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Zusammenfassung

Endothelzellen (ECs) sind wichtige Bestandteile der Blutgefal3e und ihre funktionelle Integritat
ist fur die Aufrechterhaltung der kardiovaskularen Homoéostase und der Organfunktion von
wesentlicher Bedeutung. So tragt die Beeintrachtigung der Endothelfunktion wesentlich zu
pathophysiologischen Zustdnden wie Atherosklerose, Diabetes und Adipositas bei. Um
vaskulare Dysfunktionen bei kardiovaskularen Erkrankungen (CVD) friher zu erkennen, ist es
daher von zentraler Bedeutung, die Entwicklung, Anpassung und Reaktion von ECs auf
Mikroumweltfaktoren besser zu verstehen. In diesem Zusammenhang kénnen aus
Stammzellen gewonnene in-vitro-Gewebsmodelle dazu beitragen, patientenspezifische
Hintergrinde zu rekapitulieren, das komplexe menschliche Gefal3system zu modellieren, die
gewebespezifische Anpassung zu untersuchen und die friihe Entwicklung von CVD zu
entschlisseln. Da der Blutfluss fur die Funktionalitat von ECs wichtig ist, haben sich Organ-
on-Chip-Systeme (OoC) als Schlusseltechnologie erwiesen, um die physiologischen
Bedingungen der Gefalie besser nachzubilden. Dartber hinaus kdnnen in-vitro-Modelle dazu
beitragen, die Funktion des Gefal3systems in der Bauchspeicheldriise besser zu verstehen.
Insbesondere die endokrinen Inseln sind stark vaskularisierte Organe, deren Funktionalitat
durch die Interaktion mit ECs beeinflusst wird, und eine endotheliale Dysfunktion steht in
engem Zusammenhang mit der 3-Zell-Dysfunktion bei Diabetes. Angesichts des weltweiten
Anstiegs der Diabetesinzidenz besteht die Notwendigkeit, die Krankheit besser zu verstehen
und die Behandlungsmadglichkeiten zu verbessern. Hier kdnnen aus Stammzellen abgeleitete
Modellsysteme zu einem besseren Verstandnis der B-Zell- und EC-Dysfunktion beitragen,
Zell-Zell-Interaktionen aufdecken, die fur die Inselfunktion wichtig sind, und neue
therapeutische MalRnahmen wie die Transplantation von aus Stammzellen abgeleiteten
Inselzellen (SC-ILC) ermdglichen. Insbesondere fiir die SC-ILC-Transplantation ist die
Vaskularisierung ein aktueller Forschungsschwerpunkt, um die Reifung und Funktion der SC-

ILC sowie das Uberleben des Transplantats zu verbessern.

Diese Doktorarbeit umfasst drei miteinander verbundene Projekte, die sich auf die

Untersuchung der Biologie von Inselzellen und Endothelzellen konzentrieren.

Die erste Studie konzentrierte sich auf die Entwicklung eines Blutgefaf3-auf-Chip-Modells,
welches eine multi-omische Analyse von Gefal3en in gesundem Zustand und unter
metabolischem Stress ermdglicht. Der Chip ermdoglichte die Kultivierung von hiPSC-
generierten Endothelzellen (SC-ECs) in einem organotypischen Mikrokanal unter
Schwerkraft-induziertem Scherstress. Ein Atherosklerosemodell wurde als Modell fir

endotheliale  Dysfunktion  entwickelt. Das Modell zeigte frih  einsetzende
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Atherosklerosemerkmale und deutliche Veranderungen im Proteom und Sekretom als
Reaktion auf metabolischen Stress. Der Gefalichip bietet eine umfassende Plattform zur
Untersuchung der endothelialen Entwicklung und Fehlfunktion mit kleinem Probenvolumen

und in hoher Auflésung.

Im zweiten Projekt wurde ein in vitro-Verkapselungsmodell fir die Vaskularisierung von SC-
ILC entwickelt, das die Mikroumgebung der Inseln nachahmt. In diesem Modell zeigten von
Stammzellen abgeleitete  (SC-B) -Zellen eine erhéhte Insulinsekretion und SC-a-Zellen, der
Glukagon produzierende Zelltyp der Inseln, eine verbesserte funktionelle Reifung. Einzelzell-
RNA-Sequenzierung und die darauf aufbauende Analyse der Zell-Zell-Kommunikation zeigten
spezifische und direkte Interaktionen zwischen SC-ECs und endokrinen Zellen, die die SC-
ILC-Reifung und -Funktion beeinflussten. In Zukunft konnte das Modell dazu verwendet
werden, physiologisch relevantere in vitro-Modelle fir die Diabetesforschung zu entwickeln

und dazu beizutragen, Diabetesstudien im Tierversuch zu reduzieren.

Im dritten Projekt wurde die Impedanzspektroskopie eingesetzt, um die Funktionalitat der SC-
ILC, gemessen an ihrer Fahigkeit Insulin zu sekretieren, zu untersuchen. Ein Mikrokavitaten-
Array-Chip (MCA) ermdglichte die gleichzeitige Uberwachung mehrerer SC-ILCs und bot eine
schnelle, nicht-invasive Alternative zur herkdmmlichen ELISA-Analyse (enzyme-linked
immunosorbent assay). Diese Methode erwies sich beim Screening einzelner SC-ILCs als
effektiv und zeigte ihr Potenzial fur die Hochdurchsatzanalyse von in vitro erzeugten Inseln.
Die verwendete Methode hat daher die Moéglichkeit die Entwicklung von Medikamenten, die

Diabetesforschung und die Therapie voranzutreiben.

Zusammenfassend werden in dieser Dissertation Ansatze fir die Diabetes- und
Endothelforschung vorgestellt, die eine Grundlage fir die Entwicklung vaskularisierter
menschlicher OoC-Plattformen, in vitro-Modelle fir die Vaskularisierung von SC-ILC und das
funktionelle Screening von SC-ILC bilden. Diese Fortschritte werden dazu beitragen, den
Einsatz von Tieren in der Forschung zu reduzieren und wertvolle Erkenntnisse flr die

personalisierte Medizin und therapeutische Interventionen bei Diabetes zu liefern.
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Endothelial cells (ECs) are important components of blood vessels, and their functional
integrity is essential for maintaining cardiovascular homeostasis and organ function. The
impairment of endothelial function is a crucial contributor to various pathophysiological
conditions, including atherosclerosis, diabetes, and obesity. Understanding EC development,
adaption, and response to microenvironmental cues is, therefore, of central importance to
reveal early vascular dysfunction in cardiovascular diseases (CVD). In this regard, stem cell-
derived in vitro tissue models can help to recapitulate patient-specific backgrounds, model the
complex human vascular system, investigate tissue-specific toning, and decipher the early
development of CVD. As blood flow is important for EC functionality, organ-on-chip (OoC)
systems have emerged as a key technology to better mimic the physiological conditions of
vessels. Additionally, in vitro models can help to improve our understanding of the vascular
system's role in the pancreas. Especially endocrine islets are highly vascularized organs, the
interaction with ECs influences the islet’s functionality, and endothelial dysfunction is strongly
associated with B-cell dysfunction in diabetes. With the global increase in diabetes incidences,
there is a need to understand the disease better, detect disease onset, and advance treatment
options. Here, stem cell-derived model systems can contribute to a better understanding of (3-
cell- and EC-dysfunction, reveal cell-cell interactions that are important for islet function, and
develop new therapeutic interventions such as stem cell-derived islet (SC-ILC)
transplantation. Especially for SC-ILC transplantation, vascularization is a current focus of

research to enhance SC-ILC maturation, function, and graft survival.

This doctoral thesis comprises three interconnected projects focusing on islet and endothelial

cell biology.

The first study focused on the development of a microfluidic vascular chip platform that allowed
multi-omics analysis of vessels in a healthy state and under metabolic stress. The chip
enabled the culture of hiPSC-derived endothelial cells (SC-ECs) in an organotypic
microchannel under gravity-induced shear stress. An atherosclerosis model was developed
as a model for endothelial dysfunction. The model showed early-onset atherosclerosis
features and distinct changes in the proteome and secretome in response to metabolic stress.
The vascular chip provides a comprehensive platform for studying endothelial development

and dysfunction at a high resolution and single-cell level.

The second project introduced an in vitro encapsulation model for the vascularization of SC-
ILC mimicking the islet microenvironment. In this model, stem cell-derived B-cells (SC-B)

showed increased insulin secretion, and SC-a-cells, the islet’s glucagon-producing cell type,

v
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showed enhanced functional maturation. Single-cell RNA sequencing and analysis of cell-cell
communication revealed specific and direct interactions between SC-ECs and endocrine cells
that affected SC-ILC maturation and function. In the future, the model could be used to
generate more physiologically relevant in vitro models for diabetes research and help to

reduce diabetes studies within animals.

In the third project, impedance spectroscopy was used to screen SC-ILC functionality as
measured by their ability to secrete insulin. A microcavity array (MCA) chip enabled the
simultaneous monitoring of multiple SC-ILCs and provided a rapid, non-invasive alternative to
conventional enzyme-linked immunosorbent assay (ELISA) analysis. This method proved
effective in screening single SC-ILCs and showed its potential for high-throughput analysis of

in vitro generated islets, advancing drug development, diabetes research, and therapy.

In summary, this doctoral thesis presents approaches for diabetes and endothelial research
that provide a basis for the development of vascularized human OoC platforms, in vitro models
for SC-ILC vascularization, and functional screening of SC-ILC. These advances will help
reduce the use of animals in research and provide valuable insights for personalized medicine

and therapeutic interventions in diabetes.
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1.1 The vascular system

1.1.1 Vascular endothelial cell biology
The human vascular system is a highly organized and dynamic cellular network that maintains
homeostasis in all organs and functions through a complex network of arteries, capillaries,
and veinst. The endothelial cell (EC) is the central cell type of the vascular system, which
forms the inner wall layer of blood and lymphatic vessels and thus regulates blood flow,
immune cell trafficking, oxygen, and nutrient delivery?. To comply with the multiple functions
in the different organs ECs are highly plastic and heterogeneous?®. In the human body, ECs
face constant shear stress from blood flow, which regulates endothelial barrier function and
influences EC health. ECs use multiple sensing mechanisms to detect mechanical stimuli and
changes in hemodynamics have been associated with vascular dysfunction and diseases”.
Shear rates vary depending on organ function, vessel size, or viscoelastic parameters of the
blood and can range for example from 2 dyn/cm? in capillaries and lymphatic vessels to 10-70
dyn/cm? in larger arteries®. Further, ECs interact with different cell types such as vascular
smooth muscle cells (VSMC) that line the blood vessel wall, except for capillaries. VSMCs are
critical for regulating transendothelial transport®, vascular contractility, and protect and
stabilize the vessel’. In the human body, blood vessels can be classified according to their
function. Arteries are the vessels that carry blood away from the heart, whereas veins carry
blood towards the heart. Capillaries are the smallest blood vessels whose main function is the
exchange of substances between blood and tissue. Arteries consist of three layers. The tunica
intima comprises a single endothelial layer with a basement membrane and a subendothelial
extracellular matrix (ECM)2. In the adult, the vascular basement membrane consists mainly of
laminins, collagen type IV, nidogens, and the heparan sulfate proteoglycan perlecan®. VSMCs
and ECM form the tunica media, while the tunica adventitia is the outermost layer and consists
of connective tissue (Figure 1, a). Compared to arteries, veins also consist of three layers but

contain less smooth muscle and connective tissue®.

The process in which ECs assemble into tube-like structures and a new blood vessel is
formed, is called vasculogenesis. During embryonic development, vessel formation is initiated
where ECs differentiate from angioblasts into an arterial or venous lineage. Later, lymphatic
ECs derive from already established veins. Specification to an arterial or venous EC type is
highly controlled by growth factors like the vascular endothelial growth factor (VEGF) and

Notch signaling®. The vascular network is further remodeled by angiogenesis, where a new
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blood vessel develops from preexisting vasculature. Angiogenesis plays a crucial role in
embryonic development but is also necessary in the adult organism for processes like wound
healing or growth'®. Angiogenesis can be divided into two pathways: splitting and sprouting
angiogenesis. Sprouting angiogenesis can be initiated in response to angiogenic cytokines
such as VEGFA. Thus, other cell types can initiate the formation of new capillaries in poorly
perfused tissues by secreting proangiogenic growth factors!. During sprouting angiogenesis,
the vascular basement membrane is degraded, and activated ECs begin to sprout and
proliferate. The sprouting process includes tip cell formation of ECs exposed to high cytokine
concentrations and the elongation of the sprout by proliferating stalk cells. Filopodia of tip cells
are endowed with VEGFA receptors to navigate along the VEGFA gradient. Eventually, a
lumen forms within the vascular sprouts, creating vascular tubes that are further stabilized by
supporting mural cells. In contrast, splitting angiogenesis describes a process where a single
existing vessel splits into two to form new capillaries. It plays a prominent role during

embryonic development!?.

1.1.2 Atherosclerosis
Atherosclerosis is an inflammatory, vascular disease and gives rise to coronary artery disease,
the most common form of cardiovascular diseases (CVD) 2. According to the World Health
Organization (WHO), CVD are the leading cause of death and morbidity worldwide, and risk
factors include diabetes, obesity, smoking, an unhealthy diet, physical inactivity, genetic
predisposition, and aging *14. Major players in atherosclerosis progression are ECs, VSMCs
of the vessel intima, and immune cells, leading to an immunoinflammatory disease and
atherosclerotic plaque formation. The fatal consequence of atherosclerosis is thrombosis
happening on an eroded or ruptured atherosclerotic lesion, which leads to life-threatening
events such as heart attack or stroke®®. The pathogenesis of atherosclerosis is characterized
by an initial dysfunction of ECs and structural alterations such as disturbed flow and the
accumulation of lipids. In an initial process, plasma lipoproteins such as low-density lipoprotein
(LDL) accumulate in the intima of an artery, where they are oxidized by reactive oxygen
species (ROS) or enzymes!?. Oxidized LDL (oxLDL), among others, causes endothelial
dysfunction, driving immune cell infiltration into the intima. In this process, blood monocytes
bind to EC adhesion molecules and differentiate into macrophages. Lesional macrophages
take up lipoproteins and give rise to foam cells, which often become apoptotic or necrotic
initiating a necrotic core (Figure 1, b). The necrotic core consists of cholesterol esters,
cholesterol crystals, and cell debris that increase the risk of rupture of the lesion. During
atherosclerosis progression, VSMCs proliferate and migrate into the intima, where they build

a fibrous cap by secreting ECM. Dysfunctional VSMCs also give rise to foam cells and bone-
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like cells that secrete calcium phosphate minerals!®. Results from animal studies suggest that

up to 50% of lesional foam-cells are VSCM-derived?®.

a b proliferating
Intima VSMC
Foam cell

Endothelium

Media Macrophage

Adventitia

Vascular smooth Apoptotic cell

muscle cell

Figure 1: Artery vessel in health and after atherosclerosis progression. a An artery
consists of three layers: i) The tunica intima that consists of a single layer endothelium, a
basement membrane and extracellular matrix (ECM), ii) the tunica media composed of
vascular smooth muscle cells (VSMC) and ECM and iii) the tunica adventitia which contains
connective tissue. b When atherosclerosis progresses, macrophages and VSMCs start to
migrate into the intima and proliferate. Macrophages take up lipoproteins and give rise to foam
cells which often become apoptotic or necrotic. An atherosclerotic plaque is formed.

1.2 In vitro models for vascular research

Understanding EC development, adaptation, and response to microenvironmental cues is of
central importance for revealing dysfunctions in the vascular network, for example, in chronic
metabolic syndromes such as obesity, diabetes, and aging*’8. In vitro tissue models for
human vascular systems have become indispensable for endothelial research because of the
complexity of the human vascular system, the long-term development of vascular diseases
particularly when cause by metabolic syndromes, and the distance of current rodent in vivo
models to humans?®®. The crucial importance of the vascular system for all organ functions also
means that in vitro vascularization models are becoming increasingly important to build
physiological and functional tissue models in vitro. This subchapter, therefore, presents the

principles of different in vitro models and their application in vascular research.

1.2.1 From 2D to 3D cell cultures
For decades, cell cultures have been used for the study of human biology, disease, therapy,

and drug discovery. Traditional two-dimensional (2D) cell cultures have been used for
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preclinical studies together with in vivo animal models to develop new therapeutic
interventions. However, there has been a high failure rate of drugs that enter clinical trials as
traditional in vitro and in vivo models often fail to recapitulate the human organ system?. In
particular, 2D cell cultures cannot display the three-dimensional (3D) physiologic environment
of human organs including mechanical and chemical stimuli and multi-layer of different cell
types. These limitations have led to increased interest in alternative 3D cell culture models,
which better represent the spatial and chemical complexity of living tissues. 3D cell cultures
can be mainly divided into scaffold-free and scaffold-based approaches?!. In scaffold-free
cultures, cells cluster in self-assembling cellular microstructures known as spheroids or
multicellular, mainly stem-cell-derived, organoids?2. Scaffold-based approaches usually rely
on a hydrogel matrix to introduce an ECM that enables cells to arrange in a spatial
environment. The hydrogel matrices can be composed of natural materials, like collagen?® or
fibrin?%, or synthetic polymers?. Nonetheless, 3D cell cultures also have limitations. Among
others, 3D cultures often lack mechanical cues including fluid shear stress, tension, and
compression, which influence organ development and function. Further, organoids often face
variabilities in size, shape, and maturation and are difficult to maintain in a constant position
for long-term analysis?®. The cultures also often lack vascularization, which is crucial for almost
all organ functions. The lack of a perfusable vasculature in 3D organoid models can also lead
to the formation of a necrotic core, caused in particular by the lack of oxygen and nutrients.
Therefore, the integration of vasculature in organoid models is key for long-term in vitro

cultures, to mimic in vivo physiology and functionality, and to study EC-cell interactions.?’.

1.2.2 2D and 3D cell culture models for vascular research
In vascular research 2D and 3D in vitro models are used to study vascular function, vascular
diseases, endothelial development, or angiogenesis. The simplest approach is the culture of
ECs on a 2D matrix-coated surface which will self-assemble into luminal tube-like structures.
Those tube formation assays can be easily quantified and the effect of certain compounds on
the tube formation capabilities can be evaluated®®. However, to study the complex cell
interactions in vascular diseases, like atherosclerosis, 2D cell cultures reach a certain limit.
Although studies like Noonan et al ?° try to study the interaction of ECs, VSMCs, and
monocytes in 2D layered compartments, those models lack the complex vascular geometries
and 3D information seen in vivo®. In recent years, vascular organoids have become of interest
in modeling human vasculature more closely and recapitulating the mechanisms underlying
vascular diseases 3. Vascular organoids have been used to study vascular development and
angiogenesis within a hydrogel®!, or organoids with multiple cell types like ECs and VSMCs

have been developed?®2. The incorporation of multiple cell types into vascular organoids opens
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up new avenues for investigating the complex interplay of different cell types, for example in
CVD. For example, Wimmer et al** published a blood vessel organoid model with ECs and
VSMCs to study their interaction in diabetic vasculopathy in vitro and vivo. Despite their
advantages over 2D models, vascular organoid models also reach their limits as they cannot
mimic luminal structures of larger blood vessels. They also lack perfusion, which is essential
for EC function. Here, organ-on-Chip (OoC) models enable the simulation of more complex

geometries, including fluid flow*°.

While primary cell lines such as human umbilical vein ECs (HUVEC) are the most common
cell type for vascular models, human stem cell-derived ECs (SC-ECs) are increasingly being
used. SC-ECs can be differentiated from pluripotent stem cells®4, such as embryonic stem
cells (hESCs) and human induced pluripotent stem cells (hiPSCs). Human ESCs derive from
the inner cell mass of blastocysts and are pluripotent, meaning that all three germ layers can
be derived from the hESCs. In contrast, hiPSCs are reprogrammed human somatic cells and
can be generated by the ectopic expression of the transcription factors OCT3/4, KLF4, SOX2
and c-MYC. They share similarities with hESCs in morphology, transcriptome, and
epigenome, are also pluripotent but have less ethical concerns®. Especially vascular organoid
models increasingly use SC-ECs as they offer several advantages compared to primary cell
lines. SC-ECs can be used to recapitulate vascular development in vitro®, and differentiation
protocols offer the opportunity to differentiate not only SC-EC but also other cell types such
as VSMCs?8, Additionally, SC-ECs can represent patient-specific backgrounds, which is

especially interesting for the modeling of CVD.

1.2.3 Organ-on-Chip technology
Organ-on-Chip (OoC) models are biomimetic systems reflecting structural and functional
characteristics of human tissue using microfluidic devices. OoCs allow the culture of
engineered or miniature tissues on a small scale while enabling the control of the cellular
microenvironment. The main parts of the chips include: i) a microfluidic system to induce
media flow, ii) channels or chambers for the culture of cells (including commercial cell lines,
primary cells, stem-cell derived cells or organoids) or tissue segments and iii) optionally a
scaffold or hydrogel mimicking a 3D environment and ECM. Like this, OoC systems can
recapitulate  multicellular  architectures, tissue-tissue interfaces, physicochemical
microenvironments, and vascular perfusion of the body?. Compared to other culture systems,
it has been shown that OoCs are effective models of human physiology and disease
overcoming some limitations of traditional 2D or 3D cell cultures. Especially the fluid flow

allows for longer culture times and reduced apoptosis as nutrients, oxygen, and waste can be
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transported in and out of the culture system. In addition, fluidic shear stress can increase
cellular maturation and differentiation, especially of stem-cell derived cell types, as has been
shown for multiple organs®—4°. OoC models can also include ECs for vascularization, showing
improvements such as cell maturation and function®442 or mimicking tumor
vascularization**#4, Further, OoCs provide control over many system parameters that are
often missing in 2D and 3D systems. Integration of microsensors that report on cultured cells
and control over fluid flow and cell patterning have proven advantageous for the culture of
different cell types?®®. Thus, OoCs may be regarded as a bridging technology between easy
2D in vitro culture and complex in vivo model organisms, offering more complex and
physiological in vitro culture systems with better engineered microenvironments#+46,
Nevertheless, current OoC systems also face challenges and need to be further adapted. One
major challenge (also true for multicellular organoids) is that the integration of multiple cell
types requires the use of a culture medium that is suitable for the culture of different cell types.
This demands the systematic testing of different medium conditions and is highly dependent
on the cell types involved*’. In addition, OoC models are evolving into increasingly complex
systems, especially when multiple cell types are cultured together. This requires appropriate
analytical methods to analyze the cell types involved, their function and changes, and to
decipher their interactions. So far, however, most OoC models are hampered by limited cell
material for downstream analysis or a laborious extraction process of the cell material. Another
challenge is the standardization of the production process of OoC models. Many systems are
custom-made products and the lack of standardized procedures prevents the reproducibility

of experiments and their upscaling®’.

1.2.4 Organ-on-Chip systems for vascular research
In recent years, OoC systems have been used to model vascular systems, CVD, mechanical
cues, shear forces, and EC-cell interactions*®. Starting from shear flow on 2D EC
monolayers, vascular OoC systems have become more complex and can be categorized into
two broad groups (Figure 2). The first group includes model systems with pre-patterned
hydrogels for EC seeding and culture, often using soft lithography techniques, including
polydimethylsiloxane (PDMS) molding®“®. These devices are often elaborate in production and
involve complex pumping systems to induce flow. However, the use of pump systems enables
the generation of higher shear stresses that can also mimic the flow rates of larger vessels.
On the other hand, pump systems require the handling of tubing and bubble traps, which is
prone to handling errors. One advantage of pre-patterned OoC systems is their reproducibility.
Due to the predetermined structure, microphysiological parameters can be better controlled,

and samples with the same geometries can be generated. The second group includes self-
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organized EC networks by seeding single cells into a hydrogel*®®°. Established vascular
networks can be perfused mainly by gravity-driven flow. Gravity-driven flow can be induced
using rock shakers or the leveling of media reservoirs. This reduces the complex handling
procedures. However, it also reduces the shear rate that can be introduced. In addition, the
random arrangement of the vessels cannot be controlled, which makes reproducibility more
difficult. Both OoC groups are used for vascular research to investigate the biology of ECs and
the vascularization of organoid models. To name a few, Lee et al®* used a combination of both
to engineer a self-organized system perfused by gravity-driven flow to study angiogenic sprout
biology and autophagy. Arslan et al® utilized a self-organized model system with ECs and
fibroblasts to vascularize cardiac microtissues and Palikugi et al®?> used engineered ECs to
vascularize different organoids such as islets. Maurissen et al®® generated a self-organized
vascular network on-chip to study diabetic retinopathy. Polacheck et al® published the
characterization of a pre-patterned lumen seeded with ECs and Kim et al*® used a three-
channel patterned chip to engineer a vascularized lung cancer model. Further, OoC models
have been used to study atherosclerosis, trying to recapitulate the complex interplay between
disturbed flow, inflammation, and EC and VSMC dysfunction. Here, Su et al** published an
arterial wall-on-chip model to study VSMC migration and inflammation, and Zhang et al*®
engineered a complex blood vessel-on-chip to study early atherosclerosis events like
inflammation. Although SC-ECs are widely used in vascular organoids, most OoC models still

use primary cell lines such as HUVEC.
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Figure 2: Organ-on-chip systems for vascular research can be divided into self-organized
or prepatterned systems. In self-organized systems flow is mainly induced by gravity-driven
flow and endothelial cells self-organize in a hydrogel channel forming perfusable vessels.
Prepatterned systems create a channel in a hydrogel that can be seeded with endothelial cells,
forming a perfusable lumen. Those systems mainly run with pump systems to induce
hemodynamic flow but are often elaborate in use and production.
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1.3 Diabetes mellitus and pancreas biology

The vascular system is also of crucial importance in the pancreas. Particularly the endocrine
pancreas is a highly vascularized organ and ECs play an important role in its functionality. In
addition, endothelial dysfunction is associated with diabetes mellitus, and CVD are the major
cause of morbidity and mortality in diabetes®®. This subchapter introduces pancreas biology,
its dysfunction in diabetes mellitus, treatment options for diabetes with a focus on cell

replacement therapy, and the role of the vascular system.

1.3.1 Pancreas biology

The pancreas is an endoderm-derived organ that consists of two compartments, the exocrine
and the endocrine gland. In the exocrine tissue, acinar cells secrete digestive fluid containing
inactive enzymes such as proteases, pancreatic lipases, and amylase®’. Through the ductal
system of the exocrine pancreas, the digestive fluid drains into the intestine, and ducal cells
secrete bicarbonate and water to neutralize the pH of the gastric acid®®. The inactive pro-
enzymes in the digestive fluid get activated in the intestine, where they play a central role in
digestion®’. The endocrine part of the pancreas is composed of the islet of Langerhans that
contain multiple hormone-producing cells (Figure 3, a-c).

Most of our knowledge about pancreas development is derived from animal studies, especially
mouse models. Understanding human pancreas development relies on limited access to
human samples like embryonic and fetal tissues. Although the micro- and macro-architectures
of human and mouse pancreas differ®, early pancreas development and marker expression
are thought to be comparable between the species. Nevertheless, information on human
pancreas development remains incomplete®®. The human pancreas develops from the
definitive endoderm (DE), which is one of the three germ layers formed during gastrulation.
The DE population expresses markers like FOXA2 and SOX17%8. After gastrulation, the
endoderm gives rise to the primitive gut tube that is divided into foregut, midgut, and hindgut®*.
The foregut endoderm gives rise to pancreatic buds, positive for transcription factors like
pancreatic/duodenal homeobox 1 (PDX1). Pancreatic buds contain multipotent pancreatic
progenitor cells and can differentiate into all three pancreatic lineages: acinar, ductal, and
endocrine cells®®. From the pancreatic buds, a highly branched, tubular epithelia tree-like
network is formed. This pancreatic epithelium segregates into a tip and trunk domain. Cells of
the tip domain develop into acinar cells and express markers like PTF1a, CPA1, or c-Myc®2,
In contrast, the trunk domain is characterized by the expression of transcription factors like

PDX1, homeobox protein NKX6.1, and SOX9 and can differentiate into duct and endocrine
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cells (Figure 3, d)®. For the endocrine differentiation, the expression of the transcription factor
neurogenin 3 (NEUROGR3) is transiently required. Endocrine cells assemble into islets and are

apparent 12-13 weeks post coitus®®.
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Figure 3: Pancreas anatomy and development. a The pancreas is a glandular organ of the
human body. b Schematic location of the pancreas and neighboring tissue. ¢ The pancreas
consists of an exocrine and an endocrine part. The exocrine part consists of acinar cells that
secrete digestive enzymes into the network of pancreatic ducts that secrete bicarbonate and
water. The endocrine part of the pancreas is composed of highly vascularized islets of
Langerhans, which include several hormone-producing cells such as insulin-producing 3-cells,
glucagon producing a-cells, somatostatin producing d-cells, ghrelin-producing ¢-cells and
pancreatic polypeptide-secreting cells. d Scheme of human pancreas development. Important
gene expression of the different stages is indicated. The differentiated endocrine cells include
mainly B- and a-cells. Figure partly adopted from Ref®*.

