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Abstract

Tissue growth and repair are essential for multicellular life and delicately organized like a
well-orchestrated symphony by spatio-temporally controlled cell proliferation and differentiation,
which is tightly linked to the production and remodelling of extracellular matrix (ECM). This is
particularly relevant during embryogenic development, postnatal growth and tissue regeneration after
injury. During tissue growth and repair, little is known how ECM gradients are formed and remodelled.
Once homeostasis is reached, maintaining steep gradients within tissues that are tightly associated with
organ function is crucial as well. As 2D cell culture approaches do not resemble the biophysical
characteristics of tissues, we developed a 3D uTissue platform that allows to investigate tissue growth
and maturation, and how this is regulated by the tensional state, cell phenotypes and ECM composition
at high spatiotemporal resolution in de novo grown uTissues. Tissue growth processes occur
sequentially, while the initial growth front is formed by proliferative cells that assemble a highly
stretched provisional fibronectin (Fn) matrix. As the tissue matures, the provisional Fn matrix is
interlaced and partially replaced by much stronger tension bearing collagen fibers in the mature inner
tissue core. We identified tenascin-C (TNC) in close proximity to Fn and myofibroblasts in the growth
front and in regions undergoing repair after tissue rupture events had taken place. The high transient
expression of TNC at the growing front was reduced over time as the tissue matured. Crucial other
players required to induce the tissue maturation process include tissue transglutaminase (TG2), broad
spectrum matrix metalloproteinases (MMP), transforming growth factor beta (TGF-B) signalling, as well
as the Fn strain and Fn-collagen interactions. Understanding how ECM gradients regulate tissue growth
and the transition of myofibroblasts into quiescent fibroblasts behind the growth front is crucial to

develop novel treatment strategies for wound healing, fibrosis and cancer.

Next, we took advantage of our uTissue platform to tune key parameters, i.e. tissue tension as function
of cleft angel, combined with the presence of supplemented pharmaceutical inhibitors, thus
parameters which are technically challenging to be tuned independently in a living system. As expected,
reducing cellular contractility through myosin Il inhibition reduces tissue tension and thus increases the
growth front curvature. Increased cellular contractility through TGF-B1 supplementation resulted in
increased tissue volume and narrowed growth front width in all different cleft angle geometries, which
underlines the prominent role of cellular contractility as regulator of tissue growth and maturation
processes. Furthermore, TGF-B1 supplementation did not prevent the reverse myofibroblast-to-
fibroblast transition as the tissues matured. Inhibition of fibronectin-collagen-interaction hampered the
tissue maturation processes in tissues grown in narrower clefts and subject to higher tissue tension

while reducing the mechanical stability as witnessed by an increased tissue rupture probability. Taken



together, we here show that tissue tension can be tuned in de novo pTissue grown in arrays of
microengineered clefts, which opens the door to systematically study how tissue tension impacts tissue
growth and maturation. Our data show that tissue tension together with cellular contractility are key
parameters which regulate phenotype conversion. We found that cellular contractility is essential to
build sufficient tissue tension, required to allow tissue growth and maturation. Tissue tension plays a
prominent role in health and disease and our findings can contribute to develop new strategies for
treatment of wounds by modulating for example tissue tension and subsequently tissue growth and

maturation.

To gain deeper clinical insights, we used collagenous scaffolds that are in clinical use to promote tissue
regeneration, and investigated de novo uTissue growth in commercially available materials, i.e. Geistlich
Mucograft® versus Geistlich Bio-Gide® in a preliminary study. As it was unknown whether Fn plays a
critical role in promoting tissue growth and healing in these biomaterial scaffolds in vivo, we used our
established protocol for de novo grown uTissues in engineered clefts and applied it to manually cut
clefts using Geistlich Mucograft® and Geistlich Bio-Gide®. We demonstrated that exposure of the
scaffolds to a Fn-containing cell culture medium indeed promoted its adsorption to the scaffold fibers
and promoted the early onset of Fn fibrillogenesis, which in turn is suggested to promote fibroblast
ingrowth. Coupled with the proof that the de novo uTissue growth technology can be applied using
different biomaterial scaffolds, our work sets the stage for an advanced analytical approach and will

contribute to the development of novel diagnostic and therapeutic strategies in wound healing.

Taken together, tissue growth and repair are delicately organized and plenty of different actors are
required, but each of their individual actions needs to be precisely initiated and tuned in time. Our
findings enabled by 3D uTissue platforms on how time-dependent ECM gradients are established by
the residing cells, and how this spatiotemporal gradient reciprocally drives a switch in cell phenotype,
i.e. from the proliferative myofibroblasts back to the more quiescent fibroblasts, is not only exciting for
basic biologists. Serving the need for platforms that are positioned between 2D cell culture and animal
studies, they also provide valuable information for applied biomedical researchers who are developing
and testing novel therapeutic strategies to promote wound healing, or to combat fibrosis and cancer.
In particular, our new insights on how tissue tension together with TGF-B-upregulated cell contractility
affects tissue growth processes can contribute to develop novel topical or generalized therapeutic
strategies that modulate tissue tension and subsequently tissue growth and maturation in wounds.
Combined with the transferability across different scaffolds materials, our platforms allow a plethora

of follow up investigations.
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This thesis demonstrates the significance of the reciprocal interactions between ECM and the residing
cells, which acting together enable a fast build-up of a growth front, followed by a rapid switch towards
tissue maturation and mechanical stabilization required to maintain tissue integrity. We expect the
presented platforms of de novo uTissue growth find intriguing new applications for applied biomedical

research.
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Zusammenfassung

Gewebewachstum und -reparatur ist fir ein multizellulares Leben unerlasslich und ist durch
Zellproliferation und durch die Produktion extrazelluldrer Matrix (ECM) wie ein gut eingespieltes
Symphonieorchester delikat aufeinander abgestimmt. Dies ist besonders wahrend der Embryogenese,
des postnatalen Wachstums und der Geweberegeneration nach Verletzungen von grosser Bedeutung.
Es ist wenig darlber bekannt, wie ECM-Gradienten wahrend Wachstums- und Reparaturprozessen in
Geweben gebildet und aufgelést werden. Sobald die Homoostase erreicht wird, ist die
Aufrechterhaltung steiler Gradienten innerhalb von Geweben, die eng mit Organfunktionen verbunden
sind, ebenfalls von entscheidender Bedeutung. Da 2D-Zellkulturansdtze den biophysikalischen
Eigenschaften von Geweben nicht dhneln, haben wir eine Mikrogewebeplattform entwickelt, die es
ermoglicht, die Gewebereifung, die Spannungszustande, den Zellphdnotyp und die ECM-
Zusammensetzung mit hoher raumzeitlicher Auflésung in de novo gezlichteten 3D Geweben zu
untersuchen. Der Gewebewachstumsprozess verlauft hier sequentiell: Die anfangliche
Wachstumsfront wird zunadchst von proliferativen Zellen gebildet, die eine Matrix aus gestrecktem
Fibronektin (Fn) aufbauen. Anschliessend wird wahrend der Reifung des Gewebes die provisorische
Fn-Matrix ineinander verwoben und teilweise durch viel starkere und tragfahigere Kollagenfasern im
inneren, reifen Kern des Gewebes ersetzt. Wir haben Tenascin-C (TNC) in unmittelbarer Nahe von Fn
und Myofibroblasten in der Wachstumszone und in Regionen, die nach Geweberissen repariert werden,
identifiziert. Die hohe transiente Expression von TNC an der Wachstumsfront wurde im Laufe der Zeit
mit zunehmender Reifung des Gewebes reduziert. Zu den entscheidenden anderen Akteuren, die
erforderlich sind, um den Reifungsprozess von Geweben zu induzieren, gehoren die
Gewebetransglutaminase (TG2), ein breites Spektrum an Matrix-Metalloproteinasen (MMP), der
transformierende Wachstumsfaktor beta (TGF-B) Signalweg sowie der Fn-Streckungszustand und die
Fn-Kollagen-Interaktionen. Das Verstandnis dariber, wie ECM-Gradienten das Gewebewachstum und
den Ubergang von Myofibroblasten in ruhende Fibroblasten hinter der Wachstumsfront regulieren, ist

entscheidend fir die Entwicklung neuer Behandlungsstrategien bei Wundheilung, Fibrose und Krebs.

Zudem haben wir unsere Mikrogewebeplattformen genutzt, um den Einfluss von einzelnen
Schlisselparametern zu untersuchen. Im Fokus liegt vor allem die Gewebespannung als Funktion des
Winkels der Spaltoffnung, in dem die Gewebe wachsen, kombiniert mit dem Einfluss erganzender
pharmazeutischer Inhibitoren, also Parameter, deren unabhdngige Justierung in einem lebenden
System technisch anspruchsvoll ist. Wie erwartet, verringert die Reduzierung der zelluldren
Kontraktilitdt durch die Myosin-II-Inhibition die Gewebespannung und erhéht somit die Krimmung der

Wachstumsfront. Eine Steigerung der zellularen Kontraktilitat durch die Supplementation mit TGF-f1
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flhrte zu einem erhdhten Gewebevolumen und einer verringerten Breite der Wachstumsfront in allen
verschiedenen Spaltwinkelgeometrien, was die herausragende Rolle der Zellkontraktilitat fur
Wachstum und Reifung der Gewebe unterstreicht. Dariber hinaus wurde die Myofibroblasten-zu-
Fibroblasten-Ruckbildung wahrend der Gewebereifung durch die TGF-B1-Supplementierung nicht
verhindert. Die Hemmung der Fn-Kollagen-Interaktion fiihrte zu einer verminderten Reifung der
Gewebe, die in engeren Spalten wachsen und einer héheren Gewebespannung ausgesetzt sind,
wahrend sich eine Verringerung der mechanischen Stabilitat in einer erhdhten Wahrscheinlichkeit von
Geweberissen niederschlug. Zusammenfassend konnten wir zeigen, dass die Gewebespannung von
de novo gezlichteten Geweben mit mikrotechnologisch hergestellten Spaltgeometrien angepasst
werden kann, was die Grundlage fiir weiterfihrende systematische Untersuchungen Uber das
Wachstum und die Reifung von Geweben bildet. Unsere Daten zeigen, dass die Gewebespannung
zusammen mit der zellularen Kontraktilitat die wesentlichen Parameter sind, die die Umwandlung des
Phanotyps mit der anschliessenden Gewebereifung und -wachstum regulieren, ohne dass es Hinweise
auf eine Beeinflussung der Sequenz gibt, in der die raumzeitliche Hochregulation von TNC und TG2 den

ECM-Umbau und die Myofibroblasten-zu-Fibroblasten-Ruckbildung arrangiert.

Um tiefere klinische Einblicke zu gewinnen, verwendeten wir kollagene GerUste, die zur Forderung der
Geweberegeneration im klinischen Einsatz sind, und untersuchten in einer Vorstudie de novo
gezlichtetes Mikrogewebe in kommerziell erhaltlichen Materialien, in diesem Fall Geistlich Mucograft®
versus Geistlich Bio-Gide®. Da nicht bekannt war, ob Fn eine entscheidende Rolle bei der Forderung
des Gewebewachstums und der Heilung in diesen Biomaterial-Geristen in vivo spielt, haben wir unser
etabliertes Protokoll flr de novo geziichtete Mikrogewebe in mikrotechnisch hergestellten Spalten
genutzt und es auf manuell geschnittene Spalte in Geistlich Mucograft® und Geistlich Bio-Gide®
angewendet. Wir konnten zeigen, dass die Exposition der Gerlste mit einem Fn-haltigen
Zellkulturmedium tatsachlich deren Adsorption an die GerUstfasern fordert und den frilhen Beginn der
Fn-Fibrillogenese beglinstigt, was wiederum das Einwachsen der Fibroblasten férdern soll. In
Verbindung mit dem Nachweis, dass die Technologie de novo gezlichteter Mikrogewebe in
verschiedenen Gerilsten aus Biomaterialien angewendet werden kann, schafft unsere Arbeit die
Voraussetzung fur einen zukunftsweisenden analytischen Ansatz und wird zur Entwicklung neuer

diagnostischer und therapeutischer Strategien zur Férderung der Wundheilung beitragen.

Zusammengenommen sind Gewebewachstum und -reparatur dusserst delikat organisiert, weil viele
verschiedene Akteure notwendig sind und deren individuellen Aktionen prézise initiiert sowie zeitlich

genau aufeinander abgestimmt werden mussen. Unsere durch 3D-Gewebeplattformen ermdéglichten



Erkenntnisse darlber, wie zeitabhangige ECM-Gradienten von adharenten Zellen etabliert werden und
wie dieser raumzeitliche Gradient einen reziproken Wechsel des Zellphdnotyps antreibt, also von den
proliferativen Myofibroblasten zurlick zu den eher ruhenden Fibroblasten, sind nicht nur fir
Grundlagenbiologen von Interesse. Indem sie dem Bedarf an Plattformen zwischen 2D-Zellkulturen und
Tierversuchen nachkommen, liefern sie auch wertvolle Informationen fiir angewandte biomedizinische
Forscher, die neue therapeutische Strategien zur Forderung der Wundheilung oder zur Bekampfung
von Fibrose und Krebs entwickeln und erproben. Insbesondere unsere neuen Erkenntnisse dartber,
wie die Gewebespannung zusammen mit der TGF-B-hochregulierten Zellkontraktilitdat die
Gewebewachstumsprozesse beeinflusst, konnen dazu beitragen, neue topische oder generalisierte
therapeutische Strategien zu entwickeln, die die Gewebespannung und in der Folge das Wachstum und
die Reifung von Gewebe in Wunden modulieren. Dank der Ubertragbarkeit auf verschiedene

GerUstmaterialien ermoglichen unsere Plattformen eine Fille von Folgeuntersuchungen.

Diese Arbeit zeigt die Bedeutung der reziproken Interaktion zwischen der ECM und den eingebetteten
adhéarenten Zellen. Dieses Zusammenwirken ermoglicht den schnellen Aufbau einer Wachstumsfront,
bevor der zeitlich eng getaktete Ubergang zur Gewebereifung und mechanischen Stabilisierung erfolgt,
was zur Aufrechterhaltung der Gewebeintegritdt essentiell ist. Wir erwarten, dass die vorgestellten
Plattformen des de novo gezlichteten Mikrogewebes faszinierende neue Anwendungen in der

biomedizinischen Forschung erschliessen werden.
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1 Scope of the thesis

1.1 Motivation

“That great Frenchman [Marie Frangois Xavier Bichat, 1771 - 1802] first carried out
the conception that living bodies, fundamentally considered, are not associations of
organs which can be understood by studying them first apart, and then as it were
federally; but must be regarded as consisting of certain primary webs or tissues, out
of which the various organs -brain, heart, lungs, and so on - are compacted, as the
various accommodations of a house are built up in various proportions of wood,
iron, stone, brick, zinc, and the rest, each material having its peculiar composition
and proportions. No man, one sees, can understand and estimate the entire
structure or its parts--what are its frailties and what its repairs, without knowing the
nature of the materials.”
from Middlemarch by Goerge Eliot, 1874

Tissue growth is essential for complex, multicellular life to emerge. Tissue expansion by cell
proliferation and through production of extracellular matrix (ECM) occurs not only during
embryogenic development, but also during post-natal growth, during tissue homeostasis and in
tissue regeneration after injury. Tissues form a functional unit consisting of multiple similar cells
embedded in ECM, while the dense ECM fiber network mediates both structural and signalling
roles. Although the first reports of ECM date back more than 150 years [1] , only the recent
emergence of the field of mechanobiology allowed us to understand that ECM conveys much more
to cells than simple passive structural support functions: mechanobiology describes how
mechanical forces act on cells and are translated into biochemical signals (Mechanotransduction)
that subsequently regulate cellular functions, and vice versa, cells stretch ECM fibers and remodel
them [2]. It was shown that besides anchoring, guiding and confining of cells, the physical
properties of ECM (e.g. topography, pore size, fiber size, fiber orientation, bulk- and fiber stiffness,
ligand density, adhesion and cross-linking density) can regulate the cell responses [3,4]. These
parameters subsequently tune tissue growth and maturation processes as well as the remodelling
of tissues both in healthy and diseased conditions. Clinical and pathological investigations
elucidated that ECM composition and architecture vary significantly between healthy and diseased
organs [5-7]. Given the multifactorial regulation and crosstalk at the tissue level, it remains until
today a great challenge to explore the reciprocity, how cells assemble and maintain a “healthy”

ECM under homeostasis, and vice versa, how ECM impacts the residing cells.



1 Scope of the thesis

The most abundant connective tissue cell type are fibroblasts, which assemble the first provisional
fibronectin (Fn) matrix during growth. Over time, the provisional Fn matrix is partially replaced by
fibers made from collagens and other ECM components in a process called tissue maturation.
However, fundamental understanding how spatiotemporal ECM gradients are formed in health and

disease is missing.

Exposure of primary fibroblasts to a combination of growth factors (most notably TGF-f) and ECM
components (e.g. Fn ED-A) expressed in the wound bed and altered mechanical properties of the
environment (notably tissue stress, stiffness) drives the formation of myofibroblasts. Under healthy
conditions, myofibroblasts disappear from the wound site by de-differentiation into quiescent
fibroblasts or by undergoing apoptosis [8]. Failed phenotype reversion and prolonged
myofibroblast activity at wound sites is associated with scar tissue formation [9] since
myofibroblasts incorporate an excess of collagen in the ECM and contract the fibrotic matrix into a
stiff, dysfunctional tissue [9-12]. Pathological stiffening of the microenvironment further enhances
myofibroblast activation and therefore leads to a vicious circle of fibrosis which ultimately results
in organ dysfunction [13,14]. A better understanding of the mechanisms driving phenotype reversal
is not only of fundamental interest in the biosciences, but also crucial for the development of novel
therapeutical strategies. Engineered materials, micro- and nanoenvironments, as well as platform
arrays, are needed to elucidate reciprocal interdependencies of cell phenotype stabilization and

the surrounding ECM, and to quantify such interactions in vitro.

Fibroproliferative disorders cause approximately 45% of the mortality in the developed world and
appear in a wide spectrum from systemic to organ-specific fibrotic diseases and myofibroblasts are
the key effector cells [15-19]. Myofibroblasts that occur in the vicinity of tumor cells are called
cancer-associated fibroblasts and are considered to be key drivers in tumorigenesis, angiogenesis
and cancer progression via paracrine signalling and modulation of the ECM. It is therefore not
surprising that close similarities between fibrotic tissue and tumor stroma were identified [19-22].
Thus, the reciprocal crosstalk between cells and their ECM, which they produce and remodel, has
major implications on such wide fields of maintaining health or driving diseases. Here a better
understanding might have great impact on the development of new diagnostic and therapeutic
strategies. This suggests that the identification of key common ECM-dependent pathways involved
in the disease pathogenesis and progression can lead to the identification of novel therapeutic

targets and the development of new drugs and diagnostic methods. However, it remains not fully



1 Scope of the thesis

understood how the time-dependent processes during ECM assembly and maturation are

influencing the stabilization or clearance of myofibroblasts.

Technical advances in life science research over the last decades allowed critical and insightful
studies at tissue level of organs or complete organisms. But it remains difficult to investigate the
complex process of sequential tissue assembly and processing that substantially hampers our
understanding of wound healing, development, fibrosis and cancer. In all these areas, extracellular
matrix (ECM) gradients are relevant but in contrast to soluble gradients [23-28], fundamental
understanding of how they are formed and regulate tissue development and repair is missing. In
the past, most of the in vitro experiments were conducted in 2D cell culture. Through the recent
emergence of microtissue platforms designed for in vitro research, it was recognized, that cellular
behaviour, adhesion dynamics and matrix assembly show major differences in a 2D compared to
3D environments [29-33]. However, in vitro test systems are needed which mimic essential aspects
of living tissues and carry a sufficient degree of inter-species transferability. This will be
indispensable in order to not only follow the 3R-concept [34] (replace, reduce and refine) to enable
a much more responsible use of animal experiments in the future, but further to promote the
translation to novel clinical strategies. Most of the current in vitro systems address the third
dimension, but often biomaterial scaffolds are used which do not resemble well the complexity of
living ECM and, thus, fall short at the cell-scaffold and ECM-scaffold interface. While organoids have
been powerful especially in combination with high-throughput 2D drug development pipelines,

they have their limitations too due to significant organoid-to-organoid variabilities [35].

In this thesis, multiparameter models of de novo tissue growth are further developed in which
spatiotemporal gradients of tissue maturation, tensional states, cell population and ECM
composition can be investigated using de novo grown tissues. Deepening a mechanistic
understanding of how ECM mechanobiology in concert with geometrical factors regulate the
transition of a myofibroblast phenotype into quiescent fibroblasts is crucial to develop novel

treatment strategies for wound healing, fibrosis and cancer.

1.2 Aims and approaches

This thesis is guided by the overall hypothesis that the rapid turn-over of steep spatiotemporal ECM
gradients is required for tissue growth and maturation processes and enables a cell phenotype

conversion. To address this hypothesis, the de novo tissues were either grown in microfabricated
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substrates (Chapter 4 and 5) or commercial scaffolds (Chapter 6). With our study we aimed to
identify factors that enable that transient ECM gradients are formed and how such gradients
influence the stabilization or clearance of myofibroblast phenotype. Deepening our knowledge is
highly significant as the reversal of the fibroblast-to-myofibroblast during tissue repair, and then

back to fibroblasts, is the essential hallmark of reaching a pro-healing homeostasis.

To allow investigations of ECM gradients formation processes, the following tools were developed
or used:
e microfabricated PDMS microtissue (uTissue) platform with fixed (Chapter 4) and altered
(Chapter 5) geometries to tune the speed by which de novo tissues were grown
e phase-contrast image acquisition to document live tissue growth
e confocal and 2-photon laser scanning microscope to acquire fluorophore signals of labelled
target proteins and second harmonic generation to visualize mature bundles of collagen
fibers
e advanced image analysis to visualize ECM and phenotype gradients and extract relevant

guantitative data

1.2.1 Tissue transglutaminase in fibrosis — more than an extracellular matrix cross-linker

(Chapter 3)

Tissue transglutaminase (TG2) is best known for its Ca2+ dependent cross-linking functionality and
is involved in the pathogenesis of a wide variety of diseases, most notably neoplastic and fibrotic
diseases [36,37] and was suggested as treatment target [38,39].

The aim of this chapter is to review the recent literature around the versatile TG2 enzymatic and
non-enzymatic functions in fibrosis and beyond. This provides the reader a detailed background to
understand the extremely versatile functions of TG2. Over the time-course of this thesis our
findings revealed, that enzymatic TG2 cross-linking activity is required to allow tissue maturation

(see Chapter 4).

The review presented in Chapter 3 is published in Current Opinion in Biomedical Engineering,
Elsevier; 2019 Jun;10:156-64.
Mario C. Benn, Willi Weber, Enrico Klotzsch, Viola Vogel, Simon A. Pot. (2019) Tissue

transglutaminase in fibrosis — more than an extracellular matrix cross-linker
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1.2.2 Tenascin-C and tissue transglutaminase transiently orchestrate tissue growth

enabling the transition towards tension-dependent tissue maturation (Chapter 4)

Wound “repair is a race against the clock” and indicates strikingly that tissue growth speed is
essential for its function [40]. The purpose of tissue growth is the fast formation of tissue. To
achieve this, highly dynamic and interlocking iterative processes of cellular proliferation and ECM
assembly, maturation and mechanical stabilization need to be orchestrated in a timely manner.
Thus, the rapid emergence of the more contractile myofibroblasts from fibroblasts, as well as of
ECM gradients are of eminent importance in tissue growth processes such as in development or
wound healing. However, it remains unclear how these ECM gradients are built and stabilized in a

timely manner and appropriate simplified in vitro 3D test platforms are needed.

To address this unmet need, we developed a microfabricated PDMS platform with milimetersized
clefts in which fibroblasts formed de novo grown uTissues over time. Its uniqueness is that tissue is
grown in the corner of clefts, which allows to visualize along the cleft how provisional Fn ECM in
the growth front is remodelled towards the cleft corner into a mechanically stabilized collagen-rich
matrix as the tissue matures [41]. We thereby paid particular attention to the spatiotemporal
expression, assembly and degradation of other ECM constituents such as Tenascin-C (TNC) and
TG2. TNC is a matricellular glycoprotein, best known for its antiadhesive function in Fn matrices
[42-47]. Both TG2 and TNC provide extremely versatile function of which many are not fully
understood and both are known to be quickly upregulated in regions of mechanical stress, injury

or ECM remodelling [46,48,49].

With this work described in Chapter 4, we aimed to answer the following questions:
1. Once a growth front has formed, what transient roles do TNC and TG2 play to initiate the
onset of tissue maturation?
2. How do the spatio-temporal changes in the ECM composition contribute to the transition

and stabilization of cell phenotype gradients?

