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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 within the islets of Langerhans. Treatment of 3-
cells with NID1 and DCN improved functionality and survival in vitro. Furthermore, we
demonstrated that hypoxic conditions significantly impact the ECM and functionality
of B-cells, which was rescued upon co-culturing p-cells with endothelial 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-



Inseln préasent sind. Die Behandlung von -Zellen mit NID1 und DCN verbesserte 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 Funktionalitat 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 a- and B-chains and facilitate the interaction of the ECM to the cell’s actin
cytoskeleton through ligand-binding?2. Following extracellular ligand-binding, integrins

cluster adaptor molecules (such as focal adhesion kinase (FAK), tensin, paxillin or
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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*?=4¢. 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*’-°,



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
two a1-chains and one a2-chain, which contain 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 homotrimer only composed of a1-chains®®. The formation of fibrillar collagens,
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®3-6°.
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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)%879, 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 (a, B and y)’*. LAMs are named after their chain composition. Hence LAM-411

contains the chains a4, 31 and y1, where the a-chain 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’?-’¢, 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 more than 60% of the CM’s cytoplasm to meet the high energy
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 factor a (TNF-a),
transforming growth factor 8 (TGF-B), interleukins 18, 6 and 11 (IL-18, IL-6, IL-11),

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



1 Introduction

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!®-1%4, Furthermore, arteries are characterized
by a thicker and stronger BM encompassing more SMCs to provide mechanical
support to withstand high arterial pressure®-19, In 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®-19, 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 pum 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 comprised of a-/B-domains 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-a and nuclear factor k-light-chain-enhancer
of activated B cells (NF-kB) 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 -y/-0
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 (3, 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 ~30% a-cells 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 ©-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!#!, and e-cells (1-10%) secreting ghrelin4?-145,
which mediates insulin, glucagon, pancreatic polypeptide and somatostatin

secretion146-150,

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 human B-cells via 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

BM for insulin secretion and functionality of 3-cells'°,
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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 a5 and COL4 have been 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 avB3 is especially important 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’?181-183 These phenotypes are tightly controlled by the secretion of
VEGF-A of B-cells!’®. The VEGF-A signaling between ECs and B-cells is complex but
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'®+-18, 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-
B11-1%4 It 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 -
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 3-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-secreting B-cells, is of special interest?324, One promising approach is the

supplementation of native ECM proteins to support the successful integration of
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transplanted islets into the recipient’s body and improve the survival and functionality
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 islets’
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 islets’ core, 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-
culturing of B-cells or islets of Langerhans 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??6-228_ 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®0232, 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 3-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 3-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 [3-
cells or thaw-and-go, non-proliferative B-cells that highly match the insulin-secretory
profile of native human islets?60-262,

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?268
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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 3-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 3-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

3.1 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 a smooth muscle actin (aSMA), 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 aSMA. Upon 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 with Tukey’s multiple comparison. (C) Gene expression differences in hiPSC-CMs induced by NID1-
treatment of genes related to matrix production, degradation and regulation via gPCR array (n = 3). (D) NID1-treatment
significantly reduced aSMA expression in fibroblasts under hypoxic conditions compared to control (n = 3); 1-way ANOVA with
Tukey’s multiple comparison. (E) Gene expression differences 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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To understand the mechanisms of action of NID1, we explored potential binding
partners for NID1 in hiPSC-derived CMs, and identified integrin avp3 in
cardiomyocytes?®’. We confirmed the binding of immobilized avB3 with 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 avB3, we 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 avf3 in hiPSC-CMs, supporting that NID1 has a
cardioprotective effect in CMs via binding to the integrin av3 in vitro (Figure 6 B). The
digital western blotting technique (DigiWest?®®) was used to decipher potential
pathways activated by NID1 binding avp3. NID1-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 the integrin av1, activating
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 avB3 activation, which has been
associated with cell survival®®’. In addition to the activation of Wnt signaling, the
activation of the B3-domain of the integrin is 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 avB3 signaling in CMs via downstream activation of Wnt signaling

and MAPK pathway as well as through inhibiting the Hippo pathway.
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Figure 6: NID1 upregulates proteins of the MAPK pathway via integrin avB3 interaction in hiPSC-CMs. Blocking of integrin
avfB3 inhibited 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 = 4); 1-way ANOVA with Tukey’s multiple
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?*,

37
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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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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 aSMA- and 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-specific class Il B-tubulin, was
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.
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3.2 Effects of Nidogen-1 and Decorin on Pancreatic f3-cells

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 on B-cells

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-BH3 p-cell 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). An indicator for 3-cell functionality and 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); 1-way ANOVA with Tukey’s multiple comparison. Scale bars equal 20 pm for low
magpnification and 5 pum 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°,

B-cells
A omMm 20MM g c
T - -
w = 5 BT = 3 404 ., @ 60 . 154
2 77 E c c s =
S E N E— " & S 30| & S . = ns
53 N 1 E del g
o = * 2 20 o v
© -g 3 . ‘I’ ) ? S ; +
e 3 c o 204 w5
X @ 2 = 104 b [y = V|
e 2 % 2 ® 5 v
1 - 1 %i by =i g = v
S £ e 8 o 0
8 5 . = b 0-—71 g T T 01— ,
2 0 ¥ S N SN > N
T P S S RS SN
AT CUENEE & X &3 &R
SELE SLLed
St Spiete
+NID1 +NID1
D E F
20 mM — —_
0 mM”* - miv B 3 40 - z 40~ * % 15 *
g % s * g ? h 4 lE 'y ) ’T
§ E Fv 5 S 304 E S0P vy = -
=0 v o @ o 2 10
T Q 5 ns v ] v o =
5 2 S 20 g 20 3 v%
[¥] g ... vy g , [ il ik
= 3 ug Iv g 10 20 T 2 8
9 3 g% .0' - = ] )
£ = v a = © [=
> | 8 i ® ol
= £ 1 = > 04— 0-+—— 0-
2 ' Y S 8 Lo S
SO S S S S
($\5\0 &SY\\O [
00 X C’0 X
G H |
© 2.5+
—_ control +NID1 =4 j—
35 A A . @
% EpCAM g
% Erk 2 L
3 pFyn g
3 pMek 1/2 8
@ p21 =
f.' Src -
£ pSrc Q
2 Wnt3 =
w
oy
= .
low high

Figure 8: NID1 acts on human B-cell pseudo-islets via integrin av3 and improves insulin secretion and survival. (A)
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); 2-way ANOVA with Tukey’s multiple
comparison test. (B) NID1-treated B-cell pseudo-islets expressed significantly more E-cadherin than control under normoxic
conditions (n 2 5); unpaired t-test. (C) Immunofluorescence staining for caspase-3 (n = 14) and TUNEL (n = 7) showed no
significant difference between control and NID1-treatment under normoxic conditions; unpaired t-test. (D) NID1-treatment at 30
ug/ml rescued glucose responsiveness of 3-cell pseudo-islets under hypoxic conditions (n = 10); 2-way ANOVA with Tukey’s
multiple comparisons test. (E) NID1-treated (-cell pseudo-islets expressed significantly more E-cadherin than control under
hypoxic conditions (n = 5); unpaired t-test. (F) Immunofluorescence staining for caspase-3 (n = 7) and TUNEL (n = 4) showed a
protective effect of NID1-treatment via a significant downregulation of both parameters; unpaired t-test. (G) Blocking of the
integrin avB3 inhibited the stimulatory effect of NID1-treatment on insulin secretion of B-cell pseudo-islets at 20 mM glucose
under normoxic conditions (n 2 4), 1-way ANOVA. (H) Heatmap and () 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?s,
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As shown earlier, NID1 acts on CMs via avB3-mediated signaling. The same
integrin is also expressed within the islets of Langerhans, which led us to the
assumption, that NID1 acts on B-cells also through integrin avp3298316, To validate this
hypothesis, we blocked the integrin av3 under normoxic conditions and showed
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 MAPK pathway in B-cells is involved in GSIS'®8, Furthermore, increase
in Wnt3 protein expression is a result of avB3 downstream activation after NID1-
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 avB3-ligation3?°, In summary, we
suggest that NID1 acts via avB3-mediated 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-
av3 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 S-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; to identify a-cells), INS (to identify B-cells) and DCN. We found that
DCN is significantly more expressed in INS-positive areas compared to GLU-positive

areas (Figure 10 I), suggesting a role of DCN in B-cells.
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To validate our hypothesis, we treated EndoC-BH3 3-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 response323-325, 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-localizes with B-cells in native 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
higher correlation between DCN and INS compared to the other ECM proteins (n = 6); 1-way ANOVA with Tukey’s multiple
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 ym 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 that led to improved insulin secretion in -cells.
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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Figure 11: DCN improves insulin secretion and regulates ECM expression of -cells in vitro. (A) DCN treatment significantly
increased insulin secretion concomitant with increase in GSIS index (n = 4); 1-way ANOVA with Tukey’s multiple comparison
test, unpaired t-test. (B) DCN-treated -cell pseudo-islets showed strong DCN-positive IF staining at the islet periphery (white
arrows) with no overall change in staining intensity (n = 8); unpaired t-test. (C) DCN-positive cells occurred after 24 h of DCN-
treatment (n = 6); 1-way ANOVA with Tukey’s multiple comparison test. DCN-treatment significantly downregulated the
expression (D) FN (n = 4) and (E) COL1 (n = 8) as shown by IF staining; unpaired t-tests. Scale bars equal 50 um. *p<0.05,

***p<0.0001.

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, B-cells 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-treated B-cells.

The ER, among other tasks, is responsible for the folding of proteins and their

transportation via vesicular trafficking to their target destination. For B-cells, the folding
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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 secreted335-33;
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
trafficking in B-cells has been described to lead to lipotoxicity, B-cell failure and
ultimately DM343-346. MIN6 cells mutant for SarlA were unable to achieve proper
insulin folding resulting in B-cell failure347348, This indicates that 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 ER in B-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 p-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

48



3 Results & Discussion

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 these peaks’
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 for insulin secretion of p-cells. Additionally, an upregulation of PI
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 well as the mitochondria of 3-cells to improve insulin secretion. One 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
factor3®3 and TGF-B%64. 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 pathways through LRP1362366 and the

49



3 Results & Discussion

stimulatory effect of this pathway on B-cells’ insulin secretion and survival'®2:37 make

this mechanism a potential mediator of the improved glucose-response observed in

our DCN-treated pseudo-islets.
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Figure 12: Raman imaging shows differences within ER component of DCN-treated B-cell pseudo-islets at 20 mM
glucose. (A) False color TCA-images of ECM, DCN and ER component in 3-cell pseudo-islets identified by Raman imaging. (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)
DCN-treatment increased the levels of Pl while decreasing the levels of (G) TAG and (H) cholesterol (n = 3); unpaired t-tests.
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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effects on encapsulated B-cells and can be made available 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-embedded B-cell pseudo-islet model (Appendix I, Figure 5 A-D). Additionally,
the COL1 gel exhibited comparable mechanical stiffness to native pancreatic tissue
(Appendix Il, Figure 5 E)368-370 making it both a biochemically- and mechanically-
valid model for studying the interaction of DCN and B-cells in a carrier material.

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 found that B-cells encapsulated 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
also has modulatory properties on the endogenously expressed ECM proteins of 3-
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 microspectroscopy in B-cell pseudo-islets in COL1 gels 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-treated 3-cell pseudo-islets (Appendix Il, Figure S7).
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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 on B-cells might contribute to a reduction in fibrotic capsule formation via
suppressing the endogenous expression of fibrillar proteins. Taken together, these
effects of DCN on B-cells make DCN a promising 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 when B-cell pseudo-islets are encapsulated in a COL1 carrier material. (A) DCN-
treated B-cell pseudo-islets secreted significantly more insulin at 20 mM glucose conditions (n = 7); 1-way ANOVA with Fisher’s
multiple comparison. IF staining for (B) INS (n 2 8) and (C) E-cadherin (n 2 8) showed significantly higher values in B-cell pseudo-
islets +DCN. IF staining for ECM proteins showed a significant downregulation of (D) COL71 (n 2 9) and (E) LAM (n = 9) after
DCN-treatment, while (F) COL4 (n = 6) was significantly increased; unpaired t-tests. *p<0.05, **p<0.01, ***p<0.0001. Scale bars

equal 50 pm.
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3.3 Establishing the Co-Culture of Endothelial Cells and B-cells

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 action through which ECs stimulate B-cells in
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
human B-cell line EndoC-BH3, creating the first ever reported human-based co-culture
model of ECs and f-cells (Urbanczyk et al., Appendix Ill, 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
ECs and B-cells: random distributions (1:1) (Figure 14 A,B), ECs surrounded by B-
cells (ECs inside) (Figure 14 H,I) and B-cells surrounded by ECs (B-cells inside)
(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 and B-cells in the pancreas can be recreated using magnetic levitation. ECs and -
cells show random distribution (A,B), B-cells surrounding ECs (H,l) or ECs surrounding B-cells (O,P). Spontaneous aggregation
of HUVECs and B-cells is incapable 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 ECs to B-cells using magnetic 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 20 mM glucose for the B-cell inside condition (Figure 15 A). This
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 increased for 3-cells inside obtained
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-cadherin in the B-cells inside condition 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 communication380-382,
Its binding properties to B-catenin can control actin skeleton remodelling via a-
catenin3®3, which regulates insulin secretion in B-cells®®. A comparable mechanism
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?®.

Other potential pathways through which ECs improve B-cell functionality
includes the interaction of CD31 with its counterreceptor avp3172:384385 which is also
present on B-cells®6. We already showed the involvement of this integrin on insulin
secretion of B-cells in section 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 avpB3 to activate the ERK1/2 pathway stimulating insulin secretion,
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
stimulated B-cell functionality; however, this was not evaluated in the frame of this

work.
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Figure 15: Co-culture of ECs and B-cells significantly increases glucose-stimulated insulin secretion. (A,B) B-cells inside
secreted significantly more insulin than any other co-culture distribution and control without change in GSIS index (n = 3); 2-way
ANOVA with Tukey’s multiple comparison test (A), 1-way ANOVA with Tukey’s multiple comparison test (B). (C-F) TUNEL-
staining showed no significant difference in cell death between different culture conditions (n = 10); 1-way ANOVA with Tukey'’s
multiple comparison test. (G-J) IF staining for E-cadherin showed significant increase in E-cadherin expression for §-cells inside
compared to the other co-culture conditions (n = 20); 1-way ANOVA with Tukey’s multiple comparison test. §p<0.001, #p<0.01,
*p<0.05, **p<0.01 ***p<0.001. Adapted from3®,
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3.4  Effects of Hypoxia on the Extracellular Matrix of B-cells

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!®:388-3%_|n addition
to its potential to be functionalized and support transplant function in vivo!7%391-39%
COL1 has been used to support B-cell functionality under normoxic conditions®71:397,
We therefore asked the question, whether COL1 also has supportive effects on 3-cells
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 impact of the hypoxic environment on the 3-cells. As expected, we
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
conditions that reliably induce cell death on untreated (3-cell pseudo-islets.

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
ECM might lead to dysregulation of proliferation, functionality and survival of B-cells'%4.

To investigate changes in endogenously expressed ECM proteins within (3-cell
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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In the first step, we investigated the effects of hypoxia on 3-cells via IF staining
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 = 3), (B) significant decrease in TUNEL-positive cells (n = 3)
compared to pseudo-islets in suspension; unpaired t-tests. (C) IF staining for KI67 indicated no change in proliferation (n = 4);
unpaired t-test. IF staining for (D) E-cadherin (n = 5) and (E) INS (n = 4) showed increased insulin expression for COL1
encapsulated pseudo-islets compared to suspension; unpaired t-tests. (F) GSIS assay shows glucose-responsiveness of
pseudo-islets encapsulated in COL1 (n = 7); 2-way ANOVA with Tukey’s multiple comparison. *p<0.05, **p<0.01. Scale bars

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-induced changes of endogenous ECM protein expression of 3-cells when
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 successful recovery of B-cell functionality, as NID1 and DCN play
significant roles in survival and functionality of B-cells as demonstrated earlier. In
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

support B-cells394-3%,
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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 = 3), while (C) DCN (n = 3),
(D) NID1 (n = 4), (E) FN (n = 4) and (G) COL1 (n = 4) showed 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-responsiveness under hypoxic conditions compared to 3-cells in COL1 gel

alone (Figure 18 A,B). IF staining for ECM proteins showed a significant upregulation
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of both BM proteins LAM and COL4 (Figure 18 C,D) as well as their linker protein
NID1 (Figure 18 F) in B-cell 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 expression of B-cell pseudo-islets, which might be one of the main reasons for
decreased functionality and increased cell death. The encapsulation of 3-cells within
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 that especially NID1 is an important regulator of p-cell
survival. Hence, the COL1-induced rescue of NID1 content could be beneficial for
overall survival and functionality of B-cells under hypoxic conditions. 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
compared to B-cell monocultures. The presented data shows that the restoration of
native ECM is essential to ensure B-cell functionality under stress conditions, 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, 2-way ANOVA with Sidak’s multiple comparison. IF staining and semi-quantification showed significantly higher
expression of (C) LAM (n = 4), (D) COL4 (n = 6) and (F) NID1 (n = 6), while (E) DCN (n = 6) and (I) COL1 (n = 4) were not
affected. (G,H) Overall and nuclear expression of FN was significantly decreased upon co-encapsulation of pseudo-islets with
HUVECSs (n = 6); unpaired t-tests. *p<0.05, **p<0.01, ***p<0.001. Scale bars equal (C-G,l) 50 um and (H) 5 pm.
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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 NID1 on CMs via integrin avf3-mediated signaling is of great
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
of transplanted cells into the recipient’s system. Therefore, it is of great importance to
understand the role of ECM within islets of Langerhans and -cells, especially during
the initial hypoxic episode before revascularization occurs. To find potential ECM
proteins that might impact the survival and functionality of the insulin-producing B-cells
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
pancreatic tissue. B-cells showed significantly increased insulin secretion and survival
under hypoxic conditions in vitro upon treatment with NID1. The stimulatory, as well
as protective, effect of NID1 is mediated via avB3 signaling and upregulation of MAPK
and Wnt signaling pathways. DCN-treatment increased functionality of 3-cells in vitro
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, NID1 and DCN, could further support B-cells
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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 in a more clinically relevant model than B-cell-only pseudo-islets. We
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-treatment on B-cells, 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 receptor*®®, a2p14% and 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 = 40); unpaired
t-tests, 2-way ANOVA with Tukey’s multiple comparison test. (B) NID1 and DCN treatment rescue insulin secretion in human
islets of Langerhans after 72 h of hypoxia (n = 40); unpaired t-tests, 2-way ANOVA with Tukey’s multiple comparison test. *p<0.05,
**p<0.01, ****p<0.0001.
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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’s 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 the recipient’s systems, it is necessary to gain knowledge
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?11414-416) 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!82.204,228,245373418-421  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
on B-cell 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-

cultured with B-cells.
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Figure 21: HUVECs and hpmvECs show differences in morphology and protein expression under flow and differentially
impact B-cell functionality. (A) HUVECs and hpmvECs show different patterns under static conditions (first row), 5 dyne/cm?
(second row) and 10 dyne/cm? (third row). Semi-quantification of (B) CD31 and (C) F-actin of both EC types at different flow
parameters (n = 18); 2-way ANOVA with Tukey’s multiple comparison. (D) Quantification of F-actin alignment of HUVECs and
hpmvECs at 10 dyne/cm? (n = 18). 2-way ANOVA with Tukey’s multiple comparison. (E) IF staining and semi-quantification of
caveolin-1 in HUVECs and hpmvECs at 10 dyne/cm? (n = 6); unpaired t-test. (F) Co-culture of -cell pseudo-islets with HUVECs
and hpmvECs in COL1 gel under static conditions shows functionality upon co-culture with hpmvECs accompanied with
increased GSIS index (n = 3); 2-way ANOVA with Tukey’s multiple comparison, unpaired t-test. *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.
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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 with B-cell pseudo-islets on GSIS under static
conditions in a COL1 gel. Our results show that B-cells co-cultured with HUVECs

showed no significant differences between low and high glucose conditions, while 3-
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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
on B-cell functionality. The obtained knowledge might offer the potential to understand
the role of crosstalk between ECs and (-cells to reduce the time required for
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

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

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

and Katja Schenke-Layland*

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

© 2020 The Authors. Advanced Seience published by Wiley-VCH GmbH
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cardiovascular cells from the ischemic environment. We thus
asked whether the potential remodeling properties of NID1 could
improve the outcome of an MI and reperfusion (MI/R) mouse
model. Ischemia/reperfusion was conducted through the liga-
tion of the left anterior descending (LAD) artery in C57BL/6]
mice as previously described.!"”) Directly after reperfusion, three
groups of mice received a single treatment of five injections in
the infarct border zone of either saline as a procedure control,
the hyaluronic acid (HA) gel carrier as a carrier control, or NID1
within the HA carrier gel (NID1 + HA).

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

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

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

www.advancedscience.com

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

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

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

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

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

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

50 pm.

upregulated expression levels for TNC, THBS1, ITGA2,
ADAMTS8, MMP11, and several collagens such as COLIAI,
COLG6A2, and COL15A1. Interestingly, TGFB1 was significantly
upregulated in both normoxic and hypoxic NID1-treated hiPSC-
CMs (Figure SSA, Supporting Information). LAMB3, VTN,
COL14A1, ADAMTS1, and MMP1 were significantly downreg-
ulated in NID1-treated hiPSC-CMs under hypoxic conditions.
Of the transcriptional changes in ECM-associated genes in
hiPSC-CMs induced by hypoxic conditions, 28 genes out of a
total of 89 genes tested were significantly differentially expressed
compared to the normoxic groups. In NID1-treated hiPSC-CMs,
transcriptional changes induced by hypoxia were minimal with
only one differentially expressed gene (COL14A1) (Figure S5B,
Supporting Information).

Hypoxia is known to induce a phenotypic switch from fibrob-
lasts to myofibroblasts, which is the cell population producing
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the majority of the structural ECM proteins during fibrosis.??!
The phenotypic switch to myofibroblasts can be assessed by a-
SMA expression and was observed in our control fibroblasts (Fig-
ure 3D). Interestingly, the expression of a-SMA was significantly
reduced in NID1-treated fibroblasts. Gene expression analysis
of fibroblasts showed that MMP7, MMP11, MMP12, MMP13,
COL14A1, and CLEC3B were significantly downregulated by
NID1; and COL7A1, COL11A1, HAS1, ADAMTS]1, and THBS1
were significantly upregulated by NID1 (Figure 3E). Exposure to
hypoxic conditions resulted in significant up- or downregulation
of 26 genes in the control group, while only 11 genes were im-
pacted in NID1-treated fibroblasts (Figure S5C, Supporting In-
formation).

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

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

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

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

To determine if NID1 impacts f-cell functionality, we estab-
lished an in vitro hypoxia model using f-cell aggregates, so-
called pseudoislets, using the conditionally immortalized human
EndoC-pH3 cell line (Figure S6A-I, Supporting Information).
The impact of dosages of 20, 30, and 40 pg mL~" NID1 on pseu-
doislet function was first assessed under normoxic conditions.
NID1-treated pseudoislets significantly increased insulin secre-
tion at all dosages; with 30 pg mL™' reaching the maximum ef-
fect, which was the dosage chosen for all further pseudoislet ex-
periments (Figure 4D). IF staining of NID1-treated pseudoislets
cultured under normoxic conditions showed a significant in-
crease in E-cadherin when compared with the controls (Fig-
ure 4E). NID1 had no effect on cell death under normoxic condi-
tions, assessed by the quantification of TUNEL" cells and cleaved
caspase-3 staining (Figure 4F). In hypoxic conditions, NID1 res-
cued the loss of insulin secretion that was lost in control cul-
tures, preserved the significant increase in E-cadherin seen in
normoxia, and significantly reduced cell death (Figure 4G-I).

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

2.5. NID1 Modulates Immune Cell Responses toward
Regeneration

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

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

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

2.6. NID1 Signals via Integrin avf3 and Activates the MAPK
Pathway

Understanding the mechanistic function of a therapeutic
biomolecule is required before entering clinical trials. Here, we
sought to elucidate the mechanisms driving the function of NID1
during hypoxic events. The integrin av#3 has been reported as
a binding partner for NID1 and is expressed on the cells of
human Langerhans islets and on CMs.[?-%] NID1 and avp3
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Figure 4. NID1 mitigates the effects of hypoxia on pancreatic f-cells and increases insulin secretion. A,B) Expression pattern of BM proteins, insulin
(INS), and DAPI in human (A) fetal (11 weeks postgestation) and (B) adult pancreas (64 years). Scale bars: 20 pm. Highly magnified images show the
colocalization of NID1 with INS in native adult pancreas. Scale bar: 5 pm. C) Quantification of the colocalization of ECM proteins with INS (n = 10),
one-way ANOVA with Tukey’s multiple comparisons test. D) GSIS response (with 0 x 1073 and 20 x 10~>m glucose) under normoxic conditions of
human NID1-treated pseudoislets in suspension at different concentrations: 20, 30, 40 ug mL~" when compared with the control (PBS) (n = 5); two-way
ANOVA with Tukey's multiple comparisons test. E) E-cadherin expression under normoxic conditions (n > 5). F) Cell death under normoxic conditions
via the detection of cleaved caspase-3 (n = 14) and TUNEL" cells (n = 7). G) GSIS response (with 0 x 1073 and 20 x 10~3m glucose) under hypoxic
conditions of NID1-treated pseudoislets at 30 yg mL~" and normalized by live cells (n = 10); two-way ANOVA with Tukey's multiple comparisons test.
H) E-cadherin expression under hypoxic conditions (n > 5 Mm; unpaired t-test. |) Protective effect of NID1 assessed by cleaved caspase-3 expression
(n > 7). and via detection of TUNEL™ cells (n > 4); unpaired t-test. *p < 0.05; **p < 0.01, ***p < 0.001, and *p < 0.0001.
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binding was confirmed at the protein level by titration of im-
mobilized avA3 with soluble NID1 (Figure 6A). No fixation was
employed, as this would have altered the protein binding. Coat-
ing of 4 pg mL™! of avp33 was sufficient to have a specific ELISA
signal of bound NID1 in the presence of Mn?* when compared
with NID1 in EDTA, indicating a divalent cation-dependent inter-
action of NID1 and avf3 integrin. In addition, the binding was
dose-dependent as a specific ELISA signal was detected starting
between 25 and 50 pg mL™! of NID1 (corresponding to ~0.167 X
107 M to 0.334 x 107° m).