1.3.2 The islet of Langerhans
The endocrine part of the human pancreas consists of approximately 3.2 million islets of
Langerhans. Cells within the islets secrete hormones like insulin, glucagon, and somatostatin
into the blood to regulate blood glucose levels. The islets are composed of insulin-producing

B-cells (50—-75%), glucagon-secreting a-cells (25-35%), somatostatin-secreting 6-cells (10%),
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pancreatic polypeptide-secreting cells (PP cells, <5%), and ghrelin-producing ¢-cells (<1%).
In addition, islets are highly vascularized to measure nutrient concentrations and release
hormones into the blood circulation. (Figure 4). Further, islets are innervated with neurons,

contain mesenchymal stromal cells, and ECM®,

In the B-cells, insulin secretion is primarily stimulated by increased blood glucose
concentration. Glucose uptake into the B-cell is mediated by glucose transporters, mainly
GLUTL1 in humans. The glucose is then metabolized within the cell, with glycokinase (GK)
controlling the entry of glucose into the glycolytic pathway. This is followed by glucose
oxidation via the tricarboxylic acid cycle (TCA) and the production of adenosin triphosphate
(ATP), which increases the ratio of ATP to ADP (adenosin diphosphate) in the cell. This leads
to the closure of ATP-sensitive potassium channels (Kare), which results in depolarization of
the membrane and the opening of voltage-dependent calcium channels. This increases the
intracellular Ca?* concentration and triggers the exocytosis of insulin granules: the B-cell
secrets insulin. This so-called triggering pathway is responsible for the first phase of insulin
secretion. It is characterized by a sharp increase in insulin secretion within the first 10 to 20
minutes after glucose intake. A second pathway of insulin secretion is the amplifying pathway
or second phase, which allows the sustained release of more insulin in the post-absorptive
phase of ingested food. This pathway is mainly independent of the Karp channels and leads

to the release and recruitment of more granules®®.

Glucagon release by a-cells is regulated by intrinsic and paracrine mechanisms, mainly by
hypoglycemia. Comparable to B-cells, a-cells sense extracellular glucose by its uptake into
the cell (mainly GLUTL1), followed by glycolysis and the increase of ATP. Consequently,
hypoglycemia results in low intracellular ATP levels. In contrast to 3-cells, this leads to the
closure of Karp channels, followed by membrane depolarization and the influx of Ca?* into the
cell. The increase in intracellular Ca?* triggers the exocytosis of glucagon granules.
Conversely, hyperglycemia leads to the increase in intracellular ATP levels, the opening of
Kartp-channels, and the prevention of glucagon secretion. Both, insulin and glucagon secretion
can be controlled by various other factors. One of these is somatostatin, which, when secreted

by &-cells, inhibits the secretion of both hormones®’.

1.3.3 The islet endothelial cell
Although islets of Langerhans account for only 1-2% of pancreatic volume, they receive about
15% of the blood supply®. The islet capillaries are important for the exchange of nutrients and
hormones between blood and islet cells. Within the islet, the interaction of islet-ECs and

endocrine cells is crucial, regulating endocrine formation, development, 3-cell maturation, and

10



1 Scientific context

function®. Islet-ECs express unique surface markers, produce growth factors®®, and secrete
the islet ECM and basement membrane, composed of collagen type IV and VI and laminins,
important for islet function. The communication of islet-ECs and endocrine cells, especially B-
cell, is important for both cell types. For instance, B-cells secrete VEGFA, improving EC
viability and migration, and insulin secretion by 3-cells is required for the phosphorylation of
the nitric oxide synthase (NOS3) leading to the production of nitric oxide (NO), thus increasing
EC function®®. In addition to the expression of known EC markers (for example CD31 or von
Willebrand factor), islet-ECs express specific surface markers that are characteristic for the
islet vasculature. Thus, the expression profiles of islet-ECs differ from those in the surrounding
exocrine tissue and illustrate how heterogeneous the microvasculature can be even within an
organ®. Besides the expression of islet ECM components, the expression of thrombospondins
(TSP-1 and TSP-2), hepatocyte growth factor (HGF) or connective tissue growth factor
(CTGF) are among the characteristics of islet-ECs’. In addition to their important role in
healthy islets, accumulating evidence suggests that the islet endothelium is involved and

affected by pancreatic diseases, in particular diabetes mellitus®®.

1.3.4 Diabetes mellitus
Diabetes mellitus is a complex and multifactorial disease characterized by insufficient levels
of insulin and triggered by genetic and/or environmental factors. Over 500 million people are
suffering from diabetes worldwide and incidences are rising’*. The vast majority of those
patients suffer from Type Il diabetes (T2DM) (over 90%) which is caused by an acquired
insulin resistance resulting in B-cell dysfunction. T2DM develops as a cause of environmental
and genetic factors and is strongly linked to overweight and obesity. T2DM therapy involves
lifestyle changes, including a healthy diet, physical activity, and maintenance of healthy body
weight that can also include weight-loss surgery. In addition, medication is initiated if the blood
glucose levels cannot be controlled sufficiently. As traditional monotherapies often prove
unsuccessful in managing blood glucose levels, research on better treatment options, e.g.

dual agonists, is ongoing> "3,

In contrast to T2DM, Type | diabetes (T1DM) is caused by an autoimmune destruction of the
insulin-producing B-cells through T-cell mediated inflammatory and a humoral (B cell)
response’. In 2022, around 9 million people suffered from T1DM of whom 80 to 90% are
children and young adults. The cause of the disease is poorly understood, but a combination
of genetic predisposition and environmental triggers is most likely. Patients with TIDM depend
on daily insulin injections to lower their blood glucose levels. Despite improvements in insulin

delivery by insulin pumps or artificial pancreas, patients still suffer from poor glycemic control,

11



1 Scientific context

which can result in life-threatening complications from hypoglycemia, diabetic ketoacidosis,
and vascular complications. Thus, even with access to multiple insulin injections per day or
insulin pumps, glucose monitoring, and proper medical education and care, living with T1DM

remains challenging”.

Next to the two main types of diabetes, some patients suffer from other diabetes forms,
including monogenic diabetes. Monogenic diabetes is less common and results from
mutations in a specific gene rather than multiple genes and environmental factors. One form
of monogenic diabetes is maturity-onset diabetes of the young (MODY). In addition, the WHO
published a report on the classification of diabetes mellitus, including diabetes caused by

diseases of the pancreas, endocrine disorders, or drug/chemical induced diabetes’.

1.3.5 Stem cell-derived islets for cell replacement therapy for diabetes
Although insulin replacement is lifesaving for patients with T1DM, the disease is not cured,
and complications in glycemic control and secondary complications, such as CVD, can occur.
In addition, most recent insulin replacement therapies like artificial pancreas can fail in patients
with unawareness of hypoglycemic events such as brittle TLDM"®. Recent advances in B-cell
research and technology have led to new approaches including B-cell replacement® or the
protection and regeneration of B-cells, including immunotherapy’®’” or pharmacological

intervention® .

Cell replacement therapies have the potential to re-establish glycemic control, decreasing the
risk of hypoglycemic events, and preventing life-threatening complications associated with
diabetes™. Currently, approved replacement therapies for TIDM include transplantation of
cadaveric islets or whole pancreas. The landmark for clinical islet transplantation was the
establishment of the Edmonton protocol in 2000, where cadaveric islets are infused into the
hepatic portal vein. The transplantation requires heavy immunosuppression in the first days
but also chronic treatment to prevent the rejection and destruction of the allogeneic islets™.
Since the first transplantation trials, follow-up studies have shown improved graft survival of
over 10 years®38 as well as increased transplantation safety®2. In recent years, pre-clinical
and clinical studies have also reported other transplantation sites like the kidney capsule or
subcutaneous space’®. However, the limitation of islet transplantation is the shortage of donor
material and the reliance on immunosuppressive drugs, which inhibit the widespread adoption

of pancreatic or islet transplantation therapies in TIDM.

Here, differentiation of human pluripotent stem cells, such as hESCs and hiPSCs, hold great
promise for T1DM islet transplantation as they can serve as an unlimited source of stem cell-

derived B-cells (SC-B-cells). First in vitro protocols for generating stem cell-derived islet-like
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clusters (SC-ILC) were done with hESCs8-8¢, But by now, those protocols are adapted for the
differentiation of hiPSCs, which have less ethical concerns and have the potential for
autologous transplantation®®. Differentiation protocols try to mimic the embryonic pancreas
and islet development in a stepwise protocol, starting with DE induction, followed by the
pancreatic progenitor stage, continuing to endocrine progenitors, and ending with islet cells
(Figure 4). Beginning with the pluripotent stem cells, the cells are stepwise supplemented with
small molecules and growth factors that are known to drive pancreas development. Most of
our knowledge about pancreas development is derived from animal studies, especially mice,
and differentiation protocols and applied supplements largely depend on mouse
developmental biology®®. Thus, different human differentiation protocols and strategies are
available, which are still being further developed to generate mature, insulin-producing SC--
cells. Initial differentiation protocols have been performed in 2D monolayers 8, which have
been further developed to dynamic 3D cultures such as cultures in spinner flasks. This will
allow to scale-up SC-B-cell differentiation in the future®. The differentiation protocol ®® used in
this dissertation follows the pancreatic differentiation in a 3D protocol starting with DE
induction by targeting the WNT pathway and addition of TGF@ receptor ligand activin A.
Induction of primitive gut tube and the further development to pancreatic buds can be
resembled in vitro by exposure to keratinocyte growth factor (KGF)®® followed by addition of
retinoic acid (RA), bone morphogenic protein (BMP) antagonist LDN193189 and sonic
hedgehog (SHH) inhibitor SANT-1%. Pancreatic progenitor expansion requires EGF and
Notch signaling targeted by betacellulin and y-Secretase inhibitor, respectively. Next, the
endocrine lineage is induced by the targeting of several pathways including TGFf inhibition
by AIk5i®. Addition of several factors, including antioxidants like N-acetylcysteine or vitamin
C have been reported to promote SC-ILC maturation®8, So far, the in vitro generated SC-
ILC are still of unmature, embryonal character and the differentiated population is
heterogeneous, consisting not only of the endocrine cells but also of off-target cells like
enterochromaffin cells and polyhormonal cells, double positive for glucagon and insulin®®.

However, SC-ILC can mature when exposed to an in vivo environment by transplantation®”-28,

Importantly, SC-ILC still require immunoprotection when transplanted into patients. To this
end, researchers have focused on studying immune B-cell crosstalk &, alloimmunity and
autoimmunity after transplantation®® as well as patient-specific diabetes research ®* . Further,
research on genetically modified SC-ILC%® or co-transplantation with immune-regulatory
cells®* is ongoing to prevent rejection by the patient's immune system without the need of
immunosuppressors. Another promising strategy for islet immune protection is islet
encapsulation into biomaterials. The encapsulation should protect the islets from the host’s

immune system, limit hypoxia and at the same time allow for the exchange of oxygen, glucose,
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and insulin”. There are different strategies published ranging from nano-encapsulation with a
thickness of <100nm to macro-encapsulation where multiple islets are encapsulated in a
device of > 1mm?™. Despite the difficulties that still exist, the company Vertex published their
first trial® in transplanting allogeneic SC-ILC into the first patient in 2022. And the company

ViaCyte transplanted SC-pancreatic progenitors in a subcutaneous encapsulation device®.
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Figure 4: Human islets of Langerhans in vivo compared to stem cell-derived islets in
vitro. Native islets of Langerhans are complex micro-organs composed not only of endocrine
cells, but also of extracellular matrix (ECM), stromal cells, nerves and capillaries. The
endocrine cells include glucagon-producing a-cells, insulin-secreting B-cells, somatostatin-
secreting &-cells, pancreatic polypeptide-secreting cells and ghrelin-producing e-cells. For the
in vitro differentiation of B-cells, human pluripotent stem cells can differentiate into stem cell-
derived islet-like clusters (SC-ILC). The differentiation protocol follows the pancreas
development in an elaborate protocol®®, taking several weeks (days and marker expression
are indicated for each stage). SC-ILC are composed of immature SC-B-cells, SC-a-cells and
off-target products like serotonin-producing enterochromaffin cells, and insulin and glucagon
double-positive polyhormonal cells. Further, SC-ILC lack a vascular system, ECM, and
supporting stromal cells. hPSC, human pluripotent stem cells; DE, definitive endoderm; PP,
pancreatic progenitors; EP, endocrine progenitors; SC-B, stem cell-derived B-cells. Figure
partly adapted from Ref®.

1.3.6 Vascularization approaches for pancreatic islets
While the primary pathologic feature of diabetes is (3-cell dysfunction, other pathologic
abnormalities have been described in association with the disease®’. In particular, the vascular

system shows alterations, and vascular complications are the main cause of morbidity and

14



1 Scientific context

mortality in diabetic patients. The metabolic changes mainly lead to endothelial dysfunction
and atherosclerosis and can affect both the macro- and microvascular system®. In addition,
an altered morphology and function of the microvasculature within the islets have been
reported. These include changes in vessel diameter, capillary density, ECM composition,
increased vascular leakage, and abnormal flow dynamics®. Besides, there is evidence that
the islet endothelium is involved in generating inflammatory responses during the

development of TIDM by allowing immune cells to invade the endocrine tissue ©°.

Most of our knowledge about the vascular changes in diabetes comes from rodent models
and clinical data®. However, clinical data often only reflect end-states in patients and the
elucidation of early, asymptomatic phases is difficult. Additionally, when comparing the
vessels in human islets with those of rodents, significant differences can be observed. In
rodents, the islets have a fine network of capillaries, whereas humans have significantly fewer
but larger vessels®. In addition, rodents are metabolically different from humans?®. This
emphasizes that rodents can only partially reflect the biology of human islet cells and vascular
dysfunction and that human research models are needed to clarify the complex interactions

between ECs and endocrine cells.

Despite the existing gap of in vivo models and clinical studies for the investigation of vascular
dysfunction in diabetes, most in vitro vascularization models for islets focus on a different
problem. Islet vascularization also plays an important role in islet transplantation for TLDM
therapy. SC-ILC lack any vascularization and cadaveric islets lose most of their vasculature
during isolation®. The poor vascular density leads to poor engraftment, resulting in delayed
and sub-optimal glycemic control. As a dense vascularization of the islets is important for islet
function and survival, a prevascularization of the transplant can have a positive impact on 3-
cell maturation and holds promise to decrease the loss of transplant material and to advance
revascularization. Therefore, researchers have worked on the vascularization of islet cells in
recent years. To name some, Aghazadeh et al®® and Wrublewsky et al*® showed improved -
cell survival and glucose response when co-transplanted with ready-made microvessels from
adipose tissue (MV); Takahashi et al'®! reported a “self-condensation” culture for the self-
organization of islets with ECs and the benefit of the vascularization for transplantation
outcome and graft survival; Nguyen-Ngoc et al*” and Bender et al** showed that the efficient
vascularization of islets in vitro increased [-cell functionality and glucose response. In
addition, other methods like encapsulation devices and scaffolds!®?, OoC systems®21%, or
adding supporting cell types like mesenchymal stromal cells'®-1% have been reported to
improve islet vascularization in vitro and vivo (Figure 5). Current protocols have focused on

the use of HUVEC or MVs for islet vascularization, whereas stem cell-derived ECs (SC-ECs)
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have not been reported. Although, scientists have made great progress in islet vascularization,

the vascularization of the islet core is still very challenging and has only been achieved in vivo.
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Figure 5: Approaches for islet vascularization. Current research has focused on two
building blocks for islet vascularization. First, islets are either isolated from human donors or
differentiated from human pluripotent stem cells (hPSC) and co-cultured with endothelial cells
(EC) or microvessels isolated from adipose tissue (MV). In addition, supporting cell types were
added in some approaches to increase f3-cell functionality or for immunomodulatory effects.
The second building block concentrates on cell encapsulation strategies ranging from
hydrogel cultures to organ-on-chip platforms or encapsulation devices. All together those
strategies showed improvement of islet vascularization and glucose response in vitro or in in
vivo mouse models. Vascularized islets can be used for in vitro characterization and research
of endothelial B-cell crosstalk and hold great promise for cell replacement therapies. hPSC,
human pluripotent stem cells; SC-3, stem cell derived B-like cells; MSC, mesenchymal stem
cells. Figure partly generated with BioRender.

1.4 Methodic background — characterization of in vitro models

To better mimic the in vivo situation and the physiological environment of different organs such
as islets or the vascular system, in vitro models are becoming increasingly complex. Cultures
of multiple cell types or OoC technologies emerge to model the tissues as closely as possible

and to generate culture systems that can replace animal models. This complexity requires
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analytical approaches to decipher e.g. cell-cell interactions, maturation profiles, proteomic and
transcriptomic cell states, cellular function, or differentiation pathways. In this doctoral thesis,

different analytical approaches were used and are addressed in the following subchapters.

1.4.1 Monitoring of 3D cultures with impedance spectroscopy
As in vitro models develop to more complex 3D systems, adequate monitoring technigues are
of need. Especially when culturing and differentiating organoids over several weeks, cell
growth and cell health monitoring is necessary. Currently, most monitoring techniques are
end-point technigues like histology, immunofluorescent staining, or flow cytometry. However,
this often requires the destruction of the in vitro tissue for analysis. Live cell approaches like
reporter constructs are time-consuming to develop and have limited light penetration within a
3D culture. Impedance spectroscopy has become of more interest in recent years as an
automation-compatible technique for the real-time, label-free monitoring of 2D and 3D
cultures. In impedance spectroscopy, changes in current/voltage through the cells are
measured while a frequency shift is performed. Like this, electric resistance and capacitance
of cells can be monitored'®’. Traditionally, this method has been used, for example, to analyze
cell proliferation, integrity, barrier function, or cellular degradation of adherent 2D cells!08-110,
In combination with microcavity arrays (MCA), impedance spectroscopy is suitable for 3D cell
culture monitoring, such as analyzing changes in morphology, drug penetration, and
cytotoxicity test!!! or the electrophysiological properties of cardiomyocytes!!?. Important for
the impedance measurement is that the electromagnetic fields should not significantly affect
the cells. Especially nerve and muscle cell membranes are sensitive and can be damaged
with electrical fields as small as 60 V/cm 3, Thus, the applied voltage or current strongly
depends on the monitored cell type, number of cells, resistance of culture medium, and the
special arrangement of electrodes and cells. For 3D cultures, the applied voltage typically
ranges from 10 to 100 mV 3, When measuring a 3D culture, the impedance is influenced by
all cells within the electric field, including the membrane capacity, the membrane resistance
of each cell, and the extracellular resistance!!!. Additionally, the cell culture medium or buffer
influences the measurement, which is why appropriate controls must be carried along!*?.
Impedance spectroscopy is suitable for high-throughput, non-invasive, and real-time
monitoring of 3D cell culture systems. However, appropriate controls need to be considered
to interpret the results correctly. Especially in 3D cell models the understanding of the

parameters and their effect on the impedance is still imperfect.
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1.4.2 Testing B-cell functionality
The primary function of islet cells is their ability to secrete hormones. Functional assays of
human isolated islets and SC-ILC therefore aim to evaluate this ability with hormone secretion
assays. The preferred test for B-cell function in vitro is a glucose-stimulated insulin secretion
assay (GSIS). This can be performed either in static incubation or dynamically via perfusion.
While static incubation provides information on the accumulated insulin release over time in
response to insulin secretagogues, perfusion of islets can be used to study the kinetics of
insulin secretion in a temporally resolved manner!'4. While in static GSIS about 10-20 islets
are incubated in a well, in dynamic GSIS a larger number of islets (~100) is used. At the end
of stimulation with a secretagogue or at specific time points, the supernatants are collected,
and the released hormones are analyzed. Enzyme-linked immunosorbent assays (ELISAS)
are used here as a standard to detect the hormones using an antibody-enzyme-based
detection method. Although ELISAs have a high specificity and sensitivity!!®, they are
elaborate in time and cost (>$2/well*'®). Further, islet function can be evaluated by
fluorescence microscopy, which provides insights into the spatial and temporal characteristics
of hormone release. Here, the primary approach is Ca?* imaging, which gives insights into
Ca?" influx and efflux, an important messenger in insulin secretion!'4, To test the function of
SC-ILC in restoring normoglycemia, transplantation studies in mice are common. Islets are
often transplanted into diabetic mouse models, and the glucose concentration is monitored in
blood samples taken at regular intervals. In addition, glucose tolerance tests are performed in

which the mice are first fasted and then injected with high glucose solutionst'’.

1.4.3 Single-cell RNA sequencing for transcriptome analysis
Transcriptome analyses have been used to decipher the transcriptomic characteristics of
different cells and thus gain deeper insights into complex biological systems. In the human
body, there are many different cell types with a unique transcriptomic profile, and even similar
cell types have been found to have differences in gene expression. This limits the power of
conventional bulk sequencing, necessitating a more precise analysis of transcriptional
changes at the single-cell level''®. Since the first published single-cell RNA sequencing
(scRNAseq) study in 2009'° the number of publications on single-cell resolved
transcriptomes has increased enormously. For scRNAseq, single cells need to be isolated to
obtain transcriptome information from individual cells. Here, a microdroplet-based microfluidic
technique'? can be used, which embeds single cells into aqueous droplets in a continuous oil
phase. This technique requires low sample volume and enables the screening of thousands
to millions of cells'!®, As dead cells might bias the data and cause a high noise, a viability of

90% is recommended and cell suspensions can be filtered for live cells, if needed. Within the
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generated water-oil droplets, cells are lysed, and unique molecular identifiers (UMI) are added
to the mRNA. In a next step, captured mRNA transcripts from the droplets get reverse
transcribed and amplified. Here, poly[T]-primers are commonly used to avoid the capture of
ribosomal RNAs. The amplified cDNA is used for library preparation where cDNA molecules
are tagged with sample-specific indexes to allow multiplexing. The generated libraries can be
sequenced afterwards with a next generation sequencing platform. In the computational
demultiplexing after successful sequencing, the UMIs and indices will be used to sort samples,
cells, and transcripts!?t, The computational analysis of the scRNAseq data further includes
alignment of the reads to a reference genome, quality filtering of the cells, normalization of
count reads and feature selection (identifies genes with relevant biological information). A
principal component analysis (PCA) is used to lower data dimensionality and cells are

clustered and visualized based on their PCA scores?.

1.4.4 Mass spectrometry for the analysis of proteome and secretome
In comparison to scRNAseq, proteome analysis deciphers cellular functionality on the protein
level. While the proteomic approach focuses on cell or tissue lysates, secretome analysis
examines the secretion of proteins by cells. Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) can be used to study complex proteome and secretome samples.
During LC-MS/MS analysis the analyte molecules get converted into gas-phase ions and their
mass-to-charge ratio (m/z) is being detected'??. Like this, different molecules can be
separated, identified, and quantified with high specificity and sensitivity, offering new
possibilities for the deep analysis of samples in clinic and research. The most common MS-
based proteomic approach is an untargeted bottom-up experiment using data-dependent
acquisition (DDA)'%. Here, proteins are harvested from biological samples and digested into
peptides. LC-MS/MS analysis includes the separation of peptides by liquid chromatography
and the measurement of ionized peptides by MS. In DDA the detected peptides get selected,
isolated, and fragmented inside the mass spectrometer. The resulting data can be analyzed,
including identifying the peptides’ amino acid sequences and measuring their relative
abundance. In this way, proteins and their relative abundances can be indiscriminately

identified!?s,

1.4.5 Immunofluorescence staining
ScRNAseq, as well as proteome and secretome studies, can resolve cell states in depth in in
vitro models. However, they cannot reveal the spatial information within tissues. Therefore,

immunofluorescence staining is often used to detect proteins by the binding of specific
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antibodies to their antigen. By using fluorescently labeled antibodies, the expression of
proteins can be detected by imaging'?*. Applied to tissue sections or whole cell cultures,
immunofluorescence staining can be used to locally resolve protein expression, detect known
cell markers, analyze the spatial distribution of different cell types, or detect morphological

changes®*.

1.5 Methodic background — 3D printing for microfluidic chip
production

Traditionally, microfluidic chips have been produced with PDMS by a technique called soft
lithography. In soft lithography, microfluidic channels, membranes, or stamps are produced by
making negative copies on a master mold with elastomeric polymers, for example PDMS%,
PDMS offers various advantages such as biocompatibility, gas-permeability, and low cost.
However, fabrication of PDMS devices is time-consuming and elaborate in production,
hindering commercial translation'?é. 3D-printing is a technique that produces 3D objects layer-
by-layer offering precise control over the fabrication process, fast adaptable prototyping,
enabling high throughput, and an assembly-free, automated fabrication process?’. In this
thesis, stereolithography 3D printing was used, a process in which 3D objects are produced
from a photoresin that gets selectively cured by a focused laser or LED light source. The
minimal resolution of the 3D objects is thereby determined by the laser spot size and the
photoresin used?’. In recent years, 3D printing has become a powerful manufacturing tool
with applications for medical engineering and the generation of customized biomedical
products??®, However, 3D printing faces limitations regarding surface properties,
biocompatibility, or optical transparency. Among other things, the 3D printing process can lead
to rough surfaces, which in the worst case can affect flow behavior or cell viability. In addition,
the biocompatibility of many polymers is still unknown, so comprehensive cytotoxicity studies

should be carried out before their use in cell culture?®.
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2 Aims of the thesis

2.1 Thesis background

The vascular system is of central importance for all organ functions and endothelial
dysfunction is associated with many diseases, such as diabetes®®. Within the endocrine
pancreas, islets are highly vascularized, islet-endothelial cells (ECs) effect endocrine function
and maturation, and the vascularization of stem cell-derived islet-like clusters (SC-ILC) is
important for their transplantation in diabetic patients®. In addition, the vasculature within islets
is altered in diabetes®’, and cardiovascular diseases (CVD) are the major cause of morbidity
and mortality in diabetic patients®®. With the global increase in metabolic diseases, such as
diabetes, research models for islet and vascular research are needed to improve our
knowledge about disease onset, progression, and treatment options. Since animal models
such as rodents are metabolically and biologically different from humans?® and simple in vitro
models cannot reflect the complexity of the human body?°, advanced human in vitro models
are required to answer these questions. This doctoral thesis aimed to study EC and islet

biology in such in vitro models with three interconnected projects.

2.2 Aims of the thesis

i. To study EC dysfunction in CVD, the application of Organ-on-Chip (OoC) systems
offers the possibility to mimic vascular blood flow, thus creating a more physiologic
environment than other 3D models. Additionally, combining OoC platforms with
stem cell-derived ECs (SC-ECs) could offer the possibility to mimic patient-specific
backgrounds, including those in CVD. However, SC-ECs have hardly been used
in existing OoC models and it is still unclear how they develop and behave when
cultured on-chip. In addition, existing OoC models are limited by the lack of
scalability of the manufacturing and cultivation process. Furthermore, the
increasing complexity of cell models and scientific questions requires the extraction
of cells for in-depth biological studies. This is a problem that current OoC models
cannot solve due to the complex manufacturing processes, small sample sizes and

inaccessibility of the samples.