We identified myofibroblasts in the Fn-rich provisional ECM of the growth front, which was
enriched in TNC, as well as in regions where the tissue had spontaneously ruptured and was
undergoing repair processes. Behind the growth front, the onset of the tissue maturation process
is associated with a sharp transition zone of cell phenotype and ECM composition, resulting in a
steep spatial gradient in between the Fn rich growth front and the collagen-rich maturing tissue.

We further show a transient and spatio-temporal upregulation of TNC in the growth front, as well
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as of TG2, which both disappear from the ECM in regions where second harmonic generation (SHG)
positive bundles of collagen indicate tissue maturation. To further investigate the respective roles
of these ECM components in orchestrating proper tissue maturation, we either supplemented the
medium with TGF-B receptor inhibitor, or used broad-spectrum pharmaceutical matrix
metalloproteinase activity inhibitors. We further elucidated the mechanobiological roles of Fn fiber
tension, and the importance of Fn-collagen binding to initiate tissue maturation. Our data suggests
a tightly timed functional complementarity between the actions of TNC and TG2 enabling the
transition from the provisional to a maturing tissue never described before, where TNC conveys
early ECM stabilization and is cleared over time when enzymatic cross-linking via TG2 is active. The
time-dependent development of maturation gradients within the extracellular matrix (ECM) to
gradually form mechanically stable tissue is of outstanding importance and enables much deeper

insights into tissue growth and repair processes.

1.2.3 Eliciting insights how tissue tension impacts tissue growth processes (Chapter 5)

Mechanical signalling plays such a prominent role in health and disease [4,50-53], that many novel
therapeutical approaches in the emerging field of mechanomedicine are proposed [39] and tissue
tension is highly relevant especially for the treatment of skin wounds [54]. Previous work using
osteoblasts showed that tissue growth depends on curvature [55] and that contractility mediates
the effect of geometry on tissue growth [56-58], by using different scaffold geometries and
controlled curvature. Furthermore, it was reported that increased tissue tension causes increased
growth front curvature which drives tissue growth towards the open cleft [55-58]. In fibroblast
tissues, a reversible fibroblast-to-myofibroblast transition with a gradient of upregulated
myofibroblast characteristics of proliferation, aSMA contractility and more stretched Fn at the
growth front was found to be the biological mechanism behind curvature-driven growth and is
sensed by YAP-dependent mechanotransduction steering the cell phenotype [41]. The emergence
of these gradients depends on TNC and TG2, which orchestrate the balance of tissue growth and
tissue maturation (Chapter 4). The detailed mechanobiological characterization of spatiotemporal

gradients was first done here for a fixed angle.

To elucidate how tissue tension overall affects tissue assembly processes, we next advanced our
microfabricated PDMS platform and integrated an array of different cleft angle that allowed us to
tune the growth curvature and thus tissue tension of the fibroblast de novo grown uTissues. While
there is a full body of literature how tensional homeostasis is understood across length scales [59],

it remains completely elusive, how tissue tension affects tissue growth and tissue maturation
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processes. In our model, tissue tension can be modified via cleft angle and cell contractility.
Pharmaceutical inhibitors and TGF-f1 were used to modulating cellular contractility. Furthermore,
in fixed angles we showed, that undisturbed Fn-collagen interaction is required for tissue

maturation and to prevent tissue ruptures.

With this work described in Chapter 5, we aimed to answer the following questions:
1. How does tissue tension influence the time-dependent formation of ECM gradients and
subsequently, tissue growth and maturation?
2. Upon partial inhibition of Fn-collagen interactions, how does tissue tension tune the

resulting effects of hampered tissue maturation versus tissue ruptures?

By altering cleft geometries, we provide a novel uTissue platform allowing to tune tissue tension,
tissue growth and growth front curvature. We found that sufficient tissue tension is required to
allow tissue growth and maturation, whereby cellular contractility is essential. Our knowledge can
contribute to the development of novel topical and generalized therapeutic strategies to modulate

for example tissue tension and subsequently tissue growth and maturation in wounds.

1.2.4 Preliminary study: Integration of fibroblast de novo uTissue growth in Geistlich

Mucograft® and Geistlich Bio-Gide® (Chapter 6)

In this preliminary study we used collagenous scaffolds in clinical use for tissue regeneration and
investigated de novo uTissue growth in commercially available collagen scaffold materials from
Geistlich Pharma AG, Wolhusen, Switzerland in collaboration with Dr. Birgit Schafer. Tissue growth
was compared in Geistlich Mucograft® and Geistlich Bio-Gide®. Both are 3D non-crosslinked
collagen matrices of porcine origin of different architecture and were developed to serve as a
matrix scaffold and guide tissue regeneration in surgery. However, it remains unknown how initial
Fn matrix integrates into the scaffolds during first phases of tissue growth.

To address this, our established protocol for de novo grown uTissues in engineered clefts was
applied by manually cut cleft using Geistlich Mucograft® and Geistlich Bio-Gide® and developing a

custom built PDMS scaffold mount.

With this work in Chapter 6, we aimed to answer the following questions:
1. Does Fibronectin play a major role in initiating the healing process within the biomaterial
scaffolds?

2. How do different scaffold materials support uTissue growth processes?
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We found that our in vitro data regarding the tissue growth rate using different commercial
materials provided by the Geistlich Pharma AG, Wolhusen, Switzerland reflected the differential
observations made by them in the clinical practise. We further found that the preadsorption of Fn
to the scaffold materials promoted Fn fibrillogenesis and tissue growth in both Geistlich Mucograft®
and Geistlich Bio-Gide®, which represents a fundamentally new insight. Coupled with the proof that
de novo grown puTissue can be grown not just in our engineered platforms, but also in other
surgically relevant biomaterial scaffolds sets the stage for the development of novel diagnostic and

therapeutic strategies in wound healing.
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2 Introduction

2.1 Tissue growth requires more than diffusion of soluble factors: ECM

gradients are typically neglected in current in vitro platforms

The diffusion and convection of signalling molecules are directed by classical laws [1]. To address
the complex extracellular regulations, however, a deep understanding of the complex cellular and
matrix dependencies is crucial. Different laws must be postulated, which direct a spatial-to-
temporal diverging production and consumption or degradation, respectively, resulting in a
complex environment where two or more gradients interact with each other [2]. The complex 3D
environment not only influences spatial and temporal aspects of diffusion [2], but is also composed
of different chemical and mechanical gradients (e.g. ECM topology, ECM molecular composition
and concentration, ECM crosslinking density, ECM porosity, adhesion site density, ECM
remodelling, fiber stiffness, ECM elasticity, ECM confinement of cells) that alter cellular behaviour
[3].

It is well described that the culture dimensionality influences cell morphology, adhesion and
mechanotransduction [4], but gradients are mostly discussed in terms of soluble factors, which are
in parts immobilized by ECM, or as gradients of substrate rigidity [2]. Gradients of morphogens,
ECM compositions and cell phenotypes are highly relevant in nature and a rich body of literature
indicates the importance of gradients in regulating health and disease, however so far dominated
by gradients of soluble molecules [5-10]. Yet neither of these models reproduce the exact
architecture, composition and viscoelasticity of the native ECM [11]. Most synthetic hydrogels are
nanoporous and do not reflect fibrillar structure of native ECM [12]. Further, Fn gradients even on
2D planar glass substrates indicated significant effects on cellular behaviour [13]. While phenotype
heterogeneity in conventional organoid cultures may lead to false result interpretations [14], the
investigation of ECM gradients in organoids is difficult due to their heterogenic morphology [15].
Many other three dimensional tissue engineering platforms (e.g. hydrogels [16-18]) do not
reproduce well the architecture and composition of native ECM scaffolds. Often other methods
only test single parameters, e.g. stiffness [19,20], fiber alignment [21,22], but neglect ECM
composition, which makes the transferability of the results difficult. In comparison with our
platform even decellularized mammalian tissues fall short, because they typically lack a

standardized spatio-temporal gradient essential for investigations on tissue growth and
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maturation [23]. Life quality of patients will benefit from platforms that closely mimic ECM of target
tissue, which allows fundamental understanding and clinical application [24].

Taken together, ECM gradients established by varying cell phenotypes are highly important not only
for tissue growth in regeneration and development, but also for the physiological functionality of
vital organs [25]. However, the literature search for ECM gradients mainly yields results on soluble
factors in ECM or refers to ECM bound surface density or topography in 2D planar models [26].
There is currently no model described, which allows to investigate ECM gradients during tissue

growth.
2.2 de novo uTissue platform mimics sequential tissue growth process

The uTissue platform further developed in this thesis allows to investigate ECM and cell phenotype
gradients. It is part of a technical evolution of de novo grown tissue platforms and based on a large
number of previous studies on various similar substrates, which showed that the geometric control
of tissue growth is particularly important [27-34]. Initially, pre-osteoblastic cell line (MC3T-E1) were
seeded on hydroxyapatite scaffolds with fabricated pores [27]. For the first time, a collagen-rich
tissue growth in pores was quantified, while the deposition was significantly increased on concave
compared to flat or even convex surfaces [27,29]. Similar growth mechanics have been shown with
fibroblast and mesenchymal stem cells [31,33]. As in the example of water surface tension, the
Laplace equation is linking surface tension with curvature relevant in droplet formation due to
intermolecular attraction. While in biology, tissue tension is created by cell generated contractile
forces and the concept how tissue tension dictates shape is realized across length scales [35].

In 3D scaffolds with constant mean curvature and rotational symmetry, cell contractility is required
for developing sufficient surface tension to allow tissue growth as approximated by the physics of
fluids (Laplace equation) [34]. Tissue growth occurs in this model a ‘layer-by-layer’ manner [32].
The initial growth front is formed by myofibroblasts producing the highly stretched Fn fibers, which
are partially replaced as the tissue matures by strong tension bearing collagen fibers [32,33],

further demonstrating the sequential process of tissue growth.

In the following section the sequential growth process of de novo uTissue growth by primary human
dermal fibroblast is described based on PDMS scaffolds that were precoated with Fn covalently
cross-linked to the substrates [33]. This methodology provided the basis for the development of
the platforms in Chapter 4 and 5.

After cell seeding, fibroblasts adhere and spread first on the 2D top surfaces and actively assemble

Fn into provisional ECM fibers [36-43]. Rho-mediated cellular contractile forces are required to
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stretch and partially unfold Fn [44] and thereby promoting Fn assembly by exposing cryptic binding
sites [45].

Furthermore, cells initiate early growth steps with actively exerting contractile forces to assemble
and align early fibronectin protofibrils [46]. To allow subsequent tissue growth, those protofibrils
need to be bundled and laterally crosslinked in order to gain mechanical stability, but this process
is not fully understood (see Chapter 4). Cell contractility is applied to maintain tissue integrity [47]
and as these processes and tissue maturation progress, the assembly of stronger collagen fibers
occur which take over the tissue’s main load [32]. The region-specific orientation of the Fn and
collagen fibers results from cellular traction forces [48,49]. Myofibroblasts are known to exert
sufficient contractile forces on their microenvironment for example in wound closure [50,51].
Myofibroblasts were identified in the highly tensed growth front and were shown to direct the
tissue growth by applying cytoskeletal tension, assembling highly stretched Fn fibers and cellular

proliferation [33].

Fn is a provisional matrix protein [52] and provides a template for collagen and several ECM
components like LTBP1, thrombospondin, fibulin and others [53] and also serves as a framework
for cell adhesion and migration. Further, in the absence of Fn and Fn polymerization no a5f1
integrin localize to cell-matrix adhesion sites [54]. The nucleation of collagen | polymerization
requires fibronectin fibers, especially in relaxed conformation [55], which act as multivalent
templates for collagen peptides [56-58]. Fibronectin matrix and a2p1-inegrin are required for
collagen polymerization and for dense collagen network formation [54,59]. The presence of Fn
promotes procollagen cleavage and contributes to the regulation of the lysol oxidase (LOX)
mediated collagen cross-linking, both is further supporting tissue maturation [60-62]. Briefly,
collagen fibrillogenesis requires post-translation proteolytic processing of procollagen by distinct
proteases (BMP-1 and ADAMTS-2) and Fn binds and enhances bone morphogenic protein 1
(BMP-1). Therefore, Saunders et Schwarzbauer suggested a model for nascent collagen fiber
assembly through procollagen processing on Fn matrix, which however neglects the above
mentioned Fn conformation dependent nucleation of collagen | polymerization [55]. Collagen fiber
assembly involves multiple complex intra- and extracellular post-translational processes ranging
from the translational product to a tension-bearing fibrillar structure which is capable of
withstanding tensile forces [63]. Tissue maturation shifts the tensional load away from the cellular
contractility towards a mechanically stable collagen matrix which is capable of carrying the main
load to maintain tissue integrity [32]. At the final stage of tissue maturation, it is no longer needed

for cells to exert high contractile forces to maintain tissue integrity since a mature collagen matrix
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took over most of the load [32,55] and the myofibroblast transition back to fibroblast over time
[33].

During this sequential process of tissue growth, it remains unclear what additional actors are
relevant, how ECM gradients are built up within short time and how this affects the phenotypic
changes. A thorough understanding which sequential steps are necessary to ensure early tissue

stabilization is key (see Chapter 4 and Chapter 5).
2.3 Relevant actors in extracellular matrix (ECM) mechanobiology

2.3.1 ECM in health and disease

Cells and ECM are the major building blocks of multicellular organisms. Biochemical and biophysical
regulations are governed by reciprocal interactions of both cells influencing the ECM composition
and organization as ‘inside-out’ components and ECM mediating effects on cells as ‘outside-in’
components of mechanotransduction [64]. Integrins act as bifunctional proteins representing the
main link between the ECM and the cytoskeleton, thus playing a major role in cell-ECM signalling
events [65,66]. Fibrillar ECM is composed of a heterogeneous network of fibrous proteins, e.g.
fibronectin and collagen, and proteoglycans and forms tissue-specific microenvironments in
connective tissue, muscle tissue, nervous tissue, epithelial tissue and mineralized tissue. In addition,
clinical and pathological investigations at the tissue level showed that ECM composition and
architecture varies also dramatically between healthy and diseased states [67-69]. As a
consequence, alterations in ECM of diseased state (e.g. matrix composition, matrix crosslinking,
tension, stiffness) influence cellular behaviour and vice versa [69-72]. Furthermore, the alignment
of stromal collagen has been described as a novel biomarker to predict clinical outcome of human
breast cancer via the ECM characterization [73].

Fibronectin provides biochemical and mechanical cues for adherent cells at the early stages of
wound healing [74,75] and serves as template for the subsequent deposition of other ECM
molecules, particularly type | collagens, whose presence is critical for normal progression of wound
healing [54-56,60]. Fn fibers can be stretched and partially unfolded by cell-generated forces, which
can open up cryptic binding sites [36,41,44,76-78]. Fn fiber stretching can thus switch Fn’s binding
affinity to other matrix proteins and alter the bioavailability of cellular binding sites on the FN
molecule that can be recognized by cell surface integrin receptors [44,45,47,55,79-82]. Collagen |
fibers preferentially bind to structurally relaxed Fn fibers in the ECM [55]. As such, the molecular
folding state of Fn fibers in the ECM directly regulates further ECM assembly and directs the

behaviour of resident cells, as demonstrated in previous publications from our laboratory
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[33,55,83]. A dynamic force balance called ‘tensional homeostasis’ exists between cells and ECM in
healthy tissues [84]. Changes in either cellular contractility or ECM tension are equilibrated and
cause a shift in tissue tension, which is significantly increased during the development of fibrosis
[47,84]. Importantly, mechanical integrin activation and integrin clustering at focal adhesion sites
results in the activation of profibrotic downstream signalling activity [85-87]. Sustained disruptions
in tensional homeostasis can be caused by chronic changes in the extracellular matrix, allowing it

to serve as a mechanically based memory-storage device that can perpetuate disease [88].

2.3.2 Myofibroblast and transforming growth factor beta (TGF-B)

Myofibroblasts play central roles in orchestrating wound healing processes and, if remaining
activated, drive disease progression such as fibrosis and cancer. In health and disease, fibroblast
differentiate in varying organs to myofibroblast upon different triggers, such as mechanical tension,
TGF-B, EDA-Fn and Tenascin-C [50,51,84,89-91].

The TGF-B superfamily of multi-functional cytokines, ubiquitously present in mammals and besides
conveying pro-fibrotic functions, they are associated with wide range of diseases [92-100] and
serve as treatment target [101-103]. The description of paradox TGF-B functionality in cancer
underlines that we are far away from complete understanding of TGF-p [104,105].

For further description of myofibroblast and TGF-f the reader is referred to the literature review in

Chapter 3.

2.3.3 Tenascin-C (TNC)

Tenascin-C (TNC) is a large multivalent hexameric matricellular glycoprotein, each monomer can
range from 220 to 280 kDA in small and large TNC isoforms, and is best known for its mainly anti-
adhesive function when binding to Fn matrices [106]. TNC binds to fibronectin (Fn) via Hep I, Hep
Il or Hep Il domain of Fn [107]. The anti-adhesive function of TNC results from it competing with
cell surface syndecan-4 binding to the Fn Hep Il domain [108-110]. This creates an environment
promoting cell motility and tissue regeneration [111-113]. TNC directly interacts with its
microenvironment through cells, growth factors and ECM maintaining tissue homeostasis [114],
while it is known to be upregulated by TGF-f in a SMAD-3 dependent manner [115,116] and drive
persistence in fibrosis [89]. It is highly expressed during development in various organs and in adult
only present in tissues of high cell turnover or tensile stress as during wound healing, inflammation,
regeneration, cancer and fibrosis [117,118]. TNC was identified as marker for fibrosis [119], cancer
[120] and immature matrix [121]. Interestingly, TNC supplemented to murine skin wounds

accelerated healing and reduced scarring [122]. Besides regulating cell motility, proliferation,
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differentiation and survival TNC exhibits a wide number of other function (reviewed in

[106,114,123]).

2.3.3.1 Time relevant aspects of TNC for ECM gradients

TNC is regulating itself by inducing a negative-feedback loop [124]. Briefly, the interaction between
Fn and ubiquitous cell surface proteoglycan syndecan-4 is stabilizing the cell attachment to the ECM
[125]. TNC binds to Fn and blocks the interaction of Fn and syndecan-4 and consequently RhoA /
ROCK pathway is not activated resulting in no actin reorganization and in addition no further
expression of TNC by cyclic strain [124]. Fn, as an early ECM component, is required for RhoA
dependent and strain-induced TNC induction [124]. TNC can induce MMP-2 expression [126] and
MMP2 cleaves in part depending on alternative spliced TNC, especially large isoforms contain
cleavage sites [127-129]. Cleavage of TNC can lead to reduction of TNC levels, exposure of cryptic
binding sites, release of domains mediating cell adhesion [130,131] and create or cover ECM
binding sites (e.g. Fn) [132,133]. During the process of TNC degradation, smaller fragments with
new binding sites are generated conveying in part complete opposite functionality described as
“matricryptins” [132,134]. Cleavage of TNC with MMP-2 generates cryptic binding sites which
permits interaction with heparan sulfated side-chains of syndecan-4 to promote B1 integrin
clustering and cell spreading [127,128,130].

Interestingly, different degradative fragments of TNC convey in part opposite functionality, ranging
to promote migration, as full-length TNC, far to inhibit migration completely [134]. Furthermore,
TNfn1-8 and FBG domains of TNC, but not full length TNC, inhibit the assembly of a dense FN fibrillar
matrix over 22h incubation with temporally and spatially distinct effects [132].

This differentially regulated fibroblast migration might act in a concerted manner to allow a
fine-tuned cellular response: After injury, induced TNC was suggested to promote fibroblast
infiltration into the initial ECM and, at a later time point after TNC degradation, TNC fragments
inhibits further fibroblast migration[135].

In addition to the many different functions of TNC, the novel functionalities of its fragments
elucidate the complexity of its nature: “It seems that the more we learn about this extraordinary

matrix glycoprotein, the more complex and intricate the story becomes.” [128].

2.3.4 Tissue transglutaminase (TG2)

In diseased ECM, enhanced cross-linking is associated with reduced ECM compliance [136-139].
Thus, in the newly emerging field of mechanomedicine targeting mechanisms that increase

extracellular matrix stiffness was proposed as novel treatment strategy [140,141] (Fig. 1). Tissue
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transglutaminase (TG2) and lysol oxidase (LOX) represent the most prominent ECM cross-linker,
however recent reports indicated higher clinical relevance for TG2 [142]. While LOX was reported
to be more required at later stages of maturation after collagen matrix is fully assembled, TG2 is
prominent in early and late ECM remodelling phases [143]. Within the scope of Chapter 4, we
focused thus on the role of TG2, since in addition there are also many non-enzymatic functions
reported (see review in Chapter 3). TGF-B1 activation is thought to be facilitated by TG2 since TG2
cross-links latent TGF-B binding protein (LTBP) to the ECM and can stiffen a compliant matrix via
ECM cross-linking [144]. A positive feedback loop is suggested between TG2 and TGF-f [145,146]
and inhibition of TG2 leads to decrease in expression of TGF-B, NFkB and decrease of matrix
deposition [147]. In Chapter 3, more details of enzymatic and non-enzymatic TG2 function and

interaction with TGF-f are reviewed.

.ni?$sg@a<f>w\
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Fig. 1 Suggested mechanism of mechanical TGF-B release in a cross-linked ECM in
response to increased microenvironment stiffness. Graphic: A. KITTERMAN/SCIENCE
TRANSLATIONAL MEDICINE. From Lampi and Reinhart-King, Sci. Transl. Med. 10,
eaao0475 (2018) [140]. Reprinted with permission from AAAS.
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2.3.5 Significance of TG2 and TNC interplay

To our knowledge, no literature exists which describes mechanistic dependencies between TNC
and TG2. However, due to their central roles in the cell-ECM interphase much effort has been
expended to conduct in vitro studies to investigate each TG2 and TNC separately, as above
mentioned. Much attention attracted us, that there is a huge overlap in binding partners which
interact individually with TNC and TG2 (see above), while TNC and TG2 both achieve pleiotropic
roles in diverse cellular and ECM functions [106,114,146] (see Chapter 3 for TG2). Some of which
are shaking hands like regulating cell adhesion where TNC facilitates de-adhesion and TG2 adhesion
of cells to ECM [148-151]. TNC and TG2 are both reported to be quickly upregulated at the boarder
of healing wounds and other sites of ECM remodelling [135,143,152], mechanical stress [153-156],
as well as during embryonic development, wound healing or pathological conditions of fibrosis or
cancer [89,119,157-161]. Fibronectin binds to both TNC and TG2, but at two distinct binding sites.
TNC binds to Fn at Hep |, Hep Il and Hep Il domain [162] while the amino-terminal location of Fn
Hep | domain is adjacent to the gelatin-/collagen-binding domain where TG2 binds to [163]. Both
TG2 and TNC can crosslink ECM, but TG2 carries out an enzymatic crosslinking function and TNC
conveys a non-enzymatic cross-linker function due to its hexameric structure [164]. Syndecan-4, a
plasma membrane proteoglycan, accumulates in focal adhesions and interacts via heparan sulfate
chains with the Hep2-region of Fn. TNC binds to Fn conveying its’ de-adhesive function [165]
through blocking the Fn-Syndecan-4-interaction, which prevents activation of the RhoA/ROCK
pathway and downstream actin re-organization and TNC expression and allows TNC regulation
through negative feedback [124]. Interestingly, the strain-induced induction of TNC also requires
binding of TNC to Fn [124] and B1-integrins [154,166-168].

TG2 itself clusters Fn, syndecan-4 and B1-integrin which is suggested to promote tissue repair after
damage, where TG2-Fn-syndecan-4-Blintegrin-complex enhances adhesive and signalling
functions and might therefore compensate for integrin-dependent adhesion deficiency and lack of
Fn fiber assembly [169]. Another interaction partner is MMP-2, which can be induced by TNC in
smooth muscle cells [126]. Cleavage of TNC by MMP2 generates cryptic binding sites which permit
interaction with syndecan-4 to promote B1-integrin clustering and cell spreading [128,130]. MMP-
2 cleaves and inactivates TG2 [170]. However, there is a negative feedback loop described where
TG2 is associated with the activation of MMP-2 intermediate resulting in reducing MMP-2 activity
with subsequent protection of TG2 proteolysis [171]. It was shown that MMP-2 expression in
fibroblast were inversely related to the aSMA expression, thus MMP-2 expression is suppressed by

myofibroblast phenotype [172]. TGF-B upregulates both TNC [173] and TG2 [145].
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However, only very little work can be found where observations of TG2 and TNC were reported in
healthy or diseased tissue. One study identified different phenotypic subpopulations of cancer-
associated fibroblasts (CAFs) in pancreatic cancer and reported high TNC levels in the matrix within
the range of 100 um of cancer cells. On the contrary, high TG2 levels were observed in healthy
lobular tissueTG2, but the role of TG2 was not discussed further [174]. Both TG2 and TNC are found
to be upregulated under inflammatory conditions [175]. In non-neoplastic reactive lymphoid tissue
specimen removed from human patients TG2 and TNC showed similar expression patterns in close
proximity of the marginal zone and T-cell area [176]. Human breast cancer biopsies were described
with both high TNC and TG2 levels in invasive ductal carcinoma (IDC) compared to normal breast
tissue [177]. Another in vivo infection study in piglets demonstrated in early (24 h post infection)
and late (48 h post infection) piglets infected with Salmonella enterica serovar Choleraesuis that
genes for TG2 were upregulated in the mesenteric lymph node in both groups, while TNC (here
HXB for hexabrachion) was upregulated in late group only [178].