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

A novel high-throughput digital Western blot platform
(DigiWest) was employed to investigate the specific biological
pathways that are mediated by NID1 in f-cells and CMs cultured
under hypoxic conditions.!?) NID1-treated f-cells showed a sig-
nificantly upregulated expression of EpCAM, Erk 2, pFyn, p21,
Src, pSrc, Wnt3, and a trend toward the upregulation of pMEK1/2
(Figure GE,F). NID1 treatment of hiPSC-CMs led to an upreg-
ulation of Bax, pErk 1/2, SAPK, MOB1, Racl/cdc42, and Wnt3
(Figure 6G,H) Downregulation was observed for b-Raf, pFAK,
and Notch2. Bax and SAPK protein contents were normalized by
Bcl2 and Erk1,2 in order to determine whether proapoptotic path-
ways have been activated. Ratios of Bax/Bcl2 and SAPK/Erk1,2
showed no significant difference between NID1-treated and con-
trol cultures (Figure 61,]), which indicates that the increase in Bax
and SAPK in the NID1-treated hiPSC-CMs had been offset by an
increase in Bcl2 and Erk.3%31] All target proteins tested and the re-
sulting protein regulation are shown as heatmaps in Figure S7 of
the Supporting Information. The hypothetical pathways associ-
ated with NID1 are proposed in Figure 6K. Here, we have shown
that NID1 binds and signals through integrin avf3 as seen by the
upregulation of pFyn, Src, pSrc, and Rac1/cdc42. This leads to the
activation of the mitogen-activated protein kinases (MAPK) path-
way, including the kinases extracellular signal-regulated kinase
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1/2 (Erk 1/2) and mitogen-activated protein kinase 1/2, which is
driving the protective effects of NID1 both on f-cells and CMs.

3. Discussion

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

NID1 is an underinvestigated ECM BM protein that is mostly
recognized as a linker protein of COL4 and LAM.I*? It has been
suggested to play a role in angiogenesis, hepatic regeneration,
and regenerative axon growth and guidance.**-**I Here, the iden-
tification of NID1 as the highest expressed BM component dur-
ing cardiovascular differentiation, and the important role of BM
proteins in organogenesis suggested that NID1 may have a re-
generative or protective effect on the ischemic heart. The heart
has a highly limited capacity for regeneration; therefore, current
treatment strategies seek to restore cardiac function by methods
such as cell injections into the infarct border zone, and deliver-
ing growth factors and small molecules or ECM proteins to ac-
tivate or modify native cardiac cells.”’*¥] Despite promising re-
sults, many of these approaches have questionable or unknown
safety profiles, hindering their clinical translation. We propose
a simplified strategy of one ECM protein that has a potential
supportive effect on immune cells, as opposed to an inflamma-
tory effect. The therapeutic ability of NID1 was demonstrated
by an improved heart function in a post-MI/R mouse model as
demonstrated by elevated EF and FS, as well as the recovery of
EDV, LVED, and LVIDd. Moreover, in vitro studies showed that
NID1 suppresses the transdifferentiation of fibroblasts into fibril-
lar ECM-secreting myofibroblasts, potentially enhancing the sig-
nificant reduction of fibrosis seen in vivo. The ECM protein agrin
was previously shown to improve heart function post-MI through
CM division and proliferation.*”! Our findings are unique as we
show that NID1 improves heart function by the protection of CMs
and potential regeneration of other heart cells. Interestingly, both
NID1 and agrin activate the MAPK pathway in CMs; however,
NID1 ligates the avf3 integrin and agrin ligates Dag1.

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

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

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

www.advancedscience.com

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

4. Conclusion

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

5. Experimental Section

hESC Cultures and C ular Differ : The use of hESCs
(H9, passages 36-60, WiCell) was approved by the Robert Koch-Institute,
Berlin, Germany (AZ: 3.04.02/0086). hESCs were maintained according
to WiCell feeder-dependent Pluripotent Stem Cell Protocols, SOP-SH-001,
version G, on mouse embryonic fibroblasts (AMS Biotechnology (Europe)
LTD) in stem cell growth medium. For EB generation, 3 x 10* cells of
an H9 single cell suspension in mTeSR1 (STEMCELL Technologies), sup-
plemented with 10 ng mL™" BMP4 and 10 ng mL~" ROCK inhibitor Y-
27632 (Sigma-Aldrich), were centrifuged per 96-well (nontreated, conical
bottom, Thermo Fisher Scientific) at 1000 rpm for 5 min and incubated
overnight. Two previously described protocols were modified for cardio-
vascular differentiation.!’>6] On day 1, after the overnight incubation, up
to 200 EBs were transferred to one ultralow attachment 6-well well (Corn-
ing Inc.) in 3 mL of stage 1 media (StemPro 34 (Life Technologies), 3 ng
mL~" activin A, 5 ng mL~" bFGF, 10 ng mL~! BMP4). On day 4, the float-
ing EBs were transferred to a 6-well plate, coated with 0.1% gelatin or
0.1% gelatin-supplemented with or without 50 pg mL™" nidogen-1 (NID1)
and cultured in 2 mL™" of stage 1 media + 5 x 107® m inhibitor of WNT
response-1 (IWR-1). The EBs were incubated for 24 h to allow attachment.
The attached EBs were differentiated in stage 2 media (StemPro 34, 5 ng
mL~! VEGF, 10 ng mL~" bFGF, 5 x 107 M IWR-1) from day 5 to day 10.

Figure 6. NID1 signals via avfi3 and activates the MAPK pathway in f-cells and cardiomyocytes. A) Divalent cation-dependent and dose-dependent
binding of avp3 with NID1. B) Blocking of av$3 in NID1-treated and control pseudoislets under normoxic conditions. Functionality assessment by
glucose stimulation at 20 X 103m glucose (n > 4); one-way ANOVA with Tukey’s multiple comparisons test. c,d) Blocking of av3 in NID1-treated and
control hiPSC-CMs by a avf3 antibody under hypoxic conditions. Protective effect of NID1assessed by C) cleaved caspase-3 (n > 4) and D) TUNEL assay
(n = 6); one-way ANOVA with Tukey’s multiple comparisons test. E-H) DigiWest-based protein expression analysis of significantly regulated proteins in
NID1-treated E,F) pseudoislets (n = 12) and G,H) hiPSC-CMs (n = 4) under hypoxic conditions compared with their respective controls. Data are (E,G)
shown as column-wise and color-coded heatmap from the lowest (blue) to the highest (yellow) expression for each analyte; and (F,H) quantified as fold
change induced by NID1. Nonparametric Wilcoxon Rank sum test. |,J) Protein ratios of (I) Bax to Bcl2 and (J) SAPK to Erk1,2 (n = 4); unpaired t-test. K)
Proposed common and separate mechanisms of action of NID1 for CMs and f-cells in vitro. Middle: common pathway, NID1-avf3 ligation upregulating
Fyn/Srcin p-cells and cdc42 in CMs, which stimulates Wnt3 and the MAPK pathway. Left: f-cells, Fyn/Src activates the MAPK pathway, upregulating p21,
which can be antiapoptotic. Fyn/Src crosstalks with Wnt3 and EpCAM, which enhances insulin secretion. Right: CMs, cdc42 downregulates the Hippo
pathway as shown by an upregulation of MOB1. Pathways specific for each cell type are shown either on the left for f-cells and on the right for CMs.
*p < 0.05; **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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Media changes were required every two days throughout cardiovascular
differentiation. Attached EBs typically started beating on day 7 and were
harvested for further analysis on day 10.

Ethics Information: This study was performed in accordance with in-
stitutional guidelines and was approved by the local research ethics com-
mittees (University of California, Los Angeles IRB #05-10-093; University
Tubingen IRB #356-2008BO2, #406-2011BO1, and #495-2018B02; Lan-
desidrztekammer Baden-Wiirttemberg, IRB #F-2012-078 and #F-2011-068;
and the Charité Universitatsmedizin Berlin #EA/226/14).

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

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

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

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

Forimmunofluorescence staining, the paraffin sections were stained as
previously described.[?*-53] Briefly, antigen retrieval was performed con-
secutively in Tris-EDTA (pH = 9.0) and citrate buffer (pH = 6.0) in a steam
cooker. For the intracellular antigens, the sections were treated with 1%
Triton X-100. A goat block solution was used to block unspecific binding
sites. Antibodies were diluted in antibody dilution buffer (PBS contain-
ing 1% BSA, 0.1% TritonX-100, 0.1% cold-water Fish Skin Gelatin, 0.05%
Tween20) and samples were incubated overnight at 4 °C. After several
washes, the secondary antibody was applied to the samples and incubated
for 30 min at room temperature, and after several washes the sections
were exposed to a DAPI solution (5 ug mL™! in PBS, Roche). Fluores-
cence images were acquired using a confocal laser scanning microscope
(LSM 880 with Airyscan, Carl Zeiss Microscopy GmbH, Germany). The im-
ages acquired were processed with Adobe Photoshop CS5 (Adobe System
Inc.). Semiquantitative analyses of IF images were conducted by detecting
the gray value intensity (GVI) using Image| software. All GVI data were
normalized to the laser power. Quantification of E-cadherin and caspase-
3 staining of pseudoislets was conducted utilizing images obtained with
a 63x magnification on a Zeiss Axio Observer Z1 (Carl Zeiss). The en-
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tire pseudoislet was selected as region of interest (ROI). GVI quantifica-
tion of the ROl was conducted using Image, version 1.52p. TUNEL assay
was performed using the Click-iT Alex Fluor Imaging Assay kit (Thermo
Fisher Scientific). Sections were mounted with Prolong Gold Anti Fade
solution (Thermo Fisher Scientific). TUNEL images were evaluated in a
double-blinded study by two unbiased observers. Cells were identified as
TUNELY when a clear green and blue staining was exhibited. The ratio
was calculated by dividing TUNEL™ cells by total number of DAPI* cells
per pseudoislet. Images were obtained using a 63x magnification on a
Zeiss Axio Observer Z1 (Carl Zeiss). Quantification of the vessel density
in aSMA/CD31/CTNT-stained mouse infarct scar area sections was con-
ducted by counting SMA+/CD31+ vessels utilizing images taken with
a 25X objective (n = 6). The scar area of each image was measured us-
ing the Image) software. To quantify colocalization, a macro was designed
using Microsoft Excel, version Office 365. Briefly, the algorithm compares
GVl values of pixels of the simultaneously obtained NID1and insulin chan-
nels. Colocalization was counted when the GV of a specific pixel exceeded
a set threshold on both channels and normalized by the total amount of
pixels exceeding the threshold value in the NID1 channel. TuJ1 was used
for the assessment of neuronal cells in the infarct area. 10 IF images per
heart were taken with a 63 objective. TuJ1* and total cells were counted.

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

Stable NID1 Production Clone Generation and Production Induction:
CHO DHFR-negative mutant cells (DSMZ no.: ACC 126) were transfected
with the pCMV-Tet3G plasmid (631166, Clontech Laboratories) and se-
lected for Geneticin (G418, Calbiochem) resistance. Selected activator
clones were transfected with the NID1 production plasmid and cultured
for two weeks in selection media (MEM a, 10% FBS dialyzed, 500 pg mL~"
of G418), which does not support the growth of DHFR-negative cells.
Single cell cloning was conducted and clones were treated with 100 ng
mL~" doxycycline hydrochloride (Dox) (Thermo Fisher Scientific) to in-
duce NID1 production. Secreted NID1 was measured using an ELISA
(DY2570, R&D Systems). Clones with the highest measured levels of NID1
underwent selection rounds with rising levels of methotrexate (MTX) for
genomic amplification. During MTX selection, ELISA, q-RT-PCR, and g-
PCR were performed to measure NID1 protein levels and assess the rela-
tive levels of NIDT mRNA and the relative copy number of genome ampli-
fied NID1. The best production clones were adapted to suspension growth
in Erlenmeyer flasks with serum-reduced media (DOMEM/Ham’s F12 basal
medium, 0.5% FBS dialyzed, 2.5 x 107 M MTX, 2 x 107> m L-Glutamine,
1% penicillin-streptomycin (Pen/Strep), 250 pg mL™" G418) in an incu-
bation shaker (Minitron, Infors GmbH) at 37 °C and 5% CO, at 85 rpm.
NID1 expression was induced with 100 ng mL~" Dox and the media with
secreted NID1 was harvested 4-5 days later and stored before NID1 pu-
rification at —20 °C.

NIDT1 Purification: The IMAC purification of the histidine/asparagine-
tagged human NID1 was performed with a HisPrep FF 16/10 affinity chro-
matography column (GE Healthcare), controlled by the FPLC system Akta
Explorer 10 (GE Healthcare). NID1 elution was indicated by the increased
absorption at the wavelengths 280 and 256 nm. Protein-containing elution
fractions were pooled and desalted using a HiPrep 26/10 desalting column
(GE Healthcare), controlled by the Akta Purifier 100 (GE Healthcare). Sub-
sequently, the protein solution was washed and concentrated with ultra-
filtration units (Vivaspin 20, Sartorius), sterile filtered (SCGP00525, Milli-
pore), and stored at —80 °C until further use.

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

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

Co-Immunoprecipitation (Co-IP): The protocol for Co-IP was modified
from previously published studies.>*%5] The interaction partners NID1
(1 pg) and LAM 511 (0.5 pg, LN511-02, BioLamina) were mixed in 500 pL
of a dilution and washing buffer (0.1 m NaCl, 0.05 m Tris/HCl pH 7.4 con-
taining 0.04% Tween-20 and 1% BSA) and were agitated gently on a rotis-
serie mixer overnight. 6 pg of the antibody against LAM (ab11575, Abcam)
was added to the protein mix and incubated for 24 h for Co-IP. This anti-
body was not added in the negative control (unspecific background con-
trol). Protein A magnetic beads (LSKMAGAO2, Millipore) were added and
gently agitated on the rotisserie mixer with the protein complexes + the
LAM antibody for 2.5 h at 4 °C and another 30 min at room temperature. Af-
ter washing off the magnetic beads using a magnetic stand (LSKMAGS08,
Millipore), the protein complexes were eluted from the beads and dena-
tured in 30 pL of 1x Roti-Load (K929.2, Carl Roth) via heating for 10 min
at 90 °C. Detection of the specific protein bands occurred after SDS-PAGE
and Western blot.

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

qPCR on dermal fibroblasts was performed using ACTA2 (QT00088102,
Qiagen), GAPDH (QT01192646, Qiagen) and the QuantiNova SYBR green
PCR Kit (208052, Qiagen). All samples were performed as triplicates. The
27AAC method was applied for qPCR data quantification.

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

Imaging Flow Cytometry: EBs were harvested at day 10 of the cardio-
vascular differentiation protocol to conduct flow cytometry analyses using
a standard staining protocol.[%¢] Briefly, cells were incubated with Zombie
Red dye (BioLegend) to exclude dead cells and CD29-PE (MCA2298PE,
AbD Serotec, UK) for 25 min at 4 °C protected from light. After washing,
the Foxp3 Staining Buffer Kit (421403, BioLegend) was used to fix the cells
for 30 min on ice, followed by washing and permeabilization for 15 min at
4 °C. After blocking with BSA for 10 min, cells were incubated with CTNT
primary antibody (ab8295, Abcam) for 35 min at 4 °C, washed and blocked
with 5% BSA for 10 min at room temperature to avoid unspecific binding.
The secondary anitbody (rat antimouse IgG1-AF647, 406617, BioLegend)
was added for 25 min at 4 °C, protected from light. For the analysis using
the ImageStreamx mkll (Amnis Corporation, USA) with the INSPIRE in-
strument controller software with 40x magpnification, 1x 10* single cells
were acquired per sample. Data were analyzed with IDEAS Image analysis
software. All samples were gated on single cells that were Zombie Red-
negative. The percentage of CTNT+ cells was determined and a control
sample (stained with the same antibodies except the primary antibody)
was used to set the background fluorescence.

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

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

Raman Imaging of Mouse Heart Sections and Pseudoislets: Islets were
prepared as previously described.I?4] Briefly, hypoxic NID1-treated and
control pseudoislets were placed in a microfluidic chip for noninvasive in
situ Raman imaging as previously performed.[247] Spectral mapping was
performed on a customized inverted WITec Raman system (WITec GmbH)
equipped with a green laser (532 nm) and a CCD spectrograph with a grat-
ing of 600 g mm~". Images were acquired at a laser power of 50 mW, an
integration time per spectrum of 0.5 s, a pixel resolution of 1x 1 pum and at
least as triplicates. Based on Movat staining, representative sections were
selected from each heart and deparaffinized. The sections were kept at 4
°C in PBS until measurement. The spectra were collected with a 63x dip-
ping objective (W Plan-apochromat; Carl Zeiss), a laser power of 60 mW
and an integration time of 0.05 s (per pixel). In order to locate the scar,
an overview image of 1000 X 1700 pm was collected from the apex of the
heart with 1 pm image resolution. Within this scan, 3 ROls of 200 x 200 ym
were acquired with a resolution of 0.5 pm.

Multivariate Data Analysis: Raman images were processed and ana-
lyzed by TCA using the Project FIVE 5.2 software (WITec GmbH).123] Briefly,
TCA is a non-negative matrix factorization-based MVA tool that elaborates
spectral components that predominantly occur in the data set and allows
the identification and localization of these components by false color in-
tensity distribution heatmaps. GVI per pixel were determined in Image| to
semiquantify the distribution of the spectral components in both condi-
tions. Furthermore, TCA allowed the preselection of ROIs of similar spec-
tral information, which were extracted for further in-depth analysis of the
molecular composition by PCA using Unscrambler X (Camo). Moreover,
MCR analysis was applied to define the local spectral composition within
the islet periphery and islet core of the pseudoislets. NID1 core, con-
trol core, NID1 periphery and control periphery were defined by the islet
area and compared to determine the protective effect of NID1 on the pseu-
doislets.

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

Fibroblast Cultures: ~ Fibroblasts were isolated from adult skin and my-
ocardial biopsies after informed consent was given (Landesirztekammer
Baden-Wiirttemberg, IRB #F-2012-078 and #F-2011-068) as previously
reported.[%85°] Fibroblasts were cultured until 90% confluency. Prior to
seeding, 3.5 mmdishes (glass bottom p-Dish, ibidi) were coated with 0.1%
porcine gelatin coating (Sigma-Aldrich) for 1h. 1x 10° cells per dish were
seeded in media containing 50 pg mL~" NID1 and placed in normoxic
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or hypoxic conditions for 48 h. After incubation, cells were either fixed in
4% PFA for IF staining or lysed in TRI-Reagent (Sigma-Aldrich) for RNA
isolation and qPCR.

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

EndoC-$h3 Cell Culture and Pseudoislet Formation: The conditionally
immortalized human pancreatic beta cell line EndoC-RH3 was cultured
per manufacturer’s instructions. After 21 days, pseudoislets were formed
as previously described.1?*] After 48 h in standard culture, pseudoislets
were incubated for an additional 72 h under hypoxic (37 °C, 5% CO,, and
1% O,) or normoxic (37 °C, 5% CO,, and 21% O,) conditions. NID1 was
supplemented in the media 72 h after seeding and for an additional 48
h at 20, 30, and 40 pg mL™". PBS was used as negative control. After 72
h, pseudoislets were either subjected to a glucose-stimulated insulin se-
cretion (GSIS) assay, fixed in 4% PFA (Sigma-Aldrich) for IF staining or
prepared for DigiWest evaluation. For DigiWest evaluation, pseudoislets
were grouped and washed five times on ice, centrifuged at 700 x g and
snap frozen in liquid nitrogen.

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

GSIS Assays:  Prior to all GSIS assays, pseudoislets were incubated
with NID1- or PBS- OPTIA2 (Univercell Biosolutions) medium for 24 h in
normoxic or hypoxic condition. GSIS assays were performed after 5 days
as previously described, except otherwise mentioned.[2>6%] Pseudoislets
were grouped by 6 to 8 per well and washed twice with g-Krebs (Univercell
Biosolutions) and 1% BSA (Thermo Fisher Scientific). Pseudoislets were
preincubated for 1 h with Krebs-BSA and the supernatant was discarded.
20 x 1073 m glucose (Thermo Fisher Scientific) solution was prepared in
Krebs-BSA, and pseudoislets were incubated with either Krebs-BSA or 20 x
1073 m glucose solution for 1h. The supernatant was collected and stored
at —20 °C. An ultrasensitive insulin ELISA (Mercodia) was performed and
the GSIS index was calculated by dividing the amount of secreted insulin
during high glucose treatment by the amount of secreted insulin during
basal state.

NID1 Cytotoxicity Test: A standardized cytotoxicity test according to
EN I1SO 10993 was performed using primary isolated human dermal fi-
broblasts (IRB #F-2012-078). An additional cytotoxicity test was performed
utilizing primary isolated human cardiac fibroblasts (IRB #F-2011-068).
2 x 10* cells were seeded per 96-well well. In parallel, sterile solutions
containing 50, 100, and 200 pg mL~" NID1 were prepared in Dulbecco’s
modified Eagle medium (DMEM, Life Technologies). After 24 h, 200 L of
the NID1 solution was pipetted into each well and incubated for another
24 h. The cytotoxic substance SDS, which induces cell death, served as the
positive control, and DMEM was used as the negative control. After incu-
bation, the medium was removed and an MTS assay was performed. The
cells of each well were incubated with a solution of 20 uL MTS (CellTiter
96 AQueous One Solution Cell Proliferation Assay, Promega) mixed with
100 yL DMEM. The absorbance was measured at 492 nm (Infinite 200
PRO, Tecan) after 45 min and the percentage of viable cells was calculated
relative to the negative control, which was set to 100%. In all samples, cell
numbers were counted.
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Isolation of Human Immune Cells:  Peripheral blood mononuclear cells
(PBMCs) were isolated from buffy coats (DRK, Berlin, Germany, IRB
#EA/226/14) as previously described.I5"] Briefly, blood was diluted (1:2)
with PBS (Biochrom, Germany), layered on Biocoll Separation Solution
(Biochrom) and centrifuged for 30 min at 800 x g at room temperature.
PBMCs were isolated and washed three times with PBS. PBMCs were used
to isolate CD14" monocytic cells by CD14 MicroBeads (Miltenyi Biotec)
according to manufacturer's instructions with MACS separation columns
(Miltenyi Biotec). Labeling with CD14 PerCP/Cy5.5 (BioLegend) confirmed
a purity of 95-98%.

Cultures of Human Macrophages with NIDT: 1 x 10° monocytes per
well or 7 x 10° MO-macrophages per well were seeded in 24-well culture
plates and were treated with NID1at 50 yg mL~" in VLE-RPMI (Biochrom)
containing 10% AB-Serum (Sigma-Aldrich) 1% penicillin/streptomycin
(Life Technologies) and 1% glutamine (Life Technologies) at 37 °C in a
5% CO2 incubator for 7 days or 24 h, respectively. Monocytes (2 x 10°
mL~") were differentiated into MO-type macrophages for 7 days in 6-well
culture plates using 50 ng mL~" M-CSF (Miltenyi Biotec) in complete VLE-
RPMI. MO-type macrophages were polarized for 24 h either toward M1
macrophages by adding 20 ng mL™" IFN-y (Miltenyi Biotec) and 100 ng
mL~" LPS from E. coli 0127:B4 (Sigma-Aldrich) or into M2 macrophages
by adding 20 ng mL~" IL-4 (Miltenyi Biotec) according to the recently de-
scribed method.[>*] Representative images were obtained using a bright-
field microscope (Carl Zeiss).

Macrophage ~ Flow Cytometry Analyses: As described above,
macrophages were harvested using 1% (v/v) trypsin/EDTA (Life
Technologies), washed with PBS and labeled with a master mix of
fluorophore-labeled human-specific antibodies CD163-FITC, CD80-PE,
HLA-DR-PE/Cy7, CD206-APC (all Biolegend), CD14-APC/Cy7 (BD
Biosciences), and a Live/Dead violet fixable staining kit (Molecular
Probes).I#61] Samples were measured with FACS Canto Il (BD Bio-
sciences) and analyzed using Flow)o Version 8.8.6 (TreeStar Inc.). Surface
marker expression levels were normalized to the unstimulated controls
(setas 1).

Immune Cell Proliferation Assay: Modulation of NID1-treated T cell
subset proliferation was analyzed with a CFSE-based proliferation assay
as described previously.[24] Briefly, 96-well culture plates were coated with
0.05 pg mL~" anti-CD3 antibody (OKT3, Janssen-Cillag) overnight at 4 °C.
Wells were washed three times with PBS, coated with 50 yg mL~" NID1 for
6 h at room temperature and washed again with PBS. Isolated PBMCs were
labeled with 2.5 x 1076 m 5.6-CFDA-SE and seeded at a cell density of 3 x
10° cells per well in complete VLE-RPMI in wells coated with anti-CD3 and
NID1, anti-CD3 alone (positive control) or they were used uncoated (un-
stimulated control). After 5 days of culture at 37 °C and 5% CO,, PBMCs
were harvested and labeled with human-specific antibodies CD8-PE and
CD4-APC (both Miltenyi Biotec) as well as CD3-APC/Cy7 (BioLegend) and
Live/Dead violet fixable staining kit. Samples were processed using a FACS
Canto Il and data were analyzed using FlowJo Version 8.8.6. MFI of all
markers were normalized to the anti-CD3 control MFI level (set to 1).

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

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

Endotoxin Test: CD14* monocytes (1 x 108) were incubated alone
(negative control), with 100 ng mL~" LPS O127:B4 (Sigma-Aldrich, posi-
tive control) or with 50 pg mL~" NID1in 24-well plates in 1 mL~" of VLE-
RPMI (Biochrom). After 24 h, the supernatant was collected and tested for
TNFa by ELISA (BioLegend). In addition, a Pierce Chromogenic LAL Endo-
toxin quantification kit (Thermo Fisher Scientific) was employed according
to the manufacturer’s instructions.