Therefore, the aims of this thesis were to engineer a scalable OoC platform for

endothelial vessels that allows i) the culture of SC-ECs under healthy conditions
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and flow; ii) the investigation of SC-EC function on-chip; iii) the modeling of
vascular dysfunction due to metabolic stress; and iv) the extraction of the vessels

for deep biological and multiomics characterization.

Vascularization is crucial for islet function, maturation, and transplantation.
Especially the use of SC-ILC offers hope for cell replacement therapy in diabetes.
However, SC-ILC lack any vascular system and are still of an immature phenotype
in vitro. The development of vascularization strategies for islets is therefore of
crucial importance to i) improve islet transplantation outcome; ii) to further mature
SC-ILC in vitro; and iii) to gain insight into the complex interactions between
endocrine cells and ECs in human in vitro models, which play a crucial role not only

in the healthy but also in the diseased diabetic state.

Therefore, this thesis aimed to develop a stem cell-derived in vitro model of SC-
ECs and endocrine SC-B-cells to i) vascularize SC-ILC in vitro; ii) investigate how
vascularization affects the maturation of SC-B-cells; and iii) study the interaction of
SC-ECs and SC-B-cells in vitro to gain more information about their crosstalk in the

islet niche.

Existing functional in vitro tests of human islets and SC-ILCs mostly rely on
secretion studies and their evaluation with ELISAsS. These tests reach their limits
with regard to the use of cell material, high costs, and scalability. Therefore,
scalable and cost-effective screening assays are needed to develop better
differentiation protocols, screen SC-ILCs for maturation and function, and test

diabetes drugs.

Therefore, the aim of this thesis was to establish a non-invasive, high-throughput
and cost-effective method for testing 3-cell functionality to i) replace expensive
ELISAs; i) screen SC-ILC; and iii) establish an alternative method for future drug

screening in diabetes research.
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2.3 Structure of the thesis

Given the aims of this doctoral thesis, the chapters are organized as follows: Chapter 3
focuses on the characterization of SC-ECs and their use in a vessel-on-chip model that
enables deep, multiomics characterization in health and disease. In this context, SC-EC-
derived vessels were cultured under shear stress using a microfluidic chip system and were
characterized by functional assays and single-cell RNA sequencing (scRNAseq). Next, an
atherosclerosis disease model was established on chip and characterized by proteomic and
secretome analysis and functional assays. In Chapter 4, a 3D in vitro model was established
for the vascularization of SC-ILC. Thus, a model system for the islet microenvironment was
generated, including SC-ECs, extracellular matrix (ECM), and stromal cells. Within the
establishment vascularized co-culture model, the influence of the islet microenvironment on
all cell types was investigated. In the vascularization model, cell-cell interaction could be
studied, and endocrine functionality and transcriptomic changes were evaluated. Next,
chapter 5 focuses on a high-throughput screening platform for SC-ILC to evaluate their
function. Here, impedance spectroscopy was used as a method for non-invasive analysis of
insulin secretion by stem cell-derived B-cells (SC-B) in single SC-ILC. The approach was

tested for its use in drug screening on SC-ILC for diabetes research.
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3 Stem Cell-Derived Vessels-on-Chip for Cardiovascular
Disease Modeling
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3.1 Declaration of contribution

Experiments, analysis, and results in the following chapter were obtained equally by me and
Maren Marder. This included: differentiation of hiPSCs to endothelial cells, their sorting and
culture; seeding and culture of the chip; the functional analysis such as FITC-dextran assay,
NO assay, ROS analysis and whole mount immunofluorescent staining; the scRNAseq
experiment; the sample preparation for the proteome and secretome analysis. Further, we
equally performed the analysis of the sequencing and mass spectrometry data. The chip
presented in Figure 6 was prepared by Julius Perschel, Munkhtur Otgonbayar and Michel
Moussus, where design elements were adopted in feedback iteration based on my and Maren
Marder's experimental results. Christine von Toerne performed the mass spectrometry
measurement. The study was designed by me, Maren Marder, and Matthias Meier in equal
parts. Bilal Sheikh advised the study design for FFA treatment. The manuscript was written by
me, Maren Marder and Matthias Meier. Author contributions are also stated in the publication
in Cell Reports.

3.2 Introduction

The human vascular system is a highly organized and dynamic cellular network responsible
for maintaining homeostasis in all organs. Endothelial cells (EC) are the central cell type of
the vascular system, which form the inner wall layer of the blood and lymphatic vessels and
thus regulate blood flow, immune cell trafficking, oxygen, and nutrient delivery?. To comply
with the multiple functions in the different organs ECs are highly plastic and heterogeneous.

Single-cell transcriptomics has confirmed the trans- and intra-tissue EC heterogeneity?,
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however, how they evolve and which microenvironmental factors shape EC states remain
unclear. Understanding EC development, adaptation, and response to microenvironmental
cues is of central importance for revealing dysfunctions in the vascular network, for example,

in chronic metabolic syndromes such as obesity, diabetes, and aging?’.

In vitro tissue models for human vascular systems have become indispensable for endothelial
research because of the complexity of the human vascular system, the long-term development
of vascular diseases due to metabolic syndrome in patients, and the metabolic distance of
rodent in vivo models to human biology*®. Engineered, stable cell types that carry genetic
predispositions to vascular diseases are hence best suited to recapitulate human vessels in
vitro. Human inducible pluripotent stem cells (hiPSCs) are an almost unlimited EC source,
where phenotypes are highly reproducible within the same hiPSC line!*°. Various
differentiation protocols have been developed to engineer hiPSC-derived ECs (SC-EC)*!,
Upon culturing SC-EC in a hydrogel environment, tubular microvessel structures are formed,
and single-cell transcriptomic analysis resolved transcriptional changes during their formation,
including sprouting, coalescence, and tubulogenic cell states3!. However, SC-ECs within
microvessels exhibit immature, nonspecialized character'®2-134, While mechanical properties
of SC-ECs within organoid and hydrogel cultures can be modulated, the shear flow cannot
due to missing accessibility of the microvessel luminal site. However, shear flow regulates
various EC functions, such as proliferation and differentiation, through transcriptomic and
epigenomic changes®3%¢. The role of shear flow in the development of SC-EC is not
completely explored. Under physiological conditions, blood flow occurs unidirectional, where
the wall shear stresses vary largely depending on organ function, vessel size, or viscoelastic
parameters of the blood. For example, shear rates in capillaries or lymphatic vessel are in the
order of 2 dyn/cm?, whereas in larger arteries the shear stress ranges from 10 as high as 70

dyn/cm? 3.

Generally, in vitro ECs are exposed to flow shear forces by engineering microfluidic cell culture
systems in which ECs are either cultured on two-dimensional (2D) surfaces of a
microchannel'®’, allowed to self-assemble into microvasculature in hydrogel
microchambers*®, or formed upon assembly onto hydrogel-patterned microchannel walls*.
The latter organotypic vessel-on-chip systems have the advantage of being reproducible and
robust because microchannel geometry determines the form factor of the vessel size.
Concomitantly, the mechanical microenvironments are adjustable through the hydrogel matrix
composition used to form the microchannels. However, miniaturized vessel-on-chip systems
inevitably have a low cell sample availability for downstream analysis, which is a challenge for
all organ-on-chip (OoC) approaches. Furthermore, large chip footprints hamper higher

parallelization degrees under standard cell culture laboratory environments but are required
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to obtain sufficient statistical repeats for disease condition testing. To date, vessel-on-chip
platforms have mainly been generated using primary and immortal endothelial cells*°. The
next step in building human vascular disease models is integrating SC-ECs. Additionally, stem
cell systems enable genetic engineering of predispositions or access to the early onset of

vessel dysfunction.

Functionally, on-chip vascular disease models have been used to recapitulate the onset of
atherosclerotic development. Atherosclerosis pathogenesis involves the accumulation of
lipids, mainly cholesterol-containing low-density lipoproteins (LDL), in the arterial ECs.
Subsequently, the generation of reactive oxygen species (ROS) leads to the formation of
lesions within the vessels, where the oxidative environment leads to EC dysfunction, impairs
vasodilation through the reduction of nitric oxide (NO) synthesis, induces disturbed flow, and
stimulates inflammatory responses#!. Oxidized LDL particles (oxLDL) are involved in the
induction of the early characteristic events of atherosclerosis. In addition to oxLDL, excess
free fatty acids (FFA) are present in patients with atherosclerosis. FFA pathomechanisms are
not well-known; however, a decrease in vasodilating NO and increased ROS production have

been reported!42143,

We here report the development of a human stem cell-based blood vessel-on-chip model. The
open design of the 3D-printed microfluidic chip platform enables multiomics downstream cell
analysis with a low sample volume and cell number. Gravity-driven flow on-chip induced
barrier function, sprouting, and arterial toning of SC-ECs as shown by single-cell
transcriptomics and high-resolution imaging. Upon individual stimulation of SC-ECs with
oxLDL and FFA, early-onset of atherosclerosis hallmarks were monitored. Proteomic and
secretome changes in the vessel-on-chip system due to oxLDL or FFA stimulation under flow
revealed distinctive ROS and NO synthesis responses. Taken together, we provide a fully
integrated stem cell-based vessel model for multiomics cell analyses that can readily integrate

with epithelial tissues of distinct origins.
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3.3 Material and Methods

Antibodies and chemicals used for this chapter can be found in the text or in Table 2.

Generation and cultivation of SC-ECs

HiPSCs (HMGUI001-A) were differentiated to SC-ECs in a 3D shaking culture approach as
described before®144, Successful differentiation was determined by flow cytometry analysis
and staining for the EC marker CD31-FITC (BD, Cat#555445) and the smooth muscle cell
marker CD140b-PE (BD, Cat#558821). For purification, SC-ECs were either FACS sorted
(MACSTYyto Cell Sorter, Miltenyi Biotec, according to manufactures protocol) or cultured on
fibronectin-coated plates (Thermo Fisher, Cat#33010018, 5 pug/ml final concentration) leading
to a SC-EC population of >90%. SC-ECs were cultured on fibronectin-coated plates in
StemPro-34 complete medium (LIFE Technologies, see Table 1), with 15% FBS, VEGFA
(PeproTech, Cat#10-20-100) and FGF2 (Miltenyi Biotech, Cat#130-093-838) (100 ng/ml each)
with medium change every other day.

Table 1: StemPro-34 complete medium

REAGENT FINAL CONCENTRATION VOLUME
StemPro-34 medium n/a 236 mL
StemPro-34 supplement n/a 6.5 mL
L-Glutamine 200 mM 2 mM 2.5 mL
Penicillin-Streptomycin 1% 2.5ml
Glutamax 100x 1x 2.5ml
Total n/a 250 mL

Chip manufacturing

For the OoC production, chips were printed using an Asiga Pico 2 HD 3D printer and Pro3dure
GR-10 resin (clear, transparent, Litholabs, Cat#HX10031). Slice thickness was set to 50 pm.
As described before!*, the anti-aliasing method was used to compensate for errors in the 3D
printed part by smoothening the chips channels to a round shape. After printing, channels
were flushed with Isopropanol and chips were washed and ultrasonicated for 15 min in
Isopropanol. After removing all uncured resin, chips were dried at 80°C for 30 mins and UV-
flashed in an N, atmosphere with 2000 flashes on each side. For biocompatibility treatment,
chips were incubated in 99% EtOH for 24 h and transferred to MilliQ water for 24 h. For the
chip assembly, polyamide monofilaments (Cat#1005215; efco creative GmbH, Germany)
were cut with a sharp scalpel and fed through the medium reservoirs and the gel chamber.
The chip was bonded to a glass slide with a double-sided adhesive foil (ARcare, Cat#90445Q).
To seal the chip, polydimethylsiloxan (PDMS, Mavom, Sylgard 184) was casted into the outer
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chambers and cured for 15 min at 80°C. For sterilization, the chips were placed for 30 min

under UV light prior to hydrogel filling.

Flow characterization

Microchannels were created in the OoC with a polypropylene filament of diameter 50 um
(Cat#CP05341A; SERAG-WIESSNER GmbH) and polyamide filament of diameter 150 um
and 250 um (Cat#1005215, Cat#1005225; efco creative GmbH). 80 uL PBS were placed on
top of the gels. 100 pL PBS with 0.1% 2.55 um polystyrene particles (Cat#PS-F-B237-1;
microParticles GmbH) were added to both sides of the chip. Chips were placed on a Zeiss
AxioObserver at angles of 7°, 13°, and 25° to induce gravity-driven flow. Particle flow rates
were recorded with a frame rate of 700 fps and exposure time of 1/20000 s for 5 seconds at
5, 30, 60, 120, 180 and 240 seconds after tilting. Buffer was allowed to level out on both sides
before subsequent recordings. For cyclic measurements, chips were rotated every 2 minutes
and particles were recorded 5, 30, 60 and 120 seconds after the start of every cycle. Recorded
videos were analyzed in Fiji (ImageJ) using the TrackMate plugin*® (v6.0.1) and flow rate
measurements were exported to R (v4.2.0) for further analysis. Wall shear stress values (1)
were calculated using a derivation of the Hagen-Poiseuille equation, where p is the dynamic
viscosity of serum-free media (0.73 mPa.s!*’), U is the mean flow velocity and R is the radius

of the lumen.

Cell seeding on chip

For cell seeding on chip, a collagen type | hydrogel (Corning, Cat#354236) was neutralized
for pH=7.0 with the appropriate proportions of 10xPBS,1 mM NaOH and H.0 to obtain 2.5 mg
ml, mixed thoroughly and placed for 1 h on ice. Meanwhile, sterile chips were cooled down
to -20°C. The collagen gel was filled into the gel chamber (40 pl/chamber) and polymerized
for 40 min at 37°C. SC-ECs were detached with Accutase (Sigma, Cat#A6964) and
concentrated to 4x 10° cells per ml for seeding. Cells were resuspended thoroughly and 30 pl
were added to the inlet and outlet chambers. The filament was pulled out of the outlet chamber
using forceps to introduce a gravitation-driven flow of cell suspension into the generated
lumen. Chips were placed on a rocking shaker (OrganoFlow L, Mimetas) at a 10° angle and 6
rpm for 15 min. After initial seeding, EGM-2 (Sigma Aldrich, Cat#C-22011) medium with 1%
penicillin/streptomycin (P/S) was added to all chambers (30 pl/chamber) (in the following
EGM2 medium with 1% P/S is referred to as EGM-2). Chips for the flow condition were placed
back on the shaker at a 25° angle and 2 min intervals. Chips were cultured under normal cell
culture conditions at 37°C, 5% CO,. Complete medium change was performed after 2 h and

then every day (70 pl/chamber). The open microfluidic system allowed for high throughput
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handling as the medium change takes less than 1 min per chip using a multistep pipette and

using a cell culture pump for aspiration through a filter-less 100 pl tip.

Whole mount immunofluorescence staining

For whole mount staining on chip, cells were fixed with 4% paraformaldehyde (PFA) for 15
min at RT and washed with PBS afterwards. Samples were permeabilized with PBS + 0.1%
Triton X-100 for 30 min at RT, washed with PBS-T (PBS + 0.1% Tween) and blocked for 2 h
with blocking buffer (PBS-T, 10% FBS, 1% BSA, 0.1M glycine, 3% donkey serum). Chips were
stained in blocking buffer without glycine for 2 days at 4°C (1:100). Primary antibodies were
washed out thoroughly with PBS-T for 1 h before secondary antibodies were added (dilution
1:500). Secondary antibodies were incubated overnight at 4°C. Next, samples were washed
with PBS-T and mounted in Vectashield (Biozol Diagnostica, Cat# VEC-H-1900-10) for
imaging. Antibodies can be found in Table 2.

Table 2: Antibodies and chemicals used for the publication Stem-Cell Derived Vessels-
on-Chip for Cardiovascular Research.

REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies

AlexaFluor-488, donkey anti-mouse Thermo Fisher Scientific RRID: 141607
AlexaFluor-555, donkey anti-rabbit Thermo Fisher Scientific RRID: 162543
AlexaFluor-647, goat anti-mouse Thermo Fisher Scientific RRID: 2535809
Angiopoietin2, rabbit Thermo Fisher Scientific RRID: 2544773
ARP3, mouse Sigma Aldrich RRID: 476749
CD140b-PE BD RRID: 397132
CD31-FITC BD RRID: 395838
Claudin5, rabbit Thermo Fisher Scientific RRID: 2809891
Collagen IV, rabbit abcam RRID: 305584
DLL4, rabbit Cell Signaling RRID: 2800263
KLF4, rabbit Thermo Fisher Scientific RRID: 2898967
PECAM-1, mouse Cell Signaling RRID: 2160882
PECAM-1, rabbit Thermo Fisher Scientific RRID: 10981955
VE-Cadherin, rabbit Cell Signaling RRID: 2077970
Z0-1, mouse Thermo Fisher Scientific RRID: 2533147
Chemicals, recombinant proteins

Accutase Sigma Aldrich A6964
BODIPY Thermo Fisher Scientific D3922

BSA 10% Thermo Fisher Scientific 37525
Collagenase P Roche 11213857001
DAPI Sigma Aldrich D9542
Dil-oxLDL Thermo Fisher Scientific L34358
DMEM/F12 Thermo Fisher Scientific 12634010
EGM-2 Sigma Aldrich C-22011

FBS Pan Biotech P40-37500
FGF2 Miltenyi Biotec 130-093-838
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Fibronectin Thermo Fisher Scientific 33010018
FITC-dextran 2000 kDa Sigma Aldrich FD2000S
FITC-dextran 40 kDa Sigma Aldrich FD40S
GlutaMAX Thermo Fisher Scientific 35050038
Hoechst33342 Thermo Fisher Scientific 62249
Live/Dead Viability/Toxicity Kit Thermo Fisher Scientific L3224
oxLDL Thermo Fisher Scientific L34357
Phalloidin-Atto-647 Abcam ab176759
Pro3dure GR-10 resin Litholabs HX10031
StemPro-34 Thermo Fisher Scientific 10639011
TBHP abcam ab113851
TY52156 Sigma Aldrich 5330620001
VEGFA Peprotech 100-20-250
Other

Double-sided adhesive foil ARcare 90445Q
Polypropylene filament SERAG-WIESSNER GmbH CP05341A
Polystyrene particles microParticles GmbH PS-F-B237-1

Histology of lumen sections

Generated vessels could be retrieved from the chip body by breaking the connecting
structures of the insert with a scalpel. The hydrogel block was transferred to a well plate with
tweezers, washed with PBS and fixed with 4% PFA. Paraffin embedding was initiated the
same day according to standard procedures. 3 um thick sections were stained with primary
and secondary antibodies found in Table 2. Nuclei were identified with Hoechst 33342
(Thermo, Cat#62249). Fluorescence stainings were digitalized with an Axiolmager 7 (Zeiss,
Oberkochen, Germany) equipped with a 20x objective, and visualized with the Zeiss Zen Blue

Software.

Confocal imaging

Wholemount stained vessels were imaged on a confocal microscope (Zeiss Axio Observer
LSM 880, Zeiss Zen black software). For the sprouting analysis, images of VE-Cadherin and
DAPI staining and brightfield PMT of the whole vessel including outgrowing branches were
taken (20x magnification, 0,26 um per pixel, 10 um z-stacks). For visualization of COL1 fibers,
blank microchannels were prepared, fixed, and imaged, profiting from label-free imaging via

confocal reflection microscopy.

Permeability analysis

To test for endothelial barrier function, the vessels were perfused with 50 pl FITC-Dextran
(500 pg/ml stock diluted 1:10 in PBS, 2000 kDa (Cat#FD2000S) and 40 kDa (Cat#FD40S),
Sigma Aldrich) in the inlet chamber. Images were taken every 3 min for 20 min with an epi-

fluorescent microscope (Zeiss Axio Observer Z1) using an automated imaging template for
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the chip designed with the Zeiss Zen Blue software. For analysis, 3 lines transverse to the
lumen were set through each captured image (Figure 7, h). Those lines were measured for
signal intensity from left to right. Next, the signal intensities from left to right were plotted in a
Jupyter notebook script. To consider for the vessel not being exactly centered in the middle of
the image, the maximum of each curve was set as x=0. Then, all FITC-dextran intensities of

all vessels from one condition could be mean-plotted into one curve.

Branching characterization and branch density analysis

For branch analysis, z-stacks from VE-Cadherin-stained confocal images defined as “only
covering lumen bottom” were converged to a 3D-projection in Fiji. 3D-stacked images were
batch-filtered in Fiji (i.e. CLAHE, Otsudark auto-threshold, median filter, binarized). For
branching characterization, Fiji's “skeletonize 2D/3D” and “Analyze skeleton 2D/3D” tools
were applied on filtered and binarized images (Figure S2b). For density analysis, filtered and
binarized images were measured for signal density (as a percentage of black over white
signal) using a MATLAB script. Signal intensities of longitudinal lines were measured, which
were directing with a distance of 1 um from each other from the central lumen towards the
periphery branches. For each parallel line a mean signal intensity was measured, and those
mean intensities could then be plotted in dependence on their distance from the central lumen
resulting in the signal density plot. The output data of skeleton and density analysis were

further processed in Python.

Live dead cell analysis

SC-ECs cultivated under flow were stained on day 2 with Live/Dead Viability/Toxicity Kit (LIFE
Technologies, Cat#L3224) as described in the manufacturer’s protocol. Stained vessels were
imaged on an epi-fluorescence microscope (Zeiss, Zen software). For image analysis, signal
intensities were normalized to an auto-threshold and a StarDist segmentation FIJI plug-ini4®
was applied to detect live and dead cells. The mean signal threshold for both markers were

set to 3000 and the mean area threshold to 50 um2.

NO assay

For measuring the NO production in SC-ECs, the fluorometric Nitric Oxide Assay Kit (Sigma,
Cat#482655) was used according to the manufacturer protocol. The assay is based on the
enzymatic conversion of nitrate to nitrite so that the total amount of nitric oxide in the
supernatant can be analyzed. For each condition a respective background control was carried
along and background fluorescence was subtracted after measurement. For normalization,

cells were extracted from the chip and counted as described in the following paragraph.
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Sample preparation for single-cell RNA sequencing (ScCRNAseq)

For scRNAseq, chips were washed with PBS. To ensure that only cells growing in the hydrogel
were collected, inlet and outlet ports were blocked with 3% agarose. After solidification of the
agarose, cells were treated with a 1:1 mix of Collagenase P (18 U final concentration, Roche
Cat#11213857001) and Accutase and incubated for 30 min at 37°C. Pipette tips and tubes
were washed with PBS + 2% BSA (Thermo Scientific, Cat#37525) before usage to reduce cell
loss. Successfully dissolved hydrogels and a single cell suspension was confirmed under the
microscope before harvesting the cells in PBS + 10% FBS. The cells were centrifuged at 300
x g for 3 min, washed with PBS + 2% BSA and filtered with a 20 um cell Pluristrainer
(pluriSelect, Cat#43-50020-023). Cells were counted with TrypanBlue (Sigma, Cat#T8154)
and a cell vitality of over 70% was confirmed. RNA libraries were generated using Chromium
Single Cell 3’ library and gel bead kit v3.1 (10x Genomics, Cat#1000269 and #1000127). The
amplified cDNA library was sequenced on a NovaSeq SP flow cell from lllumina.

Pre-processing of scRNAseq data

Raw sequencing data files were demultiplexed, aligned (reference genome hg38_ensrel96),
filtered, barcodes and UMIs counted, and subjected to a quality filter with CellRanger
(10xGenomics). The pre-processing and downstream analysis were performed with the
package Scanpy!*® in python with default parameters, if not stated differently. Cell-ranger
processed data from static and flow conditions were first concatenated. Next, dead or stressed
cells, identified by a percentage of mitochondrial genes higher than 15%, were filtered out.
Cells with less than 3000 or more than 6x10* total counts or cells with less than 200 expressed
genes were excluded. Also, genes expressed in less than 10 cells were rejected. Afterwards,
gene counts were normalized to 10* per cell and log transformed. Additionally, cell cycle genes
and mitochondrial genes were regressed out. Doublets were detected with the Scrublet

package!® and filtered.

Clustering and cell type annotation

The single-cell neighborhoods were calculated with the first 30 principal components and 10
nearest neighbours and the cells were clustered with the Leiden algorithm?*®! at a resolution of
0.5. For visualization, UMAP**2 was used to reduce dimensionality of the data. Cell types were
annotated by ranking the top 25 marker genes of each of the 7 Leiden sub-cluster based on
literature research. Correlation plots confirmed similarity of subclusters. Cell type proportions

and gene expression analysis were performed based on the defined categorical clusters.

RNA velocity using basic modelling
To investigate developmental trajectories in the flow sample, we analyzed the RNA velocity

by recovering directed dynamic gene information through splicing kinetics in basic mode
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following the scVelo'®® standard pipeline. Variables and observations, like cluster annotation
and UMAP coordinates were accessed from the Scanpy analysis as described above. The
splicing matrix was generated by default settings of the velocyto®™* pipeline. After
concatenating splice matrix and scanpy information, splice variants and cells were filtered,
normalized, and logarithmized with the function scv.pp.filter_and_normalize
(shared_counts=20, n_top_genes=2000). In a next step, the moments, based on the
connectivities, were calculated with 30 PCAs and 30 neighbors. Then, velocities and the based
root cell were assessed by the sc.velo algorithm and represented in an UMAP embedding

stream projection.

Cell treatment for oxidative stress induction

ECs were seeded and cultured under flow for 1 day as described above. For oxidative stress
induction, either 50 pg ml* oxLDL (life technologies, Cat# L34357) or 800 uM FFA-BSA
mixture was added to EGM2 medium from day 1 to day 2. A FFA stock was prepared in
advance consisting of a mixture of different fatty acids dissolved in ethanol: c14:0 (1.05%),
¢16:0 (26.75%), c¢18:0 (8.04%), c18:2 (36.63%), c18:1 (21.09%) and c20:4 (6.44%); all from
Sigma) as described in Bondareva, et al.'**. These candidates are a selection of the most
common FFA in human serum and the chosen percentual combination was measured in
human serum?®, For FFA-BSA treatment solution, an 8 mM stock solution was generated by
conjugating the fatty acids to fatty acid-free BSA (Sigma). Therefore, a mixture of BSA, FFA
and high-grade Ethanol (9: 0.8: 0.2) was incubated for 2h at 37°C and 1500 rpm. On day 2,
the EGM2 was replaced by serum free medium (DMEM/F12 + Glutamax +1% P/S) and the
treatment was continued until day 3. On day 3, supernatants were collected for secretome
analysis and immediately frozen and stored at -80°C. Afterwards the chips were washed four
times for 1h with PBS, inlet and outlet ports were blocked with 3% agarose and hydrogels
were digested in a 1:1 mix of Collagenase P and Accutase. Cells were collected, washed three
times with PBS and pelleted. Lysates were stored at -80°C until mass spectrometry
preparation. Medium and untreated cell samples were carried along as controls. As the FFA

treated sample contained BSA, the control was treated with a BSA-Ethanol-vehicle control.

Sample preparation and mass spectrometry measurements

Lysate pellets were prepared for mass spectrometry (MS) measurement as described in
Compera et al.'®. Supernatants were digested enzymatically using the PreOmics’ iST Kit
(Preomics GmbH, Martinsried, Germany) including the SP3 add-on kit according to
manufacturers’ specifications with adjustment of volumes for the SP3-lyse and -binding buffers
to fulfill 1x concentration of buffers. After drying, the peptides were resuspended in 2%
acetonitrile (ACN) and 0.5% trifluoroacetic acid. The HRM Calibration Kit (Biognosys,

Schlieren, Switzerland) was added to all the samples according to the manufacturer's
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instructions. MS measurement was performed in data dependent (DDA) mode. MS data were
acquired on a Q Exactive (QE) high field (HF) mass spectrometer (Thermo Fisher Scientific

Inc.) as described in Hladik et al*®8,

Data processing - protein identification

Proteome Discoverer 2.5 software (Thermo Fisher Scientific; version 2.5.0.400) was used for
peptide and protein identification via a database search (Sequest HT search engine) against
Swissprot human data base (Release 2020 02, 20432 sequences), considering full tryptic
specificity, allowing for one missed tryptic cleavage sites, precursor mass tolerance 10 ppm,
fragment mass tolerance 0.02 Da. Carbamidomethylation of Cys was set as a static
modification. Dynamic modifications included deamidation of Asn, GIn, oxidation of Met; and
a combination of Met loss with acetylation on protein N-terminus. Percolator was used for
validating peptide spectrum matches and peptides, accepting only the top-scoring hit for each
spectrum, and satisfying the cutoff values for FDR <1%, and posterior error probability <0.05.
The Sequest HT Xcorr filter was set to 1.6 removing identifications below this threshold. The

final list of proteins complied with the strict parsimony principle.