In summary, even though few studies identified the presence of both TG2 and TNC in vitro and

in vivo, no literature is available so far describing a functional dependency between TNC and TG2.
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3 Tissue transglutaminase in fibrosis— more than an extracellular matrix cross-linker

3.1 Abstract

Tissue transglutaminase (TG2) is upregulated in the pathogenesis of a wide variety of chronic
diseases. In this review special emphasis will be placed on fundamental mechanisms underlying the
critical role of TG2 in fibroproliferative disorders. TG2 is best known for its cross-linking capacities
in the extracellular space but has many critical and multifaceted roles beyond protein cross-linking,
which are driven by the conformation and specific localization of the molecule.

As extracellular crosslinker TG2 promotes fibrotic disease through the storage of latent TGF-B1 in
a stiffened extracellular matrix (ECM). As membrane-bound cell adhesion cofactor and signalling
protein and intracellular crosslinker or G-protein, TG2 promotes fibrotic disease through cell
survival and profibrotic pathway activation on a signalling, transcriptional and translational level.
Similarities between the roles that TG2 plays in scar tissue and in the tumor stroma suggest that a
deeper understanding of key common pathways in disease pathogenesis and progression might
lead to the identification of novel treatment targets and the development of new drugs and

diagnostic methods.

3.2 Introduction

Tissue transglutaminase (TG2), also named tTG, EC 2.3.2.13, is the most studied representative of
a structurally and functionally related family of proteins of which nine members have been
identified in humans [1,2]. TG2 is best known for its catalytic transamidation activity, resulting in
the Ca2+ dependent post-translational formation of covalent isopeptide bonds between glutamine
and lysine residues [1]. Beyond its catalytic core, TG2 consists of an N-terminal B-sandwich and two
C-terminal B-barrel domains (Figure 1, left) [3—5]. Far less understood are TG2s multiple functions
at the cell membrane, in the cytoplasm and in the cell nucleus, such as adhesion, migration, growth,
proliferation, survival, apoptosis, differentiation and phenotype modulation [6,7]. TG2 is an integrin
and syndecan-binding adhesion co-receptor for fibronectin (Fn). Approximately 5-40% of B1
integrins are in complex with TG2 and almost all cell-membrane bound TG2 forms 1:1 complexes
with integrins [8,9], which suggests a prominent role for TG2 at the cell membrane. While the focus
is often on its crosslinking capacities in the extracellular space, TG2 is also active through non-
enzymatic protein—protein interactions in both the extra- and intracellular space as further

highlighted below. The reader is also referred to the following comprehensive review [10].
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Fig. 1 Functional domains, binding sites and structure of tissue transglutaminase (TG2).

Beyond its catalytic core (140 - 454), TG2 consists of an N-terminal f-sandwich motif (1 - 139) and two C-terminal B-barrel
domains(1: 469-591; 2: 592-687) [3—5]. The most relevant functional binding sites will be described briefly.

A) Recent studies identified residues K30, R116 and H134 on the N-terminal B-sandwich (yellow) as critical binding
partners for the 42 kDa gelatin binding domain of Fn [5]. According to Belkin et al. TG2-integrin binding is disrupted upon
deletion of C-terminal B-barrel 2 (blue), which indicates that integrin binding sites reside on that domain [4]. The catalytic
core region (magenta) contains the active cross-linking site with the catalytic triad residues (C277, H335, D358). GTP
(nucleotide) binding takes place on the catalytic core (K173) and B-barrel 1 (green) (R476k R478, V479, M483,R580, Y583)
[70]. Heparin binding sites were identified on the catalytic core and B-barrel 2 [71]. (*) Wang et al. identified an alternative
heparin binding site [9]. Ca2+-binding to five of six Ca2+ binding sites on the catalytic core fosters allosteric catalytic site
activation [72]. For information regarding further binding sites (a1B-adrenergic receptor, PLC81, nuclear export signalling
peptide) the reader is referred to the following references [70,71].

B) X-ray crystallography demonstrated that enzymatic cross-linking activity of TG2 is only possible in the Ca2+-induced
open-state conformation (PDB: 2Q37, [3]) with exposed catalytic triad residues. Nucleotide binding induces the closed-
state conformation (PBD: 1KV3) with catalytic triad residues blocked by B-barrels 1 and 2 [73]. However, since TG2 has
many non-enzymatic functions, “conformational state” and “activity” must be carefully distinguished [24].

Figures are adapted and modified with permission from A [70] and B [24].

3.3 TG2 is upregulated in the pathogenesis of a wide variety of chronic

diseases

In most cases, the pathophysiological significance of TG2-induced modifications remains unclear.
However, it is well documented that TG2 is involved in the pathogenesis of a wide variety of
diseases, most notably neoplastic and fibroproliferative, including most malignant cancers and
pulmonary, kidney and cardiac fibrosis [11-14]. TG2 expression is highly correlated with cancer cell
survival, malignancy, metastasis and treatment resistance [13,15]. TG2 morphologically and
functionally ‘shapes’ the tumor and scar tissue stroma through ECM cross-linking and binding of
TGF-B1 to the ECM, thus priming TGF-B1, one of the most effective profibrotic stimuli, for release
and activation [16,17]. Also, through its cell attachment and signalling mediator functions and its

intracellular signalling and crosslinking functions, TG2 can promote tumor cell survival and the
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development of fibrotic (scar) cell phenotypes [7,8,18—23]. Major attempts are thus underway to

develop potent TG2 inhibitors.
3.4 Environmental sensing through major conformational TG2 changes

The biochemical functions of TG2 largely depend on its molecular conformation (Figure 1). Various
environmental factors cause allosteric conformational changes and include extracellular,
intracellular and intranuclear Ca2+ concentrations, GDP and GTP concentrations and MMP-
mediated release of membrane bound TG2 into the ECM [7,9]. When bound to GTP or GDP, TG2
adopts a closed conformation with the two C-terminal B-barrel domains folded in and blocking
substrate access to the catalytic site. However, with excess Ca2+ levels, TG2s affinity for GDP and
GTP is reduced leading to a very large change in molecular shape presenting an open molecular
conformation with an accessible active catalytic cross-linking site (Figure 1b) [3,24]. Low Ca2+ and
high GDP/GTP concentrations in the cytoplasm cause TG2 to adopt a predominantly closed
conformation inside the cell [25]. The conformation that TG2 adopts at the cell membrane is largely
unknown. No structure has yet been solved of TG2 complexed to any binding partner even though
Fn can bind to the open and closed conformations of TG2 [5]. Closed state cytosolic TG2 can bind
to heparan sulfate epitopes on exosome membrane associated Syndecan-4 molecules which have
a high binding affinity for the closed conformation of TG2. Syndecan-4-dependent translocation of
TG2 from the cytoplasm to the extracellular space takes place by fusion of exosomes with the outer
cell membrane [9,26—28]. This mechanism was identified in fibrotic kidney disease by Furini et
al. [27]. Syndecan-4-associated TG2 delivered to the cell surface can interact with integrins and
fibronectin to form membrane associated protein complexes exerting cell adhesion/receptor
protein functions (Figure 2, 3) [7,29]. MMP2/9 activity can lead to Syndecan-TG2 shedding from
the cell surface (Figure 3)[9]. Finally, TG2 predominantly adopts an open conformation in the
extracellular space due to high Ca2+ and low GDP/GTP concentrations [24]. Formation of two
disulfide bonds between cysteine residues under oxidizing conditions at the catalytic site renders
TG2 catalytically inactive in its open conformation [30]. Active oxygen reduction mechanisms in the
ECM therefore promote the catalytic ECM cross-linking activity of TG2 in the extracellular space
[31]. Mechanical forces within the physiological range for cells have been shown to induce allosteric
conformational and functional changes in proteins [32]. Also, TG2 is concentrated at focal adhesion
sites [8,18] and the integrin and Fn-binding sites are located at opposite sides of the TG2 molecule
with the catalytically active site and hinge region in between (Figure 1) [4]. It is therefore likely that

cells that generate mechanical forces and pull at adhesion sites that are physically connected to
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the extracellular matrix can induce TG2 ‘opening’ and catalyze disulfide bond reduction, thus

inducing and stabilizing an open catalytically active conformation of TG2 [3,4].

3.5 Extra- and intracellular: Transamidation and cross-linking functions of

TG2 / TGF-B1 storage in the ECM

The catalytic activity of TG2 can affect protein conformation by generating intramolecular cross-
links and can catalyze the formation of covalently linked dimers, oligomers, and polymers [6]. The
transamidation activity of TG2 results in protease-resistant inter- or intramolecular isopeptide
bonds which effectively cross-link ECM fibrils, stiffening the ECM and protecting the ECM from
proteolytic degradation [24]. A matrix reservoir of inactive TGF-B1 is formed via TG2-mediated
cross-linking of latent TGF-B1 binding protein (LTBP-1) to the ECM (Figure 2, 3) [33,34]. ECM-bound
TGF-B1 can be activated via mechanical release (Figure 3), which is especially effective when the
LTBP-1 is bound to a stiff, deformation resistant ECM that counters cell-applied forces
[17,33,35,36]. As such, TGF-B1 activation is thought to be facilitated by TG2 since TG2 cross-links
LTBP to the ECM and can turn a compliant matrix into a stiffer matrix via cross-linking of various
ECM components [37]. ECM prestress sensitizes latent TGF-B1 for activation [36], which might
explain increased TGF-B1 release from stiffened fibrotic tissues. Since increased and dysregulated
expression, deposition and cross-linking of ECM cause loss of vital organ function in fibrosis, TG2

and TGF-B1 are explored as targets for the treatment of fibrotic diseases.
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Fig. 2 TG2 functions depend on its localization, as well as its allosterically-regulated conformation as upregulated in many
diseases.

Resident fibroblasts deposit and remodel the ECM in healthy tissues (top and middle left) [44], whereas aSMA expressing
contractile myofibroblasts are the key players in fibrotic disease (top and middle right). Myofibroblast-dominated tissues
are characterized by increased ECM fiber density and cross-linking. TG2 and TGF-B1 are both upregulated in fibrotic
tissues. The open conformation of TG2 cross-links ECM fibrils @ [1], and binds latent TGF-B1 via LTBP-1 to the ECM @
[1,34,74]. TG2 interacts in closed or unknown conformation with cell membrane proteins @, resulting in downstream
signalling effects [9,29,41]. Cytosolic @ and nuclear @ TG2 activate intracellular signalling pathways and downstream
gene expression through enzymatic (open state TG2) and non-enzymatic (closed state TG2) mechanisms.
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3.6 Cell membrane: TG2 regulates cell adhesion and ligand affinity

TG2 binds to the fibronectin type | modules Fnl7-9 of the collagen/gelatin binding site on the Fn
molecule and interacts with cell membrane B1, B3 and B5 integrins [8,38—40] and/or syndecan-4
(Figure 3) [9,28,29]. Syndecan-4 and integrin signalling is coordinated via direct complex formation
of Fn-TG2, B-integrins and syndecan-4, indirect integrin cytoplasmic tail activation via Syndecan-4
activated PKCa or downstream convergence of integrin and syndecan signalling at p190RhoGAP
(Figure 3) [29,41]. TG2-Fn-complexes offer cells an alternative binding site on Fn in addition to the
classical integrin-Fn binding sites (e.g. RGD loop, synergy site) and facilitate RGD independent cell
adhesion [28,29,42,43].

By promoting cell adhesion to Fn via cell surface integrins and syndecan-4, TG2 likely stimulates Fn
fibril assembly through cell contraction-mediated Fn stretching and unmasking of Fn self-assembly
sites [38,44]. Indirectly, integrin clustering and binding of TG2 at focal adhesions might concentrate
TG2 catalyzed cross-linking of the dense Fn matrix at these sites as suggested by Zemskov et al. [18].
Proteolytic degradation of surface TG2 can shift cell-ECM recognition: cells cannot bind to collagen,
if TG2 is bound to certain collagen-binding integrins, such as integrin alf1, likely due to steric
hindrance [18]. MT1-MMP and/or MMP-2 degrade integrin-associated cell surface TG2 and restore
alB1lintegrin-collagen interactions, while at the same time suppressing cell adhesion and migration
on fibronectin. This shift in cell-ECM recognition via dynamic regulation of surface TG2 can affect
adhesion and migration of cells on various ECM ligands [7,18].

The importance of TG2 for cell adhesion is underlined by the discovery that TG2 was 1 out of only
10 proteins that consistently appeared in seven integrin adhesome datasets analyzed by Horton et

al. [45].
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Fig. 3 Key pro-fibrotic roles of TG2 at the cell membrane and in the ECM.

The molecular sketches do not represent molecular dimensions nor potential conformational states. Unconventional
cellular release and reuptake of TG2 are not depicted in this scheme. Figures are adapted and modified with permission
from Belkin et al. [7] and Robertson et al. [75].

Membrane associated functions of TG2 (lower left section of figure):

TG2-integrin clusters, TG2-FN-Integrin and TG2-FN-integrin-syndecan-4 complexes are known to activate intracellular
Src-FAK and inhibit p190RhoGAP through Src, with both pathways leading to RhoA-ROCK activation [7,8,19,29,41].
RhoA/ROCK pathway activation induces the assembly of cytoplasmic monomeric G-actin into F-actin fibers and the
formation of stress fibers. Changes in actin dynamics are monitored by myocardin-related transcription factor A (MRTF-
A), which binds to cytoplasmic G-actin, but dissociates from F-actin. Upon actin fiber assembly MRTF-A thus uncouples
from G-actin and the released MRTF-A enters the nucleus. Alternatively, Rho-signalling and cytoskeletal stress drive the
downregulation of YAP/TAZ phosphorylation and the subsequent nuclear translocation and activation of YAP/TAZ.
Nuclear MRTF-A and YAP/TAZ both act as transcription cofactors that promote profibrotic gene expression [46,47]. RGD
independent cell adhesion to Fn depends on Fn-TG2-syndecan-4 interaction and is mediated via cytoplasmic a581
integrin and syndecan-2 activation by Syndecan-4 activated PKCa [29]. Membrane-associated TG2 interacts with growth
factor receptors (such as for PDGF, VEGF, FGF and EGF) and stimulates cell survival signalling pathways (e.g. FAK, Src, Akt,
etc.) by promoting GF-receptor binding and activation [7,21].

Storage of latent TGF-B1 in the ECM and mechanoactivation of TGF-B1 (right section of figure):

TGF-B1 is secreted by cells in complex with its latency associated propeptide (LAP), which associates with latent TGF-B1
binding protein (LTBP-1) [76]. LTBP-1 facilitates secretion of TGF-B1 [77] and TG2 cross-links LTBP-1 to Fn and fibrillin
ECM fibers ® [16,34]. As such, a matrix reservoir of inactive TGF-B1 is formed which is bound to the LTBP-1 and ECM and
therefore unable to bind with its high affinity cell membrane receptor to activate the downstream SMAD-mediated
signalling cascade [34,74]. Latent TGF-B1 can be activated through its release from the ECM-bound TGFB-LAP-LTBP-1

complex by proteolysis ® or integrin mediated cellular contraction ® [33-35]. The N- and C-terminal matrix binding
sequences of LTBP-1 [78] and integrin binding RGD sequence of LAP [79] are critical for the activation of TGF-B1. Cell
membrane associated integrins bind to the RGD sequence on LAP ® and can expose the ECM bound LTBP-1 to cellular
contractile forces. This is especially effective when the LTBP-1 is bound to a stiff, deformation resistant ECM that counters
cell-applied forces [17,33,35,36]. As such, TGF-B1 activation is thought to be facilitated by TG2 since TG2 cross-links LTBP
to the ECM and can stiffen a compliant matrix via ECM cross-linking [37]. For a detailed review on TGF-B-LTBP interactions
we refer the reader to a recent comprehensive review published by Rifkin et al. [74].
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3.7 Cell membrane: TG2 as signalling protein

Almost all cell membrane-associated TG2 is bound to integrins [8], where TG2 dimers facilitate
integrin clustering formation (Figure 3)[7,19]. Further ECM components (e.g. Fn) and cell
membrane protein receptors that bind next to fibronectin’s RGD-specific integrin binding site (e.g.
Syndecan-4, PDGF, VEGF, FGF and EGF receptors) can be engaged by these TG2-integrin complexes
to execute various cell adhesion (described above) and signalling functions (Figure 3) [7,9,21,29].
TG2-integrin clusters, TG2-Fn-integrin and TG2-Fn-integrin-syndecan-4 complexes are known to
activate well reviewed integrin signalling cascades, resulting in RhoA-ROCK activation, actin
filamentation and downstream release and nuclear translocation of MRTF-A and YAP/TAZ (Figure
3) [7,8,19,46,47]. Nuclear MRTF-A and YAP/TAZ both act as transcription cofactors that promote
expression of profibrotic genes, including aSMA, Tenascin-C and CTGF, which can influence the

tumor stroma and cancer development and promote fibrotic disease [17,48,49].
3.8 Inside the cell: Enzymatic and non-enzymatic TG2 activity

With low Ca2+ and high GDP/GTP concentrations in the cytoplasm, TG2 binds to and hydrolyzes
GTP, assumes a closed conformation and acts as a G protein. For example, TG2 binds to c-Src and
PI3-kinase, facilitating c-Src-dependent phosphorylation of PI3-kinase which promotes cell survival
[22]. Due to fluctuations in Ca2+ levels, cytoplasmic open conformation cross-linking activity of TG2
can also be observed with various specific and unspecific target proteins. For example, TG2 drives
the constitutive activation of NF-kB through its cross-linking activity, which leads to increased TGF-
B1 expression (e.g. fibrotic diseases, cancer stroma), promotion of epithelial-mesenchymal
transformation (increasing tumor malignancy) and cell survival [23,49]. Similarly, RhoA cross-linking
and activation leads to increased stress fiber formation [50] and certain translation regulatory
proteins like YB-1 can be crosslinked in a state that drives increased aSMA protein translation [20].
TG2 also regulates mitochondrial function and can initiate mitochondrial-driven apoptosis by
crosslinking mitochondrial proteins in its open, catalytically active state [24,51]. At the same time,
TG2 cross-linking stabilizes the structure of dying cells, prevents leakage of proteolytic enzymes and
protects the environment of the cell from further damage [52]. Last, high TG2 levels increase
autophagy of the tumor suppressor p53, which can help tumor cells escape apoptosis [53].

Nuclear TG2 has been shown to regulate gene expression via post-translational modification of
transcriptional factors and related proteins, including Sp1, hypoxia inducible factor (HIF) 1 and
histones [54]. The G-protein function of cytosolic TG2 typically enhances cell survival [22], whereas

the transamidation activity of TG2 can lead to cell death or survival or even fibrotic changes
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[20,23,49-51,55], depending on the target protein(s). Nuclear localization of TG2 is generally

protective against cell death [56,57].

3.9 TG2 as major player in the development and maintenance of

fibroproliferative diseases

Fibroproliferative disorders cause approximately 45% of the mortality in the developed world and
appear in a wide spectrum from systemic to organ-specific fibrotic diseases. Besides increased
mechanical tissue tension and the presence of certain ECM components like cellular fibronectin’s
ED-A domain, TGF-B1 is one of the most effective profibrotic stimuli that drive the transformation
of fibroblasts into myofibroblasts [17]. Myofibroblasts are the key players within fibroproliferative
disorders [17,58]. They incorporate an excess of collagen and other fibrous proteins into the ECM
while expressing strong contractile alpha smooth muscle actin (aSMA) positive stress fibers which
contract the fibrotic matrix into a stiff, dysfunctional scar [17,33,48,59]. Interestingly, TG2 and TGF-
B1 reinforce each other in the progressive fibrotic and tumor stroma microenvironment [49]. As
described in previous sections, TG2 facilitates the activation of TGF-B1 in the ECM [16], the
activation of profibrotic signalling cascades downstream from TG2-B-integrin-containing
membrane signalling complexes [7] and the translation of aSMA [20]. TGF-B1 on the other hand
promotes TG2 transcription [60,61] leading to self-amplification of TG2 and TGF-B1 in fibrotic
tissues and explaining why both are upregulated in fibroproliferative disorders. The fact that TG2
knockout mice were protected against fibrosis [62,63] and that TG2 inhibition in mouse models of
fibrosis significantly reduced the fibrotic phenotype [11,12,64] further underlines the critical role
that TG2 plays in the pathogenesis and maintenance of fibrosis [65]. The relative contributions of
catalytic and non-catalytic TG2 functions to healthy and diseased microenvironments still remain
unknown. Inhibition of TG2s catalytic function can reduce cardiac fibrosis in vivo [11,64,66]. Wang
et al. and Shinde et al. suggested further reduction of fibrosis via non-catalytic TG2-mediated
mechanisms: reduced externalization of TG2 as a result of decreased interaction of intracellular
TG2 with exosome membrane associated syndecan-4, decreased TGF-B1-induced myofibroblast

formation and reduced activation of fibrosis-associated genes [11,64].
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3.10 Outlook: TG2 as common denominator in fibroproliferative and

neoplastic diseases

The consensus in cancer research seems to mirror our descriptions of the profibrotic functions of
TG2 outlined above. Extracellular TG2 in its open enzymatically active conformation promotes
cancer cell malignancy through crosslinking of the tumor stroma [49,55]. Intracellular closed
conformation TG2 promotes cancer cell survival and malignancy through survival pathway and EMT
activation [22,49]. Stabilizing the open state of TG2 inside the cell promotes cell death and inhibits
the malignant phenotype of cancer cells, thus representing a promising new avenue in the
treatment of cancer [24,25]. Similarities between scar tissue and tumor stroma [67-69] suggest
that the identification of key common pathways involved in the disease pathogenesis and
progression might lead to the identification of novel treatment targets and the development of
new drugs and diagnostic methods.

Beyond its role as ECM crosslinker, much future research is needed to understand the many roles
of TG2, including cell adhesion stabilization and its nuclear functions. Also, translational research is

required as just a few TG2 inhibitors are in clinical trials and none is available for clinical use [55].
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4.1 Abstract

In tissue growth and maturation, little is known how the fibroblast to myofibroblast transition is
regulated and whether it can be reverted. To ask whether gradients of varying extracellular matrix (ECM)
compositions play a crucial role, a question that cannot be addressed in 2D cell cultures as they poorly
reflect biophysical characteristics of tissues, we used de novo uTissues grown in engineered scaffold
clefts. Alpha smooth muscle actin (aSMA)-expressing myofibroblasts are found in the growth front,
where they first assembled tensed fibronectin fibers and express tenascin-C (TNC), which started to
decorate the fibronectin (Fn) fibers just a few um behind the growth front. In a sharp transition zone,
the signal intensities of aSMA, Fn and TNC were significantly downregulated as the tissue started to
mature, while the second harmonic generation (SHG) positive signal from collagen fiber bundles was
increasing. Here we show that the myofibroblast phenotype in the growth front is stabilized by the
highly stretched Fn fibers and that their reversal back to quiescent fibroblasts in the maturing tissue is
critically dependent on the transient activity of tissue transglutaminase (TG2) in the transition zone.
Broad spectrum matrix metalloproteinase inhibition, but not the inhibition of MMP2 or MMP9, as well
as partial blockage of Fn-collagen interaction further hampers completion of the myofibroblast reversal.
Understanding how ECM gradients regulate tissue growth processes and stimulate the transition of
myofibroblasts into quiescent fibroblasts behind the growth front as the tissue matures is crucial to

develop novel treatment strategies in wound healing, fibrosis and cancer.