Integrin Binding Assays: Binding assays were performed as previously
described.[62] Microtiter plates (Costar Half Area plate) were coated
overnight at 4 °C with 50 uLper well and 4 pg mL~" avi3 (R&D Systems) in
TBS containing 2 X 1073 M MgCl, or TBS with 2 X 1073 m MgCl, and 1 x
103 M CaCl,, respectively. Plates were washed twice with the respective
buffers. Blocking of nonspecific binding was performed for 1 h at room
temperature with 1% BSA/TBS/MgCl, or 1% BSA/TBS/ MgCl, /CaCl,. Se-
rial dilutions of NID1 were prepared on ice. For avf3, NID1 serial dilu-
tions were prepared in 1% BSA/TBS/MgCl, and 1x 1073 M MnCl,, or in
1% BSA/TBS/MgCl, and 10 x 10~* m EDTA-buffer for nonspecific binding.
Reaction was stopped using 1.5 M NaOH solution. OD determination was
performed at 405 nm. Three independent experiments were performed,
each of them with duplicates.

Blocking of Integrin avff3: Mouse IgG (Vector Laboratories) and av/i3
(Novus Biologicals) were used at a concentration of 10 yg mL~" in PBS.
Pseudoislets at 48 h and CMs at 9 days, respectively, were washed twice
with PBS and incubated with the blocking antibody or control for 1 h
under standard culture conditions. Pseudoislets and CMs were washed
twice with PBS. The respective NID 1-treated culture media or control were
added to the pseudoislet or CM culture. Pseudoislets were culture for an
additional 72 h and CMs for an additional 48 h before evaluation via IF
staining or GSIS assay, respectively.

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

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

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Figure S1. Schematic illustration of the modified cardiovascular differentiation protocol.
EBs were derived from hESCs (line H9). (A) The differentiation protocol timeline is shown
together with the stage-specific additives to the medium. Scale bar equals 100 um. (B) The

differentiation protocol using NIDI1 from day 4 (d4) and control are shown together with the
stage-specific additives in the medium.
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Figure S2. Recombinant NID1 production and characterization. (A) Schematic representation
of NID1 production plasmid generation with main components for genomic amplification
strategy. (B) Schematic depiction of CHO culture transfection with the NID1 production plasmid,
MTX selection and clone analysis. Scale bars equal 200 um. (C) Schematic depiction of
production clone adaptation to FBS-reduced suspension culture and purification of secreted NID1
using immobilized-metal affinity chromatography (IMAC). Characteristic protein absorption is
shown at 280 nm (blue line) and 256 nm (red line) in milli absorption unit (mAU). (D) Ponceau-
Red staining of a nitrocellulose membrane with IMAC eluates: negative control (NC, 10 ul IMAC
eluate of media with 1% FBS, dialyzed), BSA (10 pl IMAC eluate of media with 1% BSA) and 5
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or 10 ul IMAC eluate of NID1-containing cell culture media with originally 0.5% FBS, dialyzed.
(E) Same membrane after discoloring and specific immunodetection of NID1. Arrows indicate 3
NID1 bands at about 140 kDa, 110 kDa and 90 kDa. (F) Specific immunodetection of NID1
deglycosylated for 4 hours and for 20 hours shows a shift of the characteristic NID1 bands to
lower molecular weight compared to a NID1 control that was not treated with the deglycosylation
enzyme, proving the glycosylated state of the recombinant NID1. (G) Schematic of Co-IP
between interaction partners NID1 and LAM-511. (H) Specific immunodetection of the 1 and y1
chain of LAM-511 in Co-IP, NC (Co-IP w/o LAM antibody) and positive control (PC, LAM-
511). (I) Specific immunodetection of NID1 in Co-IP, NC (Co-IP w/o LAM antibody) and PC
(NID1). The HiMark pre-stained protein standard (PS) was used in all blots.
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Figure S3. Identification of NID1 as crucial ECM protein in fetal and adult hearts by IF
staining & Myocardial scar quantification. (A) NID1 (green) was detected in fetal heart
sections 9, 12 and 17 weeks post-fertilization as well as in sections of 18 and 51 year old adult
heart tissue. CTNT (red) was used to detect CMs. Cell nuclei were visualized with DAPI (white).
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Scale bar equals 20 pm. (B-H) HSV color segmentation was performed using a customized
MATLAB code. The HSV histogram bands responsible for the background are shown in (C), the
Fast Green-positive region labeling the myocardium is shown in (D) and, the Picrosirius Red-
stained areas corresponding to the scar content are shown in (E). By subtracting band (C) from an
image of Picrosirius Red and Fast Green (F), an image without background is generated (G) and,
comparably, the removal of bands (C) and (D) yields an image of only the scar component (H).
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Figure S4. Raman imaging and multivariate analysis of infarcted mouse hearts and single
animals. (A) Representative overview of Raman images showing DNA (blue), myocardium (red)
and the scar (green). Three regions within the scar area (rectangular boxes: 1-3) were selected for
high-resolution Raman images. (B) Spectra-associated to the color-coding shown in (A). Based
on the signal patterns, the specific ECM composition for the scar area was detected. Scale bar
equals 100 pm. (C,D) PCA of Raman spectra revealed molecular and structural differences in the
scar area of NID1+HA and control hearts. PC score values of spectra from NID1+HA and control

)
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hearts were significantly different, unpaired t-test. (E) The loading plot displays typical porphyrin
vibrations (1513, 1557, 1612 cm'l) seen in the NID1+HA heart tissue. Collagen peaks (858 and
1248 em™) were assigned to the control hearts. PCA of TCA scar component of (F) control (HA)
and (G) NID1+HA mouse hearts. Significant differences between animals are detected in both
groups. Kruskal-Wallis test with Dunn’s multiple comparisons test. Results are shown as standard
box plot diagram. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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Figure S5. Translational changes in ECM production, degradation and regulation due to
hypoxic conditions. (A) Transcriptional changes of TGFBI in NID1-treated hiPSC-CMs under
normoxic conditions. (B,C) Transcriptional changes in gene expression after hypoxic conditions
without (control) and with NID1 (B) hiPSC-CMs and (C) dermal fibroblasts. Gene regulation are
shown when fold-regulation > |2|, p-value < 0.05.
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Figure S6. Human pseudo-islet functionality under hypoxic conditions and characterization
by in situ Raman imaging and multivariate analysis. (A) Unexcised and (B) excised EndoC-
BH3 morphology. Scale bars equal 100 pm. (C) Reduced cell number over time due to the
excision of the proliferation transgene over 21 days. (D) GSIS assay (with 0 and 20 mM glucose)
of pseudo-islets composed of 1000 (1k), 2000 (2k), 5000 (5k) and 10000 (10k) cells/ pseudo-islet
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after 5 days of culture under normoxic conditions. (E) 1k pseudo-islet morphology. Scale bar
equals 100 pm (F) Pseudo-islet size, described as pseudo-islet diameter, is stable from 72h until 5
days under normoxic conditions (n = 10); one-way ANOVA, *p<0.05. (G) GSIS assay (with 0
and 20 mM glucose) of pseudo-islets under normoxic conditions at 5 days (n = 15); unpaired t-
test, *p<0.05 (H) Significant loss of glucose responsiveness under hypoxic conditions, described
as the GSIS index (fold increase in insulin release due to the transition from Krebs buffer (0 mM
glucose) to 20 mM glucose (n = 10); one-way ANOVA, *p<0.05. (I) DNA fragmentation under
hypoxic conditions determined by the quantification of TUNEL" cells (n = 3-7); unpaired t-test.
(J) True component analysis (TCA) identified four major spectral components assigned to nuclei
(blue), insulin-transporting lipid vesicles (green), mitochondrial activity (pink) and cellular lipids
and proteins (light blue). (H-O) False color intensity distribution images for each spectral
component in (H,J,L,N) PBS controls and (ILLK,M,0) NIDI-treated pseudo-islets. Semi-
quantitative analysis by definition of the mean gray value intensity/pixel demonstrated a
significant increase in the vesicular lipids and the mitochondrial activity in NID1-treated islets.
(P) Multivariate curve resolution (MCR) analysis was performed for in-depth analysis of the
molecular composition in the periphery and core region of the hypoxic pseudo-islets. Most
relevant, components related to nuclei, insulin, lipids and mitochondria were identified and their
distribution within both regions were compared in PBS controls and NID1-treated pseudo-islets.
The control core region showed a significant decrease in insulin, lipids and mitochondria, whereas
the NIDI-treated core region showed levels comparable to the peripheral regions (n = 4);
*p<0.05, **p<0.01, ***p<0.001.
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Figure S7. Change in protein expression in NID1-treated cultures. DigiWest®-based protein
expression analysis of all tested proteins in (a) NID1-treated pseudo-islets (n = 12) and (b) NID1-
treated hiPSC-CMs (n = 4) under hypoxic conditions compared with their respective controls.
Data are shown as column-wise and color-coded heatmap from the lowest (blue) to the highest
(yellow) expression for each analyte.

12

130



Appendix |

baseline saline HA NID1 + HA
Heart Rate™n | 605 + 46 675+ 18 549 + 46* 539 + 45*
LVIDdmm 265+040 |477+0.36 3.40 £ 0.44** 290+ 0.18***
LVIDs™m 1.30+0.22 [429+0.31 2.93 +0.51* 2,15+ 0.18***#
LVAWd™™ 0.73+0.10 |[0.49+0.01 0.48+0.05 0.51+0.06
LVAWsmm 1.12+0.14 |052+0.03 0.49 £ 0.04 0.60+0.10
LVPWdmm 0.71+0.03 (061+0.17 0.53+0.11 0.61+0.07
LVPWsmm 0.98+0.03 |0.79+0.17 0.58 + 0.03 0.70+0.08
LVEDmm 267+031 |482+0.26 3.562 + 0.42** 2.82 £ 0.21***
LVES™™ 1.27+0.20 |4.26+0.30 3.04 £ 0.43** 222 +0.18****#
EDVHL 26.89+7.50 | 108.80 + 13.57 | 52.39 + 15.62*** | 30.30 + 5.69****
ESVHL 418+1.49 |81.83+13.34 |[36.91+13.01*** |16.86+ 3.57****
EF% 84.88+3.08 (24.96 +4.75 30.17 £ 4.31 44 63 + 1. 57 ##
FS% 52.56+3.70 | 11.54+2.34 13.80+2.10 2112+ 0.78**#

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

ejection fraction, FS: fractional shortening.

13

131



Appendix |

Raman shift [cm™] Assignment

497 glycogen

718 C-N / nucleotide peak

751 mitochondrial DNA

752 porphyrin

780 DNA

788 DNA

841 Polysaccharides

858-9 proline, hydroxyproline

940 C-C backbone

1003 phenylalanine

1004 phenylalanine

1080 typical phospholipids

1090-3 phosphodioxy / DNA

1119 C-C stretch in lipids

1130 phospholipid structural changes / Mitochondrial activity
1240 lipids

1247-8 collagens, amide Ill

1301 lipids, fatty acids, triglycerides
1302 collagens

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

1440 CH2, CH3 deformation (lipids})
1455 deoxyribose

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

1557 porphyrin v(C=C)

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

1620 porphyrin v(C=C)

1660 amide |

1737-8 lipids

Table S2. Raman-associated peaks. Raman peaks in cm’ and their assigned molecular
structure.
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antibodies for DigiWest species order information antibodies for IF species dilution order information
Beta-Actin rabbit 19G IA1978, Sigma
DAMTS1 rabbit 19G 12897, Cell Signaling [ NID1 rabbit g 1:100 Sc-33141, Santa Cruz
kt rabbit IgG 4685, Cell Signaling ID1 rabbit |g 1:1000 kind gift from F_Zaucke
[Bax raboit I9G  [2772, Cell Signaling ID2 rabbit Ig 1:1000 kind gift from F. Zaucke
Bci2 rabbit 1gG FN rabbit Ig 1:500 A0245, Dako
Beta-Catenin POSTN rabbit IgG 1:100 HPA012308, Sigma-Aldrich
Beta-Catenin
LAM rabbit IgG 1:50 ab11575, Abcam
Beta-Catenin - phospho Ser552 i coLa rabbit 19G 1.250 abB586, Abcamn
po-Raf ebbil InG__D'7-983, Upstate CcOL1 rabbit1gG | 1:76 R1038_Acris
o-Raf - phospho Sera45 raobitigG  [2696. Cell Signaling SSMAFITC mouse IgG2a | 1:500 F3777, Sigma-Aldrich
[Caspase 3 19662, Cell Signalin
[Caspase 9 CD31 ratlgG2a 1:20 DIA-310, Dianova
IConnexin 43 MF20 mouse 19G25 | 1:50 MF20, Developmental Studies
ICREB - phospho Ser133 raboit 19G 9198, Cell Signaling Hybridoma Bank
EpCAM raboit IgG 3599, Cell Signaling CTNT rabbit IgG 1:3000 HPAQ15774, Sigma-Aldrich
Erk1/2 (MAPK p44/42) rabbit 1gG [4695, Cell Signaling CINT mouse IgGT 1600 NBZ00-412, Novus
Erk1/2 (MAFK p44/42) - phospho rabbitlgG 1370, Cell Signaling Biclogicals
[Thr202/Tyr204 - Rl R ——
E-cadherin rat IgG sc-59778, Santa Cruz Lg‘ls‘[.rm ng‘t :qg 12000 223231 S‘O:ZB eng
A 0 e
E-cadherin — phospho Ser838/Ser840 |rabbit G 2239»1‘ Eértﬂm\os MAP2 %G abSG_‘_E—Zz N;gr;-lfﬂr:llipcre
FAK! rabbit IgG 13285, Cell Signaling INS quinea-pig 1:200 ACS64, IDakD
[FAK1 - phospho Tyr397 rabbit lgG 8556, Cell Signaling 196G : '
Fyn rabbit 19G {4023, Cell Signaling E-cadnen 1oG2a | 12 7 A
Fyn — ohospho Ty530 ra0bit 196 orb99261. biorbyt cadherin mouselgiRa | 1260 [ abr6055. Abcem
IGAPDH rabbit 1gG. 5174 Cell Signaling CASI rabbit I9G 2100 ab13847. Abcam
IGSK3 alpha/beta - phospho Ser21/Serg rabbit IgG 9331, Cell Signaling goat 3250 A-11034, Invitrogen
IGSKS beta raobitgG 9315, Cell Signaling rat [gG2a-AF647 | goal :250 A-21247, Invitrogen
IGSK3 beta - phospho Serg rabbit IgG 19336, Cell Signaling mouse IgG1-AF594 | goat :250 A-21125, Invitrogen
INK/SAPK rabbit IgG 9252, Cell Signaling mouse lgG2a-AF488 | goat 1:250 A-21131, Invitrogen
MEKA1/2 - phaspho Ser217/Ser221 rabbit IgG 9154, Cell Signaling
mouse IgG2b-AF594 | goat 1:250 A-21145, Invitrogen
MMP13 mouse 1I9G1  [MAB511, R&D Systems e
uinea-pig 1gG- joat 1:250 A-11076, Invitrogen
MOB1 rabbit IgG 3863, Cell Signaling gAFSQA Pa g 9 9
[MOB1 - phospho Thr3s rabbit 19G 8699, Cell Signaling
MTOR (FRAP] rabbit 19G 12983, Cell Signaling antibodies for WB | species dilution order information
MTOR (FRAP)- phospho Ser2448 rabbit IgG ___ [2971, Cell Signaling
[Notch 2 rabbit 19G 5732, Cell Signaling NID1 rabbit IgG 1:400 sc-33141, Santa Cruz
P21 rabbitigG [2947, Cell Signaling | | LAM RabbitIgG__| 1:600 ab11575, Abcam
P38 MAPK - phospho Thr180/Tyr182 rabbit 19G 14511, Cell Signaling anti-rabbit IgG-HRP | goat 1:4000 ab6721, Abcam
PAK 1/2 - phospho Ser144/Ser141 rabbit I9G 806, Cell Signalin:
Pdx1 rabbit 1gG 5679, Cell Signaling
P13-kinase p85 alpha rabbit 19G Primer Sequence
pracssrs oot 25 omanNIDT 5 | QPNIDT38er CCGCTGAGTGCGTGCACAGA
6 raboit [9G [6955. Cell Signalin QnNID1-495R GTCCCGAGAAGGGCCCTGGT
RSK 1 (pOORSK) - phospho Thr573 rabbit 19G l§b62324 abcam QhNIDA1-2015F CCACGGCTGC%?:TACCAACGCCG
[Sre rabbit 19G 12108, Cell Signaling Human NID1 3' b
ISrc — phospho Tyr527 rabbitlgG___[2105_Cell Signaling QhNID1:2180R | CAGGATCTECTCTCTETCGTECTE
nt3A rabbit 19G 09-162, Millipore G
- ) - - Hamster BActin | QEmB-ActinF GGCGCTTTTGACTCAGGACTTTA
lantibodies for DigiWest Ispecies forder information QhamB-Actin R GGGATGTTTGCTCCAACCGA
ldk-cx-rb 1gG (H+L) - RPE [#711-116-152, Jackson Hamster p53 Qham-p53-F CATGCCGAATACCTGGATGACAAG
P Qham-p53-R GCAAATCAAACCCTGTCTTCAACC
dk-a-ms 1gG (H+L) - RPE [#715-118-151, Jackson
ot 1G (H+L) - RPE i 12-118:143, Jacksan human oSMA | Hs_ACTA2_1_SG Qiagen, QT00088102

[Streptavidin - RPE

[#016-110-084, Jackson

human GAPDH

Hs_GAPDH_2_SG

Qiagen, QT01192646

RT* Profiler PCR
Arrays

Extracellular Matrix &
Adhesion Molecules

Qiagen, PAHS-013Z

Table S3. List of antibodies and primer sequences.
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Abstract

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

Keywords

decorin e B-cells o diabetes mellitus in vitro model e next-generation sequencing ¢ Raman
microspectroscopy e extracellular matrix remodeling
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Abbreviations

DM - diabetes mellitus

ECM - extracellular matrix

COL1 - collagen type 1

COL3 - collagen type 3

FN - fibronectin

DCN - decorin

NGS - next-generation sequencing

ER — endoplasmic reticulum

GSIS — glucose-stimulated insulin secretion
IF — immunofluorescence

TCA - true component analysis

PCA - principal component analysis

GVI — gray value intensity

ROI - region of interest

BM — basement membrane

LAM —laminins

COL4 - collagen type 4

INS —insulin

GLU — glucagon

cGMP - cyclic guanosine monophosphate
MAPK — mitogen-activated protein kinase
OxPhos — oxidative phosphorylation

Pl — phosphatidylinositol

TAG — triacylglycerol

ERAD — endoplasmic reticulum associated degradation
UPR — unfolded protein response

WFS1 - Wolframin ER transmembrane glycoprotein
RRBP1 — Ribosome Binding Protein 1

HSP — heat shock protein
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87  Introduction

88  Diabetes mellitus (DM) is a metabolic disease where the internal glycemic control is disrupted by
89 the autoimmune destruction of insulin-producing B-cells (Type 1 DM) or the inefficient use of
90 insulin (Type 2 DM) in response to glucose. Ten percent of the adult population suffers from DM
91  and the numbers are predicted to increase from the current 537 million patients to 783 million by
92  2045. Type 1 DM accounts for 5-10% of the total number of patients and they mostly rely on
93  exogenous insulin injections to control their glucose levels [1]. The use of pancreatic organ or
94 islets of Langerhans transplantation is an alternative treatment strategy for DM patients repeatedly
95 suffering from severe hypoglycemia. The islets of Langerhans are the endocrine units of the
96 pancreas responsible for controlling blood glucose levels. They contain B-cells, which are the
97  glucose-responsive insulin-producing cells. Islet transplantation has been shown to improve
98 glucose control and lead to insulin independency for up to 5 years [2]; however, its efficacy is
99 limited by the loss of approximately 50% of donor islets post-transplantation, due to multiple
100 factors such as hypoxia at the transplant site and immune system reactions [3]. During islet
101 isolation, the human pancreas is mechanically and enzymatically digested to separate the
102  endocrine and exocrine tissues, which results in the destruction of the vascularization and the loss
103  of crucial extracellular matrix (ECM) proteins [4]. Following transplantation into the host’s body,
104  revascularization of the graft can take up to 14 days when no supporting intervention is used [5].
105  During this period, the islets are subjected to decreased oxygen and nutrient supply. The native
106 ECM facilitates cell-cell contacts and controls several cellular processes, including cell
107  proliferation, survival, and tissue-specific functions [6]. The removal of the essential islet ECM
108 further diminishes the success rate of islet transplantation [7]. There are several different
109 approaches to improve the survival rate of isolated islets post-transplantation, such as
110 encapsulation in carrier materials [8-10], co-culture with supporting cells [7,11-13], or the
111  supplementation of pancreatic ECM proteins [14—16], which has already been shown to improve
112 cell survival and functionality post-isolation [17]; however, implantation still causes the formation
113 of a fibrotic capsule composed of the fibril-forming proteins such as collagen type 1 (COL1),
114  collagen type 3 (COL3), and fibronectin (FN) [18-20], which hinders the functional integration of
115 the transplant in the host’s system. To improve the survival of isolated islets post-transplantation,
116  supportive strategies need to address (1) the reestablishment of the pancreatic islet niche to
117  improve islet survival as well as (2) the reduction of fibrotic capsule formation to improve
118  integration of the islets into the recipient’s system.

119  The goal of this study was to identify potential ECM candidates that could improve the outcome of
120 islet transplantation. We identified decorin (DCN) as target of interest and studied the impact of
121 DCN on the function and endogenous ECM expression of human B-cells using the conditionally
122 immortalized human B-cell line EndoC-BH3. We show that DCN-treatment significantly improved
123 insulin secretion upon glucose challenge while ECM proteins affiliated with fibrosis were
124  significantly downregulated. Utilizing Raman microspectroscopy and imaging as well as next-
125  generation sequencing (NGS), we further monitored the impact of DCN on mitochondrial activity
126  and the endoplasmic reticulum (ER). To evaluate its potential as a treatment option in a carrier
127  material for B-cell or islet transplantation, we incorporated DCN in a COL1 carrier material and
128  confirmed the improved functionality effects observed in suspension. Taken together, our results
129  show for the first time the positive effects of DCN on improved insulin secretion in B-cells through
130 modulation of mitochondrial activity as well as protein folding and vesicle formation processes.
131  Additionally, we show that DCN can reduce the expression of ECM proteins affiliated with fibrotic
132 capsule formation. Both properties make DCN a strong candidate for use in islet transplantation
133 to support islet survival and potentially improve graft integration into the host's system.
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Methods
Pseudo-islet assembly & culture

The human EndoC-BH3 B-cell line was cultured following manufacturer’s instructions (Human Cell
Design, Toulouse, France). Pseudo-islets were formed as previously described [21]. Briefly,
aggregates of 1000 B-cells were formed in U-bottom non-adherent well plates (Greiner Bio-One,
Frickenhausen, Germany) over a period of five days under standard culture conditions (37°C, 5%
COz2, 20% O2). Culture media OptiB1 and Opti2 (Human Cell Design) were supplemented with
recombinantly-produced DCN [22] at 50 pg/ml, and cells were cultured in these media for two
days and four days after seeding, respectively. PBS supplementation was used as control.

For COL1 gel encapsulation, 120 pseudo-islets were grouped per well. Pseudo-islets were
encapsulated in COL1 with a concentration of 6.0 mg/ml as previously described and according
to the manufacturer’s instructions (Fraunhofer IGB, Stuttgart, Germany) [8] [23]. The encapsulated
pseudo-islets were cultured in a total volume of 250 pl for three days with DCN at 50 pg/ml or PBS
(control).

Pseudo-islet and pancreatic tissue preparation for histological analysis

After culture, pseudo-islets were prepared for histological analysis as previously described [8].
Briefly, pseudo-islets were washed with PBS, fixed in 4% PFA and embedded in paraffin with a
Shandon Citadel 1000 (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s protocol. Pseudo-islets were cut in 3 pum sections (Microtom RM2145, Leica,
Nussloch, Germany), deparaffinized with xylene and graded ethanol (100%-50%) and VE-water.
Adult human pancreatic tissue was purchased from Novus Biologicals (NBP2-30191, Novus
Biological, Bio-Techne GmbH, Wiesbaden, Germany), which was treated by the same protocol
that was used for the pseudo-islets.

Immunofiuorescence (IF) staining

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

COL1 gel E-modulus evaluation

Elastic modulus of the COL1 gels was tested using a BOSE Electroforce 3000 (TA Instruments,
New Castle, USA). The elastic modulus was calculated by means of equation 1.

_o® _ _(F/A)

€ (AL/Lo) ()

The gel's surface area A was uniformly determined as 30 mm2 and the total height Lo was
measured specifically for each gel. The elastic modulus was obtained by plotting the tensile stress
against strain using Microsoft Excel (Microsoft Corporation, 2021. Microsoft Excel Version 2111,
retrieved from https://office.microsoft.com/excel) where the slope of the graph’s regression line
displayed the elastic modulus.

Glucose-Stimulated Insulin Secretion (GSIS) assays

GSIS assays were performed as previously described [7,21]. Briefly, pseudo-islets from
suspension and COL1 gel cultures were starved overnight in OptiB-2 (Univercell Biosolutions).
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177  Afterwards, suspension pseudo-islets were grouped, washed with 0.1% BSA (A-9576, Sigma-
178  Aldrich) in B-Krebs (KREBS-BSA, human cell design) and incubated for 1 hour in KREBS-BSA.
179  After synchronization, pseudo-islets in suspension were subsequently incubated for 1 hour each
180 in basal KREBS-BSA, KREBS-BSA containing 20mM glucose (A2494001, Thermo Fisher
181  Scientific) and basal KREBS-BSA again. After each incubation, the supernatant was removed and
182  stored at -20°C until further analysis. The insulin content was analyzed using an ultrasensitive
183  human insulin ELISA kit (10-1132-01, Mercodia, Uppsala, Sweden). For GSIS assays in COL1
184  gels, all incubation times were tripled.