Data processing - label-free quantification

Proteins were quantified based on abundance values for unique peptides. Abundance values
were first normalized to the total amount of peptides in each sample to account for sample
loading errors. The protein abundances were calculated summing up the abundance values
for admissible peptides. The final protein ratio between experimental groups was calculated
using median values of single peptide ratios per comparison. The statistical significance of the
ratio change was ascertained employing the t-test method described in Navarro et al**®.

Adjusted p-values are calculated according to Benjamini-Hochberg.

Data analysis

In the following downstream analysis, only proteins with more than one unique peptide hit
were used. Differential protein expression (DEP) analysis was performed with customized
Python (version 3.10) scripts using the adjusted p-values (p.adj < 0.05) and normalized
abundance ratios (ratio > 1.5). Differently expressed proteins were only taken into account,
when abundances were measured in at least 75% of the replicates within their group. In
addition, the secretome data was filtered for actively secreted proteins matching the DEP
against the refined human secretome?®®. Only proteins with the labels “blood secretion” were
used. Enrichment analysis and Go term identification was performed using the STRING6?,
gprofiler®2 and Enrichr®® databases and customized Python scripts from GitHub repository
xDbit!®* (https://github.com/MeierLabMiBioEng/xDbit_toolbox).
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Oxidative stress compound staining

For staining of FFA accumulation, vessels were fixed on day 3 as described above, washed
with PBS and incubated with BODIPY (4,4-difluoro-1,3,5,7,8- pentamethyl-4-bora-3a, 4a-
diaza-s-indacene, Thermo, Cat#D3922) in a final concentration of 10 ug mI* in PBS, together
with DAPI (Thermo, Cat#D9542, 1:100) and Phalloidin-Atto-647(Cat#ab176759, 1:200). For
staining of oxLDL accumulation, vessels were treated as described for the oxLDL treatment
with Dil-labelled oxLDL (Thermo, Cat#L34358) for 3 days. After fixation, vessels were stained
with DAPI and Phalloidin-Atto-647 as described above. For detection of oxidative stress in
cells, lumens were stained with green fluorescent CellROX (Sigma, Cat#C10444). Vessels
were washed 3 times in PBS, before CellROX was added in a final concentration of 5 uM in
PBS together with Hoechst33342 (Thermo, Cat#62249, 10 ug ml?) and incubated for 1h at
37°C in an incubator. After staining has been completed, vessels were fixed as described
above and imaged with a confocal microscope under the same settings for all conditions. For
a positive control, vessels were treated with 100 uM TBHP (abcam, Cat#ab113851). For
image analysis of CellROX signal, for each capture a z-stack consisting of 6 slices with
distance of 6 um was converted to one stacked image by 3D projection in FIJI. Then,
Stardist!*® segmentation program was applied comparable to the live-dead staining. The mean
signal intensity was set to 5 and the mean area threshold were set to 5 um2 for both the DAPI
and CellROX channel. For later analysis in a Python script, fragmented, apoptotic, and highly
bright nuclei were further filtered, setting an area threshold of 60 umz2. Due to technical-related
differences in DAPI and CellROX staining intensities, for each image the CellROX signal
intensity was normalized to its corresponding DAPI signal intensity, resulting in a normalized

CellROX/DAPI intensity ratio for each image.

Quantification and statistical analysis

Statistical analysis was performed using the scipy.stats® function with custom-written python
code. Statistical details of experiments and numbers of replicates can be found in the figure
legends. Data was tested for normal distribution with the Shapiro test and for homogenous
variances with the Levene or Bartlett test. Statistical significance between groups was tested
with a pairwise t-test for two conditions and with a one-way ANOVA for multiple sample groups

followed by a Tukey’s post-hoc test.
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3.4 Results

Design and characterization of the open organ-on-chip platform

The main body of the open organ-on-chip (OoC) platform was produced using 3D
stereolithography printing and bonded to an adhesive foil on a glass substrate (Figure 6, a).
Each chip exhibited 6 arrayed unit cells, where each unit cell contained a hydrogel chamber
and two fluid reservoirs, each holding an adjustable volume between 30-150 pL. Relevant
chip dimensions are shown in Figure Sla. The gel chamber was connected to the fluid
reservoirs using short microfluidic channels with a diameter of 350 um on each side. Through
the connecting channel, a nylon filament with a diameter between 50 and 250 um can be
introduced. The hydrogel chamber was filled with hydrogel prepolymers to encapsulate the
nylon filaments. Upon removing the nylon filament through one of the fluid reservoirs, the
hydrogel was patterned with a straight microfluidic channel (Figure 6, b and c). The resulting
microchannel width in the hydrogel slightly differed from the nominal diameters of the nylon
filaments. However, the microchannels were robustly patterned for nylon filaments with
diameters of 50, 150, and 250 um (Figure S1b). The gel chamber contained a scaffolding
structure with four poles connected by a top ring to stabilize the hydrogel over longer culture
times. The pole structure is connected to the main body of the chip using rated breakpoints.
Upon detaching the pole structure from the main chip body, the hydrogel with the embedded
tissue can be retrieved for downstream analytical sample preparation, such as histology. The
two outer reservoirs fluidically communicate through the microchannel; thus, the addition of
fluids within one reservoir leads to gravity-driven flow and fluid leveling through the
communicating channel. However, the two outer fluid reservoirs not only equalize the
hydrostatic pressure, but the hydrogel chamber also contributes to filling height homeostasis
owing to the open microfluidic design. One consequence is that the hydrostatic pressure
difference resulting from non-equalized fluid volumes in the reservoirs and hydrogel chamber
leads to the dilation of the microfluidic channel because the hydrostatic pressure acts on the
gel phase (Figure 6, d-f). The dilation of the microchannel depends on the mechanical
properties of the hydrogel. Representatively, we show the dilation of a 150 um microchannel
used by default within a collagen-I (COL1) hydrogel with increasing COL1 concentration. While
imbalances of fluid filling heights between the reservoir and the gel chamber have a strong
effect on the microchannel width in the low concentrated COL1 hydrogel (1.25 mg ml?),
imbalances of the fluid filling heights within the higher concentrated COL1 hydrogel (5 mg ml-
1) have lower effects on the microchannel width (Figure 6, g). The chip can be placed on a
rocking shaker to induce gravitational flow on it; thus, no active pump system is required to

maintain the cell cultures under flow conditions (Figure 6, h). To quantify the wall shear stress
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(WSS), we assessed the flow velocity as a function of the tilt angle of the chip by tracking the
motion of microbeads within video frames (Figure 6, i and see Methods). The determined
WSS for a nominal 150 um channel within 2.5 mg ml* COL1 hydrogel with tilting angles of
7°/13°/25° are exemplarily shown in Figure S1c. As expected, the WSS increased with higher
tilt angles, and the flow rates decreased over time because of the leveling of the filling heights
between the reservoirs. As the maximum flow rate of 15 pl mint on-chip was achieved at a
tilting angle of 25°, this tilting angle was set as the default for all experiments. After tilt initiation,
half of the maximum WSS was observed after 2 min (Figure 6, j). This time was used as the
frequency for changing the tilt direction and maintaining the bidirectional flow. Using three
different nylon filaments with diameters of 50 um, 150 um, and 250 um, the effect of the
microchannel diameter on the flow rates and WSS was subsequently investigated (Figure
S1d, e). A maximum volumetric discharge of 15 pL min'* was calculated at 150 um diameter
in the center of the microchannel at a 25° tilt (Figure S1d). Increased microchannel diameters
resulted in a greater maximum WSS but a faster reduction in WSS over time (Figure Sle).
Microchannel diameters of 150 and 250 pum produced shear forces in the range of 1 to 3 dyn
cm2, whereas a microchannel diameter of 50 um produced negligible shear forces. In the
following experiments, we used only chips with a 150 pm diameter and a maximum tilt of 25°
inducing a shear force of 3 dyn cm, which is at the lower end of the shear force microvessel

experience in vivot®e,
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Figure 6: The open microfluidic chip platform for organotypic cell cultures. a Cross-
sectional view of the 3D-printed chip. The chip holds six identical unit cells, where each unit
cell has two reservoirs connected by a hydrogel chamber for tissue culture formation. b Top
view of the chip. Zoom-in images show confocal laser reflection images (488 nm) of the
Collagen | (COL1) hydrogel chamber (5 mg ml"") with the patterned microfluidic channel. The
microchannel runs 100 = 10 ym above the glass substrate and connects the two fluid
reservoirs. Scale bar, 150 ym. ¢ Manufacturing steps of the microchannel. Step 1: A nylon
filament is introduced to the chip before filling and polymerization of the hydrogel solution in
the middle chamber. Step 2: A cell suspension is pipetted into the reservoirs. Upon mechanical
removal of the filament through the reservoir, cells are dragged into the microchannel. Step 3:
Cells are cultivated and allowed to form tight endothelial structures. d Image of a nylon filament
with a diameter of 150 um in a 2.5 mg mlI' COL1 hydrogel. Scale bar, 100 um. e and fimages
of reservoirs and hydrogel chamber with balanced and unbalanced fluid volume. Within the
open microfluidic chip design, the microfluidic channel in the hydrogel widens depending on
the hydrostatic pressure acting on the microchannel. Scale bar, 100 um. g Box plots show the
dilation of the microfluidic channel depending on the COL-1 concentration and volume
differences in the reservoirs and hydrogel chamber. Error bars indicate confidence intervals of

38



Results

95%. h Gravity-driven flow is enabled by tilting the chip platform. i Flow rates within a
microchannel with a nominal diameter of 150 ym were determined by video tracking the
microbeads. The representative velocity profile within the microchannel is provided for the
maximum tilting angle of 25°. Scale bar, 50 ym. j Flow rates on the chip are not constant due
to fluid leveling over the reservoirs. The graph shows the time-dependent changes in the flow
rates and mean wall shear stress (WSS) inside the microchannel at tilt angles of 25°. The
tilting angle was reversed every 2 minutes to maintain a bidirectional gravity-driven flow. Error
bars indicate standard deviation.

Formation of the functional perfused endothelial vessel on chip

Next, we applied the chip for the formation of SC-EC in vitro vessel structures. Using a two-
step induction protocol for ECs, hiPSCs were differentiated in 3D shaking culture®!. SC-ECs
were expanded and seeded at high density (4 Mio. cells ml) into the chip with a pre-formed
microchannel in a 2.5 mg ml* COL1 hydrogel (Figure 7, a). The cells began to adhere to the
channel walls within the first hour. Within the following two days, cells were cultivated under
either static or bidirectional flow conditions. In both cases, SC-ECs formed a luminal vessel
structure adopting the shape of the microchannel, with sprouts developing towards the

hydrogel periphery after 2 days of cultivation (Figure 7, b and Figure S2a).

We analyzed the sprouting network parameters within 3D-stacked confocal images in which
VE-cadherin was immunohistochemically stained to quantify the differences in endothelial
sprouting capability under static or flow conditions (Figure S2b). Notably, SC-ECs under flow
conditions formed more branches protruding from the lumen regarding the total number,
junctions per branch, and total network length (Figure 7, c-e) than under static conditions.
This higher sprouting behavior was further confirmed by fluorescence signal analysis using
VE-cadherin staining (Figure 7, f). The VE-cadherin signal along the perpendicular axis of the
microchannel showed a higher amplitude and length, which represented a higher number and

longer sprouts within the samples cultured under flow conditions.

Sprouting analysis indicated that ECs interacted with the extracellular matrix (ECM) and
started to remodel the surrounding hydrogel via sprouting angiogenesis. COL1 is one of the
most abundant ECM proteins and is a favorable hydrogel for constructing in vitro blood
vessels!®’. We demonstrated the extent to which the hydrogel formula influenced cellular
hydrogel remodeling and sprouting by seeding SC-ECs on a chip at different COL1
concentrations. At the lowest COL1 concentration (1.25 mg ml?), the cells visibly remodeled
the microchannel by sprouting out of the lumen towards the ECM periphery, leading to
significant lumen enlargement. By contrast, at higher concentrations (2.5 and 5 mg ml?) the
lumen diameter was less impaired (Figure S2c). At a collagen concentration of 5 mg ml2, only
a few sprout tips were observed. This suggests that denser collagen networks promote lumen

stability while impeding the growth of the SC-EC branches. Hereafter, all experiments were
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performed with a COL1 concentration of 2.5 mg ml? to maintain the lumen structure and
sprouting capability of the SC-ECs. A FITC-dextran assay was performed to test the barrier
function of the endothelial lumen. The SC-EC lumen engineered under flow conditions showed
higher resistance to FITC-dextran diffusion (40 and 2000 kDa) over the endothelial barrier into
the COL1 hydrogel matrix than the SC-EC lumen engineered under static conditions over
three days (Figure 7, g and h and Figure S2d).
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Figure 7: Formation of a functional perfused endothelial vessel on-chip displaying
barrier integrity and sprouting angiogenesis. a Experimental outline: stem cell-derived
endothelial cells (SC-ECs) were differentiated from human induced pluripotent stem cells
(hiPSCs) and seeded in the chip. Functional tests such as in vitro vessel integrity test by
infusing the lumen with fluorescently labeled fluorescein isothiocyanate (FITC)-dextran were
performed after 2 days. b Immunofluorescence images of vascular endothelial (VE)-cadherin
(EC contact integrity) of 2 days cultured SC-EC under bidirectional flow or static conditions
on-chip. Scale bar, 200 um left and 100 um right. c-e Sprouting network analysis of the SC-
EC under bidirectional flow and static conditions showing branches (¢) and junctions (d) per
lumen and total vascular network length (e) (n=6 from 2 independent experiments; p values
were calculated using a two-sided t-test and indicated in the figure; error bars indicate a
confidence interval (Cl) of 95%). f Sprout density was measured using the mean intensity of
the VE-cadherin signal on multiple longitudinal axes directing from the outer wall of the
microchannel towards the hydrogel area (n=6 from 2 independent experiments, Cl=68%). g
FITC-Dextran assay to evaluate the barrier function of SC-EC vessels. The mean fluorescence
intensity signal of FITC-dextran was measured on 3 traverse lines scans per lumen (dotted
lines in h) (n=8 from 3 independent experiments, Cl: 68%). h Images are fluorescence and
brightfield overlays, where green denotes the FITC-Dextran signal. Scale bar, 200 pm.
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Single-cell transcriptomic and functional analysis of the SC-EC on-chip

Next, we performed single-cell transcriptomic analysis (SCRNAseq) of SC-EC cultured on-chip
under shear flow and static conditions to reveal the heterogeneity of cell stages associated
with possible maturation, sprouting, or barrier function (Figure 8, a). We obtained sufficient
SC-EC for the scRNAseq protocol by pooling the SC-EC from one chip, which are 6 functional
lumens with approximately 3000 cells each. The live cell recovery rates from the chip were
>70% for SC-ECs cultured under flow conditions, demonstrating that the retrieval process was
robust. For SC-ECs cultured under static conditions, the live cell recovery rates were lower,
indicating a lower viability or higher stress state of these cells (Figure S3a, b). Cells retrieved
from the chip were used as inputs for scRNAseq. The quality parameters of the sequencing
run are shown in Figure S3c-g. After high-quality scRNAseq data filtering, we obtained single-
cell transcriptomes of >17k genes from approximately 2000 cells (Figure S3d) under both
conditions. Seven cell clusters were identified using Leiden®® clustering (resolution = 0.5) and
two-dimensional data reduction (UMAP®) of the single-cell transcriptome data (Figure S4a).
The Leiden clusters were annotated as flow, static, intermediate, barrier, filopodia-like 1/2, and
mural cell-like transcriptomic states based on the marker genes (Figure 8, b, ¢ and e; Figure
S4b, c). Notably, only the mural cell-like cell cluster did not express the EC markers and
showed typical vascular smooth muscle cell marker expression, including that of PDGFRB,
CSPG4, TAGLN, and ACTA2'7°, Others and we have previously shown that ECs and mural-
like cells co-evolve during the applied stem cell differentiation protocol**'* and that
progenitors are still present on day 6 of differentiation. A low fraction of mural-like cells may
have resulted from incomplete sorting. The differentially expressed genes (DEGs) for SC-EC
cultured under static conditions included the EC markers, such as EDN1 or ANGPT2, which
are specific for static SC-EC culture conditions since shear flow stress leads to their
downregulation®>'2, Furthermore, cells from the static cell cluster shared the expression of
stress marker genes, including ROMO1 and NQO1, indicating oxidative stress and cell
death'’3. Contrastingly, only 19% of the single-cell reads found in the SC-ECs exposed to walll
shear stress were allocated to the static cluster, whereas 39% of the statically cultured SC-
ECs were allocated to the static cluster (Figure 8, d). SC-EC distribution cultured under flow
and static conditions within annotated cell clusters is shown in Figure 8, d. Under flow culture
conditions, half the SC-EC population exhibited transcriptomic states of either intermediate
(23%) or flow (25%) cell clusters. Furthermore, cells from the flow cluster showed upregulated
expression of shear stress markers, including KLF2, KLF4%, or VWF!"4, Notably, GJA4 is a
shear stress-upregulated gene that enables arterial specification together with the
downstream cell cycle inhibitor CDKN1B*"®, which is also specifically upregulated in the flow
cell cluster. This is in line with MECOM upregulation in the flow cluster, a regulator of human

arterial gene expression’s.
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Intermediate clustered cells upregulated the expression of MMP9, which is a shear stress-
sensitive gene'’” and central for the initiation of angiogenesis in the endothelial progenitors!’é.
Cells of the intermediate cluster also express the pro-oncogene JUN, which is upregulated in
the ECs as an immediate response to shear stress'’®. Approximately 7% of the SC-EC in both
static and flow culture conditions were assigned to one of two filopodia-like transcriptomic cell
states. Filopodia cluster 1 was positive for VEGF/calcium signaling, and filopodia cluster 2 was
correlated with NOTCH and ECM-receptor interaction as revealed by a Kyoto Encyclopedia
of Genes (KEGG) pathway analysis (Figure S4c). A representative selected DEG for filopodia
cluster 1 was transforming growth factor beta 1 (TGFB1), which is known to induce
angiogenesis!®. Coherently, PEAK18! was a unique marker for filopodia-like 2. SC-EC within
the barrier cluster upregulated the expression of cell-cell interaction genes (CLDN5 and ENG)
as well as gap and tight junction genes (GJA1 or JAM3), which indicated the formation of a
cell—cell interaction required for intact lumens!®183  Cells from static and flow culture
conditions were found in the barrier cluster, suggesting that the prepatterned luminal shape of
the hydrogel alone was sufficient for the formation of the transcriptomic cell state. KEGG
pathway analysis and Pearson correlation plots supported the annotation and differences in

all transcriptomic states, respectively (Figure 8, f and Figure S4c).

RNA velocity'® was calculated using the scRNAseq flow data to resolve the dynamic changes
and interconnectivity of cell clusters (Figure 8, g). The flow velocity lines point from the static
cluster towards the intermediate, barrier, flow, and filopodia-like clusters. Next, we
investigated whether the velocity lines indicated SC-EC maturation under flow culture
conditions. To this end, we calculated the gene enrichment scores for DEGs obtained from
embryonal and adult human endothelial single-cell datasets within the SC-EC single-cell
transcriptome data. Strikingly, the DEGs of the embryonic early arterial (Carnegie stage 10
and 11)* and the adult artery ECs (human sc-RNA atlas)*® considerably increased along the
velocity lines (Figure 8, h), thus supporting the maturation effect of SC-ECs under shear flow
culture conditions. The gene enrichment score for DEGs of adult lymphatic ECs also increased
within SC-EC cultured under shear flow conditions, however to a lower degree arguing that
the on-chip conditions drive cell type maturation towards an arterial-like cell type. Similarly,
cells of the mural cell cluster correlated with the transcriptomes assigned to the adult smooth
muscle cells. Contrarily, the enrichment analysis showed that SC-EC on-chip did not resemble

embryonic cardiac ECs.

Moreover, in the flow, intermediate, barrier, or filopodia clusters the expression profile of ECM
proteins changed compared to cells cultured under static conditions (Figure S4d). For
example, barrier cells increased the expression of the basal membrane protein Collagen 1V

also found by IF stained lumen sections (Figure S4e).
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Shear stress is known to be a positive regulator of endothelial NO-synthesis!’?. Genes
involved in NO signaling belonged to the DEG of the single-cell flow clusters. Vascular cells
synthesize NO to maintain healthy tissue function and to control vasodilation'®’. Nitric oxide
synthase (NOS3) and the NOS3 activating Ca-dependent protein kinase (CAMK2D) are
upregulated in ECs cultured under flow conditions®®®, Contrastingly, under static cell culture
conditions, ECs upregulated genes, such as eNOS interacting proteins (NOSIP), eNOS traffic
inducer (NOSTRIN), and Caveolin-1 (CAV1), which form a ternary complex inhibiting eNOS
activity®’ (Figure 8, i). We determined NO concentrations in the supernatants of the perfused
lumens cultured under flow and static conditions using a fluorometric assay to validate the
gene expression changes at the functional level. Indeed, NO production was significantly
increased in the ECs cultured under flow conditions, whereas NO concentrations in the EC
cultured under static conditions were comparable to those in cells grown in a 2D monolayer
(Figure 8, j).
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Figure 8: Single-cell transcriptomics reveal specified flow-induced cell clusters
reflected by enhanced nitric oxide synthesis in in vitro conditions. a Experimental
outline: stem cell-derived endothelial cells (SC-ECs) cultured for 2 days under bidirectional
flow or static culture conditions on-chip. Cells were retrieved from the chip and used for 10x
genomics single-cell RNA sequencing. b Uniform manifold approximation and projection
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(UMAP) plot of the two acquired single-cell transcriptomic data sets. ¢ UMAP plot illustrating
the seven unique found transcriptomic cell clusters for the SC-EC cultured on-chip. d Cell
distribution according to the identified cell clusters. e Gene expression patterns of the selected
cell marker genes used for cell cluster assignments. f Pearson correlation plot of the annotated
cell clusters. g Single-cell transcriptomic velocity analysis. Velocity streamlines showed the
transcriptomic state progression of SC-ECs cultured for 2 days under bidirectional flow on-
chip. h Enrichment score of DEGs from embryonic arterial, venous, and cardiac ECs (human
embryonic dataset at Carnegie stage 10 and 11) and of adult artery ECs, smooth muscle cells,
and adult lymphatic ECs (Tabula Sapiens organ type vasculature dataset) within the on-chip
scRNA dataset. i Dot plots show expression levels of genes required for endothelial nitric oxide
(NO) synthesis (NOS3, CAMK2D, CALM1) and inhibition of the NO synthesis (NOSTRIN,
NOSIP, CAV1). j NO concentrations within the luminal cell culture media of the chip from cells
cultured under flow or static conditions. NO concentrations are compared to supernatants of
cells grown on a 2D monolayer (n=8-9 repeats from 3 independent experiments; error bars
indicate Cl of 95%). NO concentrations were normalized to the total cell count per sample. P
values were calculated with a one-way ANOVA and Tukey’s post-hoc test and are indicated in
the figure.

Interfacing the vessel-on-chip platform for downstream analysis

The open OoC platform was designed to enable high-resolution imaging. A working distance
of 100 um between the microchannel and the glass substrate allowed whole-mount imaging
of the SC-EC vessel structure (Figure 9, a, b). Therefore, immunofluorescence staining can
be performed with a low antibody consumption. We stained for the sprouting marker DLL4 and
lamellipodia marker ARP3. Lamellipodia appeared at plasma membrane sites free of VE-
cadherin as reported before!®® and ARP3 expression was observed in the cell membrane
regions next to newly formed sprouts. Alternatively to the whole mount staining, sample
sections can be prepared for multiple protein detections in a single lumen. For this, the COL1
hydrogel was retrieved in an unscathed manner by lifting the hydrogel-embedded 3D printed
support structures (Figure 9, c, d). Hydrogel blocks with intact lumens were then subsequently
used for downstream histological analyses. Representative immunofluorescence-stained
sections are shown in Figure 9, d, where we stained selected DEGs, such as Angiopoietin-2,
Claudin-5, and KLF4, found in the scRNAseq dataset. Approximately 25 sections were

obtained from each lumen.
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Figure 9: Whole mount and paraffin-section immunofluorescence stainings allow for
detailed morphological analysis of endothelial tissue. a On-chip whole mount
immunofluorescence staining can be directly performed, where concomitantly, the 100 um
distance of the lumen to the glass bottom allows high-resolution imaging. b Whole-mount
staining of differentially expressed genes (DEGs) expressed in stem cell-derived endothelial
cells (SC-ECs) cultivated under bidirectional flow on-chip. EC marker CD31 (scale bar 100
pm), flow-induced marker DLL4 (scale bar 50 pym), endothelial adherence junction marker
CDH5, and branching marker ARP3 (scale bar 50 ym) with zoom-in images (scale bar 20 ym).
¢ For performing multiple IF stainings from a single sample, the printed scaffold with the
hydrogel-embedded vessels is removed using a tweezer. d Stainings of static cell marker
ANPTZ2, barrier marker CLDN5, and flow-induced marker KLF4. The scale bar denotes 50 um
and 20 um for the zoom-in images. See also Supplementary video 1.

Modeling the early-onset of atherosclerosis by oxidative stress under in vitro conditions on-
chip

Elevated blood levels of oxLDL and FFA are crucial drivers of atherosclerosis plague
formation'®®1°1, To model the early onset of atherosclerosis on-chip, we treated SC-EC
vessels under flow conditions with either FFA or oxLDL (Figure 10, a) for 48 h. Both FFA and
oxLDL accumulated within the SC-ECs, which was verified using BODIPY staining for all
cytoplasmic lipids or using fluorescently labeled Dil-oxLDL (Figure 10, ¢ and d). A FITC-
dextran membrane permeability assay was performed to assess the barrier function of the
vessels-on-chip after 24h and 48h oxLDL and FFA treatment. While vessels treated with FFA
showed no difference in barrier function, vessels treated longer than 24h with oxLDL indicated
a small increase in FITC-dextran leakage (Figure Sba, b). Further, IF stainings showed that

the expression pattern of ZO1 changed from a plasma membrane to cytoplasmic location in
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SC-EC after 2 days of oxLDL treatment but not after FFA treatment or control samples (Figure
S5c¢). A cytoplasmatic location of ZO-1 has been reported upon hypoxia stress induction in
ECs!

The stimulation responses of SC-ECs were quantified by measuring the proteomic changes
using mass spectrometry (LC-MS/MS). Cells from three lumens were retrieved and pooled to
obtain approximately 9000 cells. Protein counts and the dynamic range of proteomic data were
comparable for all samples (Figure S6a-c). FFA formulation required BSA in the medium, and
thus, the buffer conditions between the samples differed. Principal component analysis (PCA)
and heatmaps showed differences in protein expression between the treatments and
respective media controls, as well as coherence between repeats (Figure 10, b, Figure S6d,
e). Differentially expressed proteins (DEPSs) from both stimulation experiments were resolved
using volcano plots (Figure S6f, g). Gene Ontology (GO) term analysis of the DEPs from both
treatments showed enrichment of oxidative stress terms and included terms indicating the
activation of protective oxidative reagents via the heme-oxygenase system®® (Figure 10, e,
f). GO terms for the FFA-treated samples included additional terms related to shunting
overload of fatty acid activity or obesity-related inflammation, e.g. by the upregulation of toll-
like receptor 4 (TLR4) signaling'®4. DEPs found within both treatments and unique to one
treatment are shown in the Venn diagram in Figure 10, g. Both treatments led to the
upregulation of heme oxygenase 1 (HMOX1), which is expressed as a protective response to
ROS stress!®. We live-stained the SC-ECs on-chip with a fluorescence indicator (CellROX)
for ROS species to test whether oxidative stress was induced by FFA and oxLDL treatment.
The normalized mean intensity signal of the CellROX fluorophore (Figure 10, h) increased in
oxLDL-treated SC-ECs with a signal intensity comparable to that of the positive control
treatment of the cells with tert-butyl hydroperoxide (TBHP). We did not detect an increase in

the CellROX signal for FFA treatment compared with the respective medium control.

