipids in
hpmvECs is in line with the fact that ECs from the microvasculature can be classified
as fenestrated endothelium (more fenestrae to ensure exchange from blood to tissue
in microvessels and capillary), while HUVECs can be classified as a continuous
endothelium#23, In particular, the expression of caveolae, a specific type of membrane
rafts, is highly relevant for ECs within the pancreas. Caveolae are characterized by

expression of caveolin-1, plasmalemma vesicle-associated protein and sphingolipids
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and are involved in signal transduction, nitric oxide release and mediating insulin

secretion*?*, The differences in membrane lipid expression already hint towards

functional differences in EC signaling between HUVECs and hpmvECs when co-
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To investigate the behavior of both EC types under in vivo-like conditions, we
transferred the ECs from static cultures on plastic to cultures on a COL1 gel in a
commercially available chip setup with controllable application of flow and shear
forces (Figure 21). After five days of culture and IF staining for CD31 and filamentous
actin (F-actin), we found that HUVECs do not require the application of flow for cellular
survival and the formation of a confluent monolayer in this chip setup, whereas
hpmvECs did not achieve confluency under static conditions (Figure 21 A, first row).
The application of 5 and 10 dyne/cm?, respectively, differentially affected the
alignment of HUVECs and hpmvECs: while HUVECs expressed the standardized
cobblestone shape uniformly at 5 and 10 dyne/cm?, hpmvECs were elongated and
aligned in the direction of flow (Figure 21 A, second and third row). The different
adaptations can be explained by the fact that HUVECs usually experience low shear
forces between 1-6 dyne/cm?, while shear forces in the microvasculature can range
from 3-95 dyne/cm? 425426,

Semi-quantification of CD31 (Figure 21 B) showed significantly higher values
at 10 dyne/cm?, indicating stronger cellular interaction with increasing shear stress for
both cell types. Interestingly, F-actin expression was significantly higher in HUVECs
under static conditions, while hpmvECs showed highest F-actin levels at 10 dyne/cm?
(Figure 21 C). F-actin alignment studies showed significantly higher alignment of
hpmvECs in direction of flow compared to HUVECs (Figure 21 D). These differences
emerge since microvascular ECs adapt differentially to shear stresses by remodeling
their cytoskeleton to the direction of flow to protect them from hydrodynamic damage
and detachment*?”:428, This indicates differences in intracellular signaling pathways of
ECs determined by their original location in the cardiovascular system. To examine
the presence of caveolae in both EC groups, we stained for caveolin-1 in HUVECs
and hpmvECs at 10 dyne/cm? and found significantly higher caveolin-1 expression in
hpmvECs (Figure 21 E). This finding confirms the results obtained earlier from Raman
microspectroscopy. In a preliminary experiment, we investigated the effect of co-
cultures with different EC types wi t fcell pseudo-islets on GSIS under static
conditions in a COL1 g e-tellscoxulturedrwahsHUVECS

show

showed no significant differencesb et ween | ow and high gtucose
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cells co-cultured with hpmvECs secreted significantly more insulin under high glucose
conditions compared to low glucose, accompanied with a significant increase in GSIS

index (Figure 21 F). Taken together, these preliminary data show that ECs from
different locations of the cardiovascular system exhibit significant differences that
impact the functionality and meaningfulness of an in vitro test system. Future studies

will focus on improving the co-culture conditions under flow to better mimic in vivo
conditions using in vitro test systems for DM research and elucidate the role of ECs

o n -cdll functionality. The obtained knowledge might offer the potential to understand

the role of cr osst aicdlls td edugeetirentimeEr€gsiiredaford b
revascularization and enhance ECM restoration in vivo post-transplantation.

In summary, this dissertation highlights the importance of ECM proteins in
different pathological conditions and their potential as treatment options. The
combination of suitable carrier materials, supportive cell types and combinations of
native ECM proteins might be the key to successfully treat ischemic trauma after
events such as MI by reducing pathological scar tissue formation and improving
survival of affected tissue. Additionally, carrier material with correct mechano-physical
properties encompassing different native ECM proteins and supportive cells could be
a way to improve the success rate of cellular therapies, such as transplantation of
islets of Langerhans for type 1 DM treatment. Understanding the crosstalk between
cells and the role of the ECM are important to overcome limitations en route to

enabling treatments and therapies with higher success rates.
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Nidogen-1 Mitigates Ischemia and Promotes Tissue

Survival and Regeneration
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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 p-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

1. Introduction

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).I"!
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.

ischemic conditions.

The current clinical and preclinical stage
strategies that seek to restore organ func-
tion post-ischemia include the injection of
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cells, growth factors, small molecules, hydrogels or decellular-
ized extracellular matrix (ECM) proteins.**| The ECM is the
3D noncellular component of tissues 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.®] Ischemia leads to pathological ECM re-
modeling, resulting in fibrosis due to the deposition of fibrillar
proteins, such as collagens type I (COL1) and III, leading to fi-
brotic scarring.'®! 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 IV (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.”! Tn
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.!!l 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 protoecol for the formation of EBs
from the H9 hESCline (Figure S1, Supporting Information).!*>1¢]
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).'%'8] 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 (INNT2)) and smooth muscle (smooth muscle a2-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 tissue nominated NID1 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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