4.2 Introduction

Immense heterogeneity is intrinsic to life, from the morphological, transcriptional, translational, and
functional heterogeneities of single cells up to the organ level, where distinct cellular organization held
together by highly heterogeneous extracellular microenvironments enables tightly regulated organ
functions. During tissue homeostasis, ongoing cell-driven assembly and disassembly of extracellular
matrix (ECM) is necessary to maintain organ-specific features and physiological functions [1]. In parallel,
matrix production, cell proliferation and tissue contraction are central elements of tissue growth,
maturation and repair [2], which, if not coordinated sufficiently well and with the necessary speed,
cannot win the “race against the clock” upon tissue damage [3] and lead to major impairment of tissue
function, or even death of the organism [4-6]. ECM proteins are expressed in a time-dependent fashion
during repair and can thus serve as valuable region- and time-specific biomarkers indicative for tissue
health and disease [3,7,8]. But how is heterogeneity during embryogenesis formed, and later

maintained during tissue homeostasis, and what factors drive pathological transformations?
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ECM assembly and maintenance are indispensable for life and orchestrate many outside-in signals to
cells that go far beyond providing physical support alone [9,10].

Furthermore, information provided by the ECM can persist long after the cells that initially deposited
the ECM have migrated, (de)differentiated or died, and thus ‘outlive’ paracrine or direct cell to cell
signalling [11]. As such, this ECM memory can guide tissue repair and regeneration over time periods of
days to months, but at the same time become problematic if a dysregulated repair process has been
established as a result of chronic or severe trauma. In such cases, a ‘bad neighborhood’ ECM can persist
and continue to drive a fibrotic repair program. The ECM is composed of approximately 300
proteins/glycoproteins which vary in function and complexity of assembly [12]. Within the first phases
of tissue growth, cellular forces are essential for the assembly of a provisional fibronectin (Fn) matrix
[13]. During tissue maturation, the initial Fn matrix is gradually replaced by collagen-I and other ECM
components which function as load-bearing structures to release the load on the initial Fn matrix and
enhance structural tissue strength [14]. Thus, spatio-temporal gradients of Fn and collagen are created
along the axis of tissue growth. However, collagen fiber assembly does not only involve complex post-
translational processing [15], but also requires the presence of fibrillar Fn as a template for the initiation
of collagen polymerization [16-18]. This necessitates a time-regulated formation and remodelling of
ECM gradients during the course of tissue growth and maturation. In contrast to the impact of soluble
gradients [19-21], fundamental understanding of how ECM gradients are formed and how they regulate
tissue development and repair processes is still missing due to the complexity of the multiple
interactions.

In recent years, much attention was given to understanding the importance of soluble factor gradients
[21-26] and mechanical forces in tissue growth and remodelling processes [10,27-29]. However, far less
is known about how spatio-temporal changes in ECM composition and architecture contribute to the
formation and stabilization of cell phenotype gradients. Well designed and tightly controllable model
systems are thus essential to gain insights into how spatio-temporal biochemical and physical ECM
parameters guide tissue morphogenesis and repair in concert with soluble factors. Much has been
learned from cell culture experiments on engineered substrates on how rigidity and topography tune
cell differentiation, as well as in 3D polymer matrices on how fibrous 3D environments impact cell
migration, proliferation, differentiation and matrix assembly [30-32]. Native ECM fibers though have a
far more sophisticated molecular design than any synthetic polymer: each matrix molecule presents a
distinct set of molecular recognitions sites, some of which can be transiently activated or destroyed by
fiber stretching [10]. To make progress towards the understanding of the orchestrating role of ECM in
tissue growth and repair and as driver of pathological transformations, complex but controllable model
systems incorporating self-assembled ECM to form de novo grown tissues are urgently needed. While

organoids have been powerful in combination with high-throughput 2D drug development pipelines,
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they have their limitations due to significant organoid-to-organoid variabilities [33]. Alternatively, we
show here how simpler, yet better shape-controlled de novo tissues can be grown in engineered clefts
on elastomer scaffolds containing arrays of zig-zag shaped edges (Figure 1). When seeding fibroblasts
on scaffolds with single clefts, it was previously shown that de novo 3D tissues can be grown, whereby
the cells proliferate mostly in the outer growth front [34], while de novo ECM is assembled on top of
the gradually maturing tissues [14].

Myofibroblasts play a particularly important role in tissue morphogenesis and repair as they are more
contractile than fibroblasts and produce significantly more ECM [2,35,36]. 2D cell culture experiments
revealed that various stimuli (e.g. mechanical tension, PDGF, TGF-B, EDA-Fibronectin) can induce a
differentiation of fibroblasts into myofibroblasts, showing an elevated expression of alpha smooth
muscle actin (aSMA) [37]. Myofibroblasts under healthy conditions drive wound closure by applying
strong contractile forces to reduce the wound size before they are cleared from the wound [38]. Under
impaired conditions, such as in inflammation, diabetes, fibrotic transformations or cancer,
myofibroblasts remain constitutively active over extended periods of time [36]. Myofibroblasts are also
the prevalent cell phenotype in the growth front of our de novo grown uTissues in engineered clefts
[34]. A myofibroblast-to-fibroblast transition (M-F-T) occurs as the uTissues mature, whereby the
maturing tissues mainly contain fibroblasts predominantly surrounded by a collagen-rich ECM [34]. But
what are the central drivers that orchestrate the M-F-T during tissue maturation and what happens
under pathological conditions?

To address these questions, we took advantage of our arrays of de novo grown uTissues and asked how
the provisional fibronectin ECM in the growth front is remodelled into the mechanically stabilized
collagen-rich matrix in the maturing tissue core. A process of a few days taking place over a spatial
distance of less than 100 um. We thereby focused our study on the spatiotemporal expression, assembly
and degradation of two very interesting candidates: Tenascin-C (TNC) and tissue transglutaminase
(TG2). TNC and TG2 are both reported to be quickly upregulated at the boarder of healing wounds and
other sites of ECM remodelling [3,39,40], mechanical stress [41-44], as well as during embryonic
development, wound healing or pathological conditions of fibrosis or cancer [45-51]. TNC is a star-
shaped hexameric matricellular glycoprotein and best known for its mainly anti-adhesive function when
binding to Fn matrices [52] and competing with cell surface syndecan-4 binding to the Fn Hep Il domain
[53-55]. In contrast, TG2 catalytically crosslinks a number of different substrates including fibronectin
and collagen [56] via formation of e-(y-glutamyl)lysine bonds in a calcium-dependent manner [57,58].
Far less well understood are TG2’s multiple non-enzymatic functions (reviewed in [59-64]) as TG2 can
non-enzymatically stabilize cell adhesions as integrin- and syndecan-binding coreceptor for Fn [59]. As
it also remains elusive whether and how TG2 and TNC functionally interact with each other, we exploited

various well characterized pharmaceutical inhibitors. We also studied the impact of MMP inhibitors on
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tissue growth and maturation, since cleavage of TNC by matrix metalloproteinases (MMP) can lead to a
reduction of TNC levels, exposure of cryptic binding sites, release of cell adhesion mediating domains
[65,66] and the modulation of ECM binding sites (e.g. for Fn) [67,68]. MMPs are the main enzymes
facilitating proteolytic ECM degradation, especially in sites of matrix remodelling [1]. On the other hand,
enzymatic cross-linking by transglutaminase, a suggested “reverse proteinase”, partially protects the
ECM from proteolytic degradation [69], leading to reduced ECM turnover [60,70]. Thus, we utilized a
catalytic site inhibitor to investigate the relevance of TG2 enzymatic activity on the formation of ECM
gradients and subsequent tissue maturation.

In summary, our findings suggest a functional dependency between TNC and TG2, where TNC conveys
early ECM stabilization and is cleared over time when enzymatic cross-linking via TG2 takes over.
Furthermore, TGF-B might be an important player in accelerating tissue maturation. Taken together,
our study sheds new insights on tissue growth and remodelling mechanisms that are of major

significance to cell biologists, bioengineers and the medical community.
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4.3 Results

MUTissue maturation in engineered PDMS clefts is characterised by a reversible fibroblast-to-
myofibroblast transition and steep ECM gradients

De novo uTissues were formed by seeding normal human dermal fibroblast onto PDMS scaffolds
containing millimetre-sized clefts with a cleft angle of 45° (Fig. 1A). Once the cells had formed a
confluent layer on top of the scaffolds after approximately two days, 3D uTissues started to grow in the
corners of the clefts, gradually filling the cleft over a duration of 12 days (Fig. 1B-C). Typically, the cells
at the upper and lower scaffold surfaces organized themselves independently from each other to
initiate pTissue growth before they started fusing after a few days (Fig. 1B). As the pTissues were
growing outwards, the tissue gradually matured in its core region positioned at the inner corner of the
cleft (Fig.1B and 1F). In de novo grown puTissues, fibroblast proliferation occurs mostly in the growth
front at the tissue edge [34], while the inner tissue gradually matured as seen by a major change in ECM
composition in the central horizontal z-planes (Fig. 1D-I, more samples in Fig. SO1). The angular cleft
geometry and its gradual filling thus allows the interpretation of spatial information as time imprint of
tissue maturation. What is seen as a concave growth front actually represents a thin layer of highly
proliferative cells that covers the entire uTissue (Fig. 1F) and extends across the PDMS scaffold
(Fig. S10). Even though fibroblasts were initially seeded on the scaffold, the proliferative growth front is
rich in myofibroblasts as indicted by high levels of aSMA expression (Fig. 1G), while few myofibroblasts
are seen in the interior of the tissue away from the growth front. The decline of the aSMA signal from
the tissue surface to the interior suggests a reversible fibroblast-to-myofibroblast- (F-M-T) and
myofibroblast-to-fibroblast-transition (M-F-T) as the tissues mature [34]. The growth front is rich in a
fibrillar Fn matrix, with both the Fn fibers as well as the myofibroblasts aligned tangentially to the growth
front (Fig. 11). In contrast, the pTissue interior consists mostly of randomly oriented fibroblasts
surrounded by a far less ordered collagen-rich ECM (Fig. 1G) sparsely interdispersed with Fn fibers
(Fig. 11), in agreement with previous observations [34]. Cells arrange ECM fibers and especially load-
bearing collagen fibers along the axis of main force transmission. In the pseudo-coloured fiber
orientation plot, the SHG signal appears both aligned with the growth front but also along the long axis
of the uTissue parallel to the bisector angle, suggesting force transmission over long range (Fig. 3E, more
samples in Fig. SO5). The ratio of Fn to SHG visualized collagen fibers declines sharply within the first
10 um from the outer front of the tissue (Fig. 1L). However, the absolute growth front width varies
between tissues (Fig. SO1). Taken together, F-M-T occurs within the growth front of de novo grown
uTissues without supplementation of TGF- and myofibroblasts disappear again as the tissue matures,
whereby the steep Fn/collagen gradient co-localizes with the rapidly declining aSMA signal (Fig. 1L,

more samples in Fig. SO1).
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Fig. 1 Experimental setup of de novo tissue growth with spatiotemporal resolution in microfabricated PDMS substrates.
(A) Microfabricated PDMS substrate (diameter: 18 mm, thickness: 300 um) with array of 16 acute-angled clefts. Cells form in
each cleft (light blue colour) de novo uTissue over time. (B) Phase-contrast image of a cleft with assembled tissue at day 5. The
uTissues grow towards the open angle whereas tissue maturation occurs over time and is directed in the reverse direction
(gray arrows). (C) uTissues are fixed and stained at day 12. (D) YZ-section of the red dashed line in (C) represents a uTissue
freely spanned between the adhesion sites of the functionalized PDMS structures. (E) XZ-section of the green dashed line in
(C) represents a growing uTissue along the bisector angle of the cleft. (F) Magnification of the white boxed region in (C). Focal
planes of interest (white dashed line in (D-E)) were chosen for each sample such as to capture the maximum of mature-to-
young-tissue-gradient and acquired with 2-photon and confocal laser scanning microscopy. Tissue growth occurs in a layer-by-
layer manner in which the structure is preserved over time [14], thus, cross-sectioning here allows to correlate temporal from
spatial information. (G-1) Overlay of the second harmonic generation (SHG, cyan) signal and aSMA (orange, G), TNC (magenta,
H), Fn (green, 1) after 12 days. Scale bar 100 um. {J) Overlay of Fn (green) and FNBPAS (red) after 12 days. Scale bar 100 pm. (K)
Normalized intensity line profile over distance to growth front and along the white line in (G-1) and the respective stains. (L)

Normalized intensity line profile along the growth front of the dashed white line in (G-1) and the respective stains.
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Tensed fibronectin fibers in the growth front stabilize the myofibroblast phenotype

While we previously found that fibronectin fibers are highly stretched in the growth front using a Fn-
FRET probe [34], we here utilized our recently developed bacterial adhesin-derived tension probe
(FNBPAS5) which binds Fn in the relaxed tensional state with higher affinity [71-74]. The uTissue interior
showed much higher FnBPAS signal compared to the growth front, indicating structurally relaxed or
enzymatically cleaved Fn fibers in the interior and stretched and partially unfolded Fn fibers in the
growth front (Fig. 1J).

To ask whether the M-F-T and F-M-T are triggered by soluble factors, ECM composition or mechanical
stimuli, such as stretched Fn fibers, we decellularized the uTissue such that their ECM remained intact
with a modified Cukierman protocol [75-77]. We then re-seeded native fibroblasts or TGF-B stimulated
myofibroblasts (Fig. 2A-B), whereby the re-seeded cells were marked with a cell tracker, which was
detected as multifocal cytoplasmic accumulations. Within 24 h, the re-seeded cells (both fibroblast and
myofibroblast) repopulated the entire decellularized pTissue as indicated by a homogenous distribution
of the cell tracker (Fig. 2B-C). In contrast, the reseeded fibroblasts do not show any aSMA signal in full
dynamic range without and only unstructured noisy signal with contrast enhancement (Fig. 2B). Re-
seeded aSMA positive myofibroblasts predominantly located within the decellularized growth front
after 24 h incubation, but not in the core pTissue region even though the core was filled with cell tracker
positive cells. After four days of re-seeding myofibroblast, the aSMA positive cells occupy a wider region
at the growth front compared to 24 h incubation (compare left columns of Fig. 2C and Fig. 2B). After
four days of incubation, only a very mild intracellular aSMA signal could be detected in re-seeded
fibroblasts aligned within the growth front area (indicated by arrows in Fig. 2C, right column). Taken
together, the relative differences of ECM composition and architecture, with a tensed fibronectin fiber
environment in the growth front of de novo grown uTissue, seem to not only stabilize the myofibroblast
phenotype independent of soluble morphogen stimulation (after 24 h, Fig. 2B), but also trigger the onset
of F-M-T (Fig. 2C, right column).
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A[ Day 1 | Day 5 | Day 9 | Day 10 | Day 13 |
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PDMS substrates de novo pTissues
+1day | 4.1 Fix
Fibroblast +Cell > [~ &aSMA stain
Fibroblast + TGF-B > Myofibroblast— tracker » +4 days 4.2 Fix
> & aSMA stain
3. Re-seeding
B C

1 day incubation after re-seeding 4 day incubation after re-seeding

Myofibroblast Fibroblast Myofibroblast Fibroblast

aSMA
Cell tracker

Enhanced contrast

Fig. 2 Re-seeding of decellularized pTissues. (A) uTissues were decellularized and reseeded with normal fibroblasts or TGF-1
stimulated myofibroblasts. All cells were incubated with cell tracker prior to reseeding. uTissues were fixed and stained one
and four days after reseeding. (B) Central imaging plane of the uTissues fixed after one day and visualized for fibroblasts and
myofibroblasts. To allow intensity comparison across different pTissues as well as visualization of the intra-uTissue distribution
and morphology, region of interest is shown with full dynamic range (upper row) and with enhanced contrast (lower row) to
the same relative number of saturated pixels (1 %). Myofibroblast predominantly localize in the growth front. In fibroblast re-
seeded pTissues no clear aSMA fiber are visible. (C) Central imaging plane of the uTissues fixed after four days and visualized
for fibroblasts and myofibroblasts. Myofibroblasts populate a wider region in the growth front. In the enhanced contrast
images a very dim aSMA signal is visible in the growth front of fibroblast seeeded cells (arrows), indicating a starting F-M-T of

the seeded fibroblasts. Scale bar 500 um.

TNC decorates Fn fibers in the growth front, but gets rapidly degraded as the tissues matures

To ask which ECM players could support the formation of this opposing Fn/Col gradient, we next stained
for possible candidates normally found in growing tissue [45,78,79]. TNC as an acute indicator of ECM
remodelling is rapidly upregulated in mechanically stressed tissues [42,43,80] or at injury sites [47,81],
and gets degraded by many different proteases [66,67,82-87]. Interestingly, immunostaining revealed
that TNC decorates only the Fn fibers in the growth front (Fig. 1H). As a polyclonal anti-TNC antibody
recognizing full length TNC also did not detect a signal in the back part of the uTissue, we concluded
that TNC disappeared presumably due to proteolytic degradation (Fig. 1H and Fig. S09).

The TNC signal typically peaked slightly shifted towards core tissue regions, e.g., slightly delayed, in

comparison to the aSMA- and Fn-peaks in the profile plots (compare sample 1-4 in Fig. SO1). As TNC has
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a variety of epitopes that might get masked upon ECM binding, we confirmed the TNC gradient with
different antibodies. In addition to the monoclonal antibody BC-24, which is used as standard
throughout the study, we also used a polyclonal TNC and another monoclonal TNC B28.13, confirming
that TNC mainly accumulated within the early growth region and thus defines immature regions of the
control uTissue (Fig. S09). Little TNC is left in tissue regions where collagen fibers, visible in SHG, had
been assembled (Fig. 3A, more samples in Fig. SO1). This suggests that TNC might play a central role in

the swift formation of proliferative ECM gradients.

Since each interventional condition is required to be compared with the respective control of the

respective staining as reference, those need to be grouped together in Fig. 3 and Fig. 4. To not violate

this coherence, the figures cannot be called out in numerical order in the following section.
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Fig. 3 uTissue interventions with various inhibitors. (A-D, upper row) Representative pTissues imaged with 2P and CLSM (ROI)
and overlaid with the respective phase-contrast image of the following conditions: Control (DMSO, A), the specific inhibition
of the enzymatic TG2 activity (Z006, B), the inhibition of TGF-B receptor signalling (GW788388, C) and inhibition of ErbB
signalling (Lapatanib, D). (A-D, middle row) Close-up of the respective ROl in the upper row. Since the uTissue grow in their
x-profile in approximation symmetric, the CLSM+2P data is depicted with two different sets of look up table (top LUT: aSMA
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(orange), TNC (magenta), SHG (cyan); bottom LUT: Fn (green), TNC (magenta), SHG (cyan). Scale bars 100 um. (A-D, lower row)
Respective normalized intensity profile of the channel in the middle row is shown parallel to the cleft bisector angle, e.g. main
x-growth-direction of tissue here from left to right (cf. Fig. 1B+C). At each distance, the mean of 100 vertically accumulated
pixels (50px above and 50px underneath the straight line) is plotted over the distance to growth front. Normalized Fn / SHG
ratio is plotted additionally. See supplementary figures SO1 — S04 for more data including separated channels and enlarged
profile plots. (E-H, upper row) Collagen fiber (SHG) orientations depicted as pseudo-coloured ROI. See also supplementary
Fig. SO5. (E-H, lower row) Collagen fiber (SHG) orientations depicted as histogram. (l) Growth distances along cleft bisector
angle between tip of the cleft to the uTissue-medium-interface measured with phase-contrast images. Data were compared
with an unpaired two-tailed Mann-Whitney test. (J) uTissue thickness along the z-axis depicted in describe the graph type. (L)
Integral of profile plots (A-D) in absolute intensities. Mean (n=4) with 95% ClI.

Fn-collagen-binding, followed by collagen assembly, precedes the formation of steep Fn-, TNC- and
aSMA-gradients and enables tissue maturation

Since collagen assembly requires the presence of Fn fibers (17-19), we next asked how the inhibition of
Fn-Col interactions impacts the onset of the tissue maturation processes. We hypothesized that the
steep Fn, TNC and aSMA gradients that we see to occur in the transition zone (Fig. 1F) require collagen
binding in order to induce its polymerization into an independent collagen fiber network. To test this
hypothesis, the bacterial-adhesin-derived R1R2 peptide [88,89] that partially inhibits Fn-collagen
interaction through competitive binding was supplemented to the medium. Even though a pronounced
growth front rich in Fn, TNC and aSMA is formed in the presence of the R1R2 peptide, indicating that
the early F-M-T is not disturbed, TNC-Fn-degradation and partial replacement by a collagen rich matrix
is not happening (Fig. 4H, more samples in Fig. SO6B). This suggests that either the TNC and Fn
degradation is significantly reduced or expression of both matrix molecules is largely increased. Overall,
tissue maturation is incomplete and myofibroblast to fibroblast transition is delayed but still occurs,
suggesting that the Fn-Col-interaction is essential for prompt clearance of myofibroblasts and
subsequent tissue maturation (Fig. 4H). Furthermore, many tissues show detachment and rupture
under inhibition of Fn-collagen interaction, indicating a strongly reduced mechanical stability.

Taken together, this suggests that Fn-collagen binding is required for tissue maturation and thus the
formation of a steep Fn, TNC and aSMA-gradient. As relaxed Fn is templating subsequent collagen
assembly [18], a shift from highly to less stretched Fn fibers is necessary to initiate the uTissue

maturation process.
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Fig. 4 TNC stain of pTissue interventions with various inhibitors and supplementation of TG2. (A-l, upper row) Representative
ROI of uTissues imaged with 2P and CLSM of the control (DMSO, A), the broad spectrum inhibition of MMPs (GM6001, B), the
specific inhibition of MMP-2/-9 (SB3CT, C), the inhibition of the Rho-associated kinase (ROCK, Y-27632, D), a combination of
inhibition with Y-27632 and Z006 (E), Z006 (F), partial inhibition of collagen-Fn (R1R2, G), inhibition of a2B1-integrin (BTTT3033,
H), and the supplementation of exogenous TG2 (I). The CLSM+2P data is depicted with two different sets of look up table: top
LUT: aSMA (orange), TNC (magenta), SHG (cyan); bottom LUT: Fn (green), TNC (magenta), SHG (cyan). Scale bars 100um. See
also supplementary figure SO6. (A-l, lower row) Respective normalized intensity profile of the channel in the middle row is
shown parallel to the cleft bisector angle, e.g. main x-growth-direction of tissue here from left to right (cf. Fig. 1B+C). At each
distance, the mean of 100 vertically accumulated pixels (50px above and 50px underneath the straight line) is plotted over the
distance to growth front. (J) Integral of profile plots (G-1) in absolute intensities. Mean (n=4) with 95% Cl. (K) Integral of profile
plots (A-E) in absolute intensities. Mean (n=4) with 95% CI (L) Growth distance is defined as distance from cleft tip along bisector
angle to growth, here plotted over time. Mean (n=4) with 95% Cl.

Inhibition of a2B1-integrin mediated cell-collagen binding hampers tissue growth and maturation
Since not only Fn, but particularly a2B1-integrins are required for collagen polymerization and for dense
collagen network formation [17,90], we next investigated uTissues treated with BTT3033, an a2p1-

integrin inhibitor. Within 12 days, tissue formation was delayed upon exposure to BTT3033 with a
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largely reduced growth front (Fig. 4l+L). The variability over different tissues was high (Fig. SO6A). All
growth front markers were distributed over the entire tissue, and the precise spatial transition, from

growth front to a mature core region was lost.

MMP activity is required to degrade TNC and to convert myofibroblasts back to fibroblasts

Once myofibroblasts define and stabilize the growth front, what triggers the conversion M-F-T in these
UTissues and subsequent tissue maturation? It was previously reported, that the broad-spectrum MMP
inhibitor, GM6001, which inhibits MMP1-3, 7-9, 12, 26, also blocks TNC degradation in vitro [91]. For
GM6001-treated uTissues, myofibroblasts accumulated normally in the growth front but TNC
degradation was prolonged and tissue maturation was delayed (Fig. 4B, more samples Fig. SO7A). Most
importantly, aSMA positive cells were present in the core tissue regions, Fn fiber deposition remained
upregulated and only few mature collagen fibers were detectable with SHG (Fig. 4B). It appears that the
MMP inhibitor blocked either collagen expression/fibril formation and / or Fn expression or interaction
with collagen. Since we showed above, that Fn fibers are highly tensed in the growth front, but that a
reduced Fn fiber tension is necessary to template the nucleation of collagen fibers, MMP activity might
cleave some Fn fibers which can then initiate collagen polymerization. In consequence the deposition
of TNC may be hampered which is dependent on Fn-collagen-interaction as shown above with the R1R2
peptides.