Next, we investigated whether adding the sortilin inhibitor TY52156 could lower oxidative
stress in SC-EC. Proteomic analysis showed that a sortilin family member (SORCS2) was
upregulated in SC-EC upon FFA (1.56-fold; p-adj=0.03) and oxLDL (1.40-fold; p-val=0.02)
treatment. Sortilin was previously found to be positively correlated with atherosclerosis and
cardiovascular disease®. TY52156 co-treatment did not lead to a visibly altered FFA or
oxLDL accumulation (Figure S6h). Notably, in the oxLDL + TY52156 treated samples, the
CellROX signal was significantly lower than that in the samples treated with oxLDL alone
(Figure 10, h). In the FFA-treated SC-EC, TY52156 had no significant influence on CellROX

signaling.
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Considering the enrichment of proteins related to eNOS function (ENG, CYBG, and HMOX1)
in the proteome analysis of both conditions, we quantitatively measured NO production by SC-
ECs on the OoC after oxLDL and FFA treatments. Indeed, NO concentrations in the oxLDL-
treated SC-EC vessels were significantly reduced compared to those in the respective medium
controls (Figure 10, i). Here, the sortilin inhibitor TY52156, applied to oxLDL-treated SC-ECs,
did not rescue the NO production. The NO assay on the FFA-treated samples showed no
difference compared to the medium control, which aligns with the non-significant CellROX
staining. Thus, when compared to oxLDL, SC-EC treatment with FFA leads to different

molecular response mechanisms.

To further investigate the oxidative stress response of the SC-EC, we measured the
secretome of the cells. For this purpose, we used the flow-through volume in the chip
reservoirs for LC-MS/MS analysis (Figure 11, a). 1,939 secreted proteins with high confidence
level, retrieved over a time interval of 24h from SC-EC treated with oxLDL, were identified by
mass spectrometry. 152 proteins of the secretome were up- or downregulated by a 1.5 fold
change in comparison to the control, from which 45 contained a signal peptide for active
secretion into the blood!®’. A GO term analysis of DEPs of the secretome with active secretion
signals showed enrichment of proteins for HDL and chylomicron remodeling (Figure 11, b).
Among the upregulated proteins in the secretome were members of the apolipoprotein family
(Figure 11, c). For example, the secreted APOC3 and APOAL are known to change the NO
synthesis of ECs and are linked to pathophysiological processes leading to cardiovascular
disease (CVD).

Within the secretome of SC-EC treated with FFA 693 proteins were determined, where only
18 were differentially regulated in comparison to the control sample (Figure 11, b). SC-EC
secretomes in response to FFA and oxLDL treatment have no overlap showing once more the
differently induced stress. Notably, in agreement with the proteome measurements the FFA

treatment led to an increased secretion of the SORCS2 (Figure 11, d).
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Figure 10: Oxidative stress induction of vessel formed on-chip. a Experimental outline.
On day 1, stem cell-derived endothelial cells (SC-ECs) were treated with free fatty acids (FFA)
or oxidized low-density lipoproteins (oxLDL). On day 3, proteome and secretome data were
acquired using mass spectrometry. b Principal component analysis of the proteome data after
FFA (n=4) or oxLDL (n=4) treatment and their respective medium controls (n=3). ¢
Immunofluorescent images of fatty acids with BODIPY in FFA treated samples vs control.
Scale bar, 50 ym. d Immunofluorescent images of fluorescence labeled Dil-ox-LDL treated
samples vs control. Scale bar, 50 um. e Top 8 upregulated Gene Ontology (GO) terms in the
FFA condition compared to the untreated control. f Top 4 upregulated GO terms in the ox-LDL
condition compared to the untreated control. g The Venn diagram highlights the selected
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proteins upregulated in the FFA and oxLDL conditions and their overlap. h Analysis of the
reactive oxygen species in the treated samples versus control. Samples were live-stained for
Hoechst and CellROX reagent (Thermo) and imaged, and the CellROX signal intensity was
normalized to the Hoechst intensity. ECs were treated with TBHP as a positive control. Data
are presented with a confidence interval (Cl) of 95% for the error bars, and n = 12, except for
TBHP with n = 3. Boxplot outliers were removed when indicated in the python package
seaborn. i Cell count-normalized NO concentration (uM) in supernatants of treated samples
vs their respective control on day 3. Error bars indicate a Cl of 95%, and n = 3-5. p values of
h and i were calculated with a parametric one-way ANOVA and Tukeys post-hoc test and are
indicated in the figures.
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Figure 11: Secretome analysis of oxLDL and FFA treated SC-ECs on-chip. a Experimental
outline: SC-ECs were treated with oxLDL and FFA on day 1. Supernatants were collected from
the chip reservoirs on day 3 for a LC-MS/MS analysis. b oxLDL treatment resulted in up- and
downregulation of secreted proteins with and without export signal compared to a control
sample without cells. GO term analysis of the differentially secreted proteins with blood
secretion signal revealed a response of the cholesterol metabolism to the oxLDL treatment. ¢
and d Venn diagram highlights proteins upregulated in the secretome and matched proteome
of SC-EC treated by oxLDL and FFA.
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3.5 Discussion
In this study, we manufactured an open microfluidic platform for engineering organotypic

endothelial vessel structures. The open microfluidic design enables the platform to interface
with all state-of-the-art analytical technologies, including single-cell RNA sequencing,
proteomics by LC-MS, and high-resolution imaging. Concomitantly, engineered endothelial
tissues can be functionally assessed under mechanical- and fluid-controlled culture
conditions. The manufacturing of the chip platform was robust, as validated by more than 500
lumens in the presented dataset. Although we only functionally analyzed lumens using COL1
hydrogels, microchannel formation was also positively confirmed for Matrigel or fibrin
hydrogels (data not shown), in support of general applicability of our OoC platform for all

commonly used tissue microenvironments.

After on-chip adjustment, our gravity-driven flow culture resulted in a wall shear stress of up
to 3 dyn cm? This value correlates with physiological flow in microcapillaries but,
unsurprisingly, is lower compared to flow in larger vessels 1. In contrast to physiological flow,
the shear stress on our chip platform was generated with a rock shaker and is therefore
bidirectional. Nevertheless, functional validation showed that our SC-EC vessels recapitulate

vascular barrier integrity and physiological processes such as sprouting.

We previously resolved the transcriptomic trajectory of SC-ECs during microvessel formation
in a hydrogel microenvironment®.. In this study, we used the same SC-EC for the luminal
vessel structure. Single-cell transcriptomic data, particularly velocity analysis, revealed
dynamic cell state changes of SC-EC from static to flow culture conditions. Live/dead staining
of SC-ECs on the chip under flow and static conditions revealed no differences (Figure S3a),
however, SC-EC retrieval from the on-chip static culture condition resulted in a higher dead
cell count, suggesting generally lower cell stress of SC-ECs under flow culture conditions. This
is probably related to the expression of stress-related genes like NQO1 or ROMO1'73,
especially in the “static” cluster. Notably, the resolved SC-EC cell states were in accordance
with the morphological and functional phenotypes of the chip, including sprouting, barrier-
forming, and flow-exposed ECs. SC-EC under shear flow upregulated the shear stress-
responsive genes essential for vascular function, including KLF2/KLF4 under flow
conditions?®®, Most strikingly, the higher transcriptomic correlation of the SC-EC cultured under
flow culture conditions with adult arterial ECs demonstrated the flow maturing effect on the
SC-ECs. Staining for endothelial markers (CD31), sprouting markers (DLL4 and ARP3189),
static marker (ANGPT2%®), barrier marker (CLDN5*83%), and flow induction marker (KLF4%)
substantiated the single-cell transcriptomic data at the protein level, and hence to translate

into biological function.
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Another central finding derived from our vessel-on-chip model is the identified transcriptomic
upregulation of NO synthesis, respective signaling genes, such as eNOS (NOS3), and
CAMK2D under flow culture conditions. In stark contrast, SC-EC cultured under static
conditions revealed increased expression of genes known to downregulate eNOS function,
e.g. NOSTRIN, NOSIP, and CAV1'. An on-chip quantitative assay (Figure 8, j) indeed
verified the opposing effects of shear versus static culture conditions on NO synthesis, and by

extension, on the in vivo endothelial cell behaviort®®.

Beyond the characterization of the organotypic EC culture on-chip, we validated the general
functional relevance of our new chip platform by modeling the pathogenesis of atherosclerosis.
Given oxLDL particles shown to be involved in the induction of the early characteristic events
of atherosclerosis?® and excess FFA present in patients with atherosclerosis, we treated our
SC-ECs with FFA or oxLDL to potentially address FFA pathomechanisms?®t. One hallmark of
oxLDL is the uncoupling of NO production in the ECs via eNOS inactivation'®®. Functional
changes, high ROS production, and reduced NO synthesis were indeed observed in the SC-
EC vessels-on-chip. The proteome of SC-ECs under oxLDL treatment reflected the ROS-
induction, ER stress, and antioxidant stress responses. Particularly, the DEPs ENG?,
CYBG?2, and HMOX1' are known regulators of endothelial NO synthesis and
mechanistically link induced ROS with the functional phenotype of reduced NO synthesis.
Notably, the increased ROS occurrence upon oXxLDL treatment was ameliorated in SC-ECs
by adding the sortilin inhibitor TY52156. However, TY52156 did not rescue NO production,
indicating that either the ROS-reducing effect of TY52156 could not compensate for NO-
synthesis or both responses not being directly interlinked.

Additionally, FFA treatment induced a proteomic stress signature in SC-ECs with overlapping
DEPs in response to oxLDL stress. In contrast to the oxLDL treatment and to in vivo
experimental data, NO production and ROS concentrations were not altered compared to the
controls. One explanation for this finding can be the relatively short treatment of 48 h. FFAs
are stored in the SC-ECs in small lipid droplets as shown by the BODIPY staining (Figure 10,
c). Comparably to in vivo conditions, endothelium initially buffers excessive FFA loads by
storing them in lipid vesicles and degrading those lipids by lipolysis?®3. Therefore, long-term in
vitro studies are required to answer this question. Notably, an immediate ROS-protective
response was initiated through the upregulation of the heme-oxygenase system for both
treatments. Vitronectin was an additional upregulated DEP after oxLDL and FFA treatments.
Evidently, vitronectin is central to atherosclerosis progression?®*. Elevated vitronectin levels
have been suggested as potent biomarker of coronary artery disease?®. Vitronectin detection
within the secretome after oxLDL treatment underpins the relevance and applicability of the

chip for new biomarker discovery.
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One limitation of our study is the bidirectional laminar flow profile at a lower wall shear stress
regime of up to 3 dyn/cm? on the vessel-on-chip platform. Under physiological conditions,
blood flow occurs unidirectional, where the wall shear stresses vary largely depending on
organ function, vessel size, or viscoelastic parameters of the blood. For example, shear rates
in capillaries or lymphatic vessel are in the order of 2 dyn/cm?, whereas in larger arteries the
shear stress ranges from 10 as high as 70 dyn/cm? 5. Engineering in vitro tissue models on
chip is a balance between simplicity in terms of cost-effective handling and screening versus
the complexity of the in vitro tissue. The presented vessel-on-chip platform provided a dynamic
microenvironment, in which the SC-ECs established a complete endothelial barrier function,
matured to arterial-like ECs, showed NO-secretion comparable to in vivo vessels, and enabled
higher throughput screening. On the other hand, perturbed flow, which is defined as turbulent
flow at low shear stress, will promote atherosclerosis under in vivo conditions. To which extent
the bidirectional flow on-chip, but also long-term culture times contribute to the atherosclerosis
model remains to be resolved. From a future perspective, unidirectional flow and higher wall
shear stress can be established on our chip by adopting gravity flow concepts developed for
closed?®® microfluidic channel networks, increasing the hydrodynamic flow pressure by

increasing the volume of the fluid reservoirs, or the tilt angle of the chip.

In summary, we developed a robust and easy to use open OoC platform for screening parallel
endothelial functions using standard laboratory equipment. The reported integration of stem
cell-derived endothelial cells offers the opportunity to study in vitro endothelial development,
tissue-specific toning, and immune interactions at high resolution and at single-cell levels.
Beyond the increasing number of vessel-on-chip platforms, our open and general design of
the chip allows it to ‘host’ seamlessly any epithelial cell type. Combined with the open hydrogel
design, our setup facilitates the engineering of more complex, and particularly vascularized
tissues in a ‘plug and play’ manner, to our knowledge for the first time. More broadly, our
platform opens new avenues for universal use to engineer larger and more complex
tissue/organs considering the integration of gene editing tools or patient-specific stem cell
lines. Our approach thus serves the urgent need to replace animal models/reduce animal use
by developing a novel, functionally reliable, and easily customizable vascularized human OoC

platform.
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3.6 Extended Data

Supplement Figures can be found in the publication this chapter is cited from: Marder, M.%,
Remmert, C.5, Perschel, J. A., Otgonbayar, M., von Toerne, C., Hauck, S., Bushe, J.,
Feuchtinger, A., Sheikh, B., Moussus, M. and Meier, M. (2024). Stem Cell-Derived Vessels-
on-Chip for Cardiovascular Disease Modeling. Cell Reports. doi:
10.1016/j.celrep.2024.114008.
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4 Vascularization of stem cell-derived 3-cells for diabetes
research

4.1 Declaration of contribution

Experiments, analysis, and results in the following chapter were conducted and evaluated by
me, if not otherwise stated. This included: all experiments with stem cell-derived islet-like
clusters (SC-ILC), functional assays, staining, the single-cell RNA sequencing (scRNAseq)
experiment, and data analysis. Sandra Wiedenmann and | did the CellChat analysis. Nicole
Rogers differentiated hiPSCs to SC-ILC until early stage 6 (S6). Maren Marder acquired the
scRNAseq control data of stem cell-derived endothelial cell (SC-EC). Figure design and writing
was done by me. The study was designed by Matthias Meier, and me. Heiko Lickert and
Henrik Semb advised the study with their knowledge about islet biology.

4.2 Introduction

The endocrine pancreas consists of the islets of Langerhans, which are responsible for the
secretion of hormones into the bloodstream. The islets contain various endocrine cell types,
the majority of which are insulin-producing B-cells. The B-cells' counterparts include glucagon-
producing a-cells and somatostatin-secreting &-cells?®’. The coordinated interaction of all
endocrine cells is important for precisely regulating blood glucose levels. The
microenvironment of islet cells consists not only of endocrine cells, but also of extracellular
matrix (ECM) and other cell types such as stromal cells, macrophages, nerve cells and blood
vessels, all of which influence endocrine functionality?°®. Although the islets comprise only 1-
2 % of the pancreatic volume, they are supplied with about 15 % of the blood®. The islet
microvasculature is essential for the function of endocrine cells, especially for B-cells. It plays
a role in the onset and progression of diabetes, resulting in morphological changes in the
microvasculature?®. In the islet niche, endothelial cells (ECs) and B-cells signal bidirectionally
by secreting molecules, ECM, and through cell-cell interaction?!°. Islet-ECs secrete ECM
molecules and synthesize the basement membrane, which is important for the function and
survival of islet cells. At the same time, B-cells secrete angiogenic factors such as VEGF,
which influence the vessels' size, density, and migration’®21°, |t has been shown that islet-ECs
are important for the development and proliferation of B-cells?!!, improve glucose-stimulated

insulin secretion, and increase insulin content?10212,
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Diabetes mellitus is a metabolic disorder that leads to impaired insulin secretion and
hyperglycemia. Diabetes can be divided into two major groups: Type | diabetes (T1DM), which
is caused by the destruction of 3-cells due to an autoimmune reaction, and Type Il diabetes
(T2DM), which is characterized by stress-induced exhaustion and dysfunction of (-cells.
Various metabolic, environmental, genetic, and immunological factors influence both types?2,
Patients require lifelong insulin therapy to treat hyperglycemic events and insulin injections
remain the standard care particularly for TADM and late-stage T2DM. However, the disease
is not cured and patients who fail in normalizing blood glucose levels suffer from secondary
complications, shortened life expectancy or life-threatening hypoglycemic events®®. Thus,
different approaches have been studied to protect and regenerate the B-cell mass including
immunotherapy’®, bariatric surgery?'4, pharmacological interventions?*® or cell replacement
therapy®. Cell replacement therapies, in which pancreatic islets are transplanted, can re-
establish glycemic control, decrease the risk of hypoglycemic events, and prevent life-
threatening complications associated with diabetes’. Currently, approved replacement
therapies for T1DM include transplantation of cadaveric islets or whole pancreas and allow
independence from exogenous insulin for more than 10 years 881, However, the limitation of
islet transplantation is the shortage in donor material and the reliance on immunosuppressive
drugs which inhibit the widespread adoption of pancreatic or islet transplantation therapies.
Here, differentiation of human pluripotent stem cells, such as human induced pluripotent stem
cells (hiPSCs), hold promise as they can serve as an unlimited source of stem cell-derived
islet-like cluster (SC-ILC)%+2%6, SC-ILC respond to glucose concentrations in secreting insulin
and show transcriptional similarity to native islets. However, compared to the transcriptome
and function of primary human islets, they are of an immature character?!’. Maturation requires
an in vivo environment, as shown in rodent transplantation studies®. More research is needed
to improve differentiation and in vitro cultivation protocols to further mature SC-ILC. In addition,
SC-ILC transplantation still requires immunosuppression and continued research is needed to
develop immune-protective strategies like encapsulation’, co-transplantation with immune-
regulatory cells® or improving the transplantation site?'8. Islet vascularization is particularly
important when considering encapsulation strategies and alternative, rather avascular,
transplantation sites. SC-ILC lack any vascularization, and cadaveric islets lose most of their
vasculature during isolation®. The low vascular density leads to poor graft survival, resulting
in delayed and suboptimal glycemic control. Prevascularization of the graft has been shown
to improve graft survival, revascularization, and function and can positively affect B-cell
maturation®. However, generation of a fully hiPSC-derived vascularized transplant has not

been shown so far and there is a lack in in vitro stem cell models to study islet-EC interactions.
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Here we developed an in vitro encapsulation model for the vascularization of SC-ILC. We
mimicked the islet microenvironment using stem cell-derived ECs (SC-ECs), stromal cells,
and a hydrogel to investigate the interaction profiles of SC-ECs and SC-ILC. The SC-ECs and
SC-ILC used can be differentiated from the same hiPSC line. In the future, this will make it
possible to differentiate both cell types from a clinically established cell line or to produce
autologous transplants. In addition, a stem cell-derived model has the advantage that early
stages of embryonic development or patient-specific backgrounds can be investigated.
Further, human adipose-derived stromal cells (hASC) were used offering the possibility of
autologous isolation and have been reported to positively influence graft survival®*?1® and islet
function??%221 Using this model, we show that vascularization enhances insulin secretion from
stem cell-derived B-cells (SC-B). Single-cell RNA sequencing (scRNAseq) and cell-cell
communication analysis revealed a specific and direct interaction between SC-ECs and
endocrine cells. We show that this interaction benefits all cell types involved and that both SC-
B-cells and SC-ECs matured and adapted to the islet microenvironment. The identified
interaction pathways can be used as targets for SC-ILC maturation in the future. Although
diabetes primarily affects B-cells, there is evidence that a-cell dysfunction contributes to the
disease???. Here we show that islet vascularization positively influenced a-cell function.
Vascularized SC-a-cells secreted glucagon at physiological glucose levels and showed
expression of maturation markers similar to transplanted islets. Altogether, our vascularization
model can help to better understand the interaction between ECs and endocrine cells,
especially B- and a-cells. In the future, our model can be used to build patient-specific in vitro

models that could be used for diabetes research.
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4.3 Material and Methods

Resource table

Reagents used in this chapter can be found in the text or in Table 3 or Table 5.

Table 3: Chemicals and recombinant proteins.

REAGENT or RESOURCE ‘ SOURCE ‘ IDENTIFIER
Chemicals, recombinant proteins, reagents

Accutase Sigma Aldrich A6964

ADSC growth medium bulletKit Lonza PT-4505
BSA 10% Thermo Fisher Scientific 37525

BSA fatty acid free Proliant Biological SKU68700
collagen type | hydrogel Corning 354236
Collagenase P Roche 11213857001
DAPI Sigma Aldrich D9542
Donkey serum abcam ab7475
EDTA AppliChem A4892
EGM-2 Sigma Aldrich C-22011

FBS Sigma F7524

FGF2 Miltenyi Biotec 130-093-838
Fibronectin Thermo Fisher Scientific 33010018
Geltrex Thermo Fisher Scientific A1413302
Glucose Thermo Fisher Scientific A2494001
GlutaMAX Thermo Fisher Scientific 35050038
Heparin Sigma H3149
Matrigel Corning 354277
MCDB131 medium Thermo Fisher Scientific 10372019
MEM non-essential amino acids Thermo Fisher Scientific 15333581
ROTI® Histofix 4% PFA Carl Roth P087.6
Somatostatin Sigma S1763
StemMACS™ iPS-Brew Miltenyi Biotec 130104368
StemPro-34 Thermo Fisher Scientific 10639011
tissue freezing medium Leica 14020108926
Trace elements A Thermo Fisher Scientific 15333641
Trace elements B Thermo Fisher Scientific 15343641
Trypan Blue Sigma T8154
VEGFA Peprotech 100-20-250
Y-27632 Biozol APE-A3008-10
ZnS0O4 Sigma 20251

HiPSC culture

HiPSCs were cultured on tissue culture plates coated with diluted Geltrex (Life Technologies,
#A1413302) in StemMACS™ iPS-Brew medium (Miltenyi Biotec, #130104368). Cells were
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cultured under standard culture conditions (37°C, 5% CO;) and medium was changed daily.
HiPSCs were splitted with 0.5mM EDTA (AppliChem, Cat#A4892) at 70% confluency. Cells
were checked for mycoplasma with the MycoAlert PLUS Mycoplasma Detection Kit (Lonza,
Cat#LT07-703) according to the manufacturer’s protocol. For this study, an unpublished
reporter line was used that was adapted from the published mCherry C-peptide clone
HMGUI001-A-8%2%, For this study, only the mCherry C-peptide expression was of interest.

Differentiation of stem cell-derived B-cells from hiPSCs and cell culture procedures

HiPSCs were differentiated to SC-ILC according to a published protocol®. In brief, hiPSCs
were single cell dispersed and seeded at 0.6 x 10° cells mlIt in 30 ml spinner flasks or 6 well
ultra-low attachment plates (ULA, Corning, Cat#3471) with 10uM Rock inhibitor Y-27632
(Biozol, #APE-A3008-10). Before differentiation was started, the cells were cultured as 3D
aggregates for at least 2 days. In a 6-stage protocol, cells were differentiated to SC--cells.
Beginning of stage 6 (S6), cells were reaggregated to reduce the number of off-target
products. Therefore, S6 cells were washed with PBS, dispersed with Accutase (Sigma Aldrich,
Cat#A6964) for approximately 30 min and filtered through a 40 um cell strainer (pluriSelect,
Cat#43-10040-40). Single cells were seeded at 1 x 106 cells mI* in ULA plates (S6 medium
with 10puM Rock inhibitor Y-27632) and placed on an orbital shaker at 100 rpm at 37°C and
5% CO.. Medium was changed every day. After 14 days in S6, medium was changed every

other day. Composition of the S6 medium (S6M) can be found in Table 4.

Table 4: S6 medium.

REAGENTS FINAL CONCENTRATION VOLUME for 100 ml [ml]
MCDB131 medium 100
Glucose 0.46gl? 0.23
BSA 0.02 g mIt 21g
GlutaMAX 100x 1x 1.04
P/S 100x 1x 1.04
MEM non-essential amino acids 100x 1x 1.04
Trace elements A 1000x 1x 0.105
Trace elements B 1000x 1x 0.105
ZnS04 10mM 10 uM 0.105
Heparin 50 mg/ml 10 pg mit 0.02

Human adipose tissue-derived stromal cells (hASCs) were purchased from ZenBio (NC, USA,
donor ASC062118A) and maintained in routine 2D cell culture using Adipose Derived Stem
Cell Growth Medium (Lonza, Cat#PT-4505). hASCs were used at passages 5-9 for

experiments.
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To differentiate endothelial cells (SC-EC), hiPSCs (AICS-0036-006, Corielle Institute) were
differentiated in a 3D shaking culture approach as described before®31224, The protocol was
slightly adjusted by extending the differentiation protocol until day 10. From day 7 to day 10,
cells were matured in StemPro-34 medium (Life Technologies, Cat#10639011, see Table 1)
with 15% FBS (Sigma, Cat#F7524), 100 ng/ml VEGFA (PeproTech, Cat#10-20-100) and 100
ng/ml FGF2 (Miltenyi Biotech, Cat#130-093-838). Successful differentiation was determined
by flow cytometry analysis and staining for the EC marker CD31-FITC (BD, Cat#555445) and
the smooth muscle cell marker CD140b-PE (BD, Cat#558821). For purification, SC-ECs were
cultured on fibronectin-coated plates (Sigma, Cat#33010018, 5 pg/ml final concentration)
leading to a SC-EC population of >90% after 1 or 2 passages. Standard SC-EC culture was
performed on fibronectin-coated plates in StemPro-34 medium supplemented with 15% FBS,
100 ng/ml VEGFA and 100 ng/ml FGF2. Medium change was done every other day. SC-ECs
could be passaged and were used until passage 6. For passaging, cells were washed with
PBS-/- and detached with Accutase. The reaction was stopped with StemPro-34 medium
followed by a centrifugation at 200xg and 5 min. SC-ECs were resuspended in supplemented
StemPro-34 medium and seeded in a 1:2 ratio in T75 flasks. For cryopreservation, detached
SC-ECs were resuspended in FBS with 10% DMSO.

Generation of a vascularization model for SC-ILC

To generate the vascularized co-culture (vCo-culture, SC-ILC with hASC and SC-EC in a
hydrogel) and Co-culture (SC-ILC with hASC in a hydrogel), a collagen type | hydrogel
(Corning # 354236) was neutralized for pH=7.0 with the appropriate proportions of 10xPBS,1
mM NaOH and H.0 to obtain 2.5 mg ml, mixed thoroughly and placed for 1 hour on ice. After
the incubation, the collagen | hydrogel was mixed with an equal volume of hESC qualified
Matrigel (Corning, Cat#354277, stock concentration 8 mg ml?). For cell seeding, hASCs and
SC-ECs were dispersed to single cells. For the vCo-culture, 12 x 10® hASCs and 3 x 103 SC-
ECs were seeded in 5 ul hydrogel in an p-Slide Angiogenesis (ibidi, #81501, uncoated). For
generating the co-culture, 12 x 10° hASCs were seeded in hydrogel. For both conditions, SC-
ILC were resuspended in hydrogel and pipetted into the prepared hydrogel-cell-suspension,
aiming for 2-6 aggregates per well. Hydrogel cultures were incubated for 30 min at 37°C to
allow polymerization before 50 pyl medium were added. Samples were cultured at 37°C, 5%
CO; for seven days. Medium was changed every day. For medium condition testing, cells
were cultured either in S6 medium (S6M) or in a 1:1 mix of S6M and the endothelial growth
media EGM2 (Sigma, #C-22011), or StemPro34 supplemented with 15% FBS, 100 ng/ml
VEGFA and FGF2, respectively. For the normalization of functional assays, SC-ILC were

counted in each well on day 0. Besides the two hydrogel cultures, SC-ILC were cultured in
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suspension for the time of the experiments to have a comparable control without hydrogel and
hASCs.