185 The GSIS index was calculated by dividing each samples’ insulin secretion during high-glucose
186  treatment at 20 mM glucose by the insulin secretion at 0 mM glucose stimulation (1). For pseudo-
187 islets in COL1 gels, the mean + SD of the insulin secretion during high-glucose treatment at 20
188 mM glucose was divided by the mean + SD of the insulin secretion during 0 mM glucose
189  stimulation while applying the propagation of error.

190  RNA isolation and NGS

191  To isolate RNA from pseudo-islets under glucose stimulation, pseudo-islets were washed five
192  times using cold PBS after 30 min incubation with KREBS-BSA containing 20 mM glucose.
193  Pseudo-islets were grouped as 180 per sample before RNA isolation was performed following the
194  RNEasy micro kit protocol (74004, Qiagen, Hilden, Germany). Briefly, grouped pseudo-islets were
195 lysed in 250 pl RPE buffer containing 1% B-mercaptoethanol (M7522, Sigma-Aldrich) and frozen
196  at-80°C before further processing. On the day of the RNA isolation, vials were thawed, mixed with
197 250 pL of 70 % ethanol and spun down at 13’000 rpm for 15 s. Following discarding of the
198  flowthrough, samples were washed with 350 L RW1 and spun down at 13’000 rpm for 15 s. After
199  discarding the flowthrough, samples were washed with 500 uL RPE buffer at 13,000 rpm for 15 s.
200 Afterwards, samples were washed twice with 80% ethanol at 13,000 rpm for 2 min. Samples were
201  then spun down at 13,000 rpm for 5 min with open lids to dry the membrane. The samples were
202  resuspended in 14 pul RNAse-free water to elute the RNA and spun down for 7 min at 13,000 rpm
203 for 15 s. The RNA content was quantified using the infinite M2000 Pro plate reader with the
204  NanoQuant Plate (Tecan, Mannedorf, Switzerland). All samples were stored at -80°C until the
205 NGS.

206  RNA quality was assessed with an Agilent Fragment analyzer (Agilent) and samples with RNA
207  integrity number > 7 were selected for library construction on the automated workstation Biomek
208 7 (Beckman). 100 ng of total RNA was subjected to polyA enrichment using the NEBNext Poly(A)
209  mRNA Magnetic Isolation Module (NEB). cDNA libraries were constructed using the resulting
210  mRNA and the NEBNext Ultra Il Directional RNA Library Prep Kit (NEB). Library molarity was
211  determined by measuring the library size (approximately 400 bp) using the Fragment Analyzer
212 with the High NGS Fragment 1-6000bp assay (Agilent) and the library concentration
213 (approximately 10 ng/pl) using the Infinite 200Pro (Tecan) and the Quant-iT HS Assay Kit (Thermo
214  Fisher Scientific). The libraries were denaturated, diluted to 270 pM, and sequenced as paired-
215  end 100bp reads on an lllumina NovaSeq6000 (lllumina, San Diego, CA, USA) with a sequencing
216  depth of approximately 40 million clusters per sample. Library preparation and sequencing
217  procedures were performed by the same individual at the Quantitative Biology Center (QBiC)
218 Tubingen, and a design aimed to minimize technical batch effects was chosen. Read quality of
219 RNA-seq data in fastq files was assessed using ngs-bits (V2020_09-39) to identify sequencing
220 cycles with low average quality, adaptor contamination, or repetitive sequences from PCR
221 amplification. Data management and bioinformatic analysis were performed at QBiC Tubingen,
222 Germany. A Nextflow-based nf-core pipeline nf-core/rnaseq (version 1.4.2; https://github.com/nf-
223 core/rnaseq, accessed on 21 January 2021) was used for the RNA-seq bioinformatic analysis. As
224  part of this workflow, FastQC (version v0.11.8) was used to determine the quality of the FASTQ
225 files [24]. Subsequently, adapter trimming was conducted with Trim Galore (version 0.6.4) [25].
226  STAR aligner (version 2.6.1, [26]) was used to map the reads that passed quality control against
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GRCh37. RNA-seq data quality control was performed with RSeQC (version 3.0.1) [27] and read
counting of the features (e.g., genes) with featureCounts (version 1.6.4) [28]. An aggregation of
the quality control for the RNA-seq analysis was performed with MultiQC (version 1.7;
http://multigc.info/, accessed on 21 January 2021) [29]. The analysis of the differential gene
expression was performed in R language (version 3.5.1) using DESeq?2 (version 1.22) through the
Nextflow-based workflow gbic-pipelines/rnadeseq (https:/github.com/gbic-pipelines/rnadeseq,
accessed on 21 January 2021, version 1.3.2). Genes were considered differentially expressed
(DE) when the Benjamini-Hochberg multiple testing adjusted p-value [30] was smaller than 0.05
(Pagj = 0.05). Multiple testing correction helped to reduce the number of false positives (not real
DE genes). In the case of a threshold of 0.05, the proportion of false discoveries in the selected
group of DE genes was controlled to be less than the threshold value—in this case, 5%. Final
reports were produced using the R package rmarkdown (version 2.1) with the knitr (version 1.28)
and DT (version 0.13) R packages. The sample similarity heatmaps were created using the edgeR
(version 3.26.5) R package. Both KEGG and REACTOME databases were used for pathway
analysis [31,32]. All DE genes were included, and enrichment was calculated using Fisher's exact
test (p < 0.05).

Raman microspectroscopy

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

Image analysis

Co-localization analysis was performed via a self-written macro in Microsoft Excel (Microsoft
Corporation). Briefly, the pixels of the red channel displaying insulin were compared to the pixels
of the green channel displaying ECM proteins. The pixels were counted as co-localized if both
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277  pixels exceeded a defined threshold. Co-localization was normalized by the number of pixels of
278  the ECM protein channel exceeding the threshold.

279  Blinded DCN-stained sections were counted by three independent unbiased observers. Cells were
280 counted as DCN-positive if they expressed a clear DCN- and DAPI-positive staining. DCN-positive
281  cells were categorized as periphery if they were present within the first two cell layers of the section
282  viewed from outside to inside. All other DCN-positive cells were categorized as pseudo-islet core.

283  Semi-quantitative gray value intensity (GVI) analysis of IF-stained sections and Raman TCA
284  components was performed using Imaged V 1.52p. For IF images, the region of interest (ROI) was
285 chosen to include all DAPI-positive cells and copied into the channel to analyze. The obtained GVI
286 was normalized by the area of the ROIl. For Raman images, ROI for semi-quantification was
287  chosen to include all nuclei-spectrum-positive pixels of the Raman TCA signal and copied to the
288  channel for the components of interest (ECM, DCN and ER). The obtained GVI was normalized
289 by the area of the ROI.

290  DCN direct labeling

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

(Cprotein,initial*Vprotein*1000)
295 Viye = ——— L * MR @)
Cactivated dye solution*MWprotein

296 The activated dye was gently mixed with protein solution and incubated for 5 min at RT. For
297  purification, the dye-protein-mixture was pipetted onto a washing gel and centrifuged at 1000 x g
298  for 2 min. The purified protein conjugate was collected, and the absorbance was measured at 280
299 nmand 493 nm. To verify the degree of labeling and calculate the final concentration of the labeled
300 DCN, equations (3), (4) and (5) were used.
Azg0
301 E=7" 3
Cprotein,initial*b ( )
Azgo—(Agg3*K)*DF
302 Cprotein,conjugated = % * MW (4)

As93*DF * MW 5)

303 D=
6300+Cprotein,conjugated

304 The description of the values and all values used and calculated can be found in Suppl. Table
305 S2.
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Results
DCN co-localizes with insulin in human pancreatic islets

To identify potential ECM proteins as treatment candidates to support B-cell functionality post-
transplantation, IF staining was used on native human pancreatic tissue focusing on basement
membrane (BM) proteins such as laminins (LAM) and collagen type 4 (COL4), the fibrillar ECM
proteins FN and COL1, as well as DCN (Fig. 1 A-E). Co-localization studies showed a significantly
higher ratio of co-localized DCN-positive and insulin (INS)-positive pixels within the native
pancreatic tissue when compared with the other ECM proteins (Fig. 1 F; LAM: 0.04 + 0.04; COL4:
0.03 £ 0.02; FN: 0.36 + 0.09; COL1: 0.19 + 0.13 vs DCN: 0.91 + 0.04; n 2 6, ****p < 0.0001).
Further co-localization studies showed a significantly higher correlation of DCN with INS when
compared with glucagon (GLU) (Fig. 1 G, H; Fig 11; GLU: 0.25 £ 0.15 vs INS: 0.79 £ 0.03; n = 4,
***p < 0.001), indicating a potentially important role of DCN in connection with the insulin-secreting
B-cells within the islets of Langerhans.

human native tissue
A B Cc D E F F—

_.
S

ECM co-localization with insulin [a.u.]
o
(4]

o
*
*
*

o
o

hormone co-localization with DCN [a.u.]
o
[5,]

Fig. 1: DCN co-localizes with insulin-producing B-cells in vivo. Expression patterns of (A) LAM, (B) COL4, (C) FN, (D) COL1, and
(E) DCN in native pancreatic tissue. (F) Co-localization study shows strong correlation between DCN and insulin-expressing B-cells in
islets of Langerhans. 1-way ANOVA with Tukey's multiple comparison test (n = 6) ****p < 0.0001. (G, H) Expression patterns of
glucagon (GLU), insulin (INS), and DCN in isolated human pancreatic islets. (l) Co-localization study shows significantly higher
correlation of DCN with INS compared to GLU. Unpaired t-test (n = 4) ***p < 0.001. Scale bars equal 50 um (A-E, G) and 5 pm (H).
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326 DCN binds to the B-cells in pseudo-islets and improves insulin secretion in suspension

327  To test the hypothesis that DCN has a potential impact on the functionality of B-cells in the human
328 pancreas, the human (-cell line EndoC-BH3 was aggregated into pseudo-islets and treated with
329 50 pg/ml of in-house produced human recombinant full-length DCN (+DCN) [22]. Upon glucose
330 stimulation, DCN-treated pseudo-islets (pseudo-islets +DCN) secreted significantly more insulin
331  compared to the control (Fig. 2 A; 3.70 £ 0.98 mU/I control vs 5.83 + 1.39 mU/l +DCN at 20 mM
332 glucose; n 24, “***p < 0.0001), accompanied with a significant increase in the GSIS index (1.39 +
333  0.12 control vs 2.03 + 0.35 +DCN; n = 4, *p < 0.05). IF staining for DCN of control pseudo-islets
334  and pseudo-islets +DCN did not exhibit differences in GVI per pixel (Fig. 2 B, 1.84 + 0.58 control
335 vs1.98+1.07 +DCN; n =8, p = 0.76); however, structural variances were seen. In control pseudo-
336 islets, DCN was homogenously expressed throughout the entire pseudo-islet, while pseudo-islets
337 +DCN showed DCN-positive cells in the outer layer of the pseudo-islets (Fig. 2 B, white arrows).
338  This pattern was observed as early as 24 h after DCN-treatment (Fig. 2 C, Suppl. Fig S1 A, B).
339  The interaction of DCN in the periphery of the pseudo-islet was further confirmed using directly
340 labelled DCN (Suppl. Fig. S1 C). Live tracking of the pseudo-islets +DCN showed that DCN
341  directly attaches to the periphery of the pseudo-islets as early as 3 h post-treatment. Further
342 analysis of the ECM composition of control pseudo-islets and pseudo-islets +DCN revealed a
343  significant decrease of both fibrillar ECM proteins FN (Fig. 2 D, 3.12 + 0.72 control vs 1.76 + 0.48
344 +DCN;n=4, *p < 0.05) and COL1 (Fig. 2 E, 7.66 + 0.91 control vs 4.60 + 1.44 +DCN; n =8, ****p
345 < (0.0007) after DCN-treatment. In contrast, DCN did not have a significant effect on the expression
346  of E-cadherin (Suppl. Fig. 2 A, 3.05 + 0.47 control vs 3.29 + 0.46 +DCN; n 2 4, p = 0.46), INS
347  (Suppl. Fig. 2 B, 3.55 £ 1.66 control vs 3.84 £ 0.81 +DCN; n 2 4, p = 0.71), or the BM proteins
348  LAM (Suppl. Fig.2C, 2.02 £ 1.13 control vs 2.70 £ 0.46 +DCN; n =7, p = 0.52) and COL4 (Suppl.
349  Fig. 2 D, 3.08 + 0.65 control vs 3.49 + 1.06 +DCN; n = 8, p = 0.18). These results show for the
350 first time the stimulatory effect of DCN-treatment on the insulin secretion of B-cells. Furthermore,
351  DCN-treatment reduced the expression of fibrosis-affiliated ECM proteins under suspension
352 culture conditions.

353  NGS reveals significant impact of DCN-treatment on mitochondria and ER

354 NGS was performed to investigate the effects of DCN-treatment on the overall gene expression
355  of pseudo-islets upon the glucose challenge. RNA was isolated after 30 min of high-glucose
356 treatment at 20 mM glucose. In total, DCN-treatment led to a total of 348 differentially expressed
357 genes, 84 of which were associated with a KEGG pathway (Fig. 3 A). 51 of these 84 genes were
358 B-cell-related and classified to pathway networks related to ER, calcium-signaling, cyclic
359 guanosine monophosphate (cGMP), semaphorin, mitogen-activated protein kinase (MAPK), Type
360 2 DM, and oxidative phosphorylation (OxPhos) (Fig. 3 B). Of special interest were the genes
361 related to OxPhos (Fig. 3 C, D) and ER (Fig. 3 E, F). In the OxPhos network, all genes that were
362 differentially expressed were related to the electron transport chain and were significantly
363  upregulated in pseudo-islets +DCN (Fig. 3 D). This indicates an increased mitochondrial activity
364 in the DCN-treated cells after high-glucose treatment at 20 mM glucose. In the ER network, 8 of
365 10 genes were significantly upregulated after DCN-treatment (Fig. 3 F). Among other tasks, the
366 ERin B-cells is responsible for the folding and transport or proteins, such as insulin. Detailed NGS
367 results are available in the data repository.

368
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370 Fig. 2: DCN stimulates pseudo-islet functionality in suspension cultures and modulates ECM expression. (A) DCN treatment
371 in vitro stimulates functionality of pseudo-islets. 1-way ANOVA with Tukey’s multiple comparison test (n = 4), ****p < 0.0007. Unpaired
372 t-test (n 2 4), *p < 0.05. (B) DCN-treatment resulted in strong expression of DCN in cells on the outside of the pseudo-islets (white
373 arrows) with no difference in overall GVI per pixel (n = 8). Unpaired t-test. (C) DCN-positive cells on the periphery of the pseudo-islets
374 are seen as early as 24 h after DCN treatment. 1-way ANOVA with Tukey's multiple comparison (n 2 6), *p < 0.05. Quantification of
375 (D) FN (n 2 4) and (E) COL1 (n = 8) IF staining shows a significant decrease for both ECM proteins upon DCN treatment. Unpaired t-

376 test, *p < 0.05, ****p < 0.0001. Scale bars equal 50 pm.
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KEGG pathway-attributed differentially expressed genes in pseudo-islets +DCN
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Fig. 3: NGS identifies differentially expressed genes in pseudo-islets +DCN. RNA was harvested immediately after high-glucose
treatment of the pseudo-islets to identify genes affected by the DCN-treatment during insulin secretion (n = 4). (A) 84 differentially
expressed genes were matched to specific pathways using the KEGG database after DCN treatment. (B) 51 of these 84 genes are B-
cell-related genes that have roles in 7 different pathways and mechanisms. (C) 9 genes related to OxPhos were differentially
expressed. (D) All of these 9 genes were upregulated after DCN-treatment. (E) 10 genes related to the endoplasmic reticulum were

differentially expressed in pseudo-islets +DCN. (F) 8 of these 10 genes were upregulated after DCN-treatment. Genes were classified
as differentially expressed with pagjustea < 0.05.
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Raman imaging confirms changes in the endoplasmic reticulum of DCN-treated pseudo-islets

Raman imaging was employed to further identify potential biochemical changes in the DCN-
treated pseudo-islets with special focus on the ER. The acquired Raman data were analyzed
using TCA as well as PCA. TCA is a quantitative Raman image analysis method that provides
unique insight into the spatial distribution of pixels with specific spectral characteristics, which
can be used to locate different components within a sample or tissue. In contrast, PCA is a
more qualitative analysis method that gives further insights in differences of the overall
molecular composition between samples and tissues [21]. TCA was performed to localize three
major components of interest within control pseudo-islets and pseudo-islets +DCN, namely the
general ECM component as well as the specific components for DCN and the ER (Fig. 4 A, B).
The spectrum for the general ECM component was obtained as described earlier [8]. The
spectra for the DCN and the ER components were obtained by measuring cellular areas
positively stained for DCN and ER, respectively (Suppl. Fig. S3). We defined the ER spectrum
by averaging Raman spectra obtained from pixels that stained positively for the ER tracker.
The resulting ER spectrum showed characteristic peaks (750, 1001, 1128, 1303, 1446 and
1606 cm™' (Suppl. Fig. S3 F)) for protein-rich regions similar to those described by Prats Mateu
et al. [33]. It should be mentioned that especially the peak at 750 cm™" is usually described for
cytochrome-c, a protein of the mitochondrial membrane, indicating contributions of other cell
organelles to this ER spectrum [34]. The TCA false color images of the three components did
not show any differences in GVI per pixel (Suppl. Fig. S4, B (ECM): 0.32 + 0.05 control vs 0.38
+0.10 +DCN; n =3, p = 0.49; E (DCN): 0.45 + 0.15 control vs 0.33 £ 0.03 +DCN; n = 3, p = 0.35;
H (ER): 0.49 * 0.05 control vs 0.43 £ 0.06 +DCN; n = 3, p = 0.28). Evaluation by component-
positive area (Suppl. Fig. S4, C (ECM): 65.55 + 8.97 % control vs 70.04 + 14.00 % +DCN; n =
3, p =0.72; F (DCN-positive area): 45.47 + 8.64 % control vs 45.45 £ 4.84 % +DCN; n=3, p =
1.00; 1 (ER): 74.00 £ 1.62 % control vs 74.32 £ 8.60 % +DCN; n = 3, p = 0.96) between control
and DCN-treatment did not show any significant differences; however, PCA, which gives
insights about the biochemical composition of the ER component showed a separation between
control pseudo-islets and pseudo-islets +DCN (Fig. 4 C) with a significant difference between
the mean PC-2 loading scores (Fig. 4 D: -0.003 £ 0.0007 control vs 0.003 = 0.003 +DCN; n = 3,
*p < 0.05). As the mean PC-2 loading score is positive for pseudo-islets +DCN (Fig 4 D), the
changes after DCN-treatment can be attributed to positive peaks in the PC-2 loading plot indicating
increase in phosphatidylinositol (Pl) (415, 516, and 770 cm™) (Fig 4 E). In contrast, control
pseudo-islets with a negative mean PC-2 loading score (Fig. 4 D) were characterized by negative
peaks for triacylglycerol (TAG) (1252 and 1300 cm™') and cholesterol (1444 and 1659 cm™) (Fig.
4 E). Peak intensity analysis of the ER Raman spectra of control pseudo-islets and pseudo-islets
+DCN, which gives a quantitative result about the levels of the different components, indicated
significant differences between both groups (Fig. 4 F-H, Suppl. Fig. S5 G). While PI levels were
significantly upregulated upon DCN-treatment (Fig. 4 F), TAG and cholesterol levels were
significant downregulated upon DCN-treatment (Fig. 4 G, H). PCA of the ECM component (Suppl.
Fig. S5 A-C, B (PC-1): -0.0007 £ 0.003 control vs 0.001 + 0.007 +DCN; n=3, p = 0.77; C (PC-
2): 0.0006 = 0.002 control vs 0.0007 + 0.0009 +DCN; n = 3, p = 0.47) and the DCN component
(Suppl. Fig. S5 D-F, E (PC-1): -0.002 + 0.003 control vs 0.003 + 0.004 +DCN; n=3, p=0.25; F
(PC-2):0.002 £ 0.002 control vs -0.002 £ 0.002 +DCN; n = 3, p = 0.08) did not show any significant
separation between both groups. A detailed description of the peaks and their assignments can
be found in Suppl. Table S3.
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Fig. 4: Raman imaging of live pseudo-islets under 20 mM glucose. (A) Application of Raman spectra for ECM, DCN, and ER on
live control pseudo-islets and pseudo-islets +DCN. Scale bar equals 50 um. (B) Corresponding representative Raman spectra of ECM,
DCN, ER, and nuclei. (C) PCA of the obtained ER component shows a separation via PC-2 between control pseudo-islets and pseudo-
islets +DCN. (D) Comparing the PC-2 loading scores of 100 spectra shows a significant difference between control and pseudo-islets
+DCN (n = 3). Unpaired t-test, *p < 0.05. (E) Loading of PC-2 indicates an increased expression of Pl (peaks at 415, 516, and 770 cm
") in pseudo-islets +DCN compared with the control cultures while control pseudo-islets showed an increased presence of TAG (peaks
at 1252 and 1300 cm™') and cholesterol (peaks at 1444 and 1659 cm™'). Upon DCN-treatment, (F) Pl levels are increased in pseudo-
islets, whereas levels of (G) TAG and (H) cholesterol are decreased (n = 3). Unpaired t-tests, *p < 0.05, **p < 0.01.

GMP-grade COL1 and DCN mimic features of the native pancreatic environment in support of

pseudo-islets in vitro
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To determine whether DCN has similar effects in a biomaterial suitable for islet transplantation,
pseudo-islets were encapsulated within a clinical grade, good manufacturing practice (GMP)-
approved COL1 gel [23] as a carrier material and treated with DCN. To investigate the structural
distribution of the native fibrillar collagen network within the islets of Langerhans in vivo, we
performed IF staining of human native pancreatic tissue (Fig. 5 A, B). We were able to mimic the
observed pattern by encapsulating our pseudo-islets in a COL1 hydrogel (Fig. 5 C, D). Evaluation
of the stiffness of a pure COL1 gel and a COL1 gel with pseudo-islets showed a significant
difference of the elastic modulus for both groups (Fig. 5 E, 3.1 £ 0.24 COL1 gel vs 4.1 £ 0.23
COL1 gel with pseudo-islets, n =2 4, ***p < 0.001); however, both groups lied within the stiffness
range of pancreatic tissue reported in the literature [35-37]. IF staining for DCN of control pseudo-
islets and pseudo-islets +DCN in the COL1 gel showed that DCN in control pseudo-islets was
homogeneously distributed, whereas DCN-treated pseudo-islets in the gel showed a DCN-positive
layer of cells in the periphery of the pseudo-islets (Fig. 5 F, white arrows). Overall, there were no
significant differences of GVI per pixel between both groups (1.84 + 1.52 control vs 1.80 + 0.88
+DCN, n 212, p = 0.95). This result is comparable to the results obtained in pseudo-islets treated
with DCN in suspension. We further confirmed this observation by employing Raman imaging on
fixed control pseudo-islets and fixed pseudo-islets +DCN in the COL1 gel (Fig. 5 G, Suppl. Fig.
S6 B). We conducted TCA on the same three main components (ECM, DCN, and ER) and
evaluated the component-positive area as described earlier for pseudo-islets in suspension. TCA
false color images displayed a significant decrease of the component-positive area for ECM within
pseudo-islets +DCN (Fig. 5 H, 69.16 + 4.45 % control vs 11.77 £+ 5.12 % +DCN, n = 3, *p <
0.001). The component-positive area for DCN was significantly higher in pseudo-islets +DCN
compared to the control (Fig 5 I, 22.72 + 1.48 % control vs 45.89 + 7.07 % +DCN, n = 3, "0 <
0.05). The ER component showed no difference between both groups (Fig. 5 J, 60.38 + 9.67 %
control vs 23.11 £ 19.67 % +DCN, n = 3, p = 0.07). The GVI per pixel of the ECM component was
significantly decreased in the DCN-treated pseudo-islets (Suppl. Fig. S6 B, C, 0.95 + 0.04 control
vs 0.83 £ 0.03 +DCN, n = 3, *p < 0.05), confirming the results of the component-positive area
evaluation. GVI per pixel of the DCN component (Suppl. Fig. S6 D, E, 0.56 + 0.02 control vs 0.61
+0.03 +DCN, n = 3, p = 0.09) and the ER component (Suppl. Fig. S6 G, H, 0.40 £ 0.09 control
vs 0.51 £ 0.17 +DCN, n = 3, p = 0.45) showed no significant difference between both groups;
however, the numbers followed a similar trend as the component-positive area evaluation. PCA
of the components ECM and DCN did not show any separation between both groups (Suppl. Fig.
S7 A-F, B (ECM, PC-1), 0.0019 £ 0.0016 control vs -0.0019 + 0.0015 +DCN, n=3, p = 0.07; C
(ECM, PC-2), -0.0001 £ 0.0014 control vs -0.0001 + 0.000.0006 +DCN, n = 3, p = 0.85; E (DCN,
PC-1),0.0019 + 0.0030 control vs -0.0019 + 0.0032 +DCN, n = 3, p = 0.29; F (DCN, PC-2), 0.0011
+ 0.0016 control vs -0.0014 + 0.0035 +DCN, n = 3, p = 0.42). Interestingly, PCA of the ER
component (Suppl. Fig. S7 G) showed a significant difference between control pseudo-islets and
pseudo-islets +DCN attributed to PC-1 (Suppl. Fig S7 H, 0.0043 = 0.0016 control vs -0.0042 +
0.0031 +DCN, n = 3, *p < 0.05). Differences between both groups were attributed to cholesterol
(1442 and 1602 cm™") as well as TAG (1249 and 1300 cm™) (Suppl. Fig. S7 J, K). After DCN-
treatment, cholesterol peaks at 1442 cm™ were significantly upregulated, whereas cholesterol
peaks at 1662 cm™ were significantly downregulated (Suppl. Fig. S 7 L), indicating structural
differences of cholesterol, such as cis or Z-confirmation found in fatty acids, rather than
quantitative differences [38]. Interestingly, the decrease in TAG due to the DCN-treatment were
preserved in the COL1 gel represented by a significant decrease in the peak intensity at 1249
cm™. The peak at 1300 cm™ did not show a statistically significant decrease (Suppl. Fig. 7 M).
Overall, the observed effects of the DCN-treatment on B-cell-containing pseudo-islets in
suspension could be recapitulated in an encapsulation environment, especially regarding the
DCN-binding to the periphery of the pseudo-islets as well as the rearrangement of the expressed
ECM. These results suggest the suitability of COL1 as a potential carrier material to use DCN in
an islet transplantation environment.
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human native pancreatic tissue pseudo-islets in COL1 gel
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Fig. 5: Structural evaluation of control pseudo-islets and pseudo-islets +DCN in COL1 gel. (A, B) Distribution of islets of
Langerhans in native pancreatic tissue surrounded by a COL1 matrix. (C, D) Pseudo-islets in a COL1 gel recreates native distribution
of islets of Langerhans in vivo. Scale bars equal 200 pm (A, C) and 50 um (B, D). (E) Evaluation of the elastic modulus of pure COL1
gel and COL1 gel loaded with pseudo-islets in comparison to the elastic modulus of the of native pancreatic tissue according to
literature shown in grey (n 2 4). (F) Pseudo-islets in COL1 gel +DCN show DCN-positive cells on the outside of the pseudo-islets with
no difference in overall GVI per pixel (n 2 12). (G) Raman images of unstained sections of control pseudo-islets and pseudo-islets
+DCN in COL1 gel presenting the components for ECM, DCN, ER, and the merged image including the nuclei component. Scale bar
equals 50 pm. Area percentage analysis of (H) ECM component (n = 3), (I) DCN component (n = 3) and (J) ER component (n = 3)
confirms the presence of DCN on the outside of the pseudo-islets and show an overall decrease in ECM content in pseudo-islets in
COL1 gel +DCN compared to control. Unpaired t-test, *p < 0.05, ***p < 0.001.
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DCN improves insulin secretion and impacts ECM patterns of 3-cell-containing pseudo-islets
embedded in a COL1 gel