Under GM6001, across the entire pTissue profile, the absolute intensity of Fn, aSMA, TNC and SHG
signal was greatly reduced, and almost no mature collagen fibers were detectable (Fig. 4B+K, more
samples Fig. SO7A). Together, this suggests that broad-spectrum MMP activity is not only needed for
TNC degradation, but also for expression of collagen and Fn. Speculatively, there could be feedback
loops involved which hinder further protein accumulation when matrix degradation fragments are no
longer detected. Unlike under broad-spectrum MMP inhibition (Fig. 4B), selectively inhibiting MMP-2
and MMP-9 with SB3CT [92] had little effect. Collagen fibers formed normally and the total fluorescence
intensities were similar to the control (Fig. 4A,C+K). It neither resulted in alterations of the Fn-TNC-
gradient slope, nor in F-M-T-/M-F-T-alterations. This is particularly interesting since MMP-2 and MMP-
9, beside many other functions, were also reported to increase the bioavailability of TGF-B in 2D
experiments [93,94]. Surprisingly, SB3CT had hardly any effect on the steepness of the gradient between
growth front and tissue interior and resembled the control morphology and distribution (Fig. 4C, more
samples Fig. SO7B). Taken together, reducing bioavailability of TGF-B by selectively inhibiting specifically
MMP-2 and MMP-9 did not impact tissue gradients. However, broad spectrum MMP activity is required
to form sharp TNC and aSMA gradients and mature collagen fibers in the core region. This indicates,
that MMP-1/-3/-7/-8/-12/-26 are more relevant for the described GM6001 effect. All those MMP

molecules target a variety of different substrates in the ECM, including Fn, different collagens and other
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ECM components, which creates great opportunity for future studies to investigate their individual

roles.

Upregulated tissue transglutaminase is a key player to form the sharp ECM gradient

ECM is partially protected from proteolytic degradation through enzymatic cross-linking by
transglutaminases [69]. Immunostaining showed TG2 accumulation in the growth front, with a very
similar distribution to TNC (compare TG2 in Fig. 5A with TNC in Fig. 3A or Fig. 4A), and likewise,
progressively disappeared in the mature pTissue core (Fig. 4J)). To investigate whether TG2 is a timer
regulating the sharpness of the transition from the growth front to maturing tissues, we next
supplemented TG2 exogenously. This resulted in reduced uTissue growth rates and a redistribution of
growth front markers to the core uTissue regions, while the absolute aSMA, Fn and TNC intensities
decreased along the full uTissue profile (Fig. 4]-L). The accumulation of growth front markers in deeper
regions indicates continuous ECM remodelling in all regions instigated by the supplemented TG2. As
TG2 colocalized with aSMA, we conclude that cells with a myofibroblast (but not normal fibroblast)
phenotype express TG2 that largely impacts TNC expression in the uTissue. Likely, exogenously added
TG2 enhances TNC stability.
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Fig. 5 TG2 stain of uTissue interventions with various inhibitors. (A-C, upper row) Representative ROI of pTissues imaged with
2P and CLSM of the control (DMSO, A), inhibition with Z006 (B), and inhibition with GM6001 (C). The CLSM+2P data is depicted
with two different sets of look up table; top LUT: aSMA (orange), SHG (cyan); bottom LUT: TG2 (magenta), Fn (green), SHG
(cyan). Scale bars 100 um. See also supplementary figure S08. (A-C, lower row) Respective normalized intensity profile of the
channel in the middle row is shown parallel to the cleft bisector angle, e.g. main x-growth-direction of tissue here from left to
right (cf. Fig. 1B+C). At each distance, the mean of 100 vertically accumulated pixels (50px above and 50px underneath the

straight line) is plotted over the distance to growth front.
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Inhibition of enzymatic TG2 activity leads to incomplete tissue maturation

To investigate if cross-linking of TG2 is required to form steep TNC gradients, we next inhibited the
enzymatic TG2 activity using the specific inhibitor Z006 [95], which blocked TGF-B1 mediated
myofibroblast differentiation in 2D cell culture (Fig. S11). In uTissues, TG2 inhibition resulted in strongly
reduced ECM maturation in the tissue core (Fig. 3B, more samples in Fig. S02). In contrast to the
controls, the onset of tissue maturation was compromised in TG2 inhibited uTissues (Fig. 3B). The
intensity plots revealed that Fn still showed a widened, but distinct peak at the growth front (Fig. 3B,
profile plot), as well as TNC and aSMA, but that all markers are also present in the core. The Fn/col
gradient was thus flattened following inhibition of TG2 cross-linking, but was still steeper than the
corresponding aSMA and TNC gradients (Fig. 3B, profile plot). Also, the TG2 accumulation peak at the
growth front was narrower compared to the control (Fig. 5B, profile plot). Altogether, these results
suggest that the myofibroblasts did not fully transition back into fibroblasts and TNC was either less
degraded or more produced in the core upon TG2 inhibition.

Not just TG2 inhibition, but also inhibition of TGF-B receptors with GW788388, a TGF-B receptor I/II
inhibitor, hampered uTissue maturation and resulted in similarly slowed M-F-T as upon TG2 inhibition
(Fig. 3C). The presence of myofibroblasts in the uTissue core, however, is highly remarkable. As in planar
2D cell culture, we confirmed that GW788388 specifically blocked TGF-B1 mediated differentiation of
fibroblasts into myofibroblast (Fig. S11) as reported before [96]. In 3D uTissues, there are apparently
other factors (e.g. tension, integrin signalling) in addition to TFG-B1 signalling that contribute to the
myofibroblast phenotype.

Interestingly, when downstream signalling of TGF-B receptor was inhibited with GW788388, uTissues
still grew but with significantly reduced tissue growth rates (Fig. 3l), tissue heights (Fig. 3J) and the
projected area of the region of interest (Fig. 3C). However, inhibition of TG2 enzymatic activity did not
affect the tissue height, but also reduced the growth kinetics (Fig. 3I). The combination of cellular
contractile forces and ECM stabilization are needed to allow a tissue to advance in space during growth.
TGF-B receptor signalling mediates, besides many other functions, increased cellular contractility. Lower
force transmission can also be seen in the SHG fiber orientation plots both in TG2 and TGF-B receptor
inhibition: while the collagen fibers in the control tissues showed long-range alignment with respect to
each other (Fig. 3E), TG2 and TGF-B receptor inhibition resulted in a shorter-range alignment, suggesting
a shorter force transmission range (dominated in regions from about 30° to 60° and -30° to -60°, Fig.
3F-G). In summary, both inhibitions appear to reduce the effect of cellular forces: TGF-B receptor
inhibition might be associated with reduced contractility, while enzymatic TG2 inhibition results in a less
cross-linked and more compliant ECM that cannot counterbalance the same level of contractile forces

as a more rigid matrix.
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Cellular recognition of fibronectin fiber strain via epidermal growth factor receptor signalling is
necessary to drive the myofibroblast-to-fibroblast transition

To next ask if Fn fiber tension plays a role in myofibroblast stabilization and whether it might regulate
the M-F-T back-conversion, we took advantage of our previous observation that mesenchymal stem
cells show an upregulated osteogenic differentiation on stretched, but not on structurally relaxed Fn
fibers, and that this sensitivity to Fn fiber strain is lost in the presence of Lapatanib, a broad epidermal
growth factor (EGF) receptor (ErbB) inhibitor [97]. Whether the cellular detection of Fn fiber strain is
required for either F-M-T or M-F-T has never been tested. Under ErbB inhibition, F-M-T was not affected
and myofibroblasts accumulated within the growth front (Fig. 3D, more samples in Fig. SO4). However,
the myofibroblasts reverted back to fibroblast much later, leading to a delayed, but not fully inhibited
tissue maturation (Fig. 3D). Surprisingly, the width of the Fn-growth front was still narrow compared to
the control, and only the TNC and aSMA regions were widened. This finding suggests that ErbB signalling
is required for Fn fiber strain sensing and plays a role in the mechanically triggered myofibroblast-to-
fibroblast-transition. As Fn fiber tension in 2D cell culture is regulated by cell contractility in a RhoA
dependent manner [98], we next asked how RhoA inhibition might change the morphology of our
uTissues. Either RhoA inhibition alone (Fig. 4D) or in combination with TG2 inhibition both compromised
tissue maturation and showed a trabeculated tissue structure, as if parts of it had collapsed (Fig. 4E).
The MFT was hampered, resulting in a widened growth front not only of aSMA, but also of TNC signal
(Fig. 4E). Interestingly, the short-range SHG fiber orientation under ErbB signalling inhibition indicates a
similar force transmission pattern as for the blocking of TG2 enzymatic activity and TGF-B Rl signalling
(Fig. 3F-H). However, neither the growth distances in xy-plane nor the uTissue thickness in ErbB
inhibition were reduced (Fig. 3I-J). Together our data suggests that cellular recognition of Fn fiber strain
is required to drive M-F-T in a timely manner and, if missing, force transmission distance is reduced

while tissue growth seems not disturbed.

Ruptured tissues are partially repaired during tissue growth

During tissue growth, some uTissues spontaneously ruptured and initiated repair processes.
Interestingly, regions around tissue ruptures showed an accumulation of the growth front markers TNC,
aSMA and Fn as in the actual growth front (Fig. 6). For tissue growth, it is essential that repair and
subsequent formation of relevant gradients occur rapidly to outcompete rupture events. Our pTissue
platform allowed us to investigate tissue discontinuity over time. While most of the observed pTissues
showed a distinct directionality of the upregulated growth front markers (Fn, aSMA, TNC) towards the
open cleft (compare Fig. 1), there were also some uTissues that showed additional upregulation of the
same markers in regions facing towards the cleft edges. Those tissues also showed a loss of internal
tissue continuity in those regions (Fig. 6A). Surprisingly, the initiated repair processes appeared in the

profile plot in very similar distributions as the growth front itself (Fig. 6C). Just the kinetics might vary,

65



4 Tenascin-C and tissue transglutaminase transiently orchestrate tissue growth enabling the transition towards
tension-dependent tissue maturation

which was visible in a different spatial distribution of the profile intensities (Fig. 6C). Taken together,
this pTissue platform also allows to investigate spontaneous tissue ruptures and subsequent repair

processes.
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Fig. 6 Internal tissue dissociation and ruptures of uTissues. (A) Representative ROl of uTissues with spontaneous ruptures
imaged with 2P and CLSM after 12 days. The CLSM+2P data is stained for aSMA (orange), SHG (cyan), Fn (green) and TNC
(magenta). The early onset of repair can be seen in the Fn channel, where newly Fn matrix was assembled in between the
ruptured void (white dashed line). Scale bars 100 um. (B) Representative uTissue with spontaneous rupture imaged with 2P
and CLSM (ROI) and overlaid with the respective phase-contrast (upper row) and the close-up of the ROI (lower row). The
CLSM+2P data is depicted with two different sets of look up table (top LUT: aSMA (orange), SHG (cyan); bottom LUT: TNC
(magenta), SHG). Scale bars 100 um. (C) Intensity profile plots along horizontal line as column average of 100 px indicate the

similarity between the growth front markers and the pattern at regions in proximity of internal rupture.
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4.4 Discussion

In this study we used de novo grown pTissues in engineered PDMS cleft arrays (Fig. 1A-C) to investigate
what transient roles TNC and TG2 play to initiate tissue maturation and how the spatio-temporal
changes in the ECM composition contribute to the transition and stabilization of cell phenotype
gradients. While initially seeding fibroblasts onto the scaffolds, we find that the much more contractile
myofibroblasts define the growth front, aligned tangentially to the tissue edge (Fig. 1G+l) and assemble
highly tensed Fn fibers. TNC, as well as TG2, show both a transient and spatio-temporal upregulation in
the growth front and disappear from the ECM in regions where SHG-positive bundles of collagen
indicate tissue maturation. Our data suggest a tightly timed functional complementarity between the
actions of TNC and TG2 enabling the transition from the provisional to a maturing tissue never described
before, where TNC conveys early ECM stabilization and is cleared over time when enzymatic cross-
linking via TG2 is active. While gradients of soluble morphogens are typically thought to be primary
factors driving tissue growth and gradient formation, we find that the ECM composition is the major
driver stabilizing the cell phenotype. Even in the absence of soluble morphogens: when reseeding either
fibroblasts or myofibroblast into our cleft-grown decellularized uTissues (Fig. 2A), myofibroblast
predominantly relocated within the growth front region within the first 24 h (Fig. 2B). We therefore
propose that the subsequent steps are essential to create a proliferative, highly tensed growth front,
while at the same time promote the maturation and mechanical stabilization of the de novo growing

tissue beneath.

At the growth front, the highly contractile myofibroblasts start to assemble Fn fibers at the cell culture
medium interface (Fig. 11). These early Fn fibers get progressively bundled by cell generated forces and
thus are mostly aligned tangential to the growth front [99,100]. Fn fibers get stretched by cell generated
forces to multiple times their equilibrium length, leading to the partial unfolding of Fn type Il modules
[10], and a similar force-dependent unfolding of TNC has been reported [101,102]. Myofibroblasts in
the growth front secrete TNC, which appears to be spatially shifted with respect to the first appearance
of Fn (Fig. 3A and Fig. S1, profile plots) and accumulates in the highly tensed growth front (Fig. 3A and
Fig. S1, ROI). TNC with its hexameric starlike arms, each arm ranging from 220 to 280 kDA and possessing
a Fn binding site, is then prone to organize and crosslink early Fn fibers by acting as crosslinking spacers
[103], thereby enhancing the mechanical stability of this very first provisional matrix. It is not known
whether TNC in the uTissue growth front is still in starlike form, but our additional investigations for
different TNC epitopes, including for full length TNC (Fig. S09) suggest, that most of the structure is
intact and can form networks. Furthermore, TNC might induce a motile phenotype in the growth front

by reducing cell adhesion to Fn [53,54]. TNC is known to supress RhoA and FAK activities [53,104], which
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enhances cell migration while reducing inappropriate matrix contraction and both is advantageous
within this newly formed tissue region. Further uTissue growth into the open cleft is then driven by
myofibroblast proliferation [34]. Layers of cells and matrix are added on top of the tissues while the
previously formed growth front moves into the interior [14]. In order to withstand the high tensile forces
created by myofibroblasts, mechanical maturation of the provisional Fn matrix is now required. It is thus
not surprising that not only TNC, but also the ECM crosslinker TG2 shows a high presence in the growth
front and is mostly degraded as the tissue matures (Fig. 5A). TG2 can enzymatically crosslink Fn fibers
only if they are pulled already into physical contact [57]. Our data furthermore suggest that the rapid
clearance of TNC, and thus the formation of steep TNC gradients, requires the presence of TG2 activity,
since inhibition of enzymatic TG2 activity leads to accumulation of TNC until deep into the core tissue
regions (Fig. 3B and L). To support this conclusion, exogenously supplemented TG2 results in complete
gradient disappearance (Fig. 4)) and significant reduction of the total TNC levels (Fig. 4K). Reduction of
total TNC levels seems at first sight counterintuitive, since TG2 might also crosslink TNC and protect it
from degradation. However, it was suggested that TG2 can bind to an intermediate of MMP-2 and thus
regulate MMP-2 activity [105]. Our data indicate that MMP-2 is not relevant for TNC degradation, but a
similar mechanism might exist for other MMPs as well. Interestingly, it was shown that MMP-2
expression in fibroblast were inversely related to the aSMA expression [106]. This could explain why
MMP-2 inhibition did not show a difference here, since TNC is expressed within the aSMA positive
growth front (Fig. 4C). TNC, Fn and aSMA signals are found throughout the tissue under exogenous
supplementation of TG2, which suggests that a time-dependent regulation of TG2 is required for
formation of steep ECM gradients and thus timely tissue maturation (Fig. 4J). This is remarkable, as no
literature is available so far describing a functional dependency between TNC and TG2, even though few
studies identified the presence of both TG2 and TNC in vitro and in vivo [107-115]. For example, TNC

gradients play an important role at the edge of healing wounds, as well as Fn gradients [39].

While the Fn fibers are under high tension in the growth front, they are under far less tension once
interdispersed with collagen fibers within the maturing tissues (Fig. 1J) [34]. Does the highly tensed Fn
matrix play a role in the stabilization of the myofibroblast phenotype in the growth front, as Fn is known
to promote cell proliferation [116,117]? Our finding here that myofibroblasts reseeded into our
decellularized uTissues rapidly accumulated in the old growth front, in contrast to reseeded fibroblasts
(Fig. 2B+C), suggests that this is indeed the case. But it is not just the presence of Fn, but the high tension
of Fn fibers in the growth front that stabilize the myofibroblasts. As the tensional state of Fn fibers
regulates the exposure of binding sites, mesenchymal stem cells in a previous study lost their ability to
recognize the tensional state of Fn fibers when EGF-receptor signalling, i.e. ErbB signalling was blocked

[97]. Taken our finding that ErbB signalling inhibition hampers the back-conversion of myofibroblasts to
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fibroblasts (Fig. 3D) together with the finding that the predominant accumulation of reseeded
myofibroblast in the growth front suggests that the loss of Fn fiber tension actually facilitates the

transition of myofibroblasts to fibroblasts.

But how can a growth front rich in highly tensed Fn matrix assembled by aSMA-positive myofibroblasts
be converted within a few micrometres into the tissue interior rich in fibroblasts and collagen? The
steepness of the ECM gradient is particularly striking when the signals are shown as normalisation over
collagen (SHG) (Fig. 1K and L and Fig. SO1, lowest row). TG2 conveys in addition plenty of non-
enzymatical functions and almost all cell-membrane bound TG2 forms 1:1 complexes with integrins
[64,118,119]. TG2 is thus an integrin and syndecan-binding adhesion coreceptor for Fn and by stabilizing
the complex, might counterbalance the above described de-adhesive properties of TNC in the growth
front (Fig. 5A). Enzymatic cross-linking of TG2 is further reported to protect the ECM from proteolytic
degradation [69], to promote the build-up of TGF-B reservoir in the ECM [120,121] and to rigidify the
ECM [60,122], which in turn was suggested to facilitate TGF-B mechanical release by stretching the
latent complex [123]. Tissue maturation is hampered if downstream TGF-p receptor signalling is
inhibited (Fig. 3C), or if either TG2 enzymatic activity is inhibited (Fig. 3B) or if TG2 is exogenously
supplemented (Fig. 4J). Tissue remodelling often involves MMP activity [1], and MMP inhibition
prevents the degradation of TNC (Fig. 4B) and TG2 (Fig. 5C), in agreement with the literature
[60,85,105,124,125]. While we thus identified various ECM factors that regulate the rapid remodelling
of the growth front into maturing tissue, which factors drive the rapid conversion of myofibroblasts to
fibroblasts? Again, we find here that this conversion is not completed if TGF-B receptors are inhibited
(Fig. 3C) or when the timely regulated TG2 activity is disturbed by either inhibition of exogenous

supplementation of TG2 (Fig. 3B).

The transition from a motile to a sessile phenotype is essential for later tissue maturation stages, as
cellular movement is high in the Fn-dominated growth, but fewer cells are seen to migrate in the
collagen-rich core tissue regions. While full-length TNC conveys de-adhesive functions, cleavage of TNC
with MMP-2 or memprins was shown to generate cryptic binding sites which could permit interactions
with heparan sulfated side-chains of syndecan-4 promoting a5f1 integrin clustering and cell spreading,
suggesting a protease-dependent time-switch function of TNC [65,87]. However, in contrast to broad
spectrum MMP inhibition (Fig. 4B), selective MMP-2/-9 inhibition (Fig. 4C) did neither alter TNC
degradation nor delayed tissue maturation. This suggests that other adhesive functions of TNC
fragments might be induced by MMP other than MMP-2. Note here that the effect described by Saito
et al. was not screened over a broad MMP spectrum, but targeted only MMP-2 based on previous

reported MMP-2 evidence. It is known that research around the two gelatinases MMP-2/-9 tends to be
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overrepresented due to the technical fact that historical zymograms were the first way to represent
MMP activity, of which gelatin zymography is the easiest to perform [126]. Furthermore, fragments of
TNC, TNfn1-8 and the FBG domains, but not full-length TNC, inhibited the assembly of a dense Fn fibrillar
matrix within less than 1 day of incubation with temporally and spatially distinct effects [67]. Within
similar time period the uTissues advance during the final incubation day roughly 25um towards the
open cleft (Fig. 31). Within similar distances, the early Fn peak declines (Fig. 3A and Fig. SO1), while the
Fn peak appears much wider under broad spectrum MMP inhibitor treatment (Fig. 4B and Fig. SO7A).
Very recently, also autophagy associated proteasomal degradation of TNC was reported which could in
addition also lead to TNC clearance in the deep tissue region [127]. To interrogate a potential link of
TNC disappearance to proteolytic or autophagic degradation, specific blocking of these processes
(proteasome inhibitor e.g. ALLN) or autophagy inhibitors (3 methyladenine (3-MA) that blocks early
steps of autophagosome formation) are suggested for future studies. However, our broad spectrum
MMP data together with the literature indicate that the MMP-induced, degradation-dependent time-
switch function of TNC likely is key to promote tissue maturation by regulating the transition of the
motile to a sessile phenotype, perhaps by inhibiting further Fn fibril assembly in locations of TNC
degradation, which subsequently might disturb further collagen fibril assembly during maturation.

As the tissue matures, the older tissue interior shows less cellular movement and is rich in more rounded
fibroblasts [34] surrounded by more aligned collagen fibers (Fig. 3E). Tissue maturation is hampered
when Fn-collagen-binding is blocked [18], here by the peptide R1R2 (Fig. 4H), which is not surprising as
collagen fiber polymerization is initiated by the presence of Fn fibers [16,17]. Also the inhibition of cell-
collagen binding via a2B1 integrin, which is reported to be essential for collagen fiber assembly [17,90],
hinders tissue growth and maturation (Fig. 4l+L). But what is finally required for the collagen fiber
networks to mature into mechanically stabilized tissues? Both broad spectrum MMP- and ROCK-
inhibited uTissues show decreased levels of absolute signal intensities in Fn as well as in TNC and aSMA,
and a reduction in mature collagen fibers. They also show similar internal ECM morphology (compare
GM6001- with Y-27632-data in Fig. 4B,D+M, Fig. SO6D and Fig. SO7A). In contrast, with ROCK inhibition,
cellular contractility forces are inhibited directly, which in turn results in a trabeculated morphology,
decreased levels of mature collagen fibers, and reduced tissue maturation. Interestingly, once ROCK
activity is inhibited, TG2 inhibition does not lead to the earlier reported delay of tissue maturation
(compare Fig. 3B and Fig. 4D-E), while TG2 itself is also accumulating in the core tissue regions under
enzymatic TG2 inhibition (Fig. 5B). Broad spectrum MMP inhibition lead to reduced collagen fiber
network contraction in vitro [128,129], in vivo wound models associated impaired wound contraction
with reduced MMP levels [130,131], and impaired collagen cleavage was reported to retard early wound
healing [132]. Taken together, this suggests that the compensatory mechanisms ensuring tissue growth

even under inhibition of enzymatic cross-linking activity require cell contractility.
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A mechanically stable collagen ECM is needed to maintain mechanical integrity as cells pull on their
environment, but how does this relate to the hampered tissue maturation seen under inhibition of
enzymatic TG2 activity (Fig. 3B), TGF-B receptor signalling (Fig. 3C) and ErbB signalling (Fig. 3E)? Cells
arrange ECM fibers and especially high load bearing collagen fibers along the axis of main force
transmission, and mechanical forces regulate ECM synthesis and assembly of collagen fibers [133,134],
thus the orientation of collagen fibers allows to estimate main direction of internal matrix stress. Given
the height of our PDMS scaffold, uTissues start growing separately from both vertical cleft edges
(Fig. 1A). After 1-2 days they fuse and form a continuous uTissue advancing towards the open cleft. The
collagen fiber orientation in the horizontal plane of the ROl indicates thus cumulative force vectors of
the continuous uTissue. Interestingly, the fiber orientation in the control uTissue suggests long-range
force transmission towards the tip in addition to the one towards the cleft edges (Fig. 3E, more data see
Fig. SO5), while all three compared interventions (inhibition of ErbB signalling, TG2 enzymatic activity
and TGF-B Rl signalling, Fig. 3F-H) suggest a shorter force range transmission oriented towards the cleft
edges. It is established in the literature that tissue tension regulates tissue growth [135-140], thus the
fiber orientation could reflect the orientation of the surface stress at the time of deposition. Combined
with the literature, our data suggest that mechanical force transmission over longer distances (compare
Fig. 3E) might be needed for tissue integrity and for steep gradient formation, and in part also for tissue
growth. Particularly interesting, since in clinical wound treatment, the redistribution of forces can
reduce scar formation around the wound [141,142], and the direction of force can influence scar growth
[143]. The collagen fiber alignment visualization could thus be correlated with the parameters of growth
kinetics and ECM gradient slope to estimate whether an intervention might support successful closure

of the wound or whether the respective force transmission suggests alteration in scar formation.

Our findings of TNC-, Fn- and aSMA-gradients in the de novo grown uTissues are in agreement with the
data from skin wounds, as TNC was reported to regulate migration and proliferation of myofibroblasts
and is upregulated in the granulation tissue at wound margins [39,144]. Furthermore, the distribution
of the here identified actors can be found in spontaneous ruptures of control uTissues (Fig. 6A-C). This
underlines the eminent relevance of the aforementioned formation of steep TNC-Fn-aSMA-gradients

for healing and bridging those local sites with loss of tissue cohesions.