Hormone secretion assay

A static glucose-stimulated insulin secretion (GSIS) assay was performed to assess the ability
of SC-ILC to secrete insulin. Therefore, SC-ILC and hydrogel cultures were transferred to a
96-well V-bottom plate and starved for 2 hours in Krebs Ringer Buffer (KRB, 129 mM NacCl,
4.8 mM KCI, 1.2 mM KH2PO4, 1.2 mM MgSO4, 2 mM CaCl;, 24 mM NaHCO3) with a
concentration of 2.8 mM Glucose. After 1 hour of starvation, the buffer was renewed. Samples
were washed and incubated for 1 hour each in KRB with 2.8 mM Glucose or 20 mM Glucose.
Supernatants were collected after each step, followed by a washing step. In total, two cycles
of low and high glucose concentrations were performed. Last, samples were incubated in KRB
with 30 mM KCI and 2.8 mM Glucose for 1 hour; supernatants were collected afterward. All
supernatants were stored at -20°C until the insulin concentration was quantified with an ultra-
sensitive human insulin ELISA kit (Mercodia, Cat#10113201) according to the manufacturer

protocol.

For the glucagon secretion assay, cells were prepared and starved as described before. Next,
cells were incubated in the following buffers for 1 hour each: 7 mM glucose, 20 mM glucose,
100 ng/ml somatostatin in 2.8 mM glucose buffer, 30 mM KCl in 2.8 mM glucose buffer. Each
step was followed by a washing step in the respective buffer before the next incubation was
started. Glucagon concentration in the collected supernatants was quantified with a glucagon
ELISA kit (Mercodia, Cat#10-1271-01) according to the manufacturer's protocol.

Microscopy and immunofluorescence

Live images were taken with a confocal microscope (LSM-880, Zeiss). For immunostainings,
cells and hydrogels were fixed in 4% paraformaldehyde (ROTI Histofix) for 30 min at RT.
Samples were washed in PBS-/- and dehydrated at RT using a sucrose gradient of 10% (w/v)
and 30% (w/v) for 2 hours each, followed by overnight incubation in a 1:1 mixture of 30%
sucrose and tissue freezing medium (Leica, # 14020108926) at 4°C. The next day, samples
were embedded in cryo tissue molds in tissue freezing medium on dry ice. Samples were

sectioned into 10-20 um slices at the cryostat for immunofluorescence staining.

For staining, sections were dried for 30 min at RT, rehydrated in PBS-/- for 20 min, and
permeabilized for 20 min at RT (0.1 M glycine, 0.1% TritonX-100 in PBS-/-). Next, samples
were blocked in blocking buffer (10% FBS, 0.1% BSA, 3% donkey serum in PBS-Tween (0.2
%), 0.1 M glycine) for 2 hours at RT. Sections were incubated in staining buffer (0,1% BSA,
PBS-Tween (0.2 %)) with primary antibody overnight at 4°C. The next day, samples were

washed 3 times for 10 min in PBS-/- before incubating with secondary antibody for 3 hours at
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RT. All secondary antibodies were diluted 1:500 in staining buffer. Sections were washed 3

times in PBS-/-, mounted in Vectashield mounting medium PLUS (Vector Laboratories, #VEC-

H-1900-10) and z-stacked images were taken with a confocal microscope (LSM-880, Zeiss).

All antibodies used can be found in Table 5.

For image analysis, the area of expression was analyzed in z-projected images with FIJI.

Measured values were normalized to the expression of DAPI. For statistical analysis, samples

were tested for normal distribution with a Shapiro test. Equal variances were tested with a

Bartlett test. If normally distributed, a one-way-ANOVA was conducted. A Tukey post-hoc test

was performed afterward.

Table 5: Immunofluorescence antibodies used for the characterization of the vCo-

culture.
REAGENT or RESOURCE ‘ SOURCE CATALOG NUMBER
Primary Antibodies
CD31, rabbit (1:100) Invitrogen PA516301
Insulin, guinea pig (1:300) BioRad 53300104G
Glucagon, mouse (1:2000) Sigma G2654
Ki67, rabbit (1:200) abcam ab211968
NKX6.1, rabbit (1:100) Cell Signaling 54551S
SCL18A1, rabbit (1:500) ATLAS HPA063797
CD44, mouse (1:100) Merck MAB4065
Cleaved Caspase3, rabbit (1:300) Cell Signaling 9661S
Somatostatin, mouse (1:500)
Collagen3A1, rabbit (1:50) Novus NB600-594SS
Integrin B1, mouse R&D MAB17781
Integrin a1, rabbit R&D MAB56761
E-Cadherin, rabbit Cell Signaling 3195S
Collagen IV, rabbit abcam ab6586
MCAM, mouse Invitrogen MA1-25100
NCAML1, rabbit Cell Signaling 99746S
Midkine (MDK), rabbit abcam AB52637-1001
MIF, rabbit abcam AB187064-1001
VEGF, rabbit biotechne AF-293-SP
GPR56, rabbit Life Technologies 720373
Secondary Antibodies
Cy3, anti- guinea pig Biozol Diagnostica 706-165-148
AlexaFluor-488, anti-guinea pig Jackson Immuno Research JIM-706-545-148
AlexaFluor-647, anti-guinea pig Jackson Immuno Research 706-605-148
AlexaFluor-555, donkey anti-rabbit Thermo Fisher Scientific A31572
AlexaFluor-488, donkey anti-mouse Thermo Fisher Scientific A32766TR
AlexaFluor-647, goat anti-mouse Thermo Fisher Scientific A31571
AlexaFluor-488, donkey anti-rabbit Jackson Immuno Research JIM-711-545-152
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Whole mount immunofluorescence staining

For whole mount staining in the hydrogel, cells were fixed with 4% PFA (ROT]I Histofix) for 30
min at RT and washed with PBS afterward. Samples were permeabilized with PBS + 0.1%
Triton X-100 for 30 min at RT, washed with PBS and blocked for 2 h with blocking buffer “light”
(0,1% BSA, PBS-Tween (0.2 %), 0.1 M glycine). Hydrogels were stained with primary
antibodies (Table 5) in staining buffer for 2 days at 4°C. Primary antibodies were washed out
thoroughly with PBS for 30 min before secondary antibodies were added in staining buffer.
Secondary antibodies were incubated overnight at 4°C. Next, samples were washed with PBS

for 30 min and mounted in Vectashield for imaging.

Sample preparation for single-cell RNA sequencing

For single-cell RNA sequencing, samples were washed with PBS, treated with a 1:1 mix of
Collagenase P (18 U final concentration, Roche 11213857001) and Accutase and incubated
for 30 min at 37°C. Successfully dissolved hydrogels and a single cell suspension was
confirmed under the microscope before harvesting the cells in PBS + 10% FBS. The cells
were centrifuged at 300xg for 3 min, washed with PBS + 2% BSA (Thermo Scientific,
Cat#37525) and filtered with a 20 um cell Pluristrainer (pluriSelect, Cat#43-50020-023). Cells
were counted with TrypanBlue (Sigma, Cat#T8154) and a cell viability of over 90% was
confirmed. RNA libraries were generated using Chromium Single Cell 3’ library and gel bead
kit v3.1 (10x Genomics, Cat#1000269 and #1000127). The amplified cDNA library was

sequenced on a NovaSeq S2 flow cell from lllumina.

Pre-processing of scRNAseq data

Raw sequencing data files were demultiplexed, aligned (reference genome hg38_ensrel96),
filtered, barcodes and UMIs counted, and subjected to a quality filter with CellRanger
(10xGenomics). The pre-processing and downstream analysis were performed with the
package Scanpy'* in python with default parameters, if not stated differently. CellRanger-
processed data were first concatenated. Next, dead or stressed cells, identified by a
percentage of mitochondrial genes higher than 15%, were filtered out. Cells with more than
80000 total counts or cells with less than 200 expressed genes were excluded. Also, genes
expressed in only 1 cell were rejected. Afterwards, gene counts were normalized to 10 per
cell and log transformed. Additionally, total gene counts, cell cycle genes and mitochondrial

genes were regressed out. Doublets were detected with the doubletDetection®** package and

regressed out.

Clustering and cell type annotation
The single-cell neighborhoods were calculated with 10 nearest neighbors, principal

components were calculated, and cells clustered with the Leiden algorithm. For visualization,
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UMAP was used to reduce dimensionality of the data. Cell types were annotated based on
known markers from literature. Cell type proportions and gene expression analysis were
performed based on the defined categorical clusters. Endocrine subcluster was defined by the
expression of CHGA and the identified endocrine Leiden clusters. For endocrine
subclustering, Leiden cluster identified as endocrine cells were subclustered into a new
AnnData, raw genes were loaded and filtered. Doublets, total gene counts and mitochondrial

genes were regressed out.

For the analysis of vCo-, Co-culture, and SC-ILC, subclustering was done on the concatenated

AnnData according to INS and GCG positive Leiden clusters.

To compare SC-ECs from the vCo-culture to a control, CellRanger-files were loaded and
concatenated. AnnData files were filtered and processed as described before and an EC
subcluster was extracted after Leiden clustering. Subclustering was performed as described
before. For this analysis, a batch correction??® was necessary, which was performed on both

the complete and subclustered AnnData.

Velocity analysis of the scRNAseq data

For further analysis of the scRNAseq data, a velocity analysis was performed. We analyzed
the RNA velocity by recovering directed dynamic gene information through splicing kinetics in
basic mode following the scVelo!®* standard pipeline. Variables and observations, like cluster
annotation and UMAP coordinates were accessed from the Scanpy analysis as described
above. The splicing matrix was generated by default settings of the velocyto??’ pipeline. After
concatenating splice matrix and scanpy information, splice variants and cells were filtered,
normalized, and logarithmized with the function scv.pp.filter_and_normalize. The moments,
based on the connectivity, were calculated in the next step. Then, velocities and the base root
cell were assessed by the sc.velo® algorithm and represented in a UMAP embedding stream

projection.

Pathway analysis

For KEGG pathway analysis??®, the SC-a-cells were subclustered according to Glucagon
expression and DEGs of vCo-culture, Co-culture, and SC-ILC were calculated. The top 300
DEGs were exported. The contribution of the exported DEGs to respective pathways was
calculated with the gseapy package?®® (p-value cut off = 0.05, log2 foldchange minimum =
0.25). Interesting pathways were extracted from the analysis and pathways with a
-log10(adjusted p-value) > 2 were stated as significantly upregulated. For the GO-term
analysis, the SC-EC subcluster was analyzed with the gseapy package??® and the significance

was calculated by comparing DEGs with the "Biological Processes 2023" database®.
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CellChat analysis

For cell-cell communication analysis, the R package CellChat version223! and tutorial®®? was
used. Therefore, the h5ad files of the vCo-culture and Co-culture were transformed to R
compatible Seurat?®*234 files and analyzed independently. In the Seurat objects Leiden
clusters of the same cell types were combined. The human database CellChatDB was
imported for the analysis. The communication pathways "Secreted signaling”, "ECM receptor"
and "Cell-cell contact" were selected from the CellChatDB. Of all the interaction pathways
revealed by the CellChat analysis, only those involving interactions between SC-ECs and

endocrine cells were selected for deeper analysis.

Statistical methods

Statistical methods used are indicated in each figure legend. Data was generally tested for
normal distribution and equal variances with a Shapiro and Bartlett test, respectively. Next,
we performed a One-way ANOVA and Tukey's post hoc test. For insulin and glucagon
secretion assays, a stimulation index related to the first low glucose peak of each sample was
calculated. This was necessary as other normalization methods like DNA or insulin content
could not be used due to the culture with other cell types. For the GSIS analysis, samples with
a negative stimulation index were excluded, as this indicated an error in the measurement

process such as insufficient washing.
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4.4 Results

Formation of vascularized SC-ILC using a self-organized culture

For the vascularization of stem cell-derived islet-like clusters (SC-ILC) a self-condensation
culture was established using human adipose-derived stromal cells (hASC) and hiPSC-
derived endothelial cells (SC-ECs) in a collagen 1 (COL1)/Matrigel hydrogel (referred as
vascularized co-culture, vCo-culture) (Figure 12, a). To enable live imaging of vascular
structures during the culture, we used a GFP-expressing hiPSC line to differentiate SC-ECs.
Within seven days of culture, the hydrogel started to condensate, and the migration of SC-
ECs towards and the formation of vascular structures around the SC-ILC embedded in the
hydrogel could be observed (Figure 12, b and Extended Data Figure 1, a). To ensure that
the imaged GFP signal originated from SC-ECs, we stained the endothelial marker CD31 and
observed a match of both signals. In the vCo-culture, SC-ILC and SC-ECs could be found in
close proximity to each other suggesting a direct cell-cell contact (Figure 12, ¢). The culture
with other cell types and the change of the standard medium condition can affect each cell
identity. Therefore, staining of CD44 confirmed the unchanged identity of hASC after seven
days in the vCo-culture (Extended Data Figure 1, b). As SC-ECs, SC-ILC, and hASC all
require different mediums in routine cell culture, it was tested how different growth media
influenced the vCo-culture. Therefore, the culture medium was optimized by evaluating SC-
EC integrity and SC-B-cell functionality. We tested three different growth media, the stage 6
B-cell medium (S6M) and either a mix of S6M with the endothelial growth medium EGM2 or
StemPro34 (both in a 50%:50% ratio). Both endothelial growth media also contained the EC
growth factors VEGFA and FGF2. The integrity of SC-ECs was analyzed based on the level
of vascular structure formation. In cultures with S6M, SC-ECs showed a lower vascular
structure density than SC-ECs cultured in a mix of S6M with EGM2 or StemPro34. However,
when analyzing SC-B-cell functionality with a glucose-stimulated insulin secretion assay
(GSIS), the S6M condition showed the highest insulin stimulation index. Particularly with the
EGM2:S6M medium, GSIS results showed impaired SC-B-cell stimulation in 6 out of 8
replicates in at least one stimulation cycle (Extended Data Figure 1, c, d). Based on these
results it is possible to conclude that SC-B-cell functionality should be prioritized over the level
of vascular structure formation and that the S6M condition should be used for further
experiments. Next, the viability of cells in the vCo-culture was assessed. Therefore, the
apoptotic state of cells was analyzed by staining for caspase 3 in its cleaved, activated form.
Cleaved caspase 3 staining identified some apoptotic, mainly insulin-negative, cells within the
SC-ILCs of the vCo-culture. However, the level of apoptotic cells appeared not significantly

changed compared to SC-ILC from the suspension culture (Extended Data Figure 1, e).
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Figure 12: Establishment of a stem cell-derived vascularization model of SC-$-cells that
enables increase in insulin secretion. a Differentiated stem cell-derived islet-like clusters
(SC-ILC) were transferred in a hydrogel supported by stromal cells (hASC) and stem-cell
derived endothelial cells (SC-EC, GFP positive) forming a self-organized vascularization
model. Cells were co-cultured for seven days forming a vascularized co-culture (vCo). As a
control, SC-ILC were cultured only with hASCs (Co). b Overlay of brightfield and fluorescent
real-time images showing the condensation of the hydrogel and the formation of vascular
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structures (green). Scale, 500 um upper panel, 50 uym lower pannel. ¢ Whole mount staining
of a vCo-culture depicting the signal consistency of GFP and the endothelial cell marker CD31.
Scale, 50 ym. d-f Known endocrine marker staining showing the expression of insulin (INS),
glucagon (GCG), somatostatin (SST) and the transcription factor NKX6.1, the proliferation
marker Ki67 and the endothelial cell marker CD31 in the respective samples (d, SC-ILC, e,
Co-culture, f, vCo-culture). Scale, 25 um. g Analysis of marker expression in the three sample
groups. Immunofluorescent stainings were imaged, the area of expression analyzed and
normalized to the DAPI expression. The data was acquired in 1-6 independent experiments
with n =2 7. Significance was tested with a one-way ANOVA and Tukey’s post-hoc test for each
marker. h Glucose stimulated insulin secretion of the three sample groups depicted as
stimulation index. p values of mean of experiment were calculated with a one-way ANOVA and
Tukeys post-hoc test, 4-5 independent experiments were conducted with n = 9. Error bars
indicate an 85% confidence interval.

For the further evaluation of the vCo-culture, we conducted experiments with two control
groups: i) SC-ILC in suspension culture to evaluate the effect of the hydrogel culture, and ii)
SC-ILC cultured with hASCs in a COL1/Matrigel hydrogel to obtain a direct comparison of the
effects of SC-ECs on the vCo-culture (referred to as Co-culture). To determine whether the
cytoarchitecture of SC-ILC is maintained in the hydrogel cultures, immunofluorescent
stainings were performed. All three conditions showed the expression of endocrine cell
markers, including insulin/NKX6.1 positive SC-B-cells, glucagon positive SC-a-cells,
somatostatin positive SC-6-cells, and some proliferating cells (Ki67 positive) (Figure 12, d-f).
When comparing the proportion of insulin-, glucagon, and somatostatin-expressing cells, no
significant difference could be observed between the conditions (Figure 12, g). On average,
SC-ILC in the three conditions contained 35 + 2 % insulin and 17.5 * 3.5 % glucagon-positive
cells but only 2.5 £ 0.7 % somatostatin-positive cells. Also, proliferation did not change
significantly between the conditions (Extended Data Figure 1, f). To analyze the response of
vCo-culture SC-B-cells to glucose stimulation, a GSIS was performed and compared to the
results of the two control groups. Here, insulin secretion was significantly increased in the vCo-
culture. Surprisingly the Co-culture did not increase insulin secretion significantly in
comparison to control SC-ILC, showing a benefit of the vCo-culture over both controls (Figure
12, h).

vCo-culture leads to a transcriptomic change in the SC-a-cell population

Next, we performed single-cell RNA sequencing (scRNAseq) to evaluate the transcriptomic
changes of the endocrine cells associated with the vCo-culture in comparison to the SC-ILC
control (Figure 13, a). With a Collagenase P/Accutase digestion of the hydrogel and SC-ILC,
a live cell recovery rate >90% could be achieved, and retrieved cells were used as input for

scRNAseq. The quality parameters of the sequencing run are shown in Extended Data Figure
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2. After high-quality scRNAseq data filtering, single-cell transcriptomes of 11374 cells were
obtained from both conditions. We could identify nine distinct cell populations using Leiden
clustering!®® and two-dimensional data reduction (UMAP)® of the single-cell transcriptome
data. The identified clusters could be annotated to different cell types according to previously
published marker genes (Figure 13, b, ¢ and Extended Data Figure 3). Cell clusters only
found in the vCo-culture condition could be annotated to SC-ECs and hASC/stromal cells and
showed the typical gene expression like PECAM1, KDR, and FLT1 or CD44, THY1, and
PDGFRB, respectively. In both conditions, endocrine cell clusters were observed including
INS, MAFA, MAFB, NKX6.1, and ERO1B expressing SC-B-cells?®; GCG, ARX, and IRX1
expressing SC-a-cells''’; and SST and HHEX expressing SC-b-cells. We also identified
enterochromaffin cells, a known side product of the hiPSC differentiation to SC-ILC.
Enterochromaffin cells synthesize and secrete serotonin in the gut and express genes required
for serotonin production (TPH1 and SLC18A1)%%. Further, another off-target cluster was
identified expressing KRT19, KRT17, SPP1, and CDH1 that we annotated to exocrine-like
cells®®” (Figure 13, d and Extended Data Figure 3). SPP1 was previously identified as a

marker of undifferentiated pancreatic progenitors and proliferative ducts in mice®,

For the further and deeper characterization of the endocrine cells, all cells that showed a high
expression of CHGA were subclustered (Figure 13, e-g). CHGA is a neuroendocrine secretory
protein known to be expressed in endocrine cells?*®. The endocrine subcluster contained
single-cell transcriptome data from 5646 cells from both conditions. As in the previous
analysis, SC-B, SC-a, SC-5, and enterochromaffin cells were identified. Since reduced
proliferation is an important hallmark of mature B-cells''’, cell cycle genes were analyzed in
the subcluster analysis. However, no difference in the distribution of proliferating cell types
could be observed. The proliferating cluster contained cells from both conditions that
expressed proliferation-related genes like MKI67 or PCNA (Figure 13, h). In the cluster, mainly
INS- and/or GCG-positive cells and enterochromaffin cells were found. This is consistent with
the immunofluorescence staining (Extended Data Figure 1, f), which also showed no

difference in proliferation between vCo-culture and SC-ILC.

Interestingly, SC-B-cells from both conditions clustered together and gene expression of
known maturation and functional genes was comparable. SC-B-cells showed the expression
of known B-cell identity genes like INS, NKX6.1, ERO1B, and DLK12%* and mature B-cell
markers including MAFA, IAPP, UCN3, CPE, PCSK1, and ABCC8'Y. For cells in the SC-6-
cell cluster, we observed the expression of the known &-cell markers SST and HHEX, but also
of e-related genes like GHRL and ACSL1 (Figure 13, h). Surprisingly, the main transcriptional
difference between vCo-culture and SC-ILC was observed in the a-cell population. We,

therefore, named the a-cell clusters according to their conditions: a-cells SC-ILC or a-cells
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vCo-culture. SC-a-cells of both conditions expressed known a-cell identity genes, including
GCG, ARX, IRX1/2, LOXL4, and DPP42%:241 Nevertheless, the transcriptomes from SC-a-
cells of vCo-culture and SC-ILC barely overlapped, indicating a transcriptional difference apart
from the known marker genes. Apart from the SC-a-cells, the proportions of cell types in the
different conditions remained comparable (Figure 13, i). Compared to the
immunofluorescence staining (Figure 12, g) we identified less SC-f cells within our scRNAseq
(21.5 + 2.5 %), whereas the population of SC-a-cells was slightly higher (25.5 = 2.5 %). One
explanation can be variations in the differentiation efficiency, which is still one main obstacle
of SC-ILC differentiations?*2243, However, when comparing our cell type distribution with other
scRNAseq datasets®’?44 from SC-ILC, they are comparable, confirming that transcriptome and

protein expression cannot be considered identical.

To better decipher the transcriptomic changes between SC-ILC and vCo-culture, we also
performed scRNAseq of the Co-culture. We subclustered for cells of our main interest, INS
and/or GCG positive SC-- and SC-a-cells (Figure 14, a). Interestingly, a Pearson correlation
analysis highlighted the transcriptomic similarity between vCo-culture and Co-culture, but a
missing correlation to SC-ILC (Figure 14, b). Again, we saw a considerable convergence of
SC-B-cell transcriptome profiles which contrasted with the SC-a-cells showing transcriptional
variations between the conditions (Figure 14, c, d). We identified a SC-a-cell cluster that
contained 60% of cells from the vCo-culture and 37% cells from the Co-culture. Whereas a
second SC-a-cell cluster contained 95% cells of SC-ILC origin (Figure 14, e). Next, we
reconstructed the single-cell data into developmental trajectories by calculating RNA velocity
to gain a better understanding of the dynamic changes in SC-a-cell transcripts. Interestingly,
the velocity lines revealed a distinct separation of the two identified a-cell populations
indicating a transcriptomic change within the SC-a-cells in the different conditions. Next, we
investigated whether the velocity lines were indicative of a-cell maturation. To this end, the
gene enrichment score for upregulated genes obtained from grafted SC-a-cell and human islet
a-cell single-cell datasets® was calculated within our single-cell transcriptome data. Strikingly,
the enrichment score increased in the SC-a-cell cluster of vCo- and Co-culture origin, thus
supporting a maturation effect of SC-a-cells in both cultures (Figure 14, f, g). The similar
transcriptional profiles of SC-a-cells of both hydrogel models (vCo- and Co-cultrue) to the in
vivo data additionally demonstrated that the models can mimic the in vivo microenvironment

better than SC-ILC in shaking culture.
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Figure 13: Single-cell transcriptomic analysis of vCo-culture shows a transcriptomic
change in the a-cell population. a Cells from the vCo-culture and SC-ILC from the shaking
culture were dissociated to single cells and used for 10x Genomics single-cell RNA
sequencing. b and ¢ Major cell clusters separated based on cell type (b) or vCo-culture versus
SC-ILC origin (c) shown as cluster in a Uniform manifold approximation and projection (UMAP)
plot. d Gene expression patterns of the selected cell marker genes used for cell cluster
assignments. e Cells expressing the endocrine marker CHGA were subclustered to an
endocrine dataset for further analysis. f and g Major endocrine cell clusters separated based
on cell type (f) or vCo-culture versus SC-ILC origin (g) shown as cluster in a UMAP plot. h
Normalized expression level of DEGs for the respective endocrine cell clusters. i Cell
distribution according to the identified endocrine cell clusters.
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Figure 14: Subcluster of SC-B- and SC-a-cells indicates SC-a-cell maturation in vCo-
and Co-culture. a ScRNAseq of the vCo-culture, Co-culture and SC-ILC was performed,
datasets were concatenated, and endocrine cells of interest were subclustered. b Pearson
correlation plot depicts a correlation of vCo-culture and Co-culture and a negative correlation
to SC-ILC. ¢ Leiden cluster (resolution 0.5) of the integrated scRNAseq dataset. Cluster of
SC-a- and SC-B-cells are indicated. d UMAP plot of the three acquired single-cell
transcriptomic data sets. e Barplot depicts the distribution of cells in the different Leiden
clusters according to sample origin. Legend is the same as in d. f Single-cell transcriptomic
velocity analysis. Velocity streamlines showed the transcriptomic state progression within the
Leiden cluster. g Enrichment score of a-cell maturation genes from upregulated genes in
grafted and human islet a-cells within our scRNAseq dataset.

Cell communication analysis reveals interaction pathways of SC-ECs and endocrine cells

ECs produce the islet ECM and interact with the endocrine cells 245. Based on this knowledge,
we wanted to know how the endocrine cells interact within the vCo-culture. To identify specific
interaction pathways between SC-ECs and endocrine cells, the interaction profiles of the vCo-
culture were compared to those of the Co-culture. We, therefore, performed an analysis of
cell-cell communication using CellChat?*, identifying 92 interaction pathways between cell
types. Identified pathways included secreted signaling, ECM-receptor and cell-cell interactions
and were filtered for interactions between SC-ECs and endocrine cells. Within the vCo-culture,
the endocrine cell types SC-B-, SC-a-, and SC-6-cells showed the strongest interaction with
SC-ECs functioning as strong signal senders towards SC-ECs. SC-ECs, on the other hand,
showed an overall equal signaling strength towards all cell types in the culture but received

most of the incoming signals. Expectedly, hASCs that represented the islet stromal cells in the
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culture strongly interacted with SC-ECs but also showed interaction with the endocrine cell
types (Figure 15, a). In comparison, the SC-ECs were missing as interaction partners in the
Co-culture. Here, hASCs functioned as the strongest signal sender to endocrine cells whereas
the endocrine cells showed similar interaction patterns to all cell types in the culture (Extended
Data Figure 4, a).

As anticipated, ECM-receptor interaction pathways were found in the CellChat analysis
highlighting the role of ECs and islet stromal cells in secreting the islet ECM and basement
membrane?*’. In the vCo-culture, SC-ECs expressed the ECM molecules collagen IV, laminin
02, a4, a5, B1, B2 and y1, the heparin sulfate proteoglycans perlecan and agrin?® (HSPG2
and AGRN), and fibronectin (FN1), all known to be important for B-cell functionality and insulin
expression and secretion?®, Consistent with this, SC-B-cells expressed the known integrins
for ECM interaction, such as integrin 1, a1 and av?*%2%® and the non-integrin complex
dystroglycan also expressed on islet cells as an alternative laminin binding site?®* (Figure 15,
b, d, Extended Data Figure 4, b, Extended Data Figure 5, a). Expectedly, hASCs also
contributed to the secretion of most ECM molecules and took over the function of islet stromal
cells in forming the basement membrane (Figure 15, c). Besides, hASCs expressed collagen
type 1ll, which improves B-cell viability and function when it binds to its receptor ADGRGL1 on
B-cells (Figure 15, e). Additionally, this interaction has been described as protective in
T2DM?522%3 |n the Co-culture, hASCs expressed most ECM-related genes replacing the SC-
ECs in their role of ECM-secretion (Figure 15, b, ¢ and Extended Data Figure 4, b, c).