After confirming that the interaction of DCN and pseudo-islets in the COL1 gel were comparable
to the parameters observed in suspension, the effects of DCN on pseudo-islet function in the
COL1 gel were investigated. Upon glucose challenge, pseudo-islets +DCN secreted significantly
more insulin than the control group (Fig. 6 A, 50.19 + 6.68 mU/I control vs 61.53 + 24.15 mU/I
+DCN at 0 mM glucose; n 27, p = 0.20; 98.82 + 12.86 mU/I control vs 119.41 + 14.57 mU/I +DCN
at 20 mM glucose; n = 8, *p < 0.05); however, the GSIS index was not affected (Fig. 6 B, 1.97 £
0.09 control vs 1.94 + 0.21 +DCN; n 2 7, p = 0.75). IF staining for both INS (Fig. 6 C, 3.88 + 1.03
control vs 7.13 + 3.17 +DCN; n 2 8, **p < 0.07) and E-cadherin (Fig. 6 D, 4.06 + 0.99 control vs
6.75 + 2.38 +DCN; n = 8, **p < 0.07) showed a significant increase in pseudo-islets +DCN
compared to control, supporting the results from the GSIS assay. Evaluation of the impact of DCN
on the pseudo-islet ECM showed that DCN-treatment significantly decreased COL1 (Fig. 6 E,
2.27 £0.61 control vs 0.98 + 2.38 +DCN; n2 9, ****p < 0.0001) and LAM contents (Fig. 6 F, 11.40
+ 1.77 control vs 5.78 = 1.89 +DCN; n = 10, ***p < 0.0007). In contrast, COL4 intensity was
significantly increased after DCN-treatment compared to the control (Fig. 6 G, 0.79 + 0.57 control
vs 1.69 + 0.67 +DCN; n 2 6, *p < 0.05). DCN-treatment of pseudo-islets in the COL1 gel did not
influence the expression intensity of FN (Suppl. Fig S8, 2.51 + 1.11 control vs 2.66 + 1.29 +DCN;
n=13, p=0.76).
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Fig. 6: Functionality and ECM assessment of control pseudo-islets and pseudo-islets +DCN in COL1 gel. (A) Pseudo-islets in
COL1 gel +DCN show significantly increased insulin secretion after high-glucose treatment compared to the control (n 2 7). 1-way
ANOVA with Fisher's multiple comparison, *p < 0.05. (B) GSIS index of pseudo-islets +DCN in COL1 gel shows no significant difference
compared to the control. Pseudo-islets +DCN in COL1 gel show significantly increased expression of (C) INS (n 2 8), (D) E-cadherin
(n 2 8), and the BM protein (G) COL4 (n 2 6). In contrast, DCN-treatment significantly decreases the expression of (E) COL1 (n 2 9)
and (F) LAM (n 2 9). Unpaired t-test, **p < 0.01, ****p < 0.0001. Scale bars equal 50 um.
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Discussion

Research in the field of islet transplantation has progressed immensely over the last decade;
however, clinical translation of the findings has been rather slow. The treatment and encapsulation
of islets within materials based on native ECM proteins has been shown to support cell survival
and function in a transplantation setting. In this study, we identified DCN to be highly co-localized
with insulin-producing B-cells in human pancreatic tissues. We identified that DCN-treatment
increased the glucose-responsiveness of our in vitro pseudo-islet model. DCN-treatment also
reduced the expression of FN and COL1, ECM proteins affiliated with fibrosis. Further analysis
using next-generation sequencing and Raman microspectroscopy identified changes in
mitochondrial activity and ER because of the DCN-treatment. When the pseudo-islets were
encapsulated within a clinically approved COL1 gel, the positive effects of DCN-treatment on
glucose-responsiveness and ECM expression were maintained, suggesting that the advantages
of DCN-treatment may be translatable to a transplantation setting.

DCN is a small leucine-rich proteoglycan involved in the regulation of multiple cellular processes
including cell growth, proliferation, and migration. In particular, it has been investigated for its anti-
tumorigenic effects through antagonizing key receptor tyrosine pathways involved in cancer
progression and sequestering of growth factors within the ECM [39]. These properties were
achieved through its role in preventing fibrillogenesis of fibrillar proteins such as COL1, as well as
tumor-suppression via p53 signaling [40]. Within the pancreas, DCN was found to be most
expressed by pancreatic pericytes forming the interstitial matrix and islet BM to support 3-cells
[41]. In the mouse model of insulinoma where there is an excess production of insulin by p-cells,
DCN was found to be significantly downregulated [42]. In our study, DCN-treatment increased the
glucose-responsiveness of the pseudo-islets. While little work has been done in understanding
the role of this proteoglycan in the environment of a pancreatic islet, it is known that DCN plays a
role in glucose tolerance. Mice lacking DCN had impaired glucose tolerance, which was
associated with reduced ECM organization and increased activation of the complement cascades,
promoting inflammation [43]. Interestingly, these effects of glucose intolerance and inflammation
in DCN knockout mice could be attributed to the increased expression of histidase, a protein that
degrades histidine. The amino acid histidine has been shown to ameliorate insulin resistance,
inflammation, and oxidative stress when supplemented [44—48]. The protective effect of DCN in
terms of modulating inflammation can be further advantageous in a transplantation setting. In
response to a transplanted graft, the host’s immune system attempts to repair the damaged tissue
and limit the interaction with the foreign material at the transplant site. This results in the
transplanted device becoming enclosed within a dense layer of inflammatory cells and connective
tissue [47]. During this process, the ECM is remodeled to support the regeneration of the tissue
resulting in the deposition of ECM proteins such as FN and the fibrillar COL1 [48], which ultimately
isolates the transplanted device from the host's system, rendering the transplant ineffective.
Interestingly, in our study, DCN-treatment significantly downregulated the presence of ECM
proteins FN and COL1, in line with past research that identified DCN as a modulator of scar tissue
formation and reduced inflammatory responses [49-51]. These observations were recapitulated
in our in vitro model in which the pseudo-islets were encapsulated within a COL1 carrier gel.
Similar to the effect seen in our suspension cultures, DCN treatment of the encapsulated pseudo-
islets improved the glucose response and modulated the presence of the COL1. While FN was
not significantly affected by the DCN treatment in the gel as it did in suspension, LAM were found
to be significantly downregulated and COL4 was significantly upregulated upon DCN treatment.
Taken together our functional data of the pseudo-islets and the regulation of ECM presence, DCN-
treatment has the potential to support islet transplantation by improving islet functionality and
supporting graft survival post-transplantation through modulation of fibrotic tissue formation.

To investigate potential cellular processes through which the DCN-treatment improves insulin
secretion in B-cells, pseudo-islets challenged with a high glucose concentration were used for
NGS analysis. In our DCN-treated pseudo-islets, NGS results identified genes associated with the
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582  mitochondrial electron transport chain and the ER to be differentially expressed. The electron
583 transport chain is the final step of cellular respiration in the mitochondria for the production of ATP
584  through OxPhos [52], and is essential for the appropriate secretion of insulin by B-cells [53,54]. An
585  upregulation of genes involved in the protein complexes of the electron transport chain is seen in
586 the DCN-treated samples. This supports our observations of increased insulin secretion in the
587  DCN samples where greater levels of ATP are required for the highly metabolic process of insulin
588  production and secretion. Isolated mitochondria from B-cells revealed a significant decrease in
589 electron transport activity in the glucose-unresponsive cells when compared with glucose-
590 responsive cells [55]. Further, it has been shown that reduced electron transport chain activity,
591  expression, and mitochondrial DNA has been associated with increased insulin resistance and
592  Type 2 DM [56], supporting our finding of high metabolic activity of B-cells after DCN-treatment.

593 The ER is responsible for precise protein synthesis and trafficking to the necessary cellular
594 compartments. Cells undergo ER stress when there is an accumulation of misfolded proteins at
595  which point, they activate response pathways including ER-associated degradation (ERAD) and
596 the unfolded protein response (UPR). Through these pathways, they degrade misfolded proteins
597 and increase the presence of molecular chaperones required for proper protein folding. B-cells
598  experience high levels of ER stress due to the secretion of insulin upon glucose challenge [57-
599  60]. The increased amount of secretory proteins (in this case insulin) and proteins involved in the
600 trafficking of said proteins allows for a greater number of proteins that can be misfolded, increasing
601 ER stress [61]. It has been suggested that approximately 20% of proinsulin is misfolded [62—64],
602  at which point the protein is degraded. Studies have also shown that this high requirement of the
603  ER can also be the cause of B-cell dysfunction and loss, leading to the progression of Type 2 DM
604 [65-67]. Our NGS data showed that the ER proteins Wolframin ER transmembrane glycoprotein
605 (WFS1) and Ribosome Binding Protein 1 (RRBP1) were downregulated in the DCN-treated
606  samples. WFS1 is a calcium (Ca?*) channel that allows Ca?* to enter the ER [68], which is found
607  primarily within the B-cells of the pancreatic islets [69]. Ca®* plays a key role in both protein folding
608 and insulin secretion, where ER stress is known to lead to a decrease in Ca?* within the ER[70,71].
609 The reduced WFS1 at the ER can increase Ca?* oscillations within the cytosol, increasing the
610 amount of Ca?* being secreted as a result of the DCN-treatment. There have been conflicting
611  studies indicating the role of WFS1 in the cellular response to ER stress. Within the pancreatic
612 islet, WFS1 expression at the mRNA and protein levels were increased following drug-induced
613  ER stress [69]. It has also been shown that the loss of WFS1 can lead to ER stress and B-cell
614  dysfunction [72], where mutations in the WFS1 gene, associated with Wolfram syndrome, also
615 leads to the onset and progression of type 2 diabetes [73]. Additionally, we observed a
616  downregulation of RRBP1. RRBP1 is involved in the interaction of the ribosomes to the ER to
617  support protein translation and transport, where knockdown of this protein resulted in ER stress
618  [74]; however, a genomic and proteomic study in murine islets, showed that RRBP1 was
619  upregulated in mice with Type 2 DM, suggesting it may have a role in B-cell dysfunction [75].

620 NGS identified further genes associated with ER stress including heat shock proteins (HSPs),
621  ATF4, and YOD1 to be upregulated in the DCN-treated samples. HSP90A is an indicator of cellular
622  stress, particularly in response to inflammation [76], and is also associated with the onset of Type
623 1 DM [77]. ATF4 is a transcription factor that plays a key role in response to ER stress, through
624  activation of 4E-BP1 expression [58,78]. The upregulation of the HSPs and ATF4 in the DCN-
625 treated samples can be in response to the cellular stress caused by the increased demand for
626  protein production and trafficking within the ER to maintain homeostasis. YOD1 is a deubiquitinase
627 involved in ERAD for the degradation and removal of lysosomes [79]. Its upregulation in the DCN-
628 treated samples implies its necessity for both the processing of autophagocytosed DCN and
629  quality control of the increased amount of protein (insulin) produced and trafficked.

630 Interestingly, Raman spectroscopy also identified the ER component to be significantly affected
631 in the DCN-treated samples with emphasis on PI. Pls are the precursor to the many variations of
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phosphoinositides that are involved in a variety of cellular processes including vesicular trafficking,
engulfment, ion channel regulation, and intracellular signaling [80-82]. As such, the increased
presence of Pl can be attributed to the need for increased numbers of vesicles for insulin secretion.
Past studies observing phospholipid presence during glucose-stimulated insulin secretion also
identified an increase in Pl when there is increased insulin secretion at high glucose
concentrations [21,83]. Apart from an increase in Pl, Raman microspectroscopy highlighted the
decrease in TAG in DCN-treated samples. Sanchez-Archidona et al. identified TAGs as potential
regulators of insulin secretion and insulin signaling pathways [84]. They found that reduced TAG
content led to an increase in insulin secretion by increased Karp-channel expression. Furthermore,
B-cells secrete lipase, a lipoprotein involved in the release of free fatty acids from TAG that
increases basal insulin secretion [85]. The addition of DCN might shift the balance towards higher
free fatty acid uptake by B-cells, resulting in increased insulin secretion and reduced levels of TAG
in DCN-treated samples. One limitation of Raman imaging, especially for fixed pseudo-islets
+DCN in COL1, is the previous embedding in paraffin. This embedding technique results in a
strong Raman signal of the paraffin in the range from 1000 to 1500 ¢cm™, which is an area of
interest especially for lipids and proteins in our study. Hence, some features, especially regarding
PI, TAG, and cholesterol that were observable during our in situ Raman imaging of living non-
processed pseudo-islets, were potentially not identified in the COL1 gel samples in this study.

NGS analyses showed an upregulation of genes involved in protein and vesicular trafficking
including CANX, SAR1A, SEC62, and SAR1B, potentially due to the increased release of insulin
in secretory vesicles. CANX is a Ca®*-binding protein involved in the processing and quality control
of protein folding within the ER. SAR1A, SEC62, and SAR1B are involved in vesicular trafficking
of proteins from the ER to the golgi apparatus in preparation for secretion. The upregulation of
such genes is in line with our observations of increased insulin secretion in the DCN-treated
samples. Impaired transport of (pro)insulin between the two organelles results in B-cell failure,
lipotoxicity, and diabetes [86—89], where MING cells, a murine pancreatic insulinoma B-cell line,
mutant for Sar1A were unable to achieve proper folding of proinsulin, resulting in ER stress and
B-cell failure [90,91]. The upregulation of SAR1A suggests DCN-treatment improves insulin
secretion through upregulation of proteins that support the folding of insulin.

Conclusion

In this study, we demonstrated the beneficial effect of DCN on the insulin production of human B-
cells. DCN-treatment improved glucose-stimulated insulin secretion of 3-cells in pseudo-islets
cultured in suspension, with an increased expression of genes involved in mitochondrial activity
as well as protein folding and vesicle formation. Additionally, we showed that ECM expression
patterns within pseudo-islets were significantly impacted by DCN treatment. Interestingly,
expression of ECM proteins affiliated with the formation of fibrotic capsules were significantly
downregulated in DCN-treated samples. Our findings have potential implications for the design of
improved islet transplantation strategies since we showed that DCN-treatment can potentially
address two major hurdles: (1) help to regenerate lost or inadequately expressed ECM of isolated
islets of Langerhans [92], and (2) prevent the formation of a fibrotic capsule that commonly forms
around an implant. Furthermore, increased insulin production and secretion in response to glucose
is a burdensome process for the cell. DCN-treated samples were able to activate response
pathways within the ER and mitochondria to cope with the increased cellular stress. Taken
together, we propose that DCN-treatment of islet transplants can potentially support B-cell survival
and increase function post-transplantation.
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699  Appendix A. Supplementary figures
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702 Suppl. Fig. S1: Timeseries of DCN binding to pseudo-islets via IF staining and direct protein labeling. (A) IF staining of DCN-
703 treated pseudo-islets at different time points over 72h. (B) Quantification of DCN-positive cells in the outer layer of the pseudo-islets
704 shows a significant increase after 24 h. (C) Detection of fluorescence-labeled DCN over 48 h shows DCN binding already after 3 h.
705 Scale bars equal 50 pm.
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Suppl. Fig. S2: IF staining of pseudo-islets +DCN and control in suspension. Quantification of IF staining showed no significant
difference between control pseudo-islets and pseudo-islets +DCN for (A) E-cadherin (n 2 4), (B) insulin (n 2 4), (C) LAM (n = 7) and

(D) COL4 (n = 8). Unpaired t-test. Scale bars equal 50 um.
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713 Suppl. Fig. S3: Acquiring the Raman spectrum for DCN and ER in EndoC-BH3. (A) IF staining of DCN on pseudo-islets in COL1
714 gel +DCN to establish the Raman DCN signature. Scale bar equals 10 um. (B) Raman signatures attributed to DCN, ECM, and nuclei
715 with the (C) corresponding Raman spectrum. (D) Brightfield and fluorescence image of ER in the EndoC-BH3 cells stained with ER-
716 Tracker™ Green. (D, E) The Raman heatmap and the ER spectrum were acquired based on the detection of the fluorescence signal.
717 Scale bars equal 10 um. (F) Corresponding Raman ER spectrum of pixels positively stained for ER tracker.
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Suppl. Fig. S4: Raman imaging and quantification of live pseudo-islets +DCN and controls. Raman images of (A) ECM
component, (D) DCN component, and (G) ER component in live pseudo-islets +DCN and controls. Corresponding GVI and area
percentage analysis of (B, C) ECM component (n = 3), (E, F) DCN component (n = 3), and (H, I) ER component (n = 3). Unpaired t-

test. Scale bars equal 20 pm.
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724 Suppl. Fig. S5: PCA of ECM, DCN and ER components of live control pseudo-islets and pseudo-islets +DCN. PCA of 200
725 spectra per sample (n = 3) of the obtained (A-C) ECM and (D-F) DCN component shows no separation between control and +DCN
726 pseudo-islets. (G) Mean ER spectrum of control pseudo-islets and pseudo-islets +DCN.

727
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Suppl. Fig. S6: IF staining and Raman imaging of fixed control pseudo-islets and pseudo-islets +DCN in COL1 gel. (A) IF
staining for DCN and corresponding Raman image on unstained fixed pseudo-islets in COL1 gel +DCN. Raman image of (B) ECM
component, (D) DCN component and (F) ER component on fixed control pseudo-islets and pseudo-islets +DCN in COL1. (C) GVI
analysis of ECM signal intensity showed a significant difference between both groups (n = 3). (E) GVI analysis of DCN signal intensity
showed no significant difference between both groups (n = 3). (G) GVI analysis of ER signal intensity showed no significant difference

between both groups (n = 3). Unpaired t-tests, *p < 0.05. Scale bars equal 20 pm.
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736 Suppl. Fig. S7: PCA of ECM, DCN and ER component of fixed control pseudo-islets and pseudo-islets +DCN in COL1 gel.
737 PCA of 200 spectra per sample (n = 3) of the obtained (A) ECM, (D) DCN and (G) ER component of pseudo-islets in COL1 gel +DCN
738 and the control. Loading scores of (B, C) ECM component and (E, F) DCN component show no significant difference. (H) Loading
739 score of PC-1 of the ER component shows a significant difference between control pseudo-islets and pseudo-islets +DCN in COL1
740 gel. () PC-2 shows no significant difference. (J) Differences of PC-1 are characterized by cholesterol (1442 and 1662 cm™) and
741 triacylglycerol (1249 and 1300 cm™') for control and +DCN in COL1 gel, respectively. (K) Mean ER spectrum of control pseudo-islets
742 and pseudo-islets +DCN in COL1 gel. (L) Quantitative peak analysis shows an upregulation of cholesterol levels after DCN-treatment
743 at 1442 cm™, while the peak at 1662 shows a significant downregulation (n = 3). (M) Quantitative peak analysis shows a downregulation
744 of triacylglycerol levels after DCN-treatment at 1249 cm™, while the peak at 1300 cm™' shows no significant difference (n = 3). Unpaired
745 t-tests, *p < 0.05, **p < 0.01, ****p < 0.0001.
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Suppl. Fig. S8: IF staining of pseudo-islets for FN in control COL1 gel (control) and COL1 gel +DCN (+DCN). IF staining for FN
and quantification showed no significant difference between control pseudo-islets and pseudo-islets +DCN in COL1 gel (n = 13). Scale

bar equals 50 pm. Unpaired t-test.

Appendix B. Supplementary Tables

Suppl. Table S1: List of antibodies and used antigen retrieval treatments for IF staining.

antibodies

antigen retrieval

0.1% Triton-
X

dilution

primary antibodies

Anti-Collagen 1 antibody (Acris R1038)

Anti-Collagen 4 antibody (ab6586)
Anti-Decorin antibody (sc-73896)

Anti-Decorin antibody (GTX 101250)

Anti-E-cadherin antibody (ab76055)
Anti-Fibronectin-antibody (ab2413)
Anti-Insulin-antibody (ab181547)
Anti-Laminin-antibody (ab11575)

TRIS EDTA pH9, 8 min
Citrate pH6, 8 min
Citrate pH6, 8 min
TRIS EDTA pH9, 8 min
TRIS EDTA pH9, 8 min
Citrate pH6, 8 min
Citrate pH6, 8 min
Citrate pH6, 8 min
TRIS EDTA pH9, 8 min
Citrate pH6, 8 min

15 min

15 min

1:250

1:250
1:200

1:250

1:250
1:100
1:200
1:50

secondary antibodies

Alexa Fluor 488 anti-rabbit IgG(ab150077)
Alexa Fluor 488 anti-mouse IgG 1
(ab150117)

Alexa Fluor 594 anti-rabbit IgG(ab150080)

1:250
1:250
1:250
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Suppl. Table S2: List variables and values used for direct labeling of DCN.

variable explanation value

Vaye volume of dye 6.15 pl
Corotein,nitial initial concentration of the protein 2347.15 pg/ml
Vprotein volume of the protein 100 pl
Cactivated dye solution concentration of the activated dye solution 2 pMol/ml
MWorotein molecular weight of the protein 100 kDa

MR molar ration of the activated dye solution 5a.u.

€ molecular extinction coefficient 1.272 ml/(mg*cm)
Azso average absorbance at 280 nm 0.15655 a.u.
b path length of absorbance reader 0.05cm
Corotein,conjugated concentration of the protein after labeling 2072.47 pg/ml
Aagz average absorbance at 493 nm 0.058 a.u.

K correction factor that compensates for absorbance at 280 nm 0.1 a.u.

DF dilution factor 5 a.u.

D degree of labeling 2.01 a.u.

Suppl. Table S3: Raman peak assignments.

peak [cm™] assignment reference
415 phosphatidylinositol [93]

516 phosphatidylinositol [94]

770 phosphatidylinositol [93]

1252 triacylglycerol [38]

1300 triacylglycerol [38]

1444 cholesterol [38]

1659 cholesterol [38,95]
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B-Cell functionality and survival are highly dependent on the cells’ microenvironment and cell—cell interactions.
Since the pancreas is a highly vascularized organ, the crosstalk between -cells and endothelial cells (ECs) is
vital to ensure proper function. To understand the interaction of pancreatic B-cells with vascular ECs, we sought
to investigate the impact of the spatial distribution on the interaction of human cell line-based B-cells (EndoC-
BH3) and human umbilical vein endothelial cells (HUVECs). We focused on the evaluation of three major spatial
distributions, which can be found within human islets in vivo, in tissue-engineered heterotypic cell spheroids, so-
called pseudo-islets, by controlling the aggregation process using magnetic levitation. We report that heterotypic
spheroids formed by spontaneous aggregation cannot be maintained in culture due to HUVEC disassembly over
time. In contrast, magnetic levitation allows the formation of stable heterotypic spheroids with defined spatial
distribution and significantly facilitated HUVEC integration. To the best of our knowledge, this is the first study
that introduces a human-only cell line-based in vitro test system composed of a coculture of B-cells and ECs with
a successful stimulation of B-cell secretory function monitored by a glucose-stimulated insulin secretion assays. In
addition, we systematically investigate the impact of the spatial distribution on cocultures of human B-cells and
ECs, showing that the architecture of pseudo-islets significantly affects B-cell functionality.

Keywords: diabetes, islets, B-cells, insulin, endothelial cells, 3D

Impact Statement

Tissue engineering of coculture systems containing B-cells and endothelial cells (ECs) is a promising technique to stimulate
B-cell functionality. In this study, we analyzed human pancreatic islet tissue and revealed three different native distributions
of B-cells and ECs. We successfully recreated these distributions in vitre by employing magnetic levitation of human B-cells
and ECs, forming controlled heterotypic pseudo-islets, which enabled us to identify a significant impact of the pseudo-islet
architecture on insulin secretion.

Introduction the physiological feedback loop of blood glucose regulation is
impaired by either the reduction of B-cell mass and insulin

N 2018, 425 mMILLION PEOPLE were known to suffer from  production, type 1 DM (TID), or by a defective response to
diabetes mellitus (DM), with millions more remaining un-  insulin in tissues, type 2 DM.? The T1D incidence rate increases
diagnosed."” The number of DM patients is estimated to in-  annually by 3% worldwide, similarly increasing the number of
crease to >600 million by 2045." DM is a chronic disease, where  patients with various complications accompanied by T1D such

]Depanment of Women’s Health, Research Institute for Women’s Health, Eberhard Karls University Tiibingen, Tiibingen, Germany.