Life quality of patients will gain from the availability of platforms that closely mimic ECM of target tissue,
which not only allows fundamental understanding of mechanisms in health and disease, but also
contributes to the translation of such knowledge into clinics [145]. The complexity of the uTissue growth
system is a great advantage to test mechanisms that otherwise cannot be tested in vivo or with even

more simple 2D in vitro approaches. However, to achieve a complex structure of the controlled 3D
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tissues, relatively long incubation times are needed, which can be a great challenge in running large
interventional studies. For future follow-up investigations, we recommend combining our method with
other animal-free and simplified methods of higher throughput to ultimately build a sequential test
bank. Furthermore, to better distinguish between cause and correlation of the outlined accumulated
TNC regions, further investigations are needed with TNC-KO/KD cells or supplementation of isolated
TNC. It is also important to note that the morphological differences in terms of trabeculated structure
observed in immunostaining could be a secondary effect of decreased serial and lateral adhesion
strengths which might lead to micro-collapses of the internal tissue despite extremely gentle sample

handling during washing steps.

Our de novo grown pTissues can be used in the future to test 2D cell culture-based hypotheses and
might thus contribute as intermediate system prior to animal studies. For example, we demonstrated
here that, despite the many reports of TG2 accumulation in processes of fibrosis or cancer
[48,50,146,147], the ECM stabilisation mediated by enzymatic active TG2 is an essential requisite to
achieve tissue maturation. However, non-covalent crosslinks, as here carried out by TNC, are much
weaker than TG2-mediated covalent cross-links and provide fast enough dissociation rates to relax
stresses [32]. Targeting tissue transglutaminase as therapy option was suggested as a promising
approach to reduce both scar stiffening and ECM binding of LTBP-1, which results in a reduction of
TGF-B1 ECM storage [148]. Our data now suggest that this might not be the best option to go, as
supplementation of TG2 inhibitors as well as exogenous TG2 supplementation and TGF-$ receptor
inhibition all resulted in increased aSMA expression and thus increased cell contractility. This path
should be thoroughly reinvestigated further in vitro, so that subsequent animal experiments and clinical
trials are only carried out if they comply with in vitro concepts that allow a sufficient degree of

transferability.

It was recently shown that in an oral squamous cell carcinoma (OSCC) context, ECM gradients are
present in the tumors where tumor matrix tracks (TMT) are matrix rich and separate tumor cell nests
that are largely devoid of matrix [149]. Moreover, investigations of OSCC in a TNCKO setting revealed
that TNC is a major regulator of the matrix composition and organisation in the TMT. Thus, results from

the current study may be relevant to better understand the establishment and function of the TMT.

Indications are also accumulating that TNC, Fn and TG2 can be targeted for both diagnostic and
therapeutic purposes [150-154], but little is known how they orchestrate tissue growth and repair
processes in synchrony. Several of our discoveries made in the de novo grown uTissues significantly go

beyond, and in part even contradict conclusions drawn from 2D cell culture. For example, our data
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suggest a time-dependent mechanical ECM-stabilization by TNC, which get cleared rapidly when
enzymatical TG2 cross-linking function is active and not perturbed. TG2 and TNC have thus been
identified here as complementary co-regulating actors, required to form steep ECM gradients which
allows both timely tissue maturation and clearance of myofibroblast. This suggests a remarkable
functional dependency between TNC and TG2 which has not been reported before. However, it needs
to be further investigated how and whether the functional dependency is TG2- or cross-linking specific,
since cross-linking can in addition be mediated by other enzymes as well (e.g. LOX). While in 2D cell
culture, both inhibition of enzymatic TG2 and TGF- receptor signalling blocked F-M-T, they hampered
tissue maturation in uTissues with increased overall F-M-T and even reduced myofibroblast clearance.
This illustrates that methods to investigate tissue growth, control matrix production and fabricate tissue
scaffolds are urgently needed to advance the fields of tissue engineering and regenerative medicine.
ECM composition, and as we discovered here, the tensional state of their ECM fibers, are the major
drivers stabilizing the cell phenotype, and rapid MMP dependent clearance of TNC and TG2 is required
to achieve full tissue maturation. We propose further that the tissue stabilizing function of TNCis in part
capable of compensating missing enzymatic TG2 crosslinking activity, allowing for reduced, but still
substantial tissue growth. Furthermore, we identified TG2 enzymatic activity, broad spectrum MMP
activity, TGF-B receptor signalling, Fn strain detection and Fn-collagen binding as key actors required to
complete tissue maturation, which is defined by the M-F-T and the collagen dominated core ECM.
Furthermore, we found that spontaneous ruptures in our de novo grown uTissue are rapidly bridged
and healed under accumulation as earlier identified markers: TNC, aSMA and Fn. Future studies are
essential to shed light on many open questions that can be raised in such de novo grown pTissue. Here,
of particular interest is to further investigate the role of TGF-B, since this work indicates alternative
functionality than reported in planar 2D cell culture and better understanding is needed. This is
particularly important since a not well understood crosstalk between TNC and TGF-B receptor signalling
exists. Finally, this study illustrates the importance and requirements of steep ECM gradients and how
they influence myofibroblast plasticity, tissue maturation and ultimately tissue growth. pTissue
platforms create new opportunities for in vitro research to systematically tune parameters that cannot
be easily studied in reductionist 2D setups or in animal models. In the future, our platform may help to
also study personalized factors influencing ECM gradients and screening tissue growth, when combined
with fibroblast harvested from patients. Such knowledge can contribute to the development of novel
diagnostic and treatment strategies with relevance also in cancer. In summary, tissue growth is
delicately organized like a well-orchestrated symphony, where plenty of different actors are required,

but each of their individual actions needs to be precisely initiated and tuned in time.
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4.5 Materials and methods

Rationale for substrate design and fabrication method

Polydimethylsiloxane (PDMS) substrates were fabricated by replica molding of negative SU8-master
structures, improving the previously published protocol [34]. To avoid residual membrane
formation, a custom build compression device was applied as described below (Fig. S13, A-C). In
order to reduce uTissue-to-uTissue variability, the cleft edges were smoothed with a photomask of
higher resolution and each cleft is separated, so that the grown uTissues are not in direct contact
with each other. Each substrate consists of a cluster of 16 clefts arranged in arrays. The
arrangement of multiple cluster replicas on one master mold allowed a higher production
throughput. Since it was shown that geometry can coordinate tissue growth [138], the cleft angle

of 45° was chosen to reduce incubation times and still achieve sufficient tissue growth.

Master fabrication

A master mold was fabricated by standard lithography of multiple layers of SU8-3050 photoresist
(MicroChem, USA) (Fig. S13, D). In brief, a 4” silicone wafer was dehydrated at 120°C for 10 min.
For the first layer, 2 ml of SU8-3050 was dispensed and spin-coated at 500 rpm for 10 s with
acceleration 100 rpm/s followed by 1000 rpm for 45 s with acceleration 500 rpm/s. After spin
coating, a soft bake at 65°C for 7 min and at 95°C for 15 min was performed. After cooling down to
room temperature (RT), spin coating was repeated twice with 4 ml of photoresist each resulting in
a ~350 um thick resist layer. Samples were stored at RT for 24 hours prior to exposure. For
exposure, a photolithography mask with a resolution of 32,000 dpi (Zitzmann GmbH, Germany) and
a MA6 mask aligner (Karl Suss, Germany) were used and the samples were exposed with a total
dose of 400 mJ/cm? (A = 365 nm) divided in 4 runs with 60 s pause in between exposures. Post
exposure bake was performed at 65°C for 3 min and 95°C for 10 min. Due to the thickness of the
resist, all heating and cooling steps were performed at slow ramp. The resist was developed using
mr-Dev 600 developer (Microresist Technologies, Germany) under ultrasound for 20 min, followed
by a wash with fresh developer and isopropanol, each for 10 s. Master molds were passivated with

20 ul of Trichloro(1H, 1H, 2H, 2H - Perfluorooctyl)Silane (Sigma 448931) under vacuum for 1 hour.

Microfabrication of PDMS scaffolds

PDMS scaffolds with open cleft free of residual membranes were replica-molded from the master
mold using a custom-built compression device (Fig. S13, A-C). PDMS was mixed in a standard ratio
of 10:1 base to curing agent (Sylgard 184, Dow Corning, USA), degassed at 70 mbar for 30 min,

poured on the master mold placed in the custom-built compression device and degassed at 70
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mbar max. 45 min until all air bubbles were removed. Afterwards, a 2 mm thick polymethyl
methacrylate (PMMA) lid was placed on the top at a slight angle preventing the formation of any
air bubbles (Fig. S13, B). Finally, the top piece of the compression device was mounted and all 4
screws were tightened in crossed manner with a maximum torque of 4 Nm (Fig. S13, C). After the
PDMS was cured at 80°C overnight, each substrate was cut out with a 18 mm diameter punch (Fig.

13, E), cleaned in 70% ethanol ultrasonic bath for 20 min and stored in 70 % ethanol.

Functionalization and mounting of PDMS scaffolds

Fibronectin was covalently bound to the surface of the PDMS scaffolds using a heterobifunctional
cross-linker (Sulfo-SANPAH, 0.5 mg/ml in PBS (1x, adjusted to pH 8.5 with NaOH), Thermo Fisher
Scientific) as described previously [34,57]. The functionalized substrates were attached with optical
glue NOA-61 (Norland Optical adhesive 61, Norland) to an uncoated polymer-bottom dish (u-Dish
35mm, No. 81151, ibidi) that had previously been passivated using PLL(poly-L-lysine)(20)-g[3.5]-
PEG(polyethylene glycol)(5) (0.1 mg/ml in HEPES2 (HEPES + 150 mM NacCl), SuSoS) (Fig. S13, F).
After assembling the cell culture system, it was washed once with PBS and UV treated for 15 min.
Prior to cell seeding, the surface was equilibrated with a-minimum essential medium (aMEM,

Biowest SAS) supplemented with 10 % fetal bovine serum at 37°C for at least 1 hour.

UTissue growth experiments

Cell culture

Primary normal dermal human fibroblast (NHDF, passage numbers 6 to 10, Lonza) were maintained
in a-minimum essential medium (aMEM, Biowest SAS) supplemented with 10 % fetal bovine serum
and 1 % penicillin-streptomycin and exchanged every 2-3 days. All experiments were conducted at
37°Cin a humidified atmosphere with 5 % CO,. The cells were trypsinized and seeded on the PDMS
substrates at a density of 2 x 10° cells per substrate. For pTissue experiments, the cell culture
medium was supplemented with 100 uM L-Ascorbic Acid 2-phosphate sesquimagnesium salt
hydrate (A8960-5G, Sigma) and 0.05 mg/ml fibronectin in PBS. Fibronectin was isolated from
human plasma as previously described [155]. For interventional experiments, the cell culture
medium was further supplemented with 0.1 % DMSO and the following components from day 5 of
uTissue growth: inhibition of enzymatic TG2 activity with Z006 (100 uM, Zedira GmbH), inhibition
of TGF-BRI with GW788388 (20 uM, 3264, Tocris), inhibition of epidermal growth factor (EGF)
receptor (ErbB) with Lapatanib (1 uM, GW572016, Axon Medchem), inhibition of broad spectrum
MMP with GM6001 (25 uM, ab120845, Abcam), inhibition of MMP-2/-9 with SB-3CT (5 uM,
ab141579, Abcam), inhibition of ROCK with Y-27632 (10 uM, No 1254, Tocris Bioscience), inhibition

of a2B1l-integrin with BTT3033 (10 uM, No 4724, Tocris), guinea pig liver transglutaminase
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(30 ug/ml, TO06, Zedira GmbH), inhibition of Fn-collagen interaction with R1IR2 as previously
described [18] (2.5 uM, amino sequence GLNGENQKEPEQGERGEAGPPLSGLSGNNQG
RPSLPGLNGENQKEPEQGERGEAGPP manufactured by GenScript).

In order to assess the aSMA response on Z006 and GW788388 we performed a TGF-B1 stimulation
test on 2D Fn coated glass. Primary normal dermal human fibroblast (NHDF, passage numbers 6 to
10, Lonza) were cultured routinely in normal growth medium composed of a-minimum essential
medium (aMEM, Biowest SAS) supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. Once at optimal confluency, the fibroblasts were trypsinized and seeded separately
in triplicates in 8-well labtek chambers at 4.500 x 10® cells/cm? in normal growth medium. After
24 h, medium was replaced with and without TGF-B1 (5ng/ml, 100-21C, PeptroTech). Each
condition was combined with GW788388 (20 uM, 3264, Tocris), Z006 (100 uM, Zedira GmbH) and
0.1% DMSO and cultured further for additional 3 days including a media exchange at day 3.

In order to assess the potential toxicity of the different inhibitor treatments on the cellular viability
and metabolic activity, a WST-1 test was performed on primary normal dermal human fibroblasts
cultured in 2D cell culture. Primary normal dermal human fibroblast (NHDF, passage numbers 6 to
10, Lonza) were cultured routinely in normal growth medium composed of a-minimum essential
medium (aMEM, Biowest SAS) supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. Once at optimal confluency, the fibroblasts were trypsinized and seeded separately
in triplicates in 96-well plates at 4.500 x 10° cells/cm? in normal growth medium. After 4 hours, the
cells were exposed to the following inhibitors treatments: Z006 (100 uM, Zedira GmbH),
GW788388 (20 uM, No 3264, Tocris), GM6001 (25 uM, ab120845, Abcam), SB-3CT (5 uM,
ab141579, Abcam), Y-27632 (10 uM, No 1254, Tocris Bioscience), BTT3033 (10 uM, No 4724,
Tocris). Cells cultured in normal growth medium and in growth medium supplemented with 0.1 %
DMSO were used as control as all inhibitors were reconstituted in DMSO. After 24 h, tetrazolium
salts-containing WST-1 reagent (1:10, No 05015944001, Roche) was added to the cells and
incubated for 90 min at 37°C, 5% CO,. During this time, metabolically active cells cleave the
tetrazolium salts contained in the WST-1 reagent into formazan, which has a higher absorbance
than the tetrazolium salts. For all conditions tested, the absorbance of the medium was then
measured with a plate reader (Tecan M200). Absorbances values were further normalized by that

of the control with 0.1 % DMSO condition and reported in Figure S11.

Decellularization and re-seeding
Samples were decellularized following a modified Cukierman protocol [75 — 77]. uTissues were
washed twice with pre-warmed HBSS (+ Ca, + Mg) and once with cold Sodium Deoxycholate (0.5 %

(w/v), Sigma-Aldrich) in PBS. Cell membranes were removed during two incubation on ice for 10
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min with cold Sodium Deoxycholate (0.5 % (w/v), Sigma-Aldrich) in PBS. After three times PBS wash,
samples were stored at 4°C during preparation of cell suspension for re-seeding. For tracking the
re-seeded cells, cell tracker (10 uM, CellTracker™ Red CMTPX Dye, Thermo Fisher Scientific) in
serum-free a-minimum essential medium (aMEM, Biowest SAS) and Insulin-Transferin-Selin (ITS,
41400-04, Thermo Fisher Scientific) as serum replacement was replaced with the cells medium and
incubated at 37°C with 5% CO; for 30 min. The dye-containing solution was then removed by
incubating the cells with the serum free medium for 5 min three times, followed by a wash with
PBS. The stained cells were trypsinized and seeded in 2 ml of a-minimum essential medium (aMEM,
Biowest SAS) supplemented with 100 uM L-Ascorbic Acid 2-phosphate sesquimagnesium salt
hydrate (A8960-5G, Sigma) and 1 % penicillin-streptomycin onto the pre-warmed decellularized

matrices at density of 0.5 Mio cells/ml.

Fixation and immunofluorescence

After 12 days of total incubation, Samples were washed twice with pre-warmed HBSS (+ Ca, + Mg)
and fixed with 4 % PFA for 15 min. The cell membrane was permeabilized with 1 % Triton X-100
(T8787-50ML, Sigma-Aldrich) for 20 min followed by 60 min incubation in blocking solution (2 %
BSA (w/v) (05470-5G, Sigma-Aldrich) and 5% donkey serum (v/v) (ab7475, Abcam)). uTissues
depictedin Fig. 1, 3, 4 and 6 were immunostained against TNC and uTissues depicted in Fig. 5 were
immunostained against TG2. TNC antibody (1:100, BC-24, MA1-26779, Thermo Fisher Scientific)
was combined with Fn (C-20) antibody (1:100, sc6952, Santa Cruz) and were supplemented in
blocking solution to the respective uTissues and incubated for 1 hour at RT. After washing three
times in PBS for 5 min each, samples were incubated with anti-goat Alexa Fluor 488 (1:200,
ab260129, abcam), anti-mouse Alexa Fluor 647 (1:100, ab150107, Abcam) in blocking solution for
1 hour at RT. After Three additional PBS washes, aSMA was stained with Alexa Fluor 594-conjugated
anti-a-smooth muscle actin antibody (1:100, ab202368, Abcam) in blocking solution for 1 hour at
RT followed by three PBS washes. In addition to the described staining protocol, we tested different
TNC antibodies in uTissues depicted in Supplement Fig. S09. In addition to the monoclonal antibody
BC-24 (epitope EGF repeats; MA1-26779, Thermo Fisher Scientific) used as standard TNC stain in
this study, we tested different epitopes by using a polyclonal TNC antibody (produced in rabbit,
provided by G. Orend) counterstained with anti-rabbit Alexa Fluor 555 (1:100, A21429, Thermo
Fisher Scientific) and another monoclonal TNC B28.13 (epitope constant Fn-lll repeat 6 or 7
(Ambort et al. 2010), produced in mice, kindly provided by G. Orend) counterstained with anti-
mouse Alexa Fluor 647 (1:100, ab150107).

In the samples shown in Fig. 5A, primary TG2 antibody (1:100, CUB 7402, ab2386, Abcam) was

supplemented in blocking solution, incubated for 1 hour at RT and after washing three times in PBS
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for 5 min each, counterstained with anti-mouse Alexa Fluor 647 (1:100, ab150107, Abcam). After
washing three times in PBS for 5 min each, aSMA was stained with Alexa Fluor 594-conjugated anti-
a-smooth muscle actin antibody (1:100, ab202368, Abcam) in blocking solution for 1 hour at RT
followed by three PBS washes following the above protocol. Staining of samples Fig. 5B+C followed
the same protocol with addition of with Fn (C-20) antibody (1:100, sc6952, Santa Cruz)
counterstained with anti-goat Alexa Fluor 488 (1:200, ab260129, abcam).

The re-seeded uTissues in Fig. 2 were fixed, permeabilized and blocked as described above and
afterwards stained with Alexa Fluor 594-conjugated anti-a-smooth muscle actin antibody (1:100,

ab202368, Abcam) in blocking solution for 1 hour at RT followed by three PBS washes.

Microscopy and image analysis

Image acquisition

Phase-contrast images of the uTissues where acquired using a Zeiss Axiovert 200 M inverted
microscope with 5x objective. Confocal fluorescence imaging was performed using a Leica TCS SP8
MP inverted multiphoton laser scanning microscope with a 25x objective (0.95NA L Water HCX
IRAPO). Fluorophores were directly excited in single photon mode. Mature collagen fibers were
imaged by second harmonic generation (SHG) in multiphoton laser scanning mode with open
pinhole. Second harmonic was generated with a Mai Tai XF (Spectra-Physics) femtosecond Ti-
sapphire pulsed laser tuned at 880nm and signal emitted from collagen fibers was detected at 440

nm.

Image analysis

Growth distances
Growth distances were measured between the angle tip of the cleft and the uTissue-medium

interphase along the bisector angle axis in the phase-contrast images of the respective timepoints.

Visualization and profile intensity plots

All images were rotated such that the angle tip of the cleft is oriented left-handed and the bisector
angle of the cleft is parallel to the x-axis of the image. Since the uTissues do not form symmetrically
along the bisector angle (parallel to x-axis), a representative symmetry axis was visually assessed
such that it represents the young-to-mature-gradient in each uTissue. Profile intensities were
assessed along this symmetry axis by column intensity average of 100 pixels equally distributed
around the symmetry axis at each x-position. Profile intensity data used for plots was normalized
by the respective maximum level of each channel, which allows relative comparison on an inter-

channel and inter-tissue level. For orientation and comparison of the absolute intensities, the

78



4 Tenascin-C and tissue transglutaminase transiently orchestrate tissue growth enabling the transition towards
tension-dependent tissue maturation

integral of the curve of each raw intensity profile is plotted (Fig. 3L, Fig. 4K and M). To determine
the distance to growth front (e.g. Fig. 1K and L), all channels were cumulated and the boundaries
of the uTissue was defined at the x position were cumulative signal intensity was greater than the
threshold of 25% of maximum intensity at the tissue-medium interphase. The signal ratios over SHG
(e.g. Fn/SHG) is only plotted for distances < O um. The overview visualizations with split look-up-
tables were created by a custom build FlJI script and split at the y-position of the earlier determined

symmetry axis used for profile plot.

Fiber orientation

Fiber orientation analysis was carried out using a custom-written MATLAB script provided by T.
Yamashita. Orientation of the fibrous structure found in the SHG images was analyzed based on a
filtering method using a custom-written MATLAB script (2020a, Mathworks, MA, USA). We here
utilized a 5x5 basic operator Hy optimized by Kroon and H, being the transposition of Hy:

0.0007 0.0052 0.0370 0.0052 0.0007
0.0037 0.1187 0.2589 0.1187 0.0037
H, = 0 0 0 0 0
—-0.0037 -0.1187 -0.2589 -0.1187 -—0.0037
—0.0007 -0.0052 -0.0370 -0.0052 -—0.0007

(1)
Hx=Hx*Hx, Hyy=Hy-Hy and Hx,=Hx"H,, where the dot product represents a sequential application of
the basic operators to the image, were applied to the pre-processed SHG images to obtain the
second order image derivatives Iy, lyy and Iy, respectively. These outcomes were processed using a
Gaussian filter with 4 pixel sigma, resulting in smoothened image derivatives /'y, Iy, and I'x,. The
pixel-level local orientation ¢ was then computed as follows:

—2I" 4 (i, )
xx (L)) = Iy (0, ))

¢(i,j) = 0.5arctan T

Statistical analysis

Unpaired two-tailed Mann-Whitney test was performed with GraphPad Prism software to test for
statistical significance. Error bars represent 95% confidence intervals (Cl). In WST-experiments
(Fig. S11), statistical significance between the normalized absorbances of the different conditions

tested and that of the control was assessed with a student t-test (a < 0.05).
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5.1 Abstract

We took advantage of our uTissue platform to independently tune key parameters, i.e. tissue
tension as function of cleft angel, combined with the presence of supplemented pharmaceutical
inhibitors, thus parameters which are technically challenging to be tuned independently in a living
system. As expected, reducing cellular contractility through myosin Il inhibition reduces tissue
tension and thus increases the growth front curvature. Increased cellular contractility through
TGF-B1 supplementation resulted in increased tissue volume and narrowed growth front width in
all different cleft angle geometries, which underlines the prominent role of cellular contractility for
tissue growth and maturation. Furthermore, TGF-B1 supplementation did not prevent the reverse
myofibroblast-to-fibroblast transition as the tissue matured. Inhibition of fibronectin-collagen-
interaction leads to more reduced tissue maturation in tissues grown in narrower clefts and subject
to higher tissue tension while reducing the mechanical stability as witnessed by an increased tissue
rupture probability. Taken together, we here show that tissue tension can be systematically tuned
in de novo uTissue growth in arrays of microengineered clefts. Our data show that tissue tension
together with cellular contractility are key parameters which regulates phenotype conversion with
subsequent tissue maturation and tissue growth without indications to affect the sequence in
which the spatiotemporal upregulation of TNC and TG2 orchestrate ECM remodelling and the

myofibroblast-to-fibroblast transition.
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5.2 Introduction

Mounting evidence underlines the eminent relevance of mechanobiological dependencies in health
and disease [1-5]. Mechanical signalling plays a prominent role in health and disease and many
novel therapeutical approaches in the emerging field of mechanomedicine have been proposed
[6]. Tissue tension is especially in skin wounds of outstanding importance [7]. While there is a full
body of literature how tensional homeostasis is understood across the length scales [8], it remains
completely elusive how tissue tension affects tissue growth and tissue maturation processes.
Despite substantial research efforts, we are lacking in vitro testing platforms that allow us to
investigate mechanobiological parameters like tension at the tissue level, and at the same time
provide good transferability of the knowledge towards the clinics [9,10]. Reaching sufficient degree
of transferability is a huge challenge, because many 3D tissue platforms are typically based on
scaffold biomaterials that introduce non-physiological biointerfaces. Scaffold-free 3D systems such
as spheroids or organoids emerged increasingly, however tuning mechanical properties in such
systems is extremely difficult [11]. On the cellular side, transformation of fibroblasts into
myofibroblasts that display significantly upregulated cell contractility is a central physiological
process enabling tissue repair [12], typically promoted in 2D cell culture by TGF-pf1
supplementation [13]. Whether a reversal back to fibroblasts is happening in living tissues once an
inflammation has subsided or a wound been repaired is controversial, even though such a
fibroblast-myofibroblast transition and a reversal has been observed in de novo grown pTissues
without the supplementation of TGF-f1 [14]. A deregulation of these processes drives fibrosis and

carcinogenesis [15].