In the vCo-culture, we found pathways involved in the communication of SC-ECs and SC-8-
cells either through direct cell-cell interaction or by secreted signaling. The identified signaling
pathways can be broadly divided into interactions beneficial for angiogenesis, EC function,
and migration or for improving the health, functionality, and insulin secretion of B-cells. For
instance, SC-B-cells expressed angiogenic factors like VEGFAS825%4 MDK?%5:256 D|K1257:2%8
or WNT5A, that improves EC migration when binding to its receptor MCAM?*° (Extended Data
Figure 4, b and Extended Data Figure 5, b). SC-B-cells expressed plexins that interact with
their semaphorin ligands in ECs, influencing angiogenesis (pathways SEMA3-6)260-262,
Further, we found pathways involving genes like MIF?52, WNT5A2%3, SORT12%4, ROBO1/2%6°
or BMP5%¢ reported to be important for insulin secretion or B-cell development (Extended
Data Figure 5, b). For example, it has been shown that the WNT5A-FZD3 axis is important
for B-cell development?®’, a signaling axis we identified between SC-ECs and SC-B- and SC-
a-cells. Interestingly, pathways that involve signaling between SC-ECs and SC-B-cells were
absent in the Co-culture, providing a possible mechanism for why insulin sensitivity was only
increased in the vCo-culture. Those pathways included VEGF, SEMA4, and MIF signaling.

MIF has been reported to be important for insulin secretion but also influences EC survival

73



Results

and migration when binding to its receptor ACKR3 on ECs?%8. One signaling pathway exclusive
for SC-B-cells and SC-ECs was the CALCR pathway involving IAPP, known to have
glucoregulatory effects in B-cells. The binding of the IAPP-encoded protein amylin to its
receptors on ECs (including CALCRL) has been reported to function in vascular biology and

regulation of blood pressure°27,

Although the relationship between (3-cells, ECs, and stromal cells is well-studied, little is known
about the role of a-cells in this interaction. In the vCo-culture most interactions found were
between SC-B-cells, SC-ECs, and hASCs. However, SC-a-cells also showed a strong
signaling towards SC-ECs and expressed most angiogenic genes like VEGFA, MDK, MIF,
and WNT5A. SC-a-cells expressed integrins and dystroglycan for ECM interaction and
cadherins (E-cadherin, N-cadherin) for cell-cell interaction within the islet?”*. Further, SC-a-
cells expressed N-CAM that has been reported as a regulator of glucagon secretion?’>273 and
its receptor FGFR1 has been associated with islet development, survival, and cell
migration?’4275 (Extended Data Figure 4, b and Extended Data Figure 5, a and b). Thus, the
CellChat analysis indicates that SC-a-cells are also involved in the interaction with SC-ECs

and stromal cells, which can positively affect their function and maturation.
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Figure 15: Cell communication analysis reveals SC-EC to endocrine-specific signaling
pathways. a Cell-cell communication network of cell types in the vCo-culture. The signaling
strength between the cell types is symbolized by the line thickness within the graph network,
and dot size indicates the number of cells within one cell cluster. Cell type color code is
according to b and c. b-¢c Selected signaling pathways of vCo-culture (b) or Co-culture (c)
from the CellChat analysis, including secreted signaling, ECM, and cell-cell interaction
pathways. The diagrams show the relative interaction strength of cell clusters and highlight
the cell types with the strongest contribution to the respective signaling pathway, subdivided
according to sender and receiver. d-e Representative z-projected immunofluorescence of the
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vCo-culture (d) stained for SC-ECs expressing CD31 and Collagen IV (whole mount, scale,
50 um, dotted line indicates a SC-ILC) and SC-ILC expressing insulin (INS), glucagon (GCG)
or Integrin-a1 (scale, 25 um) and (e) stromal cells expressing CD44 and Collagen-3A or SC-
ILC expressing INS, GCG or GPR56 (ADGRG1). Scale, 25 ym.

Subtypes of SC-ECs from the vCo-culture express islet-EC-specific genes

The cell-cell communication analysis confirmed that islet-ECs and endocrine cells, especially
SC-B-cells, are interdependent and influence each other's function and maturation. In the
human body, islet-ECs are highly specialized and differ in their expression pattern from other
ECs in the body™. To further investigate the transcriptional profile of SC-ECs in the vCo-
culture, we extracted the SC-ECs from the scRNAseq data followed by Leiden clustering and
DEG analysis (Figure 16, a). We identified three distinct SC-EC subtypes which we further
characterized by Gene Ontology (GO) analysis. While in one cluster endothelial barrier and
junction genes were upregulated, cells of the other clusters expressed pathways involved in
ECM production and collagen organization or cell migration, respectively (Figure 16, b). SC-
ECs of the barrier cluster expressed known endothelial barrier genes such as claudin-5
(CLDNB5)?76, CDC422"7, KLF2278 or THSD127°, confirming a hallmark of EC function and vessel
biology. Endothelin-1 (EDN1) is found in native islet blood vessels where it can stimulate
insulin secretion by B-cells™®. EDN1 was expressed in the barrier cluster, however at a low
level. Consistent with the CellChat analysis, cells of the ECM-secreting cluster expressed islet
basement membrane components like FN1 and LAMA2 but also ECM-related genes such as
COL1A1, COLGBA1L 28° or LOXL12%8, Interestingly, collagen IV and nidogen, important islet
basement membrane proteins®®?, were expressed the highest in the barrier and migration
cluster. Cells of the ECM-cluster expressed matricellular protein-encoding genes (CTGF,
THBS1, THBS2) characteristic of islet ECs. Thrombospondin 1 (THBS1) is expressed almost
exclusively by the islet endothelium and is important for postnatal B-cell functionality”. At the
same time, connective tissue growth factor (CTGF) promotes B-cell regeneration and
modulates the response to high glucose concentrations’®. Consistent with studies in mice, SC-
ECs expressed SERPINA1, a proteinase inhibitor specifically synthesized by islet-ECs7%283,
Overall, this implies that SC-ECs express islet-EC identity genes and thus respond to the
environmental stimuli in the vCo-culture. However, some islet-EC-specific genes were barely
expressed, including HGF?84, important for glucose sensing and B-cell differentiation’, or
nephrin®® (encoded by NPHS1) a highly specific barrier protein. This indicates that SC-ECs
in the vCo-culture are responsive to the islet microenvironment but have not yet fully matured
into islet-ECs. In coherence with the observation that SC-ECs migrate towards SC-ILC in the
vCo-culture, we identified a cluster of migratory character. SC-ECs from this cluster expressed

genes involved in EC migration and angiogenesis, such as the VEGF-receptors FLT1 and
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KDR, confirming that SC-ECs react to angiogenic factors secreted by endocrine cells. In this
context, angiogenesis-related genes such as ADGRL42%%, TGFb1!° and HEY1%" were
upregulated, as well as CellChat identified migratory genes including ACKR3 or MCAM
(Figure 16, c-d).

To confirm that the observed transcriptional profiles are vCo-culture specific, we compared
the data with the transcriptome of SC-ECs cultured with hASCs but without SC-ILC. In
comparison to the vCo-culture, the culture parameters differed slightly in respect to the culture
medium (EC growth medium StemPro34 medium) and the hydrogel composition (COL1
hydrogel). The analysis shows that ECM and tight junction gene expression were comparable
between conditions. However, we observed a cell cluster from the vCo-culture that expressed
islet EC-specific genes, including SERPINAL. In addition, neuroligin- and neurexin-encoding
genes (NRXN1 and NLGN1)%® were expressed, which are thought to mediate direct cell
contact with B-cells. The islet EC-specific genes CTGF and THBS1 were also highly expressed
by a subset of SC-ECs in the vCo-culture, but also to a lesser extent by the control cells. When
comparing the DEGs of both conditions, genes related to VEGF signaling were expressed by
SC-ECs of the vCo-culture, confirming the targeted interaction of SC-ILC with SC-ECs through
angiogenic signaling. The genes include CFL12%, which is involved in EC migration after
VEGF stimulation; EDF-12°, a regulator of VEGF-induced NO release; and TM4SF182°,
which is involved in VEGF-mediated angiogenesis. THSD1 expression was also characteristic
for SC-ECs from the vCo-culture, which has been reported to have endothelial barrier

function?’® and mediate binding of ECs to ECM and basement membrane?®2.
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Figure 16: SC-ECs express EC-islet-specific genes in the vCo-culture. a SC-ECs were
extracted from the scRNAseq data of the vCo-culture and analyzed. Leiden clustering
revealed three distinct subtypes. b GO-term analysis indicates the specification of the SC-EC
subclusters into endothelial barrier, ECM-secretion, and migration subtypes. For GO term
analysis, all differentially expressed genes (DEG) were matched with the Biologic Processes
database and significance was calculated. The plot shows selected GO terms of each
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sample's 10 most significant pathways. ¢ Plots show characteristic DEGs for each cluster. d
Normalized expression level of DEGs for the respective SC-EC clusters. e Comparison of
vCo-culture SC-ECs to a control without SC-ILC reveals transcriptomic differences. The
control group contains SC-ECs cultured with hASCs in a collagen | hydrogel (StemPro-34
medium). Raw data was analyzed and subclustered together, and batch corrected with
harmony?2°.

SC-a-cells from the vCo-culture show increased sensitivity in glucagon secretion

Our data suggest a change in the transcriptome and maturation of SC-a-cells, possibly related
to an interaction with SC-ECs and hASCs. To further analyze the functionality of SC-a-cells,
we performed a glucose-dependent glucagon secretion assay (Figure 17, a). For this purpose,
the response of the culture system to different glucose concentrations was measured. In
mature a-cells, glucagon secretion is inhibited by glucose, and the &-cell hormone
somatostatin inhibits both glucagon and insulin secretion??2, Indeed, SC-a-cells from vCo-
culture and Co-culture showed significantly increased sensitivity to changes in glucose
concentration compared to SC-ILC control. This effect was maximal at 7 mM glucose. In SC-
a-cells from the vCo-culture, glucagon secretion was reduced by 40% compared to 2.8 mM.
In contrast, SC-ILC were not responsive to 7 mM glucose. Interestingly, a higher glucose
concentration (20 mM) was less inhibitory, and no significant difference in glucagon secretion
was detected between vCo-, Co-culture, and SC-ILC. However, compared to the secretion at
2.8 mM, all samples showed significantly decreased glucagon secretion. That 7 mM glucose
has a stronger inhibitory effect than higher glucose concentrations has also been reported by
others??2293, Treatment of the cells with somatostatin significantly reduced glucagon secretion
under all conditions. Here, SC-ILC showed less variability than vCo- and Co-culture, which
can be explained by the diffusion gradient of the hydrogel. The data shows improved SC-a-
cell functionality which can be attributed to the interaction with SC-ECs and/or hASCs and the
microenvironment. To better understand the induced functional changes in SC-a-cells, we
performed a Kyoto Encyclopedia of Genes (KEGG) pathway analysis of the SC-a-cell
subpopulations (Figure 17, b). To this end, we observed a significant upregulation of genes
involved in ECM-receptor interaction and focal adhesion in the vCo-culture, recapitulating the
results of the CellChat analysis. Compared to Co-culture and SC-ILC, Glycolysis and Pi3K-
Akt signaling pathways were also upregulated and are known to regulate islet function’:2%,
Changes in glycolysis indicate an altered metabolic activity and glucose sensing?®. Indeed,
glycolysis genes like GCK, PGK1, and ENO1!'" were expressed highest in SC-a-cells from
the vCo-culture (Figure 17, c¢). Immunofluorescent staining for ENO1 confirmed the
transcriptional observation on the protein level (Figure 17, d), indicating that the glycolytic

activity of SC-a-cells is altered in the vCo-culture.
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Figure 17: SC-a-cells from the vCo- and Co-culture show increased sensitivity in
glucagon secretion. a Representative ELISA measurement of secreted glucagon from vCo-
culture, Co-culture, and SC-ILC control. Cells were challenged sequentially with 2.8, 7 or 20
mM glucose with a 60-min incubation for each concentration. Cells were treated with 100 ng/ml
somatostatin (SST) in 2.8 mM glucose to block glucagon secretion. n = 23-30 of 6 independent
experiments. Significance was tested with a one-way ANOVA and Tukey’s post-hoc test. P-
values are indicated in the figure. b KEGG pathway analysis reveals specific pathways for
each condition. The 300 top DEGs of every condition were used for the analysis after gene
ranking. Significantly upregulated pathways had a -log10(adjusted p-value) greater than 2.
Other pathways of interest were selected and displayed. ¢ Dotplot shows normalized gene
expression of glucose signaling, secretion, and glycolysis genes. d Immunofluorescent
staining of the glycolysis enzyme ENO1, insulin (INS), and glucagon (GCG). Scale bar, 25um.
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4.5 Discussion

Islet function highly depends on the microenvironment of the islet niche, including supporting
stromal cells, the ECM, and a connection to vasculature to ensure optimal blood supply and
the fast response of endocrine cells to changes in blood glucose concentrations®®. Thus, the
functionality of endocrine cells, like B- and a-cells, and the secretion of hormones can be
influenced by microenvironmental cues, and islet-ECs have been shown to improve insulin
secretion of B-cells®®. The islet vasculature is particularly important for cell replacement
therapies in T1DM as fast graft survival and function have been connected to successful
revascularization at the transplant site®®. As cadaveric donor material for islet transplantation
is limited, SC-ILC hold great promise as an unlimited source of transplant material, enabling
large-scale production.

In this study, we engineered the islet microenvironment using a vascularized co-culture model
in vitro to investigate the interaction between islets, ECs, and stromal cells. For this purpose,
we developed a stem cell-based model system. This offers the advantage that all cell types
could be obtained autologously, or an established cell line could be used to differentiate SC-
ILCs and SC-ECs. In addition, a hiPSC-based model could enable patient-specific research.
As a stromal cell source, we used hASCs, which can also be obtained from the patient and
have been reported to have immunomodulatory functions®2202%_|n our in vitro model, we
observed the formation of vascular structures at the islet periphery, which enabled a direct
cell-cell interaction between SC-ECs and islet cells. Since the culture medium used did not
contain endothelial growth factors, the formation of vascular structures can be attributed to the
secretion of angiogenic factors by the islet cells, which was also confirmed by the CellChat
analysis. Consistent with previous studies®>®, we show that the presence of vascular
structures increased the response of SC-f3-cells to physiological concentrations of glucose by
increasing the insulin stimulation index. Importantly, the presence of stromal cells alone was
not sufficient to increase the stimulation index significantly, demonstrating that the vasculature

is critical for B-cell functionality.

Cell-cell communication analysis revealed signaling pathways between SC-ECs, SC-B-, and
SC-a-cells, which were absent in the Co-culture (Figure 15). This was especially true for
paracrine signals, which SC-B-cells and SC-ECs secrete. In the vCo-culture, we observed the
secretion of angiogenic factors by SC-B- and SC-a-cells, including VEGFA®8, MDK?®, or
DLK1%8, This is consistent with findings in vivo, where the induction of angiogenesis and the
formation of new blood vessels within the islets is crucial for islet function and development?*,

In addition, we identified signaling pathways that influence the functionality of both ECs and
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SC-B-cells, such as WNT5A29267  |APP269.270 or MIF262268 signaling, highlighting the
interdependence of both cell types. These interaction pathways disappeared when SC-ECs
were absent from the culture. This implies that the paracrine interaction between SC-ECs and
SC-B-cells critically influenced GSIS. Our findings suggest that treatment of SC-ILC with the
identified growth factors could improve the in vitro maturation and differentiation of SC-ILC.
Indeed, Chmielowiec et al?®’ showed that treating endocrine progenitors with WNT5A can
improve insulin secretion by SC-3-cells. However, we identified most interaction pathways not
only between SC-ECs and SC-B-cells, but also SC-a-cells. Future experiments could,
therefore, concentrate on screening the identified growth factors and studying not only insulin
secretion but also glucagon secretion by SC-a-cells. Consistent with the role of ECs and
stromal cells in secreting the islet ECM and the basement membrane®2°3 the CellChat
analysis highlighted ECM interaction as one of the main signaling pathways within the vCo-
and Co-culture. Although SC-ECs functioned as the main signal sender for ECM interactions
in the vCo-culture, the pathways were still identified in the Co-culture analysis. Interestingly,
stromal cells were now the signal senders of ECM interactions, except for the heparin sulfate
proteoglycan agrin, taking over the role of SC-ECs. Our data indicates that vascular-derived
ECM is important for endocrine functionality. However, comparing the GSIS results of vCo-
and Co-cultures, our data suggest that paracrine signaling and direct cell-cell interactions of

SC-ECs were responsible for the improved functionality of SC-B-cells in the vCo-culture.

Single-cell transcriptomic data, particularly velocity analysis, revealed a transcriptomic change
of SC-a-cells in the vCo-culture and Co-culture (Figure 14). Although most research focuses
on SC-B-cell differentiation and maturation, the mechanism underlying SC-a-cell maturation
is particularly interesting. It has been shown that mature a-cells can improve 3-cell functionality
and that the interdependence of both cell types is critical for precisely regulating blood glucose
levels??2297 Additionally, recent studies indicate that dysfunctional a-cells contribute to T1DM
progression?®®2%_ Since our data indicated the maturation of SC-a-cells, we investigated the
functionality of the cells in a glucose-dependent glucagon secretion assay (Figure 17).
Interestingly, SC-a-cells from both hydrogel cultures showed a significant improvement in
glucagon secretion at physiological glucose concentrations (7 mM) compared to SC-ILC.
However, blocking glucagon secretion with the d-cell hormone somatostatin resulted in a lower
stimulation index in SC-ILC compared to the two hydrogel cultures. A possible explanation for
this is the diffusion gradient in the hydrogel, which slows down the effect of somatostatin
compared to SC-ILC. In conjunction with the CellChat results, we conclude that SC-a-cell
functionality was not significantly affected by the absence of SC-ECs but by the absence of
stromal cells and a 3D environment. This indicated that ECM secretion and interaction strongly

influence SC-a-cell functionality. Treatment with ECM molecules such as laminin or collagen
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could therefore help to mature SC-a-cells in vitro. This conclusion was further supported by a
KEGG pathway analysis, which showed an upregulation of ECM-receptor interactions in SC-
a-cells from the vCo- and Co-culture. However, KEGG pathway analysis also identified the
significant upregulation of glycolysis genes in SC-a-cells from the vCo-culture. The
upregulation of glycolysis genes indicates improved glucose uptake and sensing. This is
important for the proper function of adult islet cells?*®> and is required to regulate insulin and
glucagon secretion precisely. Thus, the interaction with SC-ECs might trigger a change in
metabolic activity that could effect the long-term functionality of SC-a-cells. To investigate this
further, we plan future experiments using MALDI (Matrix Assisted Laser Desorption/lonization)
imaging to examine glycolytic metabolites in all three conditions. Islet metabolism is an
important component for islet functionality as has been already described by others”2%5,
Therefore, MALDI imaging could help to investigate our observations in the transcriptome data

further and gain insight into how vascularization affects islet metabolism.

The scRNAseq analysis identified not only endocrine cells but also enterochromaffin cells
considered as an off-target product of SC-ILC differentiation. The presence of
enterochromaffin cells as a by-product of in vitro differentiation is controversially discussed.
The discussions range from enterochromaffin cells as an off-target product and actual
intestinal originz*>2% to enterochromaffin cells as a pre-B-cell population of the fetal
pancreas®’. However, a high percentage of enterochromaffin cells indicates insufficient
maturation, and sorting SC-a- and SC-B-cells using antibodies?422443% could help to enrich

more mature SC-ILC in vitro.

To test our vCo-culture for the purpose of islet transplantation, we have performed initial
transplantation studies into the anterior chamber of the eye (ACE) of mice (data not shown).
One advantage of the ACE as a transplantation site is that in vivo re-vascularization can be
followed live post-transplantation®. This is particularly interesting because we assume that
pre-vascularization of the SC-ILC in vitro improves re-vascularization after transplantation.
However, we faced some problems with the ACE as a transplantation site. Although the ACE
is well suited for islet transplantation®*13%2, the vCo-cultures were larger than islets. This
resulted in a considerably higher risk of infection for the mice, which meant that several
animals had to be excluded from the experiment at an early stage. Thus, functional evaluation
post-transplantation was not possible due to limited cell material. We, therefore, aim for an
alternative transplantation site for future experiments, such as the kidney capsule or
subcutaneous space. The subcutaneous space is an attractive transplantation site as it is
easily accessible, allowing for easy surgical intervention and facilitating monitoring of the
graft?'®, The subcutaneous space is comparatively avascular, but this can be overcome by

pre-vascularization and possible encapsulation of the graft?®. The most common
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transplantation site in mouse studies is the kidney capsule, which allows the revascularization
of the transplanted islets and intravital microscopy. However, whether the vCo-culture can be
transplanted under the kidney capsule in terms of size remains to be proven. The hydrogel
must also be optimized in the future, as Matrigel is unsuitable for human transplantation

studiess®.

One limitation of the study was the limited number of vascular structures in the core of the SC-
ILC. In vivo, islets are highly vascularized throughout the islet, providing each endocrine cell
with rapid access to the blood system for hormone secretion. However, achieving a
vascularization of the islet core in vitro is challenging. To generate an organoid with a
homogeneous mixture of all cell types, reaggregation with ECs is usually performed®.
However, when we applied this protocol with SC-ECs, stromal cells, and SC-ILC, the
organoids were stable for a maximum of 1-2 days before endocrine cells and SC-ECs
separated from each other and formed distinct aggregates. The mechanisms underlying this
phenomenon remain to be investigated in the future. Despite this, we could show that the
vascularization in the vCo-culture is sufficient to increase SC-B-cell functionality in vitro. The
ScRNAseq analysis of the SC-ECs revealed that SC-ECs responded to the islet
microenvironment in the vCo-culture, but still need to mature further. Here, the induction of a
flow system could help to mature SC-ECs with applied shear stress. Whether a further
maturation of SC-ECs could also be beneficial for vascularizing the islet core remains to be
tested. This study investigated the effects of a hydrogel culture with SC-ECs and/or stromal
cells on endocrine functionality. Whether cultivation in a hydrogel alone without supporting

cells already has an effect on the endocrine cells, therefore, remains open.

In summary, we have developed a vCo-culture model for SC-ILC vascularization that improved
the functionality of SC-B- and SC-a-cells. Our model system provides new insights into SC-a-
cell maturation and revealed potential supplements for recently published??> SC-a-cell
differentiation protocols. We demonstrate the importance of cell-cell communication with ECs,
particularly for the functionality of SC-B-cells. Our model thus provides a platform with potential
utility for cell replacement therapy and disease modeling and gives new insights into the
biology of a- and B-cells. We present a culture model that could be generated fully
autologously, the next step for islet transplantation and future patient-derived diabetes

research.
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4.6 Extended Data
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Extended Data Figure 1. Related to Figure 12. Optimization of culture conditions and
characterization of vCo-culture. a Culture diameter reduction over the time of culture in vCo-
and Co-culture. n>45 in 2 independent experiments. b Staining of hASC marker CD44 and
insulin (INS) in the vCo-culture. scale bar, 100 ym. c-d Optimization of medium condition was
evaluated by vascular structure formation of SC-ECs (¢) and insulin secretion of SC-3-cells
(d). Medium conditions included the B-cell medium S6 (S6M) or a mix of S6M with two different
EC media: EGM2 or StemPro. Scale bar, 100 um. d Stimulation index of insulin secretion in
different medium conditions of the vCo-culture. n = 7-12 in 4 independent experiments, error
bars indicate a confidence interval of 85%, mean of experiment is depicted. e Staining of the
apoptotic marker cleaved caspase 3 in the vCo-culture and SC-ILC control from the
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suspension culture. scale bar, 100 um on the upper left image, 25 uym for all other images. f
Analysis of insulin and Ki67 expression in the three sample groups. Immunofluorescent
stainings were imaged, the area of expression analyzed and normalized to the DAPI
expression. The data were acquired in 1-2 independent experiments withn = 7.
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Extended Data Figure 2: Related to Figure 13. Quality control of the single-cell RNA
sequencing data of integrated vCo-culture and SC-ILC dataset. a-c Violin plots depict total
cell counts, number of genes by counts, and percentual mitochondrial gene counts of scCRNA
sequencing run without (a) and with the cell filtering procedure (b) and after endocrine
subclustering (c), respectively. d Doublet analysis before filtering and subclustering confirms
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high single cell encapsulation efficiency within the 10x run and thus a low doublet count. e-f
Uniform manifold approximation and projection (UMAP) plot depicts cells in cell cycle before
and after endocrine subclustering.
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Extended Data Figure 3. Related to Figure 13. Characterization of the vCo-culture by
single-cell RNA sequencing (scRNAseq). a The dot plot shows the normalized cluster mean
expression of marker genes used for cell type annotations in the concatenated data of vCo-

culture and SC-ILC.
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Extended Data Figure 4. Related to Figure 15. Cell-cell communication analysis reveals
differences in vCo- and Co-culture signaling. a Cell-cell communication network of cell
types in the Co-culture. The signaling strength between the cell types is symbolized by the
line thickness within the graph network. b-¢ Violin plots depict the expression of genes of
interest from the CellChat analysis in vCo-culture (b) or Co-culture (c).
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Extended Data Figure 5. Related to Figure 15. Cell-cell communication marker
expressed in vCo- and Co-culture. Representative z-projected immunofluorescent images
of CellChat identified markers such as (a) insulin (INS) and glucagon (GCG) and cell-cell
interaction proteins integrin-B1, E-cadherin, or NCAM1 and (b) proteins involved in secreted
signaling like MIF, MDK, VEGFA, MCAM or WNT5A. Scale, 25um.
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5 Direct monitoring of insulin secretion in stem cell-derived
B-cells by impedance spectroscopy

5.1 Declaration of contribution

In this chapter, the maintenance of stem cell-derived islet-like clusters (SC-ILC), the analysis
of supernatants by ELISA, staining, and imaging were conducted by me. Differentiations of
hiPSCs to SC-ILC were done by Nicole Rogers. Impedance measurements were done by
Franziska Zitzmann and Heinz-Georg Jahnke. The analysis of the impedance spectra was
done by Heinz-Georg Jahnke. For the experimental design of the study, | provided the
biological knowledge, whereas Heinz-Georg Jahnke and Franziska Zitzmann provided the
technical knowledge. The study was advised by Matthias Meier. Figure design and manuscript

writing was done by me.

5.2 Introduction

Diabetes mellitus is a metabolic disorder characterized by insufficient levels of insulin and can
be mainly grouped into type | and type 2 diabetes (T1DM and T2DM). Over 500 million people
are suffering from diabetes worldwide and incidences are rising’. The pathogenesis of
diabetes involves the destruction or dysfunction of insulin-producing p-cells. In T1DM, B-cells
get destroyed by an autoimmune reaction leading to hyperglycemia. Although first-line
medication treats hyperglycemia and the symptoms of insulin resistance, this does not restore
the lost B-cell mass and function. Here, cell-replacement therapy is one possible approach to
restore the lost B-cells and has the potential of re-establishing glycemic control, decreasing
the risk of hypoglycemic events, and preventing life-threatening complications associated with
diabetes. However, donor material shortage and the reliance on immunosuppressive drugs
inhibit the widespread adoption of pancreatic or islet transplantation therapies’. Human
induced pluripotent stem cells (hiPSCs) can be differentiated into insulin-secreting B-like cells
(SC-B-cells) in a multi-stage protocol following pancreas development®®. The generated stem
cell-derived islet-like cluster (SC-ILC) have several applications in diabetes research, like their
use for cell replacement therapy®-2'¢, modeling islet development and function3%°-3%, studying
diabetes onset®’’, or testing anti-diabetic drugs3°®-31°, However, differentiation efficiency is still
very variable and SC-ILC are of an immature phenotype 3!, Thus, further effort is necessary
to improve the heterogeneity, maturation, and function of SC-ILC to gain an authentic and
reproducible cell model*'?. Especially in the context of cell replacement therapy, screening of

the differentiated SC-ILC is necessary to identify mature cells and to improve differentiation
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protocols that still need further adaptation. The main characteristic of functional B-cells is their
insulin secretion after glucose stimulation. To this end, a glucose-stimulated insulin secretion
assay (GSIS) is performed, followed by the evaluation of secreted insulin with an enzyme-
linked immunosorbent assay (ELISA). This assay is elaborate in time and cost (>$2/well*®),
hindering high-throughput screenings of SC-ILC. Therefore, establishing a reliable, fast, and
cost-effective method for detecting insulin is necessary to expand SC-f3-cell screening not only

for maturation tests but also for diabetic drug screening.*3,

One monitoring technique for cell culture systems is impedance spectroscopy, which has
proven to be an automation-compatible technique for label-free real-time monitoring of 2D and
3D cultures. In combination with microcavity arrays (MCA), impedance spectroscopy is
suitable for 3D cell culture screening, e.g. for analyzing changes in morphology, testing drug
penetration and cytotoxicity'!!, or the electrophysiological properties of cardiomyocytes!*2. In
impedance spectroscopy, changes in current/voltage through the cells are measured while a
frequency shift is performed. Like this, electric resistance and capacitance of cells can be

monitored??”’.