Department of Anatomy, School of Medicine, College of Medicine, Nursing and Health Sciences, National University of Ireland
Gﬂlway, Galway, Ireland.

The Natural and Medical Sciences Institute (NMI) at the University of Tiibingen, Reutlingen, Germany.

“Cluster of Excellence iFIT (EXC 2180) “Image-Guided and Functionally Instructed Tumor Theraples > Eberhard Karls University
Tiibingen, Tiibingen, Germany.

5Depzmment of Medicine/Cardiology, Cardiovascular Research Laboratories, University of California, Los Angeles, California.

© Max Urbanczyk et al., 2019; Published by Mary Ann Liebert, Inc. This Open Access article is distributed under the terms of the Creative
Commons License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

387

170



Appendix Il

388

as cardiovascular diseases, peripheral vascular diseases, or ne-
phropathy. TID patients rely on life-long medication and
treatment, such as exogeneous insulin replacement or, in
more severe cases, immunosuppression after pancreatic p-cell
transplantation.*>® Attempts toward the long-term treatment
of TID by B-cell transplantation frequently fails due to an
impaired graft survival as a result of lost extracellular matrix
(ECM)™® or lack of vascularization accompanied by hypoxia
after islet isolation,

The pancreas is a highly vascularized organ,'" which is
particularly true for the B-cell-containing islets of Langer-
hans, with a capillary density of 400 capillaries/mm?.'?
During homeostasis, endothelial cells (ECs) within the
pancreas are vital for the maintenance of the microenvi-
ronment of the insulin-producing B-cells by upregulation of
ECM-associated genes'” to secrete crucial basement mem-
brane proteins.'*'7 p-cells and ECs share a natural prox-
imity and are, by necessity, exposed to each other and each
other’s products.”'® The combination of pancreatic B-cells
and ECs might be the key to stimulate B-cell survival and
functionality and help to overcome the high transplant loss
rate of ~60%.>" However, understanding the interactions
between f-cells and ECs is required to optimize those
transplantable grafts.'® Unfortunately, the availability of
islets of Langerhans explants is limited.?’ Therefore, sci-
entists rely on cell lines as an alternative model to mimic
the functionality of islets of Langerhans in vitro. Current
research on T1D focuses on the understanding of B-cell
re-establishment by the investigation of complex cellular
organoids, such as heterotypic cell aggregates from B-cells
and ECs,”'® so-called pseudo-islets. Bioengineered pre-
vascularized grafts combining B-cells and ECs ex vivo have
been reported,>’ * potentially reducing the required time to
develop angiogenesis and revascularization in vivo, facili-
tating graft survival after lransglanlmion.'3 25 Apart from the
aspect of increased survival,* distinct groups have shown
that B-cell and EC cocultures impact graft vascularization
and increase B-cell functionality.”'*'*1826 However, to the
best of our knowledge, functional stimulation in cell line-
based B-cell systems has only been shown in intraspecific
cocultures of rodent cells'* and interspecific cocultures of
rodent B-cells and human ECs'®??7 in vitro. A human-
based coculture in vitro test system using ECs that stimulate
B-cell functionality has not been presented, since only ro-
dent B-cell lines (e.g., INS-1E or MIN6) were shown to
be glucose responsive, whereas the functionality of human

s 3 i 28
B-cell lines was controversially discussed.”” However, eval-
uation of rodent pancreatic islets revealed major differences
in the spatial cell and ECM distribution® and in insulin se-
cretion mechanisms,*® emphasizing the need for a human
cell line-based model.

Recently, the conditionally immortalized, nonproliferating
and glucose-sensitive human p-cell line EndoC-BH3 was devel-
oped, enabling research on B-cells with a human genetic back-
ground without the need to use donor pancreas explants.*'** In
this study, we investigated whether the spatial distribution of
the EndoC-BH3 cells and human umbilical vein endothelial
cells (HUVECS) has an impact on the insulin production within
three-dimensional (3D) pseudo-islet cultures. The heterotypic
spheroids were formed by spontaneous or controlled aggrega-
tion using magnetic levitation.*® The procedure of magnetic
levitation functionalizes cells on their surfaces using a combi-
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nation of poly-L-lysine with gold and iron oxide nanoparticles.
Afterward, cellular movement and aggregation can be guided
using external magnetic fields (Fig. 1), enabling a controlled
aggregation to form (multi-) cellular 3D spheroids with defined
spatial distributions."”

Materials and Methods
Cell culture

If not stated otherwise, all cell types used in this study
were cultured under standard humidified cell culture con-
ditions (37°C, 5% carbon dioxide).

EndoC-BH3 cells (Univercell Biosolutions, Paris, France),
a conditionally immortalized human pancreatic f-cell line,
was cultured according to the manufacturer’s instructions.
In brief, cells were cultured in coated (Bcoat®™; Univercell
Biosolutions) T25 flasks at a density of 70,000 cells/em? in
culture medium (OPTIB1®; Univercell Biosolutions) sup-
plemented with 10 pg/mL puromycin (ant-pr; InvivoGen,
San Diego, CA) and passaged every 7 days. The immortal-
izing transgenes were removed by a 21-day treatment with
4-hydroxy tamoxifen (H7904; Sigma-Aldrich, Schnelldorf,
Germany) to obtain nonproliferative B-cells that closely
mimic human B-cells (Supplementary Fig. S1).

Vascular endothelial growth factor prescreened HUVECs (C-
12205; PromoCell, Heidelberg, Germany) were cultured in EC
growth medium (C-22010; PromoCell) in T25 flasks. Cells were
passaged at a density of 80-90%. Medium was changed every 2—
3 days. HUVECs were used between passages 2 and 6.

Rat insulinoma INS-1E cells (a kind gift of P. Maechler
from the University of Geneva) were cultured in adjusted
RPMI 1640 (12633012; Gibco, Thermo Fisher Scientific,
Darmstadt, Germany) containing 10 mM HEPES (Gibco),
50 uM 2-mercapto-ethanol (Sigma-Aldrich), 1 mM pyruvate
(Gibco), 5% fetal bovine serum (Sigma-Aldrich), 100 iU/mL
penicillin, and 100 pg/mL streptomycin. The medium was
changed every 2-3 days. The cells were passaged or seeded
at a confluency of 80-90%.

Pseudo-islet assembly

For a controlled aggregation of cells within pseudo-islets,
magnetic levitation was employed using the 96-well Bio-
printing Kit (655840; Greiner Bio-One, Frickenhausen, Ger-
many). In detail, B-cells and HUVECs were treated overnight
with NanoShuttle™-PL at a concentration of 40pL/mL in
media according to the manufacturer’s protocol. After the
NanoShuttle-PL treatment, magnetized p-cells and HUVECs,
as well as conventionally cultured p-cells and HUVECs were
individually detached from their flasks using 0.25% Trypsin/
EDTA. For coculture experiments, all cells were seeded at a
density of 5000 cells/50pL in corresponding cell culture
media per well in a low adherence u-bottom 96-well plate
(650970; Greiner Bio-One). We used three different condi-
tions: (1) “1:1,” where the same amount of HUVECs and
fB-cells were mixed before seeding to form pseudo-islets with a
heterogeneous distribution of both cell types; (2) “ECs inside,”
where HUVECs were surrounded by B-cells; and (3) ““B-cells
inside,”” where B-cells were surrounded by HUVECs (Fig. 1). In
detail, for the ““1:1”* condition, magnetized or conventionally
cultured cells of both cell types were seeded for magnetic levi-
tation or spontaneous aggregation at day 0, placed atop the
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spheroid drive

spheroid drive (Greiner Bio-One) for 1h for exposure to an
external magnetic field, followed by culture under standard
conditions for 5 days. For the “ECs inside’ condition, magne-
tized HUVECs for magnetic levitation or standard HUVECs
for spontaneous aggregation were seeded at day 0 and placed
atop the spheroid drive for 1h, followed by culture under
standard conditions. At day 2 of the culture, magnetized B3-
cells or standard B-cells were added to the HUVEC spher-
oids formed by either magnetic levitation or spontaneous
aggregation, placed atop the spheroid drive for 1 h, followed
by culture under standard conditions for 5 days. For the ““p3-
cells inside’” condition, magnetized B-cells for magnetic
levitation or standard B-cells for spontaneous aggregation
were seeded at day 0, placed atop the spheroid drive for
1 h, followed by culture under standard conditions. After
2 days of culture, magnetized HUVECs or standard HU-
VECs were added to the B-cell spheroids formed by
magnetic levitation or spontaneous aggregation, placed
atop the spheroid drive for 1h, followed by culture under
standard conditions for additional 3 days. A graphical
representation of the experimental timeline can be found in
Figure 2. Spontaneous aggregation was not guided by the
spheroid drive assembly. The cell ratio within the pseudo-
islets was 5000 B-cells to 5000 HUVECsS, and the cell culture
medium was a 1:1 mixture of OPTIB1 and EC growth me-
dium throughout all experiments.

FIG. 1. Schematic of
magnetic levitation to create
two-layered heterotypic
spheroids. (A)
NanoShuttle™-PL is added
to a T25 flask containing
cells and incubated at 37°C
overnight. After detaching,
B-cells are added into a low
adherence u-bottom 96-well
plate and aggregated by
applying external magnetic
forces using the spheroid
drive. (B) HUVECs are trea-
ted with NanoShuttle-PL
overnight, and are added as
single cell suspension to the
already formed spheroids
from step A. Applying a
magnetic field through the
spheroid drive forces the
HUVECsS to aggregate
around the preformed B-cell-
containing spheroids creating
a two-layered pseudo-islet
composed of B-cells and
HUVECs. HUVECs, human
umbilical vein endothelial
cells.

Terminal deoxynucleotidyl transferase-mediated
nick-end labeling assay

Cell death analysis was performed using pseudo-islets com-
posed of either magnetized B-cells and HUVECs or conven-
tionally cultured B-cells. After culture, the pseudo-islets were
fixed with 4% paraformaldehyde (Sigma-Aldrich) overnight at
4°C, embedded in paraffin, and cut into 3 pm thick sections.
Terminal deoxynucleotidyl transferase-mediated nick-end la-
beling (TUNEL) staining was performed using the Click-iT
TUNEL kit (C10245; Thermo Fisher Scientific). In brief, sec-
tions were deparaffinized in xylene and rehydrated through
graded ethanol (100-50%) and vascular endothelial (VE)-water
washes, and permeabilized using 0.25% Triton-X for 20 min.
Terminal deoxynucleotidyl transferase reaction buffer was ap-
plied for 1 h at 60°C before slides were incubated with Click-iT
reaction buffer for 30 min. Counterstaining was performed using
a 4’,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) solu-
tion with a concentration of 2 pg/mL for 10 min before mounting
with ProLong® Gold antifade mounting medium (P36934;
Invitrogen™, Darmstadt, Germany).

Glucose-stimulated insulin secretion assay

Before performing the glucose-stimulated insulin secre-
tion (GSIS) assays, all pseudo-islets were cultured in star-
vation medium (OPTIB2®; Univercell Biosolutions) for 24 h
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under standard conditions. Afterward, the pseudo-islets were
washed twice with -Krebs medium, consisting of KREBS-
buffer (BKREBS®; Univercell Biosolutions) containing 10%
bovine serum albumin (A-9576; Sigma-Aldrich), followed by
an incubation for 1 h in B-Krebs medium for synchronization
as previously described.’' Subsequently, the pseudo-islets were
alternatingly incubated in basal B-Krebs medium (Krebs 1),
B-Krebs medium with 20 mmol/L p-glucose (20mM glu-
cose) (Gibco), and basal B-Krebs medium (Krebs 2) for 1h
under each condition. After each incubation, the supernatant
was removed and stored at —20°C until further analysis.
The insulin content of all supernatants was analyzed using
an ultrasensitive human insulin enzyme-linked immuno-
sorbent assay (10-1132-01; Mercodia, Uppsala, Sweden).
Insulin content was normalized by number of pseudo-islets.

GSIS index

The GSIS index from Krebs 1 to 20mM glucose was
calculated using the formula: (insulin secretion of 20 mM
glucose)/(insulin secretion of Krebs 1); the GSIS index from
20 mM glucose to Krebs 2 was calculated accordingly using
the formula: (Insulin secretion of Krebs 2)/(insulin secretion
of 20mM glucose). The standard deviation was calculated
using the formula for propagation of error.

Immunofiuorescence staining and microscopy

Pseudo-islets were processed to 3 pum thick sections and de-
paraffinized as described earlier. Adult human pancreatic tissue
sections were purchased from Novus Biologicals (NBP2-30191;
Novus Biologicals, Bio-Techne GmbH, Wiesbaden, Germany).
For all sections, heat-mediated antigen retrieval in TRIS-EDTA
(pH=9.0) and citrate (pH=6.0) buffer was performed. All
sections were blocked in 2% goat block serum. For immuno-
fluorescence (IF) staining, the following primary antibodies
and dilutions were used: platelet endothelial cell adhesion
molecule-1 (CD31; sc-71872; Santa Cruz, USA, 1:50), insulin
(A0564; DAKO, Frankfurt, Germany, 1:200), epithelial cad-
herin (E-cadherin) (ab760355; Abcam, 1:250), Ki67 (ab15880;
Abcam, 1:1000). For IF staining of CD31 and insulin, the sec-
tions were pretreated with 0.1% Triton-X 100 for 10 min. The
primary antibodies were incubated overnight at 4°C. The fol-
lowing secondary antibodies were used at a dilution of 1:250:
Alexa Fluor® goat anti-mouse immunoglobulin G (IgG) 1 (488),
goat anti-mouse IgG 2a (488) and goat anti-guinea pig (594) (all
Invitrogen). Isotype controls were included. Counterstaining
was performed using DAPI solution (Sigma-Aldrich) with a
concentration of 2pg/mL for 10 min before mounting with
ProLong Gold antifade mounting medium (Thermo Fisher
Scientific). IF staining and bright field (BF) images from pseudo-
islets were captured at 10 or 20 x magnification and 1.0 X tube
lens, IF staining images from pancreatic tissues were captured at
63 x magnification and 1.0xtube lens using an Observer Z1
light microscope from Zeiss (Carl Zeiss, Jena, Germany). BF
images of long-term stability were obtained with 10 x magnifi-
cation and 1.6 X tube lens.

Image analysis

Blinded TUNEL images were quantified by two unbiased
observers. Cells were identified as TUNEL" when exhibiting
a clear green and blue double staining. The cell death ratio
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was calculated by quantifying TUNEL" cells, normalized to
the DAPI count per pseudo-islet using the formula: nor-
malized cell death ratio=(TUNEL" cells in pseudo-islet)/
(DAPI count per pseudo-islet).

CD31 expression per insulin was quantified using IFimages.
Regions of interest (ROIs) were drawn focusing on the insu-
lin staining, which was then overlaid onto the CD31 staining.
Grey value intensities (GVI) were measured for both insulin
and CD31. The CD31 ratio was calculated using the formula:
ratio = (GVI of CD31 in ROI)/(GVI of insulin in ROI).

E-cadherin expression was measured by GVI analysis of
DAPI" regions within pseudo-islets. All measurements were
performed using Imagel.

To assess the EC location within pseudo-islets of the ““B-
cells inside” distribution formed by magnetic levitation, the
pseudo-islets were divided in two areas with the same size:
Ajpsige and Aperipherys Where Ajqe had a radius of 0.707 days.
The GVI of CD31 staining was measured in Ajgqe and
multiplied by the area of A;q.. to obtain the total CD31
expression within the corresponding area. The same proce-
dure was executed for Aperiphery. The ratio of CD3lpgqe and
CD31criphery Was calculated using the formula: ratio = (total
CD3linsige)(total CD3 1 periphery)-

Blinded Ki67 IF images were quantified by two unbiased
observers. Cells exhibiting a clear Ki67* and DAPI” staining
were counted as proliferative. The proliferation rate was
calculated using the formula: proliferation rate=(Ki67"/
DAPI" cells in pseudo-islet)/(DAPI" cells in pseudo-islet).

Statistical analysis

Statistical analysis was performed using Origin 2018 (Ori-
ginLab, Northampton, MA). Results shown throughout the
entire article are means+standard deviations. All data sets
were tested for normal distribution with Kolmogorov—Smirnov
test. Outliers were identified with Grubb’s test. Significance of
the CD31/insulin ratio was analyzed using one-way analysis of
variance (ANOVA) (n=6). The statistical significances of the
TUNEL assay were analyzed with Student’s r-test and one-
way ANOVA, respectively (n=10). GSIS data were statisti-
cally analyzed using two-way ANOVA with Tukey’s multiple
comparison for the effect of aggregation process and spatial
distribution (n>3). The GSIS index from Krebs 1 to glucose
and from glucose to Krebs 2 was statistically analyzed by one-
way ANOVA with Tukey’s multiple comparison (n23).
Pseudo-quantification of E-cadherin was assessed using one-
way ANOVA with Tukey’s multiple comparison for the effect
of spatial distribution (1 =20). The B-cell and HUVEC pseudo-
islets formed by spontaneous aggregation or magnetic levita-
tion were statistically analyzed using one-way ANOVA with
Tukey’s multiple comparison for the effect of time on pseudo-
islet size (n=10). GSIS data of functionality assessment were
statistically analyzed by two-way ANOVA with Tukey’s mul-
tiple comparison (n=10). The corresponding GSIS index from
Krebs 1 to glucose and from glucose to Krebs 2 was statistically
analyzed by one-way ANOVA with Tukey’s multiple com-
parison (n=10). Area comparison and total CD31" content were
statistically analyzed using Student’s t-test (n= 10). Relative cell
number during excision was statistically evaluated using one-
way ANOVA (n=7). The significance of proliferation rate was
analyzed using Student’s /~test (n=10). Statistical significance
was defined at p <0.05.
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Results

Magnetic levitation facilitates controlled aggregation
of heterotypic pseudo-islets and HUVEC integration

In native pancreatic tissue (Fig. 3A, H, O), we identified
three major naturally occurring spatial distributions of p-cells
and ECs: (1) the heterogeneous distribution of both cell types
(“1:1,” Fig. 3A), (2) ECs surrounded by B-cells (“ECs in-
side,” Fig. 3H), and (3) B-cells surrounded by ECs (*“B-cells
inside,” Fig. 30). Based on these findings, schematics were
developed to model the distributions in heterotypic pseudo-
islets that needed to be evaluated (Fig. 3B, I, P).

To mimic the three distribution patterns seen in native
pancreatic tissue, and in addition to spontaneous aggrega-
tion, we utilized magnetic levitation for a controlled cellular
movement and aggregation by employing external magnetic
fields. To identify a potential impact of the NanoShuttle-PL
treatment on cell survival, TUNEL assays were performed to
evaluate DNA fragmentation within cells as an indication of
the last step of cell apoptosis or necrosis.*** TUNEL
analysis revealed no significant differences in the number of
cells exhibiting DNA fragmentation within the B-cell-
containing pseudo-islet cultures after 48h (3.19+0.53%
spontaneous aggregation vs. 3.41+0.80% magnetic levita-
tion, p=0.922) or 120 h (5.97+1.01% spontaneous aggrega-
tion vs. 5.71 £0.58% magnetic levitation, p=0.887) (Fig. 4).
Furthermore, glucose response of pseudo-islets after 120 h
was maintained after NanoShuttle-treatment (Supplementary
Fig. S2).

Spontaneous aggregation led in all three distribution types
(“1:1,” “ECs inside”” and “‘B-cells inside’’) to the disas-
sembly of HUVECs from the B-cell-composed pseudo-islets
(Fig. 3C, D, J, K, Q, R). IF staining revealed that almost no
CD31" HUVECs were present within the insulin-producing
B-cell-composed pseudo-islets (Fig. 3C, J, Q).***” In con-
trast, magnetic levitation resulted in the formation of intact
heterotypic pseudo-islets with a promoted HUVEC inte-
gration (Fig. 3E, F, L, M, S, T). These heterotypic pseudo-
islets were stable for up to 25 days (Fig. 5). IF staining
revealed that CD31" HUVECs were heterogeneously dis-
tributed throughout the *“1:1”" pseudo-islets (Fig. 3F). The
“ECs inside” condition produced pseudo-islets that showed
a distinguishable CD31" HUVEC center (Fig. 3M). IF
staining of the pseudo-islets formed based on the “B-cells
inside” distribution pattern showed predominantly CD31*
HUVEG:sS in the periphery of the constructs (Fig. 3T; Sup-
plementary Fig. S3).

According to these observations, quantification showed a
statistically significant increase in CD31* HUVECs in all
pseudo-islet distribution types formed by magnetic levitation
when compared with pseudo-islets formed by spontaneous
aggregation (**1:1”: 0.45+0.23 vs. 0.18+0.07, **p<0.01,
Fig. 3G; “ECs inside,” 0.95+0.20 vs. 0.23 £0.05, ***p <0.001,
Fig. 3N; “B-cells inside,” 0.47£0.15 vs. 0.22+0.08, **p<
0.01, Fig. 3U).

Spatial distribution of heterotypic pseudo-islet cultures
significantly influences insulin secretion upon glucose
stimulation

We assessed the functionality of the pseudo-islet cultures
by measuring the insulin secretion using serial GSIS assays

URBANCZYK ET AL.

(Fig. 6A, B). We identified that pseudo-islets composed of
B-cells inside and HUVECs outside secreted significantly
higher amounts of insulin upon glucose stimulation, inde-
pendently of the aggregation method when compared with
all other cell compositions or the control group, which is
pseudo-islets composed of B-cells alone formed by sponta-
neous aggregation (“‘B-cells inside”” spontaneous aggregation:
49.37+£10mU/L vs. “B-cells inside”: magnetic levitation
55.09+5.01 mU/L, ***p<0.001, Fig. 6A). Interestingly,
the pseudo-islets composed of B-cells inside and HUVECs
outside formed by magnetic levitation produced signifi-
cantly higher levels of insulin in the initial basal state after
Krebs 1 medium treatment when compared with the control
group (25.85+3.80 mU/L vs. 10.59+1.29 mU/L, *p<0.05,
Fig. 6A). The “‘B-cells inside” condition formed by mag-
netic levitation also secreted significantly higher levels of
insulin in the second basal state, after Krebs 2 medium
treatment, when compared with any other condition and the
control group (**p <0.01, Fig. 6A). Importantly, no relevant
statistically significant differences in the GSIS indices cal-
culated from the serial GSIS were observed (Fig. 6B), which
indicates that the stimulable nature of B-cells is not altered in
the ““B-cells inside™ distribution group, although the basal
insulin levels are increased. Importantly, the observed dif-
ferences in glucose response were not attributable to cell
death, since TUNEL analyses of the three spatial distribu-
tions formed by magnetic levitation did not exhibit any
significant differences in DNA fragmentation (*‘1:17:
6.76£2.32%, “ECs inside™: 7.99 £2.44%, **B-cells inside™:
7.40+2.10%, Fig. 6C-F).

In summary, we identified that heterotypic pseudo-islets
with B-cells inside and HUVECS outside formed by mag-
netic levitation exhibited the highest insulin secretory
function in every condition without a loss in stimulation
capabilities from basal to high glucose and back to the
basal state.

p-Cells surrounded by HUVECs express significantly
more E-cadherin

E-cadherin is a cell surface adhesion protein that is as-
sociated with cell—cell interactions and has been proposed to
promote insulin secretion through intra-islet communica-
tions.*® % In this study, we investigated the expression of
E-cadherin in the heterotypic pseudo-islets formed by mag-
netic levitation (Fig. 6G-J). We identified that E-cadherin
was distributed evenly throughout the “1:1” and “B-cells
inside” heterotypic pseudo-islets (Fig. 6G, I). In contrast,
pseudo-islets composed of ECs inside and B-cells outside
did not express E-cadherin in the center (Fig. 6H). In gen-
eral, we saw that only B-cells expressed E-cadherin. Inter-
estingly, B-cells of the *‘B-cells inside’ condition expressed
significantly higher levels of E-cadherin per cell when
compared with the other conditions (‘‘B-cells inside’:
75.75+15.15 compared with “1:17: 55.17+5.93 and “ECs
inside’’: 47.02+6.39; p<0.001, Fig. 6J).