To shed light into these questions how tissue tension and cell contractility drive tissue growth
processes, we took advantage of a newly engineered angle array platform of de novo grown
UTissues that allows us to tune tissue tension through microfabrication of different cleft
geometries. Previous work in a similar assay using osteoblasts and made from hydroxyalapatite
material showed that tissue growth starts in the cleft corners and is progressively filling the angular
clefts, whereby the cleft angle tunes the tissue curvature [16]. Cell contractility thereby drives the
effect of scaffold geometry on tissue growth [17-19]. In de novo tissues grown from fibroblasts, a
reversible fibroblast-to-myofibroblast transition was found to occur at the growth front, exhibiting
the typical upregulated myofibroblast characteristics (proliferation, alpha smooth muscle actin
(aSMA) contractility, YAP-signalling), while the myofibroblasts transitioned back to fibroblasts in
the maturing tissue [14]. The emergence of steep spatial gradients of cell phenotypes and of

extracellular matrix composition, from the fibronectin-rich growth front to the collagen-rich tissue
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interior, is fine-tuned by the spatially well-orchestrated appearance and disappearance of other
ECM components, including tenascin-C (TNC) and tissue transglutaminase (TG2) (Benn et al. in
preparation, Chapter 4). Since a detailed analysis of the interplay of cell phenotype and ECM
composition, and thus the mechanobiological characterization of the emerging respective
spatiotemporal gradients was done at a fixed cleft angle [14](Benn et al. in preparation, Chapter 4),
we are asking here how the tissue tension as tuned by the cleft angle affects tissue growth

processes.

Accordingly, we engineered here a microfabricated angle array platform by which we can tune
tissue tension as a function of the cleft angle in the PDMS scaffold. Tissue tension can be modified
via two approaches in our platform, the cleft angle as provided by our self-engineered scaffold
geometry and cell contractility using pharmaceutical inhibitors. Cellular contractility was decreased
when myosin |l activity was inhibited with blebbistatin, and increased by supplementation of
exogenous TGF-B1 [20]. We further applied a chemical compound, GW788388, which is a TGF-B
type | and Il receptor inhibitor with proven decreasing effects in fibrosis, which is a disease state in
which myofibroblast are the key effector cells [21-23]. Further, GW788388 was shown to diminish
SMAD phosphorylation [24] and inhibiting TGF-B downstream signalling effects like aSMA
expression in dermal fibroblast [25]. Since it is known that upregulated aSMA expression correlates
positively with fibroblast contractility [13], we hypothesized to reduce cellular contractility
mediated through endogenously produced TGF- with GW788388, to inhibited TGF-p downstream
signalling. Furthermore, we also asked how inhibitors that hamper Fn-induced collagen maturation
impact the overall tissue maturation process. While blebbistatin, TGF-B and TGF-B receptor
signalling inhibitor address the cellular side, we also asked what might happen if we interfere with
the maturation of the ECM. The growth front is rich in highly stretched fibronectin fibers [14], which
is subsequently remodelled by interlacing a network of collagen fibers to enhance the mechanical
stability of the maturing tissue. Since fibronectin fibers are essential to nucleate the polymerization
of the first collagen fibers and act as template [26,42], we next explored how the partial blocking
of fibronectin-collagen interactions by the well characterized R1R2 bacterial-adhesin-derived
peptide [27,28] might interfere with the ECM maturation process (Benn et al. in preparation,
Chapter 4), and whether this interference is dependent on tissue tension of the growth front. We
hypothesized that inhibition of Fn and collagen interaction with R1R2 peptide hampers tissue
maturation, reduces tissue stability, and thus leads to higher levels of tissue ruptures (Benn et al.

in preparation, Chapter 4). We investigate here to what extent tissue growth processes are
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dependent on Fn and collagen interaction and tissue tension using R1R2 peptides during de novo

uTissue growth in our angle array.

By independently tuning key parameters, i.e. tissue tension as function of cleft angel or in the
presence of supplemented pharmaceutical inhibitors, which are technically challenging to tune
independently in a living system, we explored their interrelationships. We found that the build-up
of sufficient tissue tension is required for tissue growth and maturation, as mediated by cellular
contractility and that fibronectin(Fn)-collagen-interactions play a key role in tension-dependent
tissues maturation processes. These findings are significant to understand the underpinning
mechanobiology of tissue growth processes, but also learn how to interfere more efficiently using
pharmaceutical approaches to modulate tissue tension and subsequently tissue growth and

maturation in wounds.
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5.3 Results

Widening of cleft angle leads to reduced growth front curvature and tissue growth

Since previous reports show that tissue growth results from enhanced cell proliferation in the
growth front, while cell proliferation is neglectable in the tissue interior [14], we first quantified
how the cleft angle might affect tissue growth processes. PDMS substrate with cleft arrays of 22.5°,
45° and 90° angles were seeded with normal human dermal fibroblast (NHDF), and de novo uTissue
formed within 12 days (see Video SO1 and Fig. 1A). The time-lapse video demonstrates the highly
dynamic and collective process of tissue growth. After seeding, primary normal human dermal
fibroblasts (NHDF) adhered to the FN-crosslinked scaffold surfaces, but not to the passivated well
bottom, and started to proliferate until a dense monolayer had formed on all sides, including on
the vertical cleft walls. After typically 1-2 days, the corners of the clefts started to fill with a thick
3D tissue. After 12 days the uTissues were fully grown. Tissue growth in wider clefts resulted in
reduced tissue growth and vice versa (Video SO1, Fig. 1A+F). This correlation was also confirmed in
a second data set of slightly different cleft angle arrays (Fig. SO9A). Since tissue growth increases
with higher growth front curvature [16-18], we quantified the growth front curvature and found
that tissue growth and curvature correlated negatively with the cleft angle (Fig. 2). For larger cleft
angles, the tissues were curved less and grew slower than for the narrow angles (Fig. 3 and Fig. S90)
in agreement with the literature [16-19]. When plotting the growth front curvature over growth
distance, the data points for each cleft angle can be fitted by a straight line (Fig. 3). Taken together,
we can conclude that our tissues grown in the scaffold with large cleft angles exhibit lower growth

front curvature and reduced tissue growth.
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Fig. 1 De novo pTissue growth in clefts with varying angle. (A) Phase-contrast images of uTissues assembled by human
dermal fibroblast in 22.5°(i)-, 45°(ii)- and 90°(iii)-clefts over 12 days of incubation. Scale bar = 500 um. (B) Areas of
compaction visible in phase-contrast images are outlined with light blue lines in 22.5°, 45° and 90° clefts. Scale bar
500 um. (C) 2-photon microscopy (2P) and confocal laser scanning microscopy (CLSM) of representative uTissues in
22.5°(i)-, 45°(ii)- and 90°(iii)-clefts and imaged for aSMA (orange), Fn (green) TNC (magenta) and SHG (cyan). White
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arrows indicate the growth front width. Scale bar = 100 um. See Fig. SO5 for more samples. (D) Normalized intensity plots

along distance to growth front as mean over multiple uTissues in 22.5°-, 45°- and 90°-clefts. (E) Growth front peak range

(width) measured in cumulative profile intensity plot (D) at 25 % threshold and plotted in distance to growth front at

tissue-liquid interface. (F) Growth distances along cleft bisector angle between tip of the cleft to the pTissue-medium-

interface measured with phase-contrast images. For more data see Fig. SO6.
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Fig. 2 Local tissue curvature of pTissues with varying angles and supplementation of TGF-B. (A) The local tissue curvature

was determined by fitting a sampling radius along the tissue growth front using a previously introduced algorithm [17].

Gaussian fits of each cleft angle (n=4) are depicted over the distance of the growth front length. See Fig. SO9 for individual
data plots. (B) Control and (C) + TGF-B1 for uTissues with a cleft angle of 22.5° (green), 45° (red) and 90° (blue). px = pixel.
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Fig. 3 Growth front curvature varies over cleft angles (A) Curvature of growth front over growth distance at day 4 for
uTissues with a cleft angle of 22.5° (asterisk), 45° (triangle) and 90° (quadrat). Same cleft angles under different conditions
were fitted with a simple linear regression (black line). (B) Curvature of central growth front region was determined for
uTissues with different cleft angles by inversion of the radius (red circle) that was fitted in three points in equidistant

sectors on the growth front region. Scale bar = 500 um.

Reduced cell contractility via myosin Il inhibition increases the growth front curvature

Increased growth front curvature was identified to cause increased tissue tension which drives
tissue growth towards the open cleft [16-19]. To prove that growth front curvature and tissue
tension are in our system correlated, we next inhibited cell contractility by 10 uM blebbistatin and
it resulted in reduced tissue deposition (Fig. 4, Fig. 9D and Fig. SO3). Ehrig et al. demonstrated that
control tissues and tissues with increased cellular contractility both minimized their total surface
area in a liquid-like behaviour, whereas blebbistatin treated tissues deviated significantly from this
Laplace-Young law predictions [19]. Thus, we next asked how tissue tension, as varied via the cleft
angle in synergy with reduced cellular contractility with blebbistatin, affects the tissue growth
processes. Tissues grown at first normally for 5 days and then getting exposed to 10 uM blebbistatin
for 7 days did not show much further growth (Fig. SO3). The growth front curvature increased under

Blebbistatin (Fig. 4).
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Fig. 4 Correlation between growth front curvature and growth distance of puTissues with varying angles fixed after 12
days. Curvature of growth front over growth distance was determined as in Fig. 1 for uTissues with a cleft angle of 22.5°
(asterisk), 45° (triangle) and 90° (quadrat). uTissues were treated with GW788388 (orange), Blebbistatin (green) or R1R2
(magenta) or TGF-B was supplemented (blue) vs. the control sample (black). Same cleft angles under different conditions
were fitted with a simple linear regression (black line). Same conditions with different cleft angles were clustered in their
respective color.

The cleft angle does not impact the sequence of emerging ECM components and their degradation
as tissue matures, but the steepness of the gradients

Since we recently found that steep spatiotemporal gradients of the ECM components are required
for timely tissue maturation with Fn fibers appearing first, followed transiently by TNC and TG2
before the appearance of SHG-positive collagen fiber bundles can be detected (Benn et al. in
preparation, Chapter 4), we next asked how varying tissue tension influences tissue maturation
processes. During maturation, a sharp transition from a myofibroblast dominated growth front to
a SHG positive collagen matrix in the interior occurs. Behind the growth front of each uTissue, a
fibroblast-to-myofibroblast transition emerges without supplementation of TGF-B, visible in aSMA
signal at the growth front (Fig. 6), and Fn and TNC accumulate within this early ECM (Fig. 1C).
Tissues grow towards the open cleft and gradually mature as myofibroblasts, Fn and TNC get
cleared. This leads to mature tissue found in the core that is dominated by collagen ECM, mature
enough to be detected by second harmonic generation [29,30], and separated from the aSMA
positive growth front (Fig. 6). Fibroblasts in the tissue interior are thus responsible for the

organization and remodelling of the SHG-positive collagen bundles (Fig. 6). Especially the Fn / SHG
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ratio (black) indicates a strikingly flattened gradient in 22.5°-clefts, while it was steepest in 90°
(Fig. 1D). However, also in direct comparison of all channels identifying the immature growth front
(aSMA, TNC, Fn) this cleft-angle difference can be seen nicely. To visualize this, the growth front
peak width to the tissue-medium interface is plotted per channel as ‘growth front peak range’
(Fig. 1E). After 12 days of incubation, the width of the growth front region varies in different cleft
angles (Fig. 1A), whereby the smallest cleft angle results in growth front width 102.7 + 32.06 um,
while the tissues within the largest cleft angle shows a width of 42.59 + 6.14 um (Fig. 1C, white
double-headed arrows in fluorescence data, and Fig. 1D-E). Similar correlations were also seenin a
second set of experiments with slightly different cleft angles (Fig. S09). Taken together, increased
tissue growth in smaller cleft angles, corresponding to higher tissue tension, results in growth front
widening and thus higher spatiotemporal resolution of the gradients of young-to-mature tissue

conversion.

The collagen fibers in the interior align parallel to the geometrical tissue constrains with
intersecting fibers that enhance mechanical stability

Since the architecture of collagen fiber networks determines the mechanical stability of tissues [31],
we next looked at the collagen architecture as function of the cleft angle. Collagen fibers appear as
interwoven fabric (Fig. 7A). In each tissue, there is a dominance of collagen fibers running parallel
to the cleft wall, typically with a few much shorter intersecting fibers at skewed angles. Along the
growth front, compacted bundles of fibers run parallel to the outer edge. As the collagen fibers get
aligned by the contracting cells [31], which apply the strongest forces along their long axis, we thus
expect that the cells at the tissue-scaffold edges are aligned parallel to the edge, as confirmed by
the phase contrast images (Fig. 1A+B) and immunostainings of the central plane (Fig. 1C and Fig.
6). In the growth front, the cells are aligned tangentially with the highly tensed fibronectin fibers
(Fig. 1C).

As the tissue matures, time lapse movies of the pTissue show the build-up of tissue compaction
regions that run parallel to the cleft walls (Video SO1 and Fig. SO2B), and this process is associated
with collagen fiber compaction (Fig. 1A-C and Fig. S04). Depending on the cleft angle, compaction
occurs in different patterns (Fig. 1B). In small clefts, the inner compaction margins do not align with
the growth front, whereas in 90°-clefts they align beautifully with the growth front (Fig. SO2A,
orange lines). In contrast, major tissue compaction did not occur if cellular contractility was
inhibited with Blebbistatin after 7 days in culture (compare overviews of full arrays in Fig. SO4).
Taken together, the co-localizing effects of fiber alignment and tissue compaction are likely

reciprocal events caused by tissue tension, since both are increased in smaller cleft angles.

101



5 Eliciting insights how tissue tension impacts tissue growth processes

A Phase contrast at day 12 Day 1: cell seeding > Day 5: started treatment > Day 12: fixation

i) 22.5° + TGF-p1 ii)45° + TGF-p1 iii) 90° + TGF-B1

B 2P + CLSM

Growth front width

C Profile intensity plot

— Fn
— oSMA
Mean (n=4 — TNC M =4 M =4
=4 g T de Ve 2 ane) B
S — Fn/SHG 5 5
3 3 3
N N N
© © ©
T T T T ¥ Og — T —-0 g 0 g
-400 -300 -200 -100 0o < -400 -300 -200 -100 O = -400 -300 -200 -100 O z
Distance to growth front (um) Distance to growth front (um) Distance to growth front (um)
D Growth front peak range of cumulative plot E Growth kinetics
i) 22.5° ii) 45° iii) 90°
1500 A
+ —_
Fn - Fn - Fn - E-, TGF-B1 started 295°
g 1000 - ? N
aSMA-| aSMA - aSMA - @
= 45°
% 500
TNC TNC TNC 5 90°
0 I T 1
-150 -100 -50 O -150 -100 -50 O -150 -100 -50 O 0 5 10 15
Distance to growth front (um)  Distance to growth front (um)  Distance to growth front (um) Time (d)

Fig. 5 De novo uTissue growth in clefts with varying angle and TGF-B1 supplementation from day 5. (A) Phase-contrast
images of uTissues assembled by human dermal fibroblast in 22.5°(i)-, 45°(ii)- and 90°(iii)-clefts over 12 days of incubation.
Scale bar = 500 um. (B) 2-photon microscopy (2P) and confocal laser scanning microscopy (CLSM) of representative
uTissues in 22.5°(i)-, 45°(ii)- and 90°(iii)-clefts and imaged for aSMA (orange), Fn (green), TNC (magenta) and SHG (cyan).
White arrows indicate the growth front width. Scale bar = 100 um. (C) Normalized intensity plots along distance to growth
front as mean over multiple uTissues in 22.5°(i)-, 45°(ii)- and 90°(iii)-clefts. (D) Growth front peak range (width) measured
in cumulative profile intensity plot (D) at 25 % threshold and plotted in distance to growth front at tissue-liquid inerface.
Bar graphs of the control are overlaid in transparent. (E) Growth distances along cleft bisector angle between tip of the

cleft to the uTissue-medium-interface measured with phase-contrast images. For more data see Fig. SO6.
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A: grown over 12 days B: grown over 35 days

Fig. 6 Tissue maturation in shorter (12d) and longer time periods (35d) (A) uTissue incubated over 12 days and (B) pTissue
incubated over 35 days. Both show different width of their growth front marker aSMA and varying organisation and
density in mature SHG detectable fibers. Yellow box (100 um x 50 pum) indicates the transition from growth front to
interior. Scale bar = 100 pm.
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Fig. 7 Analysis of the collagen fiber (SHG) orientation for uTissues with different cleft angles under various conditions. (A)
Fiber orientation analysis was carried out using a custom-written MATLAB script for representative uTissues with cleft
angles of 22.5°(i), 45° (ii) and 90° (iii). The orientation of the SHG-signal is color-coded from blue (+ 90) to red (0) and the
frequency distribution of the respective uTissue is depicted below the pseudo-coloured 2P micrographs. Further
information about the image analysis are provided in the method section. (B-E) The same fiber orientation analysis was
done for uTissues supplemented with TGF-B1 (B), GW788388 (C), Blebbistatin (D) or R1R2 (E). For more data see Fig. SO8.

Exogenous TGF-B1 supplementation narrows the growth front and does not prevent the
myofibroblast-to-fibroblast transition as the tissue matures towards the interior

To investigate the role of TGF-B1 signalling on tissue processes as a function of tissue tension, we
supplemented TGF-B1 in our array of tuned uTissue growth. While the growth front width is
decreasing with wider cleft angles under control conditions, this difference becomes less
prominent under TGF-B1 stimulation (compare Fig. 1D and Fig. 5C). Since it is known that

upregulated aSMA expression correlates positively with fibroblast contractility [13], the overall
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higher levels in aSMA indicate the increase in cellular contractility (Fig. SO5), while the
myofibroblast-to-fibroblast transition in most of the tissues seems not disturbed in agreement with
Kollmannsberger et al. 2018 [14] (Fig. SO6B). In addition, both the overall signal intensity of all
detected channels varies as a function of cleft angle (Fig. SO5), as well as the region of interest (ROI)
width in each angle varies as function of cleft angle (Fig. S06). Therefore, we assessed the signal
density over the full width of the sample region of interest (Fig. 7).

The signal density of all channels decreases with wider clefts in control samples (Fig. 8, first row).
Interestingly, the signal density of all channels in TGF-f1 supplemented tissues show fewer
differences over the different cleft angles (Fig. 8, second row). Here, especially wider clefts show
increased Fn and aSMA signal densities(Fig. 8, second row), while the growth front width is
decreased (Fig. 5C+D). This could indicate that the local density of Fn and aSMA positive
myofibroblast is much increased in the growth front of the 90°-clefts compared to the interior
(Fig. 8, second row and Fig. S11, second row). In addition, TGF-B1 significantly increases total SHG
intensity (Fig. 8 and Fig. SO5, second row) and the collagen fibers that run parallel to the growth
front, which agrees with our observation that the growth front is narrower (Fig. 5B). We
furthermore found that more ruptures occurred in samples supplemented with TGF-B1 (Fig. SO7).
TGF-B1 was supplemented at day 5 (compare video SO1 with S03, TGF-B1 was supplemented at
timestamp = 114.5h).

TGF-B1 supplementation further resulted in much increased tissue volumes, which can be seen in
the much more optically dense tissues in phase contrast (Fig. SO4) and the fact that there is no
difference in compaction area between the different angles (Fig. 1B and Fig. SO4). The significant
increase in tissue volume can also be estimated in the XZ/YZ-profiles (Fig. 8) and is in agreement
with previous reports [14,19].

The curvature to tissue growth correlation under TGF-B1 supplementation shows a slight trend
towards decreased curvature in smaller angles (Fig. 2B and Fig. 4), however due to low sample
number this trend needs to be confirmed in future studies. Taken together, while the different
tensional states in the control uTissue, as tuned by the cleft angle, induce a change of growth front
width and compaction area, our data suggest that increasing cellular contractility by TGF-B1 seems

to balance those tensional state differences.
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Fig. 8 Fluorescence and SHG signal density over full region of interest width with different angles under various
conditions. (A-E) Both ROI width (Fig. SO5) and absolute intensities (Fig. S10) are varying per cleft angle. For comparison,
the ratio of absolute signal intensity as integral of profile plots (e.g. Fig. 1D) over the sampled area along the profile plot
axis is depicted as absolute intensity per area in bar graphs. Absolute intensity per area was calculated for uTissues with
cleft angles of 22.5°(i), 45° (ii) and 90° (iii) of the control (A), supplemented with TGF-1 (B), GW788388 (C), Blebbistatin
(D) or R1R2 (E).
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A Control

Fig. 9 continues on next page
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D + Blebbistatin

i) 22.5° i) 90°

Fig. 9 XZ- and YZ-profiles for uTissues with different cleft angles under various conditions. Multi-channel composite
images of representative pTissues imaged with 2P and CLSM for aSMA (orange), Fn (green), TNC (magenta) and SHG
(cyan). Each image shows central XY-profile on top-left, ZY-profiles on top-right and ZX-profile on bottom-left. Scale bars
100 pm. (A-D) Z-profiles of uTissues with cleft angles of 22.5°(i), 45° (ii) and 90° (iii) of the control (A) and supplemented
with TGF-B1 (B), GW788388 (C) or Blebbistatin (D).