In this study, we used impedance spectroscopy to monitor insulin secretion by SC-ILC. To this
end, we performed GSIS on an MCA chip and recorded the impedance changes in individual
SC-ILC. In addition to recordings with low and high glucose solutions, the impedance
measurement correctly mapped the inhibition of insulin secretion after treatment with a Ca?*
influx inhibitor. Overall, we report a new, fast, non-invasive method for screening SC-ILC
insulin secretion that could replace expensive ELISA analysis and is suitable for high-

throughput screening.
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Differentiation and culture of stem-cell derived B-cells

HiPSCs (For this study, an unpublished reporter line was used that was adapted from the
published mCherry C-peptide clone HMGUI001-A-8%2%, For this study, only the mCherry C-
peptide expression was of interest.) were cultured under standard conditions on Geltrex
coated plates (Life Technologies, Cat#A1413302) in StemMACS iPS-Brew medium (Miltenyi
Biotec, Cat#130104368). HiPSCs were differentiated into stem cell-derived islet-like clusters
(SC-ILC) according to a published protocol®. In brief, hiPSCs were single-cell dispersed and
seeded at 0.6 x 10° cells ml* in 30 ml spinner flasks or six well ultra-low attachment plates
(ULA) with 10uM Rock inhibitor Y-27632 (Biozol, Cat#APE-A3008-10). In a 6-stage protocol,
cells were differentiated into B-like cells following endocrine development. At the beginning of
stage 6 (S6), cells were reaggregated to reduce the number of off-target products. Therefore,
cells were washed with PBS-/-, dispersed with Accutase (Sigma Aldrich, Cat#A6964) for
approximately 30 min, and filtered through a 40 um cell strainer. Single cells were seeded at
1 x 108 cells ml*? in ULA plates (S6 medium with 10uM Rock inhibitor Y-27632) and placed on
an orbital shaker at 100 rpm at 37°C and 5% CO.. Medium was changed every day until S6
day 14, then the medium was changed every other day. Differentiated SC-ILC could be
identified by a positive mCherry signal indicating insulin-positive SC-f-cells. The composition

of the S6 medium can be found in Table 4.

Microcavity fabrication

Microcavities were produced by the selective laser-induced etching (SLE) process in fused
silica glass as reported before3!*. In brief, microcavities were designed as a truncated pyramid
structure with a side length of 400um and a height of 2/3 of the side length. The glass substrate
was processed with a 1030nm Yb: YAG laser and etched in KOH solution. Electrodes were

fabricated using a lift-off process.

Hormone secretion assay measured with impedance spectroscopy.

For impedance measurement, SC-ILC were handpicked according to size and mCherry
positivity and were starved in 2.8 mM glucose in Krebs-Ringer-buffer (KRB, 129 mM NacCl, 4.8
mM KCI, 1.2 mM KH2PO4, 1.2 mM MgSOs4, 2 mM CaCl,;, 24 mM NaHCOg) for 2 hours.
Afterwards, SC-ILC were transferred to microcavities, and impedance spectra were recorded
as previously described!?34, Briefly, bioelectronic analysis was performed with a high-
precision impedance analyzer Agilent 4294A and the self-developed IMATadvanced software
(500 Hz-5 MHz, 51 frequency measurement points, £10 mV amplitude, 0 V bias potential).
Each Microcavity array (MCA) was fabricated to contain twelve individual microcavities for 3D
cell culture. Low glucose (2.8 mM) impedance spectra were recorded for 10 min before

changing the buffer to 20 mM high glucose concentration. The corresponding glucose
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concentration was added to the buffer on the chip. Impedance spectra in high glucose were
recorded for 1 hour. Afterwards, KCl was added to the buffer reaching a concentration of 30
mM KClI, followed by 1 hour incubation. After each incubation step, 150 ul buffer were taken
for insulin ELISA analysis. The total volume of buffer within one medium reservoir was 1500pl.
Collected supernatants were analyzed for insulin concentration with an Ultra-sensitive Insulin
ELISA kit (Mercodia, Cat#10113201) according to manufacturer's protocol. For inhibitor tests,
buffer contained 250 uM diazoxide (Sigma, Cat#D9035).

Microscopy and immunofluorescence

For immunostainings, cells were fixed in 4% paraformaldehyde for 30 min at RT. Cells were
washed in PBS-/- and dehydrated at RT using a sucrose gradient of 10% (w/v) and 30% (w/v)
for 2 h each, followed by overnight incubation in a 1:1 mixture of 30% sucrose and tissue
freezing medium (Leica, Cat#14020108926) at 4°C. The next day, samples were embedded
in cryo tissue molds in tissue freezing medium on dry ice. Samples were sectioned into 10 um

slices at the cryostat for immunofluorescence staining.

For staining, sections were dried for 30 min at RT, rehydrated in PBS for 20 min, and
permeabilized for 20 min at RT (0.1 M glycine, 0.1% TritonX-100 in PBS). Next, samples were
blocked in blocking buffer (10% FCS, 0.1% BSA, 3% donkey serum, 0.1 M glycine in PBS-
Tween (0.2 %)) for 2 hours at RT. Sections were incubated in blocking buffer with primary
antibody overnight at 4°C. Primary antibodies were diluted in blocking buffer as follows: guinea
pig anti-Insulin (1:300, Bio-Rad, Cat#53300104G), mouse anti-Glucagon (1:2000, Sigma,
Cat#G2654), rabbit anti-cleaved caspase3 (1:300, Cell Signaling, Cat#96615S).

The next day, samples were washed 3 times for 10 min in PBS-/- before incubated with
secondary antibody for 3 hours at RT. All secondary antibodies were diluted 1:500 in blocking
buffer: anti-guinea pig Cy3 (Biozol Diagnostica, Cat#JIM706165148), anti-mouse
AlexaFluor647 (Invitrogen, Cat#A31571), anti-rabbit AlexaFluor488 (Invitrogen, Cat#A21206).

Sections were washed again 3 times in PBS, mounted in Vectashield mounting medium
(Vector Laboratories, Cat#VEC-H-1900-10) and imaged with a confocal microscope (LSM-
880, Zeiss).
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Impedimetric analysis allows monitoring of insulin secretion by stem-cell derived B-cells

For the impedimetric analysis, hiPSCs were differentiated to SC-ILC in a six-stage protocol®®
following pancreas development. As in in vivo islets, SC-ILC contain different endocrine cell
types, including SC-B- and SC-a-cells. Both cell types were verified within the SC-ILC by
staining of known markers and are represented by insulin and NKX6.1 positive SC-B-cells and
glucagon positive SC-a-cells (Figure 18, a). For the impedimetric monitoring, an MCA-based
sensor chip consisting of twelve individual square microcavities with a diameter of 400um was
used. Gold electrodes were attached to four sides of each cavity, enabling the measurement
of impedimetric signals. The fabrication of the MCA chip was done as previously described!*
and involved i) microcavity structuring in fused silica substrates using a laser etching process,
i) patterning of the gold electrodes, and iii) the assembly of all parts with a medium reservoir.
Each microcavity allowed for the analysis of a single SC-ILC and the monitoring of bioelectric
alterations within the SC-ILC. Given that we aimed to analyze SC-B-cell functionality with
impedance spectroscopy, a GSIS assay within the MCA chip was performed and the
impedance spectra were recorded in real-time. The MCA-chip setup enabled the screening of
up to twelve SC-ILC on a single islet level (Figure 18, b, d, €). SC-ILC diameter usually ranges
from 100um to 250um, and clusters contain up to a few thousand endocrine cells®'®. Thus, the
measured impedance is determined by all cells within the electric field contributing to the
impedance spectra with the cellular capacitance (cell membrane capacitance), the cellular

resistance (cell membrane resistance), and the intercellular resistance!'! (Figure 18, c).
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Figure 18: Microcavity array for impedance analysis of stem-cell derived B-cells. a
Differentiation of hiPSCs to stem cell-derived islet-like clusters (SC-ILC) in a six-stage
protocol. Stage 6 SC-ILC contain endocrine cells including insulin and NKX6.1 positive SC--
cells and glucagon positive SC-a-cells. scale bar, 100um. b SC-ILC were cultured in a 3D
shaking culture. For glucose-stimulated insulin secretion assay (GSIS), SC-ILC were
transferred to microcavities, and impedance spectra were recorded. Glucose concentrations
were changed on the microcavity array (MCA)-chip. ¢ Cross section scheme of a SC-ILC
within a microcavity. The total impedance results from the sum of individual cells in the electric
field, where each cell is characterized by its membrane capacity (Cmem) and membrane
resistance (Rmem). Additionally, the measured impedance is impacted by the extracellular
resistance (Rec). d For impedimetric measurements a multielectrode MCA-chip with four
attached cell chambers was used. Each cell chamber contains three measuring cavities. e
Image of a microcavity either empty (upper image) or with a glass sphere symbolizing a 3D
SC-ILC (lower image). Four gold electrodes are attached to each microcavity to allow
impedimetric analysis. Adapted from Ref.""":3'* with permission of the authors represented by
Dr. Heinz-Georg Jahnke.

To screen SC-ILC for their insulin secretion capacity, SC-ILC were starved in a low glucose
buffer (2.8 mM) and the respective impedance was measured as a baseline. When increasing
the buffer concentration to 20 mM glucose (high glucose), a decrease in impedance within the
first 10 min was detected followed by a slow increase back to baseline levels. Since the
differentiation efficiency varies between batches, but also between islets of the same batch,
differences in insulin secretion capacity are to be expected. Accordingly, we observed
variations in the relative change in impedance between different SC-ILC (Figure 19, a). To
confirm that the detected impedance changes were consistent with insulin secretion, the
supernatants of the MCA chip were analyzed. It is important to note that only the supernatant
of all twelve SC-ILC could be measured collectively, as the medium reservoir was connected

across all twelve cavities. In all samples, an increase in the insulin stimulation index in 20mM
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glucose was observed. Again, differences in insulin secretion were visible, reflecting the
observations from the impedance measurements (Figure 19, b). The insulin stimulation index
and the change in relative impedance showed a high correlation (Pearson's coefficient: 0.93),
confirming that the insulin stimulation index was reflected by the change in impedance (Figure
19, c). Additionally, the measured impedance spectra reflected published insulin secretion
curves of a dynamic GSIS in progression and timing®. It can therefore be postulated that

impedance spectroscopy can be used to monitor insulin secretion from SC-ILC in real-time.
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Figure 19: Glucose stimulated insulin secretion assay measured by impedance
spectroscopy. a Change in impedance was measured at 2.8 mM glucose as a baseline
before changing to 20 mM glucose (timepoint zero). Relative impedance spectra show the
response of single SC-ILC to a high glucose challenge (20 mM). n = 10. As the change in
buffer concentration led to short-term disturbances in the recording, the measurement in 20
mM glucose was started after 2 min (interrupted x-axis). b Supernatant analysis of SC-ILC
cultured in one microcavity chip representing 8-11 SC-ILC. Insulin concentration was
measured with an ultra-sensitive insulin ELISA kit and stimulation indices are depicted in the
figure. n = 9. Statistical analysis by students t-test, p-value is depicted in the figure. ¢
Correlation analysis of measured insulin secretion (stimulation index) to relative impedance
showing a Pearson correlation coefficient of 0.93. One datapoint represents the mean of one
experiment. n = 6. Outliers were removed when indicated in the python package seaborn-
boxplot.

Impedimetric screening of SC-ILC response to Ca?* -influx inhibitor diazoxide

We believe that impedance spectroscopy can be used for drug screening of SC-ILC in real
time. To test this, SC-ILC were treated with the Ca*-influx inhibitor diazoxide and their
impedimetric response was monitored. In a B-cell, glucose-mediated insulin secretion is
caused by glucose oxidation, leading to an increase in the ATP to ADP ratio. This results in a
closure of ATP-sensitive potassium channels (Kartp), followed by a membrane depolarization
and the influx of Ca?* through voltage-gated calcium channels. The increase of intracellular
Ca?" concentration triggers the exocytosis of insulin granules. Diazoxide activates Karp
channels, inhibiting Ca?*-influx into the B-cell and glucose-mediated insulin secretion®¢:316,
When treating the SC-ILC with Diazoxide, an increase in the minimal relative impedance was

observed and recorded spectra were near to baseline levels. When comparing the diazoxide
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treated samples to an untreated control group, a significant difference in relative impedance
could be observed. Here, untreated controls had a minimal relative impedance of 89.38 +
2.64%, whereas treated samples were at 97.5 £ 0.75% (Figure 20, a, b). When comparing
the relative impedance with the insulin stimulation indices, it was observed that the impedance
measurements also correctly mapped SC-ILCs that did not respond to treatment (Figure 20,
¢ marked with an asterisk). However, mean insulin stimulation index and relative impedance
only weakly correlated (Pearson coefficient: 0.176). This was mainly because of one
experiment, showing a high insulin stimulation index but only a weak change in relative
impedance (Figure 20, ¢ marked with an arrow). On closer examination of the sample group,
we found that the impedance spectra of three SC-ILCs showed the expected response. In
contrast, one SC-ILC did not react to the treatment with diazoxide (Figure 20, d). Due to the
chip design, the analysis of the insulin supernatant could only be performed for the entire batch
and not for individual SC-ILCs. Therefore, even a single secreting SC-ILC can falsify the
analysis. We can, therefore, conclude that impedance spectroscopy analyzed SC-ILCs for
their insulin secretion capacity more accurately than would be possible with traditional batch

analysis of multiple islets.
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Figure 20: Determination of SC-ILC response to Ca%*-influx inhibitor diazoxide. a Mean
relative impedance of SC-ILC in high glucose (20 mM) or with a treatment of 250uM diazoxide
to inhibit insulin secretion. The baseline was recorded in 2.8 mM glucose and is depicted (5
minutes before timepoint zero). At timepoint zero buffer concentration was changed to 20mM
glucose with or without diazoxide. n = 6. As the change in buffer concentration led to short-
term disturbances in the recording, the measurement in 20 mM glucose was started after 2
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min (interrupted x-axis). b Statistic analysis of the change of mean relative impedance of high
glucose and diazoxide treatment. The maximal change to baseline levels was calculated for
each experiment and plotted. For statistical test a student’s t-test was performed. *** p < 0.001.
c Correlation analysis shows weak correlation of impedance measurement and insulin
secretion after diazoxide treatment. Insulin secretion is depicted as stimulation index and
means of individual experiments are shown. Asterisks indicate two experiments correlating in
high stimulation index and strong change of relative impedance. Arrow indicates one outlier
that will be considered further in d. d Impedance spectra of one experiment (marked with arrow
in ¢) showing the variance in response of 4 single SC-ILC to a treatment with diazoxide. Red
curve indicates a responsive SC-ILC although treated with diazoxide.

55 Discussion

In this study, we demonstrate that impedance spectroscopy can be used to monitor insulin
secretion of SC-ILC in real-time. Therefore, an MCA-chip, we previously published!*, was
used to measure the changes in impedance of single SC-ILC. With the MCA-chip used, it was
possible to monitor up to twelve SC-ILC simultaneously. For the study, the measurement
protocol on the MCA chip was adapted, including establishing a protocol for changing the
GSIS buffer conditions without disturbing the SC-ILC in the microcavities (see Methods). We
demonstrate that the SC-ILC could be adjusted to baseline in a low glucose buffer (2.8 mM)
before changing the buffer concentration to high glucose (20 mM). At high glucose, the
impedance change was monitored in real-time and a response curve similar to traditional
dynamic GSIS curves was observed (Figure 19, a). In perfusion GSIS assays, islets typically
respond with increased insulin secretion within the first 10 minutes when exposed to high
glucose. Thereafter, insulin secretion falls back to baseline within 30 to 40 minutes via
plateauing . We show that this response could be measured with impedance spectroscopy
and that the change in impedance also reflected the insulin secretion curve over time. In
contrast to dynamic GSIS, we were able to measure this at the single aggregate level, whereas
traditional GSIS require the use of up to 100 SC-ILC to record one response curve®’. This
opens up new possibilities for screening assays, as with this technique 100 SC-ILCs could
also provide 100 individual results. Thus, the costs of expensive cell material could be

reduced, and the use of ELISAs could be replaced.

As an example of possible drug screenings with impedance spectroscopy, SC-ILC were
treated with diazoxide and their response was measured (Figure 20). We show that diazoxide
inhibited insulin secretion from SC-ILC, which was reflected in only marginal changes in
impedance. In particular, by measuring individual SC-ILC, outliers could be identified that

distorted the result of the insulin ELISA in the batch analysis. We were thereby able to show
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that impedance spectroscopy is suitable for screening individual SC-ILCs and thus achieved

more accurate results than with traditional GSIS assays that rely on batch analyses.

In particular, the screening of multiple drugs is conceivable in the future, requiring larger MCA
chips for higher throughput. We have recently published a 96-well plate MCA chip!!? that offers
the possibility for high-throughput screening and will be used in future studies. A limitation of
this study is that SC-ILCs exhibit high variability in their ability to secrete insulin. This can be
explained by the differences in differentiation efficiency. In addition, off-target products are
formed during differentiation, which further influence the efficiency®. Purification methods?+?
for purer SC-B- and SC-a-cell populations would therefore be advantageous to achieve more
uniform results, which would also reduce the number of replicates needed for future screening
experiments. Overall, the impedance spectroscopy on the MCA-chip has proven its
applicability for the screening of insulin secretion by SC-ILC in real time. In the future, this
method could therefore be used to screen for mature SC-ILC or to test compounds for SC-ILC
maturation, thus improving differentiation protocols. This brings us one step further to a high-
throughput analysis of in vitro generated islets for drug development, diabetes research and
therapy.
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6 Conclusion and Outlook

The vascular system is of central importance for all organ functions and endothelial
dysfunction is associated with many diseases, such as diabetes. With the increasing number
of diabetes cases worldwide, there is a need to develop alternative treatment options and
understand islet and endothelial biology and dysfunction better. This work therefore focused
on B-cell and endothelial cell (EC) biology, which was addressed in three interconnected

research projects.

To study the vascular system and early onset of metabolic damage to ECs better, scalable
Organ-on-Chip (OoC) models are needed that allow the deep characterization of the
engineered tissue in a more physiologic environment. In this thesis, a microfluidic vessel-on-
chip was developed and used for a multiomic characterization of stem cell-derived ECs (SC-
ECs). The 3D-printed chip allowed for fast prototyping and production, and the open design
enabled the easy extraction of cell material for downstream analysis. By using a rock shaker
to induce gravity-driven flow, a physiological shear stress could be generated, while at the
same time the parallel cultivation of many chips was enabled, which allowed upscaling. In
contrast to other OoC models, this enabled the extraction of single cells from the OoC platform
for single-cell RNA sequencing (scRNAseq) and proteome analysis. In addition, the use of
SC-ECs can offer the possibility to study endothelial development, tissue-specific toning, or
patient-specific backgrounds in OoC models. However, most of the current vessels-on-chip
use primary EC cell lines and it is unclear how SC-ECs will develop on-chip. The OoC platform
developed in this work enabled the cultivation of SC-ECs in an organotypic microchannel and,
to my knowledge, for the first time their in-depth characterization with scRNAseq, proteome
and secretome analysis on-chip. The detailed characterization revealed a flow-induced
maturation of SC-ECs towards an arterial phenotype as well as an increased nitric oxide (NO)
secretion - an important hallmark of functional ECs. In addition, functional readouts and high-
resolution imaging showed that SC-derived EC vessel structures recapitulated vascular barrier
integrity and sprouting angiogenesis. Using an atherosclerosis model it was shown that the
vessel-on-chip is suitable for investigating the effects of metabolic diseases on vascular
function. Proteome and secretome analysis revealed early onset of metabolic stress induced
by either oxidized low-density lipoprotein (oxLDL) or free fatty acids (FFA) treatment. In
addition to the multiomic analysis, functional assays and imaging confirmed early endothelial
dysfunction such as an altered NO synthesis, reactive oxygen species (ROS) production, and
the accumulation of lipids within the SC-ECs. Beyond current vessels-on-chip this thesis
therefore achieved i) the development of a scalable SC-derived vessel-on-chip; ii) the

maturation of SC-ECs validated on a functional and single-cell transcriptomic level; iii) the
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modeling of early endothelial dysfunction in atherosclerosis within SC-ECs; and iv) the

multiomics analysis of SC-derived vessels in a healthy state and under metabolic stress.

In the future, the vessel-on-chip could offer the possibility to study diabetes-related endothelial
dysfunction in more detail. In diabetes, chronic hyperglycemia, hyperinsulinemia, and insulin
resistance can cause vascular dysfunction and cardiovascular diseases such as diabetic
cardiomyopathy3!8, atherosclerosis, or retinopathy3331°, Additionally, the metabolic activity of
ECs is altered, resulting, for example, in increased glucose uptake by ECs3!8, Previous
organoid studies with SC-ECs from diabetic and non-diabetic patients, revealed that diabetic
SC-ECs show altered angiogenesis, and are more prone to oxidative stress and
inflammation®?°. The culture of diabetic SC-ECs or the treatment of SC-ECs with high glucose
concentrations on the vessel-on-chip could therefore help to obtain more detailed information
about early endothelial dysfunction in diabetes. In addition, the communication of ECs and
smooth muscle cells (SMCs) is altered in diabetes, as has been shown before®?'. However,
early biomarkers are missing to detect changes in EC and SMC functionality and crosstalk.
Here, co-seeding of SMCs and ECs can be used to mimic in vivo vessels more closely helping
to study SMC and EC crosstalk in health and vascular diseases. In addition, the further
upscaling of the vessel-on-chip platform could help to produce more conditions simultaneously
and enable the platform for robust biomarker and drug screening (ongoing patent process). In
the future, the general design of the OoC platform could enable the cultivation of other
epithelial cell types and thus open up possibilities for other research questions, such as the

design of an exocrine ductal epithelium on the chip.

In the second project, a vascularization model of stem cell-derived islet-like clusters (SC-ILC)
was established in vitro. As the vascular system and the interaction of ECs and endocrine
cells are essential for islet function and maturation, the in vitro vascularization could help to
mature SC-ILC (which are still of an immature phenotype in vitro), enhance our knowledge
about EC and endocrine communication, and improve transplantation outcome. Thus, this
thesis aimed to vascularize SC-ILC and investigate its effect on endocrine function. As current
vascularization models mainly use primary EC lines for islet vascularization, this thesis aimed
to use SC-ECs to study tissue-specific toning, allow patient-specific research, or the
engineering of autologous transplants in the future. Therefore, a vascularized co-culture (vCo-
culture) was established, and the functional and transcriptional changes were analyzed. Within
the vCo-culture, SC-B-cells showed a significant increase in function evaluated by insulin
secretion, while their transcriptomic profile appeared unchanged in comparison to controls.
While most research focuses on B-cell function, little is known about other cells of the islet
niche, including a-cells and ECs. ScCRNAseq analyses revealed that SC-ECs upregulated

angiogenesis-associated genes and adopted an islet-EC tone. In addition, transcriptional
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maturation of SC-a-cells occurred. Glucagon secretion assays confirmed the functional
maturation of SC-a-cells in the 3D environment, emphasizing the importance of the in vitro
generated microenvironment for the function of all islet cells. Using the acquired scRNAseq
data, this thesis aimed to study SC-ECs and endocrine crosstalk within the vCo-culture. The
most prominent interaction was observed between SC-B-cells and SC-ECs, including
communication pathways influencing angiogenesis, migration, and B-cell function. This
emphasizes that both cell types are important for each other’s function and that a directed
communication could be observed within the vCo-culture. In summary, this thesis i)
established a stem cell-derived vascularization model for SC-ILC; ii) showed an improved
functional maturation of SC-B- and SC-a-cells; iii) resolved transcriptional changes in the in
vitro model; and iv) identified a directed cell-cell communication between SC-ECs and

endocrine cells that could influence SC-B- and SC-a-cell functionality.

In the future, the established vCo-culture may help to investigate the interaction between SC-
EC and endocrine cells in diabetes. Further, the identified interaction pathways could be tested
for their role in SC-ILC maturation using compound tests. In addition, patient-derived iPSC
lines could be used to reveal how the interaction of ECs and endocrine cells is altered in
diabetes and to identify patient-specific differences. Further, the induction of a flow system is
promising for increasing SC-EC function within the vCo-culture and enabling long-term
cultivation. This can contribute to improving the overall health of the in vitro system. For
example, Jun et al*® have shown that a dynamic microfluidic culture increases viability and
function in human islets. The most intuitive flow induction approach would be transferring the
vCo-culture to the established vessel-on-chip platform. However, the first attempts were not
successful because the hydrogel was not stable enough and the lumen collapsed over time.
Here, adapting the hydrogel composition is a decisive step to enable long-term culture on the
vessel-on-chip. In addition, transplantation studies could be initiated to test the vCo-culture for
its use in cell replacement therapy. Also here, the hydrogel composition will need further

adaption to good manufacturing practice (GMP) standards.

The third project focused on the analytical screening of SC-ILCs to i) replace expensive insulin
ELISAs; ii) screen for mature SC-ILC; and iii) establish an alternative method for future drug
screening in diabetes research. To achieve those aims, impedance spectroscopy was used to
measure the impedimetric changes in SC-ILC caused by insulin secretion. The impedance
spectra correlated with the measured insulin concentration from the supernatant, indicating
that impedance spectroscopy was suitable for monitoring insulin secretion. A microcavity array
(MCA) chip was used to analyze differences in insulin secretion from individual SC-ILCs that
batch analysis cannot reflect. Thus, impedance spectroscopy offers the possibility for label-

free detection of insulin secretion, which can reduce the analytical costs of current secretion
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assays and enable high-throughput screening of SC-ILC. Screening of SC-ILC is particularly
relevant as current differentiation protocols produce heterogeneous, immature islet
populations. High-throughput screening of SC-ILC could therefore be used to improve
differentiation protocols and test compounds for SC-ILC maturation. To achieve this, the MCA
chip could be scaled up to a 96-well plate format in the future, which would also enable drug
testing. In this context, the use of SC-ILC from diabetic patients could offer the possibility of
patient-specific drug tests. In addition, MCA-based impedance spectroscopy can monitor 3D
cultures over a longer period. Here, long-term treatments on the MCA chip would be
interesting in investigating stress factors on SC-ILC. As the in vitro culture of SC-ILC requires
shear stress*, induction of a microfluidic system on the MCA chip could also be considered
to extend the time SC-ILC can be cultured in the chip setup. Impedance spectroscopy is also
of interest for use in OoC platforms. Transepithelial/endothelial electrical resistance (TEER) is
a common method for analyzing barrier tissue integrity3?2. Especially in endothelial research,
TEER measurements are used to investigate the endothelial barrier. Impedance spectroscopy
can be used as a technique to determine the TEER. By integrating measuring electrodes into
the vessel-on-chip system, an OoC system could, therefore, be developed in which the
endothelial barrier can be measured live and over a longer period of time. This would enable

the simple evaluation of the endothelial barrier on the vessel-on-chip.

In summary, this doctoral thesis has investigated various aspects of islet and endothelial
biology. The stem cell-derived in vitro models go one step further toward physiological 3D
models and show an improved replication of the in vivo microenvironment of islets and
vascular vessels, which helps to reduce animal experiments. In addition, all three projects can
be combined in the future to further investigate islet and endothelial biology in health and

diabetes.
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