Discussion

Pancreatic B-cells, which are naturally surrounded by a
major capillary network that provides proper nutrition, ox-
ygenation, cell-ECM, and cell—cell interactions, suffer from
loss of this microenvironment after transplantation.*'
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FIG. 4. Evaluation of influence of NanoShuttle™-PL treat-
ment on DNA fragmentation of cells, indicating the final stage
of apoptosis and necrosis. (A) TUNEL staining of pseudo-
islets formed with spontaneous aggregation and magnetic
levitation after 48 and 120h. (B) Quantification of TUNEL"
cells per DAPL Student’s r-test, n=10. TUNEL, terminal
deoxynucleotidyl transferase-mediated nick-end labeling.
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Recreating the pancreatic niche by the combination of ECs
and pancreatic B-cells may contribute to graft survival
S 42 : s oa113.22

in vitro.”~ Apart from improved graft survival ~“* and pre-
vascularization,* the coculture of B-cells with ECs provides
beneficial effects on B-cell functionality.'®'®?” However,
these stimulatory capabilities of ECs on B-cells have not
been shown to exist in a human-only cell line-based
in vitro model. In addition, the influence of the spatial dis-
tribution in such human heterotypic cell aggregates has
not been clarified. Yet, both are requirements that need to
be met to understand factors contributing to regulatory
mechanisms in the crosstalk of B-cells and ECs in the hu-
man body.**

In this study, we identified three major spatial distribu-
tions of B-cells and ECs in native human pancreatic tissue:
(1) the even distribution of both cell types, (2) ECs sur-
rounded by B-cells, and (3) B-cells surrounded by ECs. We

B-cells inside
Spontaneous Magnetic
Aggregation Levitation
L A WTAY,

Magnetic
Levitation

FIG. 5. Representative BF images of long-term stability tests of heterotypic pseudo-islets using spontaneous aggregation
and magnetic levitation for up to 25 days with minor disassembly occurring after day 15. Heterotypic pseudo-islets formed
with magnetic levitation were stable for up to 25 days independent from spatial distribution. Pseudo-islets formed with
spontaneous aggregation show disaggregation starting at day 10 for *“1:1” pseudo-islets, at day 5 for “ECs inside” pseudo-

islets and at day 10 for “‘B-cells inside” pseudo-islets.
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FIG. 6. Functionality assessment of heterotypic pseudo-islets formed with spontaneous aggregation and magnetic levi-
tation. (A) “‘B-cells inside™ secreted significantly more insulin upon glucose challenge. In addition, ““B-cells inside” formed
with magnetic levitation had significantly increased levels of basal insulin secretion; one-way ANOVA, n=3. (B) The GSIS
index for *“B-cells inside” did not differ significantly showing comparable stimulation properties although basal insulin
secretion is increased; one-way ANOVA, n23. (C-E) Representative images of TUNEL staining of heterotyplc spheroids
with the three different spatial distributions formed with magnetic levitation. (F) Quantification of TUNEL" cells per DAPI.
One-way ANOVA, n=10. (G-I) Representative images for GVI analysis of IF staining for E- deherln and (J) pseudo-
quantification of heterotypic pseudo-islets formed by magnetic levitation; one-way ANOVA, n=20. p<0.001, “p<0.01,
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introduced an abstract classification (1-3) of the complex
anatomy to recreate an in vitro system based of these nat-
urally occurring distributions. Furthermore, investigation of
the spatial distribution of the islets of Langerhans revealed
that each B-cell in native islets is surrounded by at least one
EC,”'""'® underlining the relevance of all three selected spatial
distributions. To recapitulate those three distribution patterns,
“1:1,” “ECs inside” and “‘B-cells inside,” heterotypic pseudo-
islets consisting of human B-cells and HUVECs were formed
in vitro by spontaneous aggregation. In contrast to previous
studies showing natural aggregation of HUVECs with murine
MING cells,'® in our hands, HUVECs did not interact with the
human B-cells. Moreover, the HUVECs formed rather auton-
omous spheroids, and a formation of stable pseudo-islets with
defined structural features was not possible. One limitation
could be that HUVECs are not an ideal cell source to mimic
vascular ECs in combination with the human B-cell line
EndoC-BH3, although HUVECs have been widely used and
established to model ECs behavior.!82327434548 pigqim.
ilarities upon cytotoxic reagents or in cytoarchitecture of islets

1

have been previously described, underlining major differences
between human and rodent pancreatic islets, which limits the
possibility to extrapolate from results obtained in rodent sys-
tems to the human ones.”>*

Since B-cells rely on an highly specialized environment,'
a human cell line-based in vitro test system might require
particularly specialized ECs to properly model the interac-
tion between P-cells and ECs, such as human pancreatic
microvascular ECs or ductal epithelial cells (DECs). DECs,
for instance, play an important role in pancreatic morpho-
genesis™ as well as during initial islet differentiation.”'
Furthermore, it has been shown that insulin-producing B-cells
can be derived from DECs*>*? since both cell types originate
from foregut endodermal progenitors,”" hinting toward com-
parable specialized capabilities and properties. In addition,
different groups found that DECs increase the viability and
proliferation of mature B-cells by secretion of islet growth and
regulatory factors such as insulin-like growth factor 2, thus
naturally contributing to the maintenance of the B-cell popu-
lation in the pancreas in vivo.”
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To overcome the interactional problem between HUVECs
and human B-cells, we used magnetic levitation to form
heterotypic pseudo-islets. This technique uses positively
charged poly-L-lysine amino chains to attach gold and iron
oxide nanoparticles to the cell surface, which in turn enables
a controlled cell aggregation by application of external
magnetic fields.”® By utilizing magnetic levitation, we cre-
ated pseudo-islets in a controlled manner with defined in-
ternal architectures and improved HUVEC integration.
Magnetic levitation helps, therefore, to overcome the inef-
ficient incorporation of different cell types in heterotypic
spheroids as seen when using spontaneous aggregation like
in this study and as it was described previously by Kusamori
et al."* This method is also improving the reproducibility of
mixed heterotypic spheroids and addresses the limitation of
conventional methods to control the size of multicellular
spheroids.'*%¢

In our study, pseudo-islets were derived using 5000 cells/
cell type per spheroid with magnetic levitation. TUNEL
assays showed that the cell viability within the pseudo-islets
was not impacted by the method. Structural and distribu-
tional differences can be easily monitored in bigger het-
erotypic spheroids, facilitating also the quantification of
cell—cell and cell-matrix integrations. With the successful
establishment of the human cell line-based in vitro model,
further studies can now be conducted with smaller pseudo-
islet sizes ranging in the native pancreatic islet size of
~ 150 pm, imsp]roving both functionality and survival of
pseudo-islets.>’ " A limitation of the current setup are the
varying culture times of the three different coculture
pseudo-islet types, which originated from external con-
straints: (1) pseudo-islets need 48 h to form stable aggre-
gates, independent from cell type and culture method, and
(2) the mandatory culture time for the B-cells of 5 days
before GSIS according to manufacturer’s protocol (Fig. 2).

We were further interested in the question of how mul-
ticellular spatial distributions, as seen in native human
pancreas, may impact insulin secretion upon glucose stim-
ulation within the in vitro-engineered pseudo-islets. The
spatial influence of ECs during pancreatic development has
been described before, showing that the dorsal aorta initiates
the endocrine differentiation, which can be monitored by an
increased insulin expression and by the formation of pan-
creatic bud-like structures that form from the endoderm.®’
When Lammert et al. removed the dorsal aorta in their
study, no insulin gene expression was seen.®’ During de-
velopment, the spatial distribution of ECs and blood vessels
adapt as the pancreas forms from an adjacent distribution of
ECs and endoderm to a dense meshwork of capillaries
within the fully developed pancreas,®* supporting the im-
portant role of ECs for endocrine functionality. In this study,
we identified that only constructs with B-cells inside and
HUVECs outside achieved a significant insulin secretion
stimulation upon glucose challenge. Although both aggre-
gation procedures, spontaneous aggregation and magnetic
levitation, showed comparable amounts of secreted insulin,
a significant stimulation in basal insulin secretion was solely
identified for the ‘“‘B-cells inside’” constructs formed by
magnetic levitation (Fig. 6A). Importantly, no significant
alteration in any of both GSIS indices could be observed.
Loss in GSIS index would be an epiphenomenon of im-
paired intracellular feedback loops and B-cell mis-sensing of

URBANCZYK ET AL.

extracellular levels of glucose and insulin,** undermining

the validity of this in vitro test system.

In our hands, an increase in B-cell insulin secretion could
only be achieved when HUVECs were added to preformed
B-cell-composed pseudo-islets. Thus, spatial distribution is
critical to enhance B-cell functionality. The ““B-cell inside”
distribution pattern has also been used by Ilieva et al.,*
Ferrer et al.,>> and Murray et al.>* to stimulate insulin se-
cretion, although not by design, since isolated pancreatic
islets had been used in their setup, which are already solidly
formed. In contrast, Kusamori et al.'* reported spontaneous
formation of the “ECs inside’” distribution when adding
murine ECs, fibroblasts and B-cells simultaneously to form
heterotypic spheroids, which also led to an increased insulin
secretion. This might be explained by optimal cell—cell in-
teractions in this intraspecific rodent model consistent of
mouse ECs, mouse fibroblasts, and mouse [5—cells.14 Al-
though nearly no HUVECs were integrated when using
spontaneous aggregation, also those conditions were able to
be stimulated by coculture. This phenomenon has already
been described by groups that used EC-conditioned media to
upregulate B-cell functionality by introducing factors ex-
pressed by ECs into the B-cell culture.”° Our results indi-
cate that either the self-assembly of B-cells inside and
HUVECs outside integrates a sufficient percentage of HU-
VECs to achieve B-cell stimulation, or that B-cells only
require signalling molecules expressed by HUVECs to be
stimulated.

Heterotypic pseudo-islets with B-cells inside and HU-
VECs outside expressed significantly higher levels of the
cell—cell adhesion marker E-cadherin than in any other
spatial distribution (Fig. 6G-J). E-cadherin has been shown
to promote intracellular insulin secretion® " by its binding
properties to P-catenin, thus controlling actin skeleton re-
modeling through o-catenin,®* which is known to regulate
insulin secretion from P-cells.* In addition to cell—cell
adhesion, E-cadherin functions as cell proliferation mediator
within the islets through the Wnt pathway, contributing to -
cell mass stability.***® Since HUVECs express only VE-
cadherin and neuronal (N-) cadherin,®’ yet no E-Cadherin
(Fig. 6H), the integration of HUVECsS into the pseudo-islets
possibly disturbed the B-cell communication in the ““1:1”
and “ECs inside” distributions, whereas the “‘B-cells in-
side’” constructs were formed without any HUVEC inter-
mission. Since both cadherins can bind p120, another cell
adhesion protein related to B-catenin, VE-cadherin might
interfere with E-cadherin and hence interrupt the cell—cell
signalling between the B-cells, resulting in stimulated in-
sulin secretion solely in the “‘B-cells inside” condition.®*¢%-7
To summarize, the spatial distribution, which can be con-
trolled by using magnetic levitation, is critical to stimulate
the EndoC-BH3 cell functionality by HUVEC coculture. Only
when cultured as ““B-cells inside™ distribution, B-cells ex-
hibited an increased insulin secretory function, accompanied
with elevated levels of E-cadherin, which is vital for cell-cell
communication and insulin expression.

A pathway through which ECs might upregulate B-cell
functionality is through interaction of CD31 with the integrin
B3, since CD31 expressed by ECs is a counter-receptor of
B3 37717? CD31 regulates angiogenesis, migration, prolif-
eration, and cell—cell interaction by homophilic binding, but
has also been shown to interact heterophilic.”' An interaction
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of CD31 with the o, B;-integrin present on the cell surface of
B-cells”® might also promote B-cell functionality and sur-
vival. It has been described that the binding of o, B; activates
the ERK1/2-pathway, which is known to increase an inter-
cellular insulin response‘n'75 However, the activation of
o, B3 by CD31 alone cannot completely explain the increased
B-cell functionality, since heterotypic spheroids with the
“ECs inside” distribution revealed the highest CD31 ratio
without a significantly increased insulin secretion, implying
that other pathways take place in the stimulation process of
B-cells.

Conclusion

In this study, we have established the first human cell line-
based pseudo-islet in vitro test system to investigate coculture
effects of human B-cells on human ECs. Magnetic levitation
allowed the stable formation of heterotypic pseudo-islets with
defined spatial distributions of B-cells and HUVECs. In ad-
dition, we showed that the stimulatory capabilities of ECs on
B-cells were best utilized when a B-cell composed pseudo-
islet is surrounded by an outer layer of ECs, emphasizing
that the spatial distribution as well as cell—cell interactions
are crucial for an increased insulin secretion and, therefore,
B-cell functionality. Together, these promising results lay
the foundation for upcoming study to further improve the
in vitro test model and investigate coculture interactions of
human B-cells and ECs en route to develop prevascularized
transplantable islet grafts.
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SUPPLEMENTARY FIG. S1. Demonstration of successful removal of proliferation gene of EndoC-BH3 cells by
4-tamoxifen treatment during excision. (A) Reduction of proliferation rate during treatment time. One-way ANOVA, n=7,
*#¥p<0.01. (B) Ki67 staining of rat insulinoma cells (INS-1E) pseudo-islets as positive control for proliferation and EndoC-
BH3 pseudo-islets. (C) Percentage of proliferating cells in INS-1E and EndoC-BH3 pseudo-islets. Student’s #-test, n=10,
#ikp <0.001. ANOVA, analysis of variance; DAPI, 4’,6-diamidino-2-phenylindole; ns, not statistically significant.
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SUPPLEMENTARY FIG. S2. Functionality assessment in three-dimensional after treatment with NanoShuttle™. (A)
Insulin secretion after serial GSIS assay of pure B-cell pseudo-islets with 1000 cells/pseudo-islets after 5 days in culture.
Two-way ANOVA, n=10, *p<0.05, **¥p<0.01. (B) GSIS index of serial GSIS assay showing no relevant differences in
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secretion.

A B100- C100
80 80
&
¥ 60- ns ~ 60
— (2]
] 8 I
Z 40 5 401 I
2
20 20+
0

— . 0 — ~
inside periphery inside periphery

SUPPLEMENTARY FIG. S3. Analysis of the distribution of endothelial cells in “‘B-cells inside” formed with magnetic
levitation. (A) Schematic of the area of interest that was evaluated as “‘inside’” and “‘periphery.” (B) Area ratio of “inside”
and "Eeriphery." Student’s t-test, n=10. (C) Total CD31" staining within areas ‘“‘inside’” and *‘periphery”” showing that
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Collagen and Endothelial Cell Coculture Improves B-Cell
Functionality and Rescues Pancreatic Extracellular Matrix
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The use of biomaterials and biomaterial functionalization is a promising approach to support pancreatic islet
viability posttransplantation in an effort to reduce insulin dependence for patients afflicted with diabetes
mellitus type 1. Extracellular matrix (ECM) proteins are known to impact numerous reparative functions in the
body. Assessing how endogenously expressed pancreatic ECM proteins are affected by posttransplant-like
hypoxic conditions may provide significant insights toward the development of tissue-engineered therapeutic
strategies to positively influence B-cell survival, proliferation, and functionality. Here, we investigated the
expression of three relevant groups of pancreatic ECM proteins in human native tissue, including basement
membrane (BM) proteins (collagen type 4 [COL4], laminins [LAM]), proteoglycans (decorin [DCN], nidogen-1
[NID1]), and fibril-forming proteins (fibronectin [FN], collagen type 1 [COL1]). In an in vitro hypoxia model,
we identified that ECM proteins were differently affected by hypoxic conditions, contributing to an overall loss
of B-cell functionality. The use of a COL1 hydrogel as carrier material demonstrated a protective effect on B-
cells mitigating the effect of hypoxia on proteoglycans as well as fibril-forming protein expression, supporting
B-cell functionality in hypoxia. We further showed that providing endothelial cells (ECs) into the COLI1
hydrogel improves -cell response as well as the expression of relevant BM proteins. Our data show that B-cells
benefit from a microenvironment composed of structure-providing COL1 with the incorporation of ECs to
withstand the harsh conditions of hypoxia. Such hydrogels support B-cell survival and can serve as an initial
source of ECM proteins to allow cell engraftment while preserving cell functionality posttransplantation.

Keywords: B-cells, diabetes, hypoxia, extracellular matrix, collagen type I

Impact Statement

Expression analysis identifies hypoxia-induced pathological changes in extracellular matrix (ECM) homeostasis as potential
targets to support B-cell transplants by encapsulation in biomaterials for the treatment of diabetes mellitus. A collagen-1
hydrogel is shown to attenuate the effect of hypoxia on B-cells and their ECM expression. The functionalization of the
hydrogel with endothelial cells increases the B-cell response to glucose and rescues essential basement membrane proteins.
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Introduction

THE EXTRACELLULAR MATRIX (ECM) physically and bio-
chemically supports tissues and organs. It consists of large
fibrillar proteins, glycoproteins, and proteoglycans, as well as
water, growth factors, enzymes, and other biomolecules.' The
ECM is vital for cell survival and function as it provides bio-
logical, chemical, and mechanical cues to cells, which in turn,
remodel the ECM to control tissue homeostasis."

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

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

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

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

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

Materials and Methods
INS1E cell culture and pseudoislet assembly

The insulin producing rat insulinoma cell line INSIE was
a kind gift from Prof. Maechler from the University of
Geneva, Switzerland. INS1E cells were cultured in adapted
RPMI 1640 (Gibco) containing 10mM HEPES (Gibco),
50 uM 2-mercapto-ethanol (Sigma-Aldrich), 1 mM pyruvate
(Gibco), 5% fetal bovine serum (Sigma-Aldrich), 100 iU/
mL penicillin, and 100 pg/mL streptomycin, under standard
humidified normoxic conditions (37°C, 5% CO,, 20% 0O,),
and passaged at 80% confluency. To assemble pseudoislets,
nonadherent 96-well U-bottom plates (Thermo Fisher Sci-
entific) were used at a density ranging from 500 to 10,000
cells per well in a working volume of 100 pL/well and placed
under normoxic conditions for 48 h before any experiment.
Hypoxia experiments were performed under the following
conditions: 37°C, 5% CO, and 1% O,, which were chosen
according to literature."*™'® In detail, pseudoislets were see-
ded in overnight preincubated hypoxia medium. Media was
changed every other day. Every 24 h, images of the pseu-
doislets were obtained using a brightfield microscope (Zeiss),
and the pseudoislet size was analyzed using Image] V
1.52p. The growth speed was assessed by applying a linear
regression curve for each pseudoislet size from day 2 to 8,
resulting in the average growth in micrometers per day.

Viability assay

Fluorescein diacetate (FDA)/propidium iodide (PI)
(Sigma-Aldrich) staining was performed according to the
manufacturer’s protocol. In brief, pseudoislets were washed
once with phosphate-buffered saline (PBS), incubated with
33 pL FDA and 300 pLL PI per 1 mL RPMI 1640 for 15 min at
normoxic conditions. After incubation, pseudoislets were
washed three times with PBS before recording the fluores-
cence using a laser scanning microscope 710 (Zeiss). The
fluorescence was recorded in the z-stack mode using maxi-
mum intensity projection. Images were evaluated by Zen
Blue (Zeiss) and ImageJ V 1.52p software. The number of
PI" cells was normalized by the diameter of each pseudoislet.

Human umbilical vein endothelial cell culture and
coculture pseudoislet assembly

Human umbilical vein endothelial cell (HUVEC) culture
and coculture pseudoislet assembly was performed as re-
cently reported.'” The magnetizing of HUVEC and INSIE
allows the proper and reproducible aggregation of pseudois-
lets by placing the HUVECs around the INSIE f-cells. In
brief, HUVECs (PromoCell) were cultured in corresponding
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EC growth medium (PromoCell), passaged at a confluency
between 80% and 90%, and used between passage 2 and 6.
For coculture pseudoislets assembly, INS1E cells and HU-
VECs were magnetized overnight before seeding, using
NanoShuttle™-PL (Greiner) at a concentration of 40 uL./mL
according to the manufacturer’s protocol. To obtain optimal
glucose-stimulated insulin secretion (GSIS) functionality of
the cocultured pseudoislets, INS1E cells were seeded first at
a density of 500 cells per well in 50 uL INSI1E media to
ensure proper pseudoislet formation. HUVECs were added
24 h later at a density of 500 cells per well in 50 pL HUVEC
media, resulting in a media ratio of 1:1, and placed atop the
magnetic levitation plate for 30 min under standard culture
conditions for another 24 h.

COL1 pseudboislet encapsulation

An average number of 48 pseudoislets or coculture pseu-
doislets were encapsulated in COL1 with a concentration of
6.0mg/mL with a total volume of 250 L following the
manufacturer’s instructions (Fraunhofer IGB, Sruttgarl'%).

GSIS assay

Ninety-six hours after seeding, pseudoislets with 500 and
1000 cells per pseudoislet were grouped by 4 per well in
50 puL. medium. Pseudoislets were washed twice using
KREBS 1 xbuffer containing 0.1% bovine serum albumin
(Sigma-Aldrich) and 25 mM HEPES (Gibco). Then, pseu-
doislets were incubated for 30min in KREBS 1xbuffer
under normoxic conditions. Subsequently, KREBS 1 x buffer
containing 3.3mM glucose (Gibco) was added and the
pseudoislets were incubated for 1.5 h. The pseudoislets were
washed again twice and incubated with KREBS 1xbuffer
containing 16.7mM glucose for another 1.5h. The super-
natants were collected and stored at —20°C for further in-
sulin detection using enzyme-linked immunosorbent assay
(Mercodia). The GSIS index represents the fold increase in
insulin secretion from 3.3 to 16.7 mM glucose. For the GSIS
assay in COL1 hydrogel, all incubation times were doubled
with regard to diffusion properties.

Histological analysis

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

Immunofluorescence staining

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

Terminal deoxynucleotidy! transferase-mediated
nick-end labeling assay

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

Image analysis

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

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

Overall fold changes for ECM protein expression be-
tween normoxic COL1 hydrogel and hypoxic COL1 hy-
drogel+HUVECs were calculated by multiplying the fold
changes of (hypoxic COLI hydrogel/normoxic COLI1
hydrogel)*(hypoxic COL1 hydrogel + HUVECs/hypoxic
COLI1 hydrogel).

Raman imaging of pseudoislets

INS1E pseudoislets were prepared for Raman imaging as
previously described.'” In brief, hypoxic and control
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pseudoislets were placed in a microfluidic chip for nonin-
vasive in sitm Raman imaging. The microfluidic device
stabilizes the pseudoislets during measurements, while
supplementing nutrients via media perfusion. Spectral
mapping was performed on a customized inverted WITec
alpha300 R Raman system (WITec GmbH) equipped with a
green laser (532 nm) and a CCD spectrograph with a grating
of 600 g/mm. An incubation chamber (Okolab S.R.L.) was
integrated in the setup to keep the pseudoislets constantly at
37°C. Images were acquired as triplicates at a laser power of
58 mW, an integration time per spectrum of 0.5 s and a pixel
resolution of 1x 1 um.

Multivariate data analysis

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

Statistical analysis

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

Results

Assembly of pancreatic f-cells into glucose-responsive
pseudoislets

To assess the ECM-related changes induced by hypoxic
conditions on pancreatic islets, we established an in vitro
model composed of INSIE B-cells that were assembled into
pseudoislets to mimic the insulin-secreting endocrine func-
tion of the native Islets of Langerhans. The native pancreatic
islets range is from 50 to 400 um in diameter with an av-

; 20,21 N .
erage size of 150pm.”"~ Therefore, pseudoislets were
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formed by spontaneous aggregation with 500 to 10,000 cells
per pseudoislets (Fig. 1). The proliferative nature of the
INSIE B-cells lead to an overall increase in their size over
time, monitored for a period of 8 days (Fig. 1A). The growth
speed was impacted by the number of initially seeded cells:
pseudoislets of 2000 (2k), 4000 (4k), and 10,000 (10k) cells
per pseudoislet grew significantly faster than pseudoislets of
500 (0.5k) and 1000 (1k) cells per pseudoislet (Fig. 1B).

Diffusion of nutrients and oxygen are essential for the
survival and physiological function of three-dimensional
(3D) cell constructs.?>> The lack of diffusion that occurs in
large cell aggregates results in the formation of a hypoxic
core.?* Therefore, we assessed the influence of pseudoislet
size on pseudoislet viability (Fig. 1C). We observed a
hypoxic core depicted by Pl-stained cells in large pseu-
doislets (4k and 10k pseudoislets) after 8 days in culture,
which was not observed in smaller pseudoislets (0.5k, 1k,
and 2k pseudoislets). The quantification of PI" cells in 0.5k,
1k, and 2k pseudoislets showed a significantly higher dead
cell ratio in 2k pseudoislets compared with 0.5k and 1k
pseudoislets after 3 and 8 days (0.5k: 0.038 £0.026 [3 days]
vs. 0.082£0.04 [8 days], p<0.0001; 1k: 0.0656+0.024
[3 days] vs. 0.163 £0.006 [8 days], p<0.01; 2k: 0.163 +£0.022
[3 days] vs. 0.0164£0.040, p<0.0001). These data sug-
gest that 0.5k and 1k pseudoislets allowed for proper
nutrient and oxygen diffusion overtime, which is in line
with previous studies showing that pseudoislets above
1000 cells per islet lead to an unstable aggregation
(Fig. 1D).***

The major function of B-cells is to secrete insulin in re-
sponse to glucose, which is also influenced by the pseudoislet
size.”®*" Therefore, GSIS assays were performed to assess
potential functional differences between 0.5k and 1k pseu-
doislets (Fig. 1E, F). The GSIS index revealed that 0.5k
pseudoislets had a significantly higher glucose response
compared with the 1k pseudoislets (Fig. 1E; 0.5k GSIS of
2.024+0.51 compared with 1k GSIS 1.232+0.340; p<0.05).
We showed that 0.5k pseudoislets were highly viable and
glucose-responsive with an average basal insulin secretion of
0.0427£0.0077 and 0.0839%0.0134 pg/L. per islet when
stimulated with 16.7mM glucose (Fig. 1F). The 0.5k pseu-
doislets were chosen for all further experiments, as they offer
high reproducibility and stability over time to study the ef-
fects of hypoxia on endogenous B-cell ECM expression.

Hypoxia induces apoptosis and impairs pseudoislet
functionality in vitro

Pseudoislets were subjected for a period of 48h to hyp-
oxic conditions (1% oxygen). B-cell death, proliferation,
and functionality were evaluated to validate the hypoxic
effect in the in vitro model (Fig. 2). The expression of
caspase-3, which is a downstream activator of the apoptotic
pathway, significantly increased under hypoxic conditions
(Fig. 2A).%® To verify that the activation of caspase-3 sig-
naled to its final target, we looked at the number of cells
positive for TUNEL, which identifies DNA fragmentation
in nuclei that occurs during late-stage apoptosis.”® We
identified a significant increase of TUNEL" cells in the
hypoxia in vitro model (Fig. 2B; 0.54% +0.76% normoxia
vs. 10.45%£0.764% hypoxia; p<0.0001), confirming
the completion of apoptotic pathways. The proliferative
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capacity of INSI1E B-cells was impaired by the hypoxic
culture condition, demonstrated by a significant loss of
Ki67 expression (Fig. 2C; 79.27% £7.89% normoxia vs.
43.3% % 11.34% hypoxia; p<0.001).

We assessed GSIS, insulin expression, and E-cadherin ex-
pression, which is an important cell-cell contact protein
contributing to pseudoislet integrity and functionality under
hypoxic conditions.”® We showed that pseudoislets cultured
under hypoxic conditions expressed significantly lower
amounts of E-cadherin (Fig. 2D; 6321+ 1086 gray value in-
tensities (GVI)/pixel normoxia vs. 1940+209 GVI/pixel hyp-
oxia; p<0.0001) and also expressed significantly less insulin
(Fig. 2E; 14223 +2491 GVI/pixel normoxia vs. 4583 + 1204
GVlI/pixel hypoxia; p<0.0001), contributing to a lack of
response when stimulated by glucose (Fig. 2F).

To identify hypoxia-specific biochemical changes in situ
within the living cells and cell-derived ECM in pseudoislets,
Raman microspectroscopy and Raman imaging were used as
noninvasive marker-independent techniques on living
pseudoislets (Fig. 2G-K)."” Raman imaging and TCA
identified three main components in the pseudoislets that
were previously assigned to nuclei, mitochondria, and ECM
(Fig. 2G, H). Major peaks related to nuclei were identified as
785cm™ (DNA) and 826 and 1090 cm™’ (PO, backbone).
Mitochondria TCA was defined by intense peaks located
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FIG. 1. Pseudoislet size affects sur-
vival, growth, and functionality in vitro.
(A) Pseudoislet size assessment over a
period of 8 days. Different cell concen-
trations were tested: 10,000 cells per
pseudoislet (10k), 4000 cells per pseu-
doislet (4k), 2000 cells per pseudoislet
(2k), 1000 cells per pseudoislet (1k), and
500 cells per pseudoislets. (B) Evaluation

D == 05k 3 :

- 1k of growth speed of pseudoislets depend-

= 2k ing on the initial number of seeded cells.
E 025 - (C) Cell viability at 3 days after seeding
2 020 w  — and 8 days after seeding. FDA indicates
= live cells (green) and PI indicates dead
3 0159 1S ‘—‘ cells (red). (D) Quantification of FDA/PI
2 010 ratio of 0.5k, 1k, and 2k pseudoislets af-
2 0.05 ter 3 and 8 days, n>3, two-way ANOVA
o with Tukey’s multiple comparisons test.
x 0.00 (E) GSIS index of 0.5k pseudoislets

oPeP odeP oPeP  compared to 1k pseudoislets, n=5, un-
paired r-test. (F) Insulin secretion of 0.5k
pseudoislets under 3.3 mM glucose and
16.7mM glucose, n=5, unpaired r-test.
*p<0.05, **p<0.01, ***p<0.001,
*#*%%p <0.0001. Scale bars =50 pm.
FDA, fluorescein diacetate; GSIS,
glucose-stimulated insulin secretion; PI,
propidium iodide.

at 747, 1125, and 1583 cm™ describing heme vibrations in
cytochrome C complexes.***! The ECM TCA was highly
impacted by changes in collagens (1173, 1310, and
]34()c:m']).3 03233 TCA quantification further revealed a
significant decrease in the distribution of the nuclei compo-
nent, indicating changes and/or loss of the nuclear bio-
chemical spectral fingerprint, while there was no impact on
the mitochondrial component (Fig. 2I).

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

Raman TCA quantification identified a significant alter-
ation of the ECM proteins in hypoxic pseudoislets. This
impact on crucial pancreatic ECM structures most likely
contributes to the loss of B-cell function, as it has been
previously shown that intraislet ECM interactions can
modulate B-cell proliferation and survival**
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FIG. 2. Hypoxia induces apoptosis and impairs pseudoislet functionality in vitro. (A B) Cell death assessment under
normoxic and hypoxic conditions is quantified via (A) expression of cleaved caspase-3 (n24) and (B) number of TUNEL*
cells (n>3) (TUNEL" in green, DAPI in blue), (C) Ki67 (n>5) (Ki67" in green, DAPI in blue), (D) E-cadherin expression
(n=6), (E) insulin expression (n26); unpaired #-test. Scale bars=50 pm. (F) GSIS response of pseudoislets (n=19); two-
way ANOVA with Tukey’s multiple comparisons test. (G-K) In situ characterization of hypoxic pseudoislets by Raman
imaging. (G) Identification and location of the three major components: nuclei (blue), mitochondria (pink), and ECM
(green). Scale bar= 10 pm. (H) Corresponding Raman spectra of the three major TCA components. (I) Semiquantification
of component intensities (n>3); unpaired -tests. (J) Separation of normoxic and hypoxic samples by mitochondrial spectra
component by PCA and difference of spectral mean values (n=600); unpaired t-test. (K) Loadings plot of PC1 with peak
marking responsible for sample separation. *p <0.05, **p<0.01, ***p<0.001, **¥#p<(0.0001. DAPI, 4’,6-diamidino-2-
phenylindole; ECM, extracellular matrix; PC, principal component; PCA, principal component analysis; TCA, true com-
ponent analysis; TUNEL, terminal deoxynucleotidyl transferase-mediated nick-end labeling.
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Hypoxia differentially impairs the ECM protein
expression in pseudoislets

To assess the effects of hypoxia on endogenous ECM ex-
pression in B-cells, we focused on three different groups of
ECM proteins: BM proteins (LAM and COL4), the proteo-
glycans decorin (DCN) and nidogen-1 (NID1), and the fibril-
forming proteins FN and COL1 (Fig. 3 and Supplementary
Fig. §2). Comparative immunofluorescence staining verified
the presence of the selected ECM proteins in both native human
pancreatic tissue and pseudoislets cultured under normoxic
conditions. However, semiquantification showed that hypoxia
differentially regulated ECM expression. The expression of
BM proteins LAM (Fig. 3A, B) and COL4 (Fig. 3C, D) was
homogenous throughout pseudoislets cultured under normoxic
conditions and significantly decreased in the hypoxia
in vitro model (LAM: 12259+ 985 GVI/pixel normoxia vs.
7628+ 1241 GVl/pixel hypoxia, p <0.001; COL4: 5980+336
GVI/pixel normoxia vs. 3928 £900.97 hypoxia, p<0.001).

Similar to the BM proteins, the expression patterns of DCN
(Fig. 3E, F; 86191436 GVIl/pixel normoxia vs. 5464 +504
GVI/pixel hypoxia; p<0.001) and NID1 (Fig. 3G, H;
12267+ 1656 GVI/pixel normoxia vs. 7568 + 1675 GVI/pixel
hypoxia; p<0.01) were homogeneous under normoxic condi-
tions, but significantly decreased in the hypoxia in vitro model.

In contrast to BM proteins and proteoglycans, the ex-
pression levels of fibril-forming proteins (Fig. 3I-M) were not
significantly impacted (FN: 7820+2499 GVI/pixel normoxic
conditions vs. 8454+1840 GVI/pixel hypoxic conditions,
p=0.68; COLI: 5527£1353 GVlI/pixel normoxia vs.
5915+ 1617 GVI/pixel hypoxia, p=0.70). Although FN ex-
pression did not significantly decrease (p=0.68), its cellular
location shifted from cytoplasmic to nuclear after being sub-
jected to hypoxia (Fig. 3I).

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

Our data show that B-cells have the ability to express
relevant pancreatic ECM proteins under normoxic condi-

O PR o :
tions. However, hypoxia significantly impacted pan-
creatic BM proteins, glycoproteins, and FN, while COL1
expression remained stable.

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

To prevent ECM loss with concomitant loss of func-
tionality under hypoxic conditions, we investigated the ef-
fect of encapsulating the pseudoislets in a COL1 hydrogel
that is commercially available as an FDA-approved GMP-
product and has been used to support B-cell function in
normoxic conditions.>”*® Pseudoislets were encapsulated in
a COLI hydrogel, exhibiting similar COLI expression
patterns to native human adult pancreatic tissue (Fig. 4).
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The impact of COLI1 hydrogel on pseudoislets under
hypoxic conditions was investigated by comparing changes
in apoptosis, proliferative capacity, basic B-cell functionality
and ECM protein expression patterns with pseudoislets cultured
in suspension under hypoxic conditions (Fig. SA-F). The ex-
pression of the hypoxia-induced apoptosis marker caspase-3
(Fig. 5A; 4.41 £1.44 suspension vs. 1.77+0.68 COL1 hydro-
gel; p<0.05) as well as the number of TUNEL" cells
(Fig. 5B; 5.88+1.67 suspension vs. 3.27£0.76 COL1 hydro-
gel; p<0.05) were significantly decreased in pseudoislets
cultured in the 3D COL1 hydrogel when compared with pseu-
doislets grown in suspension cultures. Although the prolifera-
tive capacity between pseudoislets in suspension and COL1
hydrogel was comparable (Fig. 5C; 0.55+0.14 suspension vs.
0.49£0.15 COLI hydrogel; p=0.55), the expression of
E-cadherin (0.31£0.06 suspension vs. 0.75+0.25 COLI
hydrogel; p<0.01) and insulin (0.32£0.09 suspension vs.
0.59+0.12 COL1 hydrogel; p <0.01) was significantly higher
in pseudoislets in COL1 hydrogel (Fig. 5D, E). While hypoxia
significantly decreased the overall insulin content of the
pseudoislets in COL1 hydrogel, E-cadherin did not change
significantly (Supplementary Fig. S3). Pseudoislets in COL1
hydrogel under normoxic and hypoxic conditions secreted
significantly more insulin with 16.7mM glucose stimulation
than in the basal state (3.3 mM) (Fig. 5F; normoxia: 0.08 £0.03
basal state vs. 0.144+0.04 16.7mM glucose, p<0.05; hyp-
oxia: 0.09+0.02 basal state vs. 0.16+0.06 16.7 mM glucose,
p<0.05). These data demonstrate the beneficial effect of the
COL1 hydrogel on pseudoislet functionality when comparing
glucose diffusion and insulin release under hypoxic conditions.

Exogenous biomechanical cues are known to impact cellular
behavior.! Therefore, we investigated whether providing an
external COLI1 hydrogel changes the ECM protein secretion
patterns in the pseudoislet cultures (Fig. 5G-M). Interestingly,
only the secretion of LAM (6577 + 1360 GVI/pixel normoxia
vs. 4007 £ 594 hypoxia; p <0.05) and COL4 (8553 +£223 GVI/
pixel normoxia vs. 7306708 GVI/pixel hypoxia; p<0.05)
significantly decreased, whereas the expression of DCN
(9117 £2877 GVlI/pixel normoxia vs. 6418+ 1824 GVI/pixel
hypoxia; p=0.14) and NID1 (4451+1488 GVI/pixel nor-
moxia vs. 399696 GVI/pixel hypoxia; p=0.60), as well as
fibril-associated (FN: 6655+936 GVI/pixel normoxia vs.
7129+ 1360 GVI/pixel hypoxia; p=0.58) and fibrillar proteins
(COL1: 9396+2297 GVl/pixel normoxia vs. 67512022
GVI/pixel hypoxia; p=0.18) were not significantly impaired.
In contrast to pseudoislets cultured in suspension, no change in
nuclear FN expression was observed under hypoxia in pseu-
doislets encapsulated in the 3D COLI1 hydrogel (Fig. 5L;
1.0£0.09 normoxia vs. 0.90£0.24 hypoxia; p=0.46).

COL1 hydrogel functionalized with HUVECs supports
endogenous pseudoislet BM protein expression

The encapsulation of pseudoislets in a COL1 hydrogel at-
tenuated the hypoxic effect and preserved the expression of the
glycoproteins DCN and NID 1. However, the expression of BM
proteins LAM and COL4 remained impaired. ECs are an im-
portant producers of BM protein in the pancreas.” Therefore,
we established a co-culture of 1000 INS1E B-cells with 1000
HUVECS using magnetic levitation with HUVECs surround-
ing the P-cells as previously described.!” After culturing con-
trol B-cell only pseudoislets and coculture pseudoislets in a
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FIG. 3. Hypoxia differentially impacts the expression patterns of BM proteins, glycoproteins, fibrillar, and fibril-
associated ECM proteins. IF staining and quantification of different ECM proteins in human native tissue and in pseu-
doislets under normoxic and hypoxic culture conditions. (A-D) BM proteins are represented by (A, B) LAM (n2>5) and
(C, D) COL4 (n=6). (E-H) Glycoproteins are represented by (E, F) DCN (n>3) and (G, H) NID1 (n>4). (I-M) Fibril-
associated and fibrillar ECM proteins are represented by (I, J) FN (n>5) and (L, M) COLI1 (n25). (K) Quantification of
nuclear FN in native pancreatic tissue, and in pseudoislets cultured under normoxic and hypoxic conditions (n > 5); one-way
ANOVA. Unpaired r-test. *p<0.05, **p <0.01, ***p <0.001. Scale bar=50 um. BM, basement membrane; COL1, collagen
type 1; COLA4, collagen type 4; DCN, decorin; FN, fibronectin; IF, immunofluorescence; LAM, laminins; NID1, nidogen-1.
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human native pancreatic tissue

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

FIG. 4. COLI1 hydrogel
mimics native pancreatic
tissue. (A, B) IF staining of
adult pancreatic tissue
showing COL1 (green),
insulin (red), and nuclei
(DAPI, white). Scale bars
equal (A) 200 um and (B)
50 pm. (C, D) IF staining of
COL 1-encapsulated pseu-
doislets with COL1 (green),
insulin (red), and nuclei
(DAPI, white). Scale bars
equal (C) 200 um and

(D) 50 pm.

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

A .

>

FIG.5. COLI1 hydrogel improved pseudoislet functionality and minimized ECM changes due to hypoxia. (A-F) Relative
fold change in expression due to hypoxic conditions of pseudoislets in suspension or encapsulated in COL1 gel; (A) cleaved
caspase-3 (n2=3), (B) number of TUNEL" cells (n>3), (C) Ki67, (n>4), (D) E-cadherin (n>5) and (E) insulin (n>4),
unpaired r-tests. (F) GSIS response of encapsulated normoxic and hypoxic pseudoislets (n=7); two-way ANOVA with
Tukey’s multiple comparisons test. (G-M) Quantification of the expression under normoxic or hypoxic conditions of
relevant pancreatic ECM proteins, including (G) LAM (n=4), (H) COL4 (n>3), (I) DCN (n>3), (J) NID1 (n>4), (K) FN
(n=4), and (M) COL1 (n=4). (L) Quantification of nuclear FN in encapsulated normoxic and hypoxic pseudoislets (n=4)
with corresponding representative IF images are shown on the right. Unpaired r-tests. (A-E, G-K, M) Scale bars =50 pum.

(L) Scale bar=5 um *p<0.05, **p<0.01.
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FIG. 6. COLI hydrogel with incorporated HUVECs stimulates insulin and BM protein secretion in B-cell-containing
pseudoislets. (A) Insulin expression in B-cells encapsulated in COL1 hydrogel with HUVECs (n=7). (B) B-cell-containing
pseudoislets in COL1 hydrogel with HUVECs secrete significantly more insulin upon glucose stimulation compared with
B-cell-containing pseudoislets cultured in COL1 hydrogels alone (n=7); two-way ANOVA with Sidak’s multiple com-
parisons test. (C-I) Quantification of pancreatic ECM protein expression under hypoxic conditions in cultures with or
without incorporation of HUVECs: (C) LAM (n2>4), (D) COL4 (n26), (E) DCN (n2>4), (F) NIDI (n26), (G) FN (n=>6),
and (I) COL1 (n=>4). (H) Quantification of nuclear FN in pseudoislets with or without HUVECs (n2=6). Unpaired r-tests.
(C-G, I) Scale bars=50 um. (H) Scale bar=5pum. *p<0.05, **p<0.01, ***p<0.001. HUVEC, human umbilical vein
endothelial cell.
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Fig. S4B-F). The successful integration of HUVECsS into the
hydrogel was shown by significantly more CD31" cells (Sup-
plementary Fig. S4G; 0.07£0.03 GVI/pixel COLI1 hydrogel
vs. 0.26+0.11 GVI/pixel COL1 hydrogel+HUVECS; p<0.01).
The evaluation of the ECM protein expression in B-cell only
pseudoislets and coculture pseudoislets in the COLI hydrogel
after 48h (Fig. 6C-I) revealed a significant increase in both
LAM (1.24£0.66 GVI/pixel COL1 hydrogel vs. 3.16+0.96
GVl/pixel COL1 hydrogel+HUVECs; p<0.01) and COL4
(1.62+0.62 GVI/pixel COL1 hydrogel vs. 3.42+1.24 GVI/
pixel COLI hydrogel+HUVECs; p<0.01) as well as NID1
(1.23+0.39 GVI/pixel COL1 hydrogel vs. 3.38+0.85 GVI/
pixel COL1 hydrogel+HUVECs; p<0.001). Interestingly, both
the overall expression of FN (2.55%1.34 GVI/pixel COLI1
hydrogel vs. 0.97+£0.33 GVI/pixel COLI hydrogel+
HUVECS; p<0.05) and the normalized nuclear expression
of FN (1.0£0.15 COL1 hydrogel vs. 0.57+0.20 COL1
hydrogel+HUVEC; p<0.001) decreased significantly,
while DCN (1.75+0.33 GVI/pixel COLI hydrogel vs.
1.44+0.18 COL1 hydrogel+HUVECs; p=0.12) and COL1
(5.10+0.81 GVI/pixel COL1 hydrogel vs. 4.72+1.37 GVI/
pixel COL1 hydrogel+HUVECs; p=0.64) were not af-
fected by the HUVEC coculture. These data demonstrate
the stimulative capacity of HUVECs on B-cells regarding
functionality, BM protein expression, and decrease in
hypoxia-induced cellular stress markers.

Discussion

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

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

ZBINDEN ET AL.

The specific roles of the different types of ECM regarding
Islets of Langerhans transplant survival and function are not
fully understood.** Hence, we assessed the hypoxia-induced
disruption of ECM homeostasis on six different ECM proteins.
DCN is an important binding partner of collagens (mainly
types I and III) that regulates collagen fibrillogenesis. The loss
of DCN can lead to uncontrolled collagen fiber formation,
which then results in pathological ECM development such as
fibrosis and ultimately graft failure.*” The hypoxia-induced
decrease of DCN in the pseudoislets after 48 h expression can
be a driver for early graft failure as a controlled fibrillogenesis
of COL1 and COL3 may be impaired. Furthermore, DCN has
been shown to positively affect angiogenesis and modulate
the immune response,*®*” which are both highly important
processes to achieve proper transplant engraftment.

The main purpose of COL1 and other parts of the exo-
crine interstitial matrix is the preservation of structural
stability®® as well as assuring B-cell survival and insulin
expression by stimulating a variety of surface receptors.*’
Although COL1 overall expression remained stable, the
quality or maturity of COLI1 fibers might be impaired by
the decreased DCN expression. Immature COL1 has not
been described yet to act via the same integrins as fully
formed COLI, potentially contributing to the loss of glu-
cose responsiveness.””

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

In contrast to proteins of the interstitial matrix, the ex-
pression of ECM proteins associated with the BM were
highly affected by hypoxic conditions. In the pancreas, Islets
of Langerhans are located in the BM, a dense network of
copolymerized LAM and COL4. These proteins are con-
nected by NID1, which acts as key bridging protein between
LAM and COL4 in native tissues.”® Laminin o5 and COL4
have been reported to modulate B-cell differentiation and
maturation from stem cells into mature B-cells and stimulate
insulin expression in pseudoislet systems,””>® highlighting
the relevance of BM proteins for B-functionality in vitro.
Since the expression of all proteins of the BM was reduced
in our study under hypoxic conditions, this lack of BM
proteins may be associated with functionality loss. Hence,
the rescue of BM proteins may support B-cell function under
hypoxic conditions posttransplantation.>®

One approach to reduce hypoxia-induced damage and
altered ECM expression is to provide exogenous ECM to
the cellular transplant. The addition of a protective COLI
hydrogel surrounding the PB-cell pseudoislets significantly
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TABLE 1. OVERVIEW OF EXTRACELLULAR MATRIX PROTEIN EXPRESSION CHANGES IN COLLAGEN TYPE | HYDROGEL
OF B-CELL PSEUDOISLETS AND COCULTURE PSEUDOISLETS AFTER 48 H UNDER HyPoXic CULTURE CONDITIONS
(NORMALIZATION TO PSEUDOISLETS CULTURED UNDER NORMOXIC CULTURE CONDITIONS)

ECM protein LAM COoL4 DCN NIDI FN COLI
COLI1 gel normoxia 1 1 1 1 1 1
COL1 gel hypoxia 0.63 | 0.80 | n.s. n.s. n.s. n.s.
COLI1 gel+HUVECs hypoxia 1.61 1 1.69 n.s. 263 1 038 | n.s.

The up arrow indicates significant upregulation (p <0.05) and the down arrow indicates significant downregulation (p <0.05).
COLI, collagen type 1; COL4, collagen type 4; DCN, decorin; EC, endothelial cell; ECM, extracellular matrix; FN, fibronectin;
HUVECs, human umbilical vein endothelial cells; LAM, laminins; NID1, nidogen-1; n.s., not significant.

reduced the negative impact of hypoxia. While apoptotic
and necrotic cell numbers decreased, functionality markers
increased, and glucose responsiveness was restored. The
results of previous studies on the effect of COL1 as well as
the reduced number of apoptotic markers and dead cells in
this study point toward a combination of biolo{gical and
mechanophysical support by the COLI hydrogel.*'-¢3

Assessment of the endogenously expressed ECM proteins
showed that DCN and NIDI could be restored. DCN binds
COLI1 via the leucine-rich repeats five to six to regulate its
assembly, structure, and biomechanical properties.®* The
rescue of DCN might therefore be facilitated by the supply
of the COL1 hydrogel, which offers possible binding sites.
However, an interaction between COL1 and NIDI has not
been reported yet. Interestingly, the translocation of FN into
the nucleus was prevented, supporting the observation that
the COL1 hydrogel attenuates the cellular stress levels of the
hypoxic environment.

Although the levels of NID1 could be restored, the LAM
and COL4 did not show any signs of rescue. The persistent
lack of BM proteins suggests that providing p-cells with only
COLL1 is not enough for a long-term restoration of glucose-
responsiveness. Therefore, we hypothesized that stimulation
of B-cells by ECs might enhance the expression of BM pro-
teins, as ECs are the main producers of BM proteins in pan-
creatic tissues.” We encapsulated both B-cells and HUVECs
into the pseudoislets and cultured them in COL1 hydrogels.
We identified that upon encapsulation of B-cells together with
HUVECsS, we could both stimulate functionality of B-cells as
well as rescue BM protein expression of LAM, COLA4, and the
linker protein NID1 (Table 1). In addition, overall FN ex-
pression was reduced, which might be precipitated by the
highly significant decrease in nuclear FN, an indicator for
reduced hypoxia-induced cellular stress.”’ Furthermore, FN
regulates the fibrotic response along with COL1,* which is
unfavorable for engraftment of the transplant. Consequently, a
drop in FN content may have a beneficial long-term effect.

In summary, our data demonstrate the supportive effect of
the COL1 hydrogel protecting B-cell-composed pseudoislets
under hypoxic conditions by reducing apoptotic effects and
cell death, attenuating a loss of ECM protein secretion while
rescuing the glucose responsiveness. We further showed how
the combination of biological cues from ECs in a coculture
system with COL1 hydrogel rescued BM protein expression
and improved the glucose responsiveness. Importantly, COL1
is a bioactive base hydrogel that can be further modified and
functionalized using growth factors, other ECM proteins or
cell types to meet specific reiuilements, for example to im-

L5024 3.65
prove transplant function,>?**761=6365 o1 to create a more

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

Conclusion

In this study, we developed an in vitro model mimicking
the hypoxic posttransplantation environment of pancreatic
islets for the purpose of investigating and mitigating the
pathological effects of hypoxia on ECM homeostasis with a
functionalized material. We identified a significantly re-
duced production of important ECM proteins such as COL4,
LAM, DCN, and NID1 within B-cells accompanied with
increased cellular death and loss in functionality. Further-
more, we evaluated a clinically approved COLI hydrogel
and demonstrated its protective effect on B-cells in hypoxia.
We further functionalized the hydrogel with HUVECs,
which prevented ECM loss and stimulated B-cell function-
ality. By establishing a COL1 hydrogel, including ECs, we
created a carrier matrix that attenuates the hypoxia-induced
disruption of ECM homeostasis in B-cells to support them
during the first phase of ECM reestablishment of post-
transplantation and therefore potentially increase the effi-
cacy of the Edmonton protocol for diabetic patients.
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1 Supplemental data

Pseudo-islets Pseudo-islets in Co-culture pseudo-islets
in suspension COL1 gel & endothelial cells in COL1 gel
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Figure S1: Illustration of the experimental set-up using pseudo-islets, pseudo-islets encapsulated into

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

(]

()

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

4 insulin (INS) in red and nuclei (DAPI) in white. Scale bar equals 50 um.
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Figure S3: Expression of E-cadherin and insulin in suspension and COL1 hydrogel cultures under

normoxic and hypoxic conditions. (A,B) Semi-quantification of IF staining of insulin in (A)

suspension (n > 6) and (B) COL1 hydrogel cultures (n > 4) shows a significant decrease in insulin

expression under hypoxic conditions. (C,D) E-cadherin staining in pseudo-islets in (C) suspension (n

> 6) and (D) COL-1 hydrogel (n > 5). Unpaired t-test, *p<0.05, ***p<0.001.
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2 Figure S4: Comparison of B-cell pseudo-islets and co-culture B-cell pseudo-islets with HUVECs in

3 COLI hydrogel under hypoxic conditions for 48h. (A) No difference in GSIS response was observed.
4 No differences were seen in the expression of (B) caspase-3 (n > 4), (C) TUNEL? cells (n > 6), (D)

S  KI67 (n = 6), (E) E-cadherin (n > 5) and (F) insulin (n > 6). (G) Co-culture B-cell pseudo-islets

6  express significantly more CD31 (n > 6). Unpaired t-test, **p<0.01.
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Table S1: List of primary and secondary antibodies used for immunofluorescence staining

antibodies 0.1% Triton-X treatment dilution

primary antibodies

caspase-3 (ab13847) 30 min 1:100
collagen type 1 (ab138492) 1:75
collagen type 1 (R1038) 1:250
collagen type 4 (ab6586) 1:250
decorin (sc-73896) 1:200
E-cadherin (ab76055) 1:250
fibronectin (ab2413) 1:100
insulin (ab181547) 30 min 1:200
KI67 (ab15580) 30 min 1:1000
laminin (ab11575) 1:50
nidogen-1 (sc-33141) 1:100
secondary antibodies

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