Inhibition of TGF-B receptors hampers tissue maturation, reduces bundling of collagen fibers and
their alignment and reduces tissue volume

As previously described, GW788388 inhibits downstream signalling of TGF-B receptor | and Il [22].
To investigate the relative impact of GW788388 on endogenously produced TGF-B, conveying auto-
or paracrine functionality [32], we tested the inhibitor for aSMA response with and without TGF-
supplementation in 2D planar experiments. We showed in 2D planar inhibitor that GW788388 is
capable to significantly reduce aSMA expression with and without exogenous TGF-B
supplementation (Fig. 10), in agreement with the literature [25]. Since it is known that upregulated
aSMA expression correlates positively with fibroblast contractility [13], we applied GW788388 in
our de novo uTissue to reduce cellular contractility mediated presumably by endogenous TGF-B.
However, the results need to be discussed with caution, since TGF-p downstream signalling effects
many additional functions, of which many are not fully understood [33-39]. By targeting TGF-3
receptors, we investigated whether TGF-f receptor signalling via endogenously produced TGF-j,
or perhaps even independently of TGF-, might play a role in the tissue-tension dependent growth
processes. Inhibition of downstream TGF-$ receptor signalling with GW788388 resulted in much
less optically dense tissues (Fig. 11A and Fig. SO4) with milder tissue compaction and decreased
tissue volume in their XZ/YZ-profiles (Fig. 9C) compared to the untreated controls. While treatment
with GW788388 showed slightly reduced appearance of myofibroblasts in the growth front, tissue
maturation was hampered as signal of aSMA, TNC and Fn also distributes in the interior (Fig. 10B

and Fig. SO6), which is in agreement with our previous findings (Benn et al. in preparation, Chapter
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4). Furthermore, the density of SHG positive collagen fibers was greatly reduced (Fig. 7), as a much
smaller fraction of fibers is running in tight bundles along the tissue edges and the existing collagen
fibers are much more interwoven by intersecting fibers (Fig. 6). Since GW788388 is inhibiting TGF-B
receptor | and Il and since there were physical interactions between TGF-f receptor | and
a2B1-integrins reported [40], the observed delay in maturation could in parts also due to perturbed
a2B1-integrin signalling, which is one of the main collagen binding integrins and required for
polymerization of collagen fibers [41]. In the discussion this interaction is described in more detail.
Interestingly, reduced effects on tissue maturation are more prone in 22.5°- and 45°-clefts, while
90°-clefts show more intense growth fronts with steeper maturation gradients (Fig. 11B and Fig.
S06). Taken together, under supplementation of GW788388 only tissues with reduced growth front
curvature, thus reduced tension, show enhanced tissue maturation, while in tissues of increased

growth front curvature tissue maturation is delayed.
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Fig. 10 aSMA response to GW788388 on planar glass substrates (A) without and (B) with TGF-f1
supplementation was tested on 2D planar Fn coated glass with and without supplementation of
GW7883888. The glass substrates were physioabsorbed with Fn (50 pug/ml in PBS) for 1 h at room
temperature. Cell number per region of interest was determined by nucleus count of DAPI channel. Overall
intensity of aSMA was a magnitude of approximately 10 higher under TGF-B1 stimulation, thus the laser
excitation energy was adapted from 45% (A) to 4.5% (B) intensity to allow signal detection with sufficient
sensitivity in both conditions, i.e. assuring appropriate signal-to-noise ratio while avoiding pixel saturation.
Data were compared with an unpaired two-tailed Mann-Whitney. Error bars represent 95% confidence

intervals (Cl).
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Fig. 11 De novo Tissue growth in clefts with varying angle and GW7888388 treatment from day 5. (A) Phase-contrast
images of uTissues assembled by human dermal fibroblast in 22.5°(i)-, 45°(ii)- and 90°(iii)-clefts over 12 days of incubation.
Scale bar = 500 um. (B) 2-photon microscopy (2P) and confocal laser scanning microscopy (CLSM) of representative
uTissues in 22.5°(i)-, 45°(ii)- and 90°(iii)-clefts and imaged for aSMA (orange), Fn (green) TNC (magenta) and SHG (cyan).
Scale bar = 100 um. (C) Normalized intensity plots along distance to growth front as mean over multiple uTissues in
22.5°(i)-, 45°(ii)- and 90°(iii)-clefts. For more data see Fig. SO6.
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Partial inhibition of Fn-collagen-interaction hampers maturation of puTissues in 22.5°- and
45°-clefts, while 90°-cleft tissues are much less perturbed

The nucleation of collagen polymerization is templated by the provisional fibronectin fibers,
whereby only locations of structurally relaxed but not stretched Fn can serve as template [42].
While we found already in Chapter 4 that partial inhibition of Fn and collagen interaction with R1R2
peptide hampers tissue maturation and leads to higher levels of tissue ruptures, we next asked
whether and how this relates to pTissues tension. pTissues grown in all cleft angles under
supplementation of R1R2 show Fn, aSMA and TNC markers in the core tissue (Fig. 10B+C),
indicating hampered tissue maturation in agreement with previous findings (Benn et al. in
preparation, Chapter 4). The tissue morphology appears in the confocal slice similar to the effects
seen with blebbistatin (compare Fig. 12B with Fig. 13B). Under R1R2 treatment the steepest
maturation gradient is visible with a 90°-cleft angle (Fig. 12B-C), while the SHG signal is reduced
(Fig. 7E). Interestingly, the correlation of curvature to growth indicates a trend that 90° uTissues
show similar curvatures with slightly reduced growth (Fig. 5). Interestingly, full tissue ruptures occur
mainly in 45°-uTissues (see Fig. S04, lowest row and Video SO5, R1R2 supplemented at timestamp
= 114.5[h]). However, early tissue ruptures after R1R2 supplementation occur in all cleft angles
(Fig. SO7). Inhibition of fibronectin-collagen interaction using R1R2 resulted in reduced collagen
fiber bundling (Fig. 7). This suggests together with the high occurrence of rupture events that R1R2

treatment results in tissues of reduced stability.
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Fig. 12 De novo pTissue growth in clefts with varying angle and R1R2 treatment from day 5. (A) Phase-contrast images of
uTissues assembled by human dermal fibroblast in 22.5°(i)-, 45°(ii)- and 90°(iii)-clefts over 12 days of incubation. Scale
bar = 500 um. (B) 2-photon microscopy (2P) and confocal laser scanning microscopy (CLSM) of representative uTissues
in 22.5°(i)-, 45°(ii)- and 90°(iii)-clefts and imaged for aSMA (orange), Fn (green) TNC (magenta) and SHG (cyan). Scale bar
=100 um. (C) Normalized intensity plots along distance to growth front as mean over multiple pTissues in 22.5°(i)-, 45°(ii)-

and 90°(iii)-clefts. For more data see Fig. S06.
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Fig. 13 De novo uTissue growth in clefts with varying angle and blebbistatin treatment from day 5. (A) Phase-contrast
images of uTissues assembled by human dermal fibroblast in 22.5°(i)-, 45°(ii)- and 90°(iii)-clefts over 12 days of incubation.
Scale bar = 500 pm. (B) 2-photon microscopy (2P) and confocal laser scanning microscopy (CLSM) of representative
uTissues in 22.5°(i)-, 45°(ii)- and 90°(iii)-clefts and imaged for aSMA (orange), Fn (green) TNC (magenta) and SHG (cyan).
Scale bar = 100 um. (C) Normalized intensity plots along distance to growth front as mean over multiple uTissues in
22.5°(i)-, 45°(ii)- and 90°(iii)-clefts. For more data see Fig. SO5.
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5.4 Discussion

Here we provide a novel uTissue model by advancing our microfabricated PDMS platform and
integrated an array of different cleft angle that allowed us to tune the growth curvature and thus
tissue tension of the fibroblast de novo grown uTissues. We found that widening of the cleft angle
leads to reduced growth front curvature and tissue growth (Fig. 1A, Fig. 2 and Fig. 3). In our model,
tissue tension can be modified via cleft angle and cell contractility. Reducing cellular contractility
with Blebbistatin resulted in increased growth front curvature, underlining the importance of
residual ECM tension in tensional homeostasis (Fig. 4). Interestingly, increased cellular contractility
through TGF-B1 supplementation reduced the prominent differences in uTissues grown in different
cleft angle geometries, which underlines the prominent role of cellular contractility on tissue
growth and maturation (Fig. 5). Furthermore, inhibition of TGF-B receptor signalling with
GW788388 hampered tissue maturation in pTissues of high tensional states, but disturbed only
mildly tissue maturation in 90°-clefts with low tissue tension (Fig. 11). In addition, sufficient tissue
stability is required to prevent tissue rupture. We found that fibronectin-collagen-interaction is
important for both tissue maturation and tissue stabilization (Fig. 12 and Fig. SO7). Mechanical
tissue stability is further enhanced by collagen fibers in the interior that align parallel to the

geometrical tissue constrains with intersecting fibers (Fig. 7).

In our cleft angle arrays, we observed in wider clefts reduced tissue growth as well as reduced
growth front curvature (Fig. 4). Decreased substrate and growth front curvature was reported to
decrease tissue tension and reduce tissue growth towards the open cleft [16-19]. Since the pTissue
fuses from the confluent layer of the two-merging vertical cleft walls, the 90°-cleft provides lowest
curvature from the beginning of growth. The tissue then grows into the open cleft in a seamlessly
sequential process [44] and the already assembled tissue with the newly advanced growth front
provides the geometrical guidance as curvature for the next ‘layer’. Our finding is thus in agreement
with the literature, that larger curvature correlate with reduced tissue growth. Taken together with
the literature we can conclude, that uTissues in smaller clefts contain increased tissue tension

compared to the wider clefts.

Our finding that inhibition of myosin Il contraction lead to increased growth front curvature can be
explained with tensional homeostasis of ECM where the total amount of cellular forces are
counterbalanced by ECM tensions [45]. Disturbed equilibrium here will result in alteration either of
the cells or the ECM. Accordingly, it was shown that a short 20 uM blebbistatin pulse on de novo

grown tissues resulted in an immediate reduction in tissue volume [44]. Thus, the release of cellular
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contractility leads to a passive retraction of the in-between-the-cleft-spanned tissue due to residual
tension stored in the ECM, which explains why growth front curvature increases as soon as cellular
contractility is inhibited. aSMA positive myofibroblast are visible less prominently under
blebbistatin treatment (Fig. 13).

In agreement with previous suggestions that sufficient cellular contractility is required to generate
the surface stress required for tissue growth [19], here we also show that treatment with the
myosin Il inhibitor blebbistatin resulted in reduced tissue growth. While Ehrig et al. demonstrated
that both control and TGF-B1 supplemented tissues minimized their total surface area in a liquid-
like behaviour, blebbistatin treated tissues deviated significantly from the Laplace-Young law
predictions [19]. Our experiments show in agreement that blebbistatin not only significantly
decreased tissue growth, but also resulted in a significant pattern shift when all angles of all
conditions are combined in a plot of curvature over tissue growth (Fig. 4). Taken together, uTissue
treated with inhibition of cellular contractility is in agreement with the described effects in the

literature and the decreased tissue tension results in decreased tissue growth is inhibited.

When the contractile forces generated by cells exceed the matrix resistance, an inward compaction
of the fibrillar network combined with partial de-adhesion from cleft walls is the result (Fig. 1B,
Video S01 and Fig. S02). The fact that the cells pull not against the PDMS scaffold walls which can
be seen by the main SHG fiber orientation (Fig. 7), is not surprising as the Fn-functionalized but still
smooth PDMS walls do not allow the cells to anchor firmly. In the tissue interior away from the
tissue edges, the network is organized such that the fibers connect the edge regions. They are
pulling at intermittent angles and the fibers are less compacted. Under GW788388 treatment the
collagen fibers are much more tightly woven, with a smaller fraction of fibers running in tight
bundles along the tissue edges, and thus an increased fraction of fibers pulling along the 0°-axis of
the uTissues. Addition of TGF-B1 significantly increases the collagen fibers that run parallel to the
growth front, which agrees with the observation that the growth front is narrower (Fig. 7 and Fig. 5).
The Laplace equation describes how surface curvature depends on surface energy which then
predicts the shape of water droplets. The surface energy of water is high due to the attractive
interactions of water molecules. Similarly, attractive interactions of cells lead to tissue surface
tension, a concept that has been applied in Biology to predict shapes across length scales [46]. A
series of studies from Dunlop and colleagues has shown that the growth speed of uTissues on
surfaces is proportional to the local curvature of the uTissue-fluid interface [16], which can be
explained by a physical model considering the accumulation of local mechanical stress at the

growing front [47]. Our experimental results of the uTissue growth kinetics (Fig. 1F and Fig. 4) show
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a similar trend to the conventional description. From a biological viewpoint, such geometry-
dependent growth of uTissue generates residual strain inside the uTissue balanced by the cellular
contractility and the ECM network [44]. In our system, more aligned fibers were observed along
the growth front as the cleft angle increased (Fig. 7A), and this trend was enhanced by addition of
exogenous TGF-B1 (Fig. 7B). These observations, together with the conventional findings on ECM
networks inside pTissues, imply that the difference in cleft angle shifts the distribution of residual
strain inside the growing uTissue.

Supplementation of GW788388 and blebbistatin both reduced collagen fiber assembly (Fig. 8),
despite the fact that their effects have totally different causes. However, a physical interaction
between integrin a2B1 and TGF-B receptor | (also known as ALK5) was described to induce Smad
phosphorylation with downstream signal propagation, without TGF-( ligand participation [40]. This
reported physical interaction between a2B1-integrins and TGF-B receptors could potentially also
stabilize a2B1-integrins and result in an increased force transmission. Since GW788388 inhibits
TGF-B receptor | and Il [22], the inhibitor might also alter its interaction with a2B1 integrins and
could interfere with a2B1 collagen binding, which is in turn required for collagen polymerization
[41]. This could in addition explain reduced collagen fiber assembly under GW788388 treatment.
Furthermore, it was shown that cellular tension regulates the spatial distribution of TGF-p receptor
| and II, since they organize in integrin-rich focal adhesions [48], through which the cells form
tensional homeostasis with the ECM via Rho/ROCK-dependent mechanisms [49]. It was
furthermore described, that RhoA signalling can convert the response of TGF-B to promote
proliferation [50]. Taken our data together with the literature, those TGF-B independent effects

might explain the alterations seen in SHG fiber bundling (Fig. 7).

Interestingly the fiber orientation patterns under R1R2 show some similarity with the GW788388
condition in terms of alignment with the cleft wall and reduced fibers aligned to the growth front
(Fig. 7). It is notable that inhibition of fibronectin-collagen interaction using R1R2 did not have a
crucial impact on fiber assembly (Fig. 6), because it was formerly shown that relaxed fibronectin
works as a template of collagen deposition in a 2D cell-culture environment [42]. Interestingly, the
location shift of the aligned fibers from the deep region to the growth front over the increase of
cleft angle was kept in the presence of these inhibitors (Fig. 7), which is also in agreement with the
compaction patterns (Fig. S02). The cleft angle affects the mechanical environment within the
UTissue, however, the influence seems to be orthogonal to the effect of biochemical reagents.
Further studies are required to elucidate the anteroposterior relationship of the phenotypic change

of fibroblast and the ECM maturation in the 3D confinement.
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Growth front peak width (Fig. 1E, growth front peak range) correlates with tissue tension, as wider
growth front peaks are seen in tissue grown in smaller cleft angles with increased growth front
curvature (Fig. 1D-E) and the literature allows translation to tension as outlined above. However,
since the tissue compaction in 22.5°- and 45°-clefts is also decreased in areas contributing where
the increased growth front width is located (Fig. 1B), it is important to discuss whether there could
be also alternative ways to explain growth front width variation.

Growth front width correlates negatively with the cleft angle (Fig. 1E). Growth speed is increased
by smaller cleft angles [17,44]. Growth speed is quantified here by growth distance per time, thus
spatial to temporal translation within the young-to-mature gradient in central ROl seems to be
widened or spread over longer space, when growth speed is increased in smaller cleft angles. Since
the main compaction branches in smaller cleft angles are framing the optically less dense growth
front area (Fig. 1B, 22.5° and 45°) it is likely that here is again a high local tissue compaction driven
by cell contractility in the small growth front area that spreads between the tension bearing tissue
compaction branches. Thus, further tissue growth might be directed by new curvatures that are
formed during sequential tissue growth with local ruptures and further tissue compaction.
Interesting, the SHG fiber alignment co-localizes nicely with the compaction branches (Fig. 1B and
Fig. 6, control). Together with the literature and since uTissues with increased cellular contractility
do neither show angle differences in tissue compaction nor much in growth front width, the factor
of tissue tension seems inherently coupled to the system and likely dominates the effect of

alterations of growth front width.

TGF-B is known to convey multiple, sometimes even paradox functions as in tumor growth where
it switches functionality [37,38]. In 2D planar experiments, TGF-B1 was reported to induce
fibroblast-to-myofibroblast transdifferentiation [59], as we also demonstrated in Fig. 10.
Interestingly, in de novo grown uTissue TGF-B supplementation did not lead to an increase of
myofibroblasts in mature core regions which are dominated by fibroblast [14], as expected from
2D experiments [59]. Here we see a mild increase of aSMA positive myofibroblast in the interior,
but the dominant appearance is in agreement with the previous de novo tissue report (Fig. SO6B).
TGF-B1 supplementation is causing higher signal density of aSMA (Fig. 8 and Fig. SO5). Higher signal
density of aSMA means higher amount of alpha smooth muscle actin per area, which can be
correlated with higher contractility [20]. Our data suggest that this leads to an accelerated tissue
maturation with faster collagen assembly and faster myofibroblast-to-fibroblast transition, since

the growth front peak range is significantly decreased (Fig. 5B-D). The curvature over tissue growth
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indicates a trend towards decreased curvature under TGF-f1 supplementation, indicating higher
tissue tension compared to the control (Fig. 4). Our data indicate that while we see a much wider
growth front peak range in the control 22.5°-clefts (Fig. 1C-E), more concentrated cellular
contractility upon TGF-B1 supplementation in the growth front allows to equalize the tensional
difference seen in the control (Fig. 5B-D). This is in agreement with our finding that more ruptures
occur under supplementation of TGF-B1 (Fig. SO7). Since the sample number here is low (n=4) and
the variation high, follow up experiments with higher sample numbers need to further elucidate
these interdependences.

Although TGF-B has many complex biochemical signalling functions, it seems that in tension
accelerated growth cell contractility overlays dominantly other regulatory effects. Our data
indicates that the process of myofibroblast-to-fibroblast transition and subsequent tissue
maturation is accelerated when early high contraction forces are exerted. However, this can also
be due to TGF-B independent mechanisms for example through reported physical interaction of
TGF-B receptor with a2p1 integrin [40], which could potentially stabilize a2p1 integrin and allow
increased force transmission exerted on the ECM. For all these processes, to maintain tissue

integrity with tensional homeostasis it is required that all forces are counterbalanced.

We found recently that timely tissue maturation and thus the rapid clearance of myofibroblasts via
the conversion to fibroblasts [14] requires TNC and enzymatically active TG2 (Benn et al. in
preparation, Chapter 4). Both TG2 and TNC are known to regulate cellular adhesion: TG2 as a Fn-
Bl-integrin coreceptor increases adhesion, and TNC — via competitive binding to Snydecan-4 —
decreases adhesion [51-54]. However, TNC fragments after MMP degradation were shown to have
adhesive functionality as well. Adhesion strength correlates with levels of force cells can exert on
their environment [55], and build-up of cell contractility in turn correlates with expression of aSMA
[20]. With supplementation of exogenous TGF-B1, contractility is kept artificially high, which likely
perturbs the orchestrated actions of TNC and TG2 in promoting the myofibroblast-to-fibroblast-
transition. Accordingly, the growth front peaks are narrower in all angles, but this in turn lead to
increased ruptures, as the forces cell generate are not sufficiently counterbalanced by the
mechanical strength of the provisional matrix. Both TGF-B1 supplementation and inhibition of Fn-
collagen binding show increased tissue rupture (Fig. SO7), which is likely due to increased cellular
contractility and decreased tissue stability. Furthermore, Yamashita et al. characterized contractile
cell behaviour on curved surfaces using a phase diagram of contractility, adhesion and curvature
[56]. Although this was only on short timescales, our observations could be interpreted using an

extension of this picture in mind, where the right balance of curvature, contractility and tissue
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integrity is required to result in a trajectory through phase space that leads towards a balanced
homeostatic outcome, while perturbation of this balance due to insufficient or excessive

contractility or by disrupting tissue stability leads to failure.

We here show that tissue tension can be systematically tuned in de novo uTissue growth in arrays
of microengineered clefts. In summary, our study identifies tissue tension together with cellular
contractility as key parameter which regulate fibroblast-to-myofibroblast transition and conversion
with subsequent tissue maturation and tissue growth. This knowledge can contribute to develop
future uTissue platforms. Of particular significance is here that the spatiotemporal resolution of the
ECM gradients can be tuned in dependence of the tissue tension to investigate future interventions
on this platform not only as function of tissue tension, but also with higher spatial separation of the
temporal ECM gradient. This increased sensitivity combined with the feature of tunable tissue
tension might allow to identify completely novel strategies relevant for diagnostics and treatments

in tension-related diseases.
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5.5 Materials and methods

Rationale for substrate design and fabrication method

Polydimethylsiloxane (PDMS) substrates were fabricated by replica molding of negative SU8-master
structures, improving the previously published protocol [14]. To avoid residual membrane
formation, a custom build compression device was applied as described below. In order to reduce
UTissue-to-uTissue variability, the cleft edges were smoothed with a photomask of higher
resolution and each cleft is separated, so that the grown uTissues are not in direct contact with
each other. Each substrate consists of a cluster of 12 clefts (22.5°, 45°, 90°) arranged in arrays. The
arrangement of multiple cluster replicas on one master mold allowed a higher production

throughput.

Master fabrication

A master mold was fabricated by standard lithography of multiple layers of SU8-3050 photoresist
(MicroChem, USA). In brief, a 4” silicone wafer was dehydrated at 120°C for 10 min. For the first
layer, 2 ml of SU8-3050 was dispensed and spin-coated at 500 rpm for 10 s with acceleration
100 rpm/s followed by 1000 rpm for 45 s with acceleration 500 rpm/s. After spin coating, a soft
bake at 65°C for 7 min and at 95°C for 15 min was performed. After cooling down to room
temperature (RT), spin coating was repeated twice with 4 ml of photoresist each resulting in a
~350 um thick resist layer. Samples were stored at RT for 24 hours prior to exposure. For exposure,
a photolithography mask with a resolution of 32,000 dpi (Zitzmann GmbH, Germany) and a
MAG6 mask aligner (Karl Suss, Germany) were used and the samples were exposed with a total dose
of 400 mJ/cm? (A = 365 nm) divided in 4 runs with 60 s pause in between exposures. Post exposure
bake was performed at 65°C for 3 min and 95°C for 10 min. Due to the thickness of the resist, all
heating and cooling steps were performed at slow ramp. The resist was developed using
mr-Dev 600 developer (Microresist Technologies, Germany) under ultrasound for 20 min, followed
by a wash with fresh developer and isopropanol, each for 10 s. Master molds were passivated with

20 ul of Trichloro(1H, 1H, 2H, 2H - Perfluorooctyl)Silane (Sigma 448931) under vacuum for 1 hour.

Microfabrication of PDMS scaffolds

PDMS scaffolds with open cleft free of residual membranes were replica-molded from the master
mold using a custom-built compression device. PDMS was mixed in a standard ratio of 10:1 base to
curing agent (Sylgard 184, Dow Corning, USA), degassed at 70 mbar for 30 min, poured on the
master mold placed in the custom built compression device and degassed at 70 mbar max. 45 min

until all air bubbles were removed. Afterwards, a 2 mm thick polymethyl methacrylate lid (PMMA)

121



5 Eliciting insights how tissue tension impacts tissue growth processes

was placed on the top at a slight angle preventing the formation of any air bubbles. Finally, the top
piece of the compression device was mounted and all 4 screws were tightened in crossed manner
with a maximum torque of 4 Nm. After the PDMS was cured at 80°C overnight, each substrate was
cut out with a 18 mm diameter punch, cleaned in 70 % ethanol ultrasonic bath for 20 min and

stored in 70 % ethanol.

Functionalization and mounting of PDMS scaffolds

Fibronectin was covalently bound to the surface of the PDMS scaffolds using a heterobifunctional
cross-linker (Sulfo-SANPAH, 0.5 mg/ml in PBS (1x, adjusted to pH 8.5 with NaOH), Thermo Fisher
Scientific) as described previously [14,57]. The functionalized substrates were attached with optical
glue NOA-61 (Norland Optical adhesive 61, Norland) with 1 mm thick PDMS spacer as described in
Kollmannsberger et al. [14] into a 12-well culture plate that had previously been passivated using
PLL(poly-L-lysine)(20)-g[3.5]-PEG(polyethylene glycol)(5) (0.1 mg/ml in HEPES2 (HEPES + 150 mM
NaCl), SuSoS). After assembling the cell culture system, it was washed once with PBS and UV treated
for 15 min. Prior to cell seeding, the surface was equilibrated with a-minimum essential medium

(aMEM, Biowest SAS) supplemented with 10 % fetal bovine serum at 37°C for at least 1 hour.

UTissue growth experiments

Cell culture

Primary normal dermal human fibroblast (NHDF, passage numbers 6 to 10, Lonza) were maintained
in a-minimum essential medium (aMEM, Biowest SAS) supplemented with 10 % fetal bovine serum
and 1 % penicillin-streptomycin exchanged every 2-3 days. All experiments were conducted at 37°C
in a humidified atmosphere with 5% CO2. The cells were trypsinized and seeded on the PDMS
substrates at a density of 2 x 10° cells per substrate. For pTissue experiments, the cell culture
medium was supplemented with 100 uM L-Ascorbic Acid 2-phosphate sesquimagnesium salt
hydrate (A8960-5G, Sigma) and 0.05 mg/ml fibronectin in PBS. Fibronectin was isolated from
human plasma as previously described [58]. For interventional experiments, the cell culture
medium was further supplemented with 0.1% DMSO and the following components from day 5 of
UTissue growth: recombinant human TGF-B1 (1 ng/ml, 100-21C, PeptroTech), inhibition of
TGF-BRI/Il with GW788388 (20 uM, 3264, Tocris), inhibition of myosin Il with blebbistatin (10 uM,
BO560-1MG, Sigma-Aldrich), inhibition of Fn-collagen interaction with R1R2 as previously described
[42] (2.5 uM, amino sequence GLNGENQKEPEQGERGEAGPPLSGLSGNNQGRPSLPGLNGENQKEPEQG
ERGEAGPP manufactured by GenScript).

In order to assess the aSMA response on GW788388 we performed a TGF-B1 stimulation test on

2D Fn coated glass. Primary normal dermal human fibroblast (NHDF, passage numbers 6 to 10,
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Lonza) were cultured routinely in normal growth medium composed of a-minimum essential
medium (aMEM, Biowest SAS) supplemented with 10 % fetal bovine serum and 1 % penicillin-
streptomycin. Once at optimal confluency, the fibroblasts were trypsinized and seeded separately
in triplicates in 8-well labtek chambers at 4.5 x 10° cells/cm2 in normal growth medium. After 24 h,
medium was replaced with and without TGF-B1 (5 ng/ml, 100-21C, PeptroTech). Each condition
was combined with GW788388 (20 uM, 3264, Tocris) or with 0.1 % DMSO and cultured further for

additional 3 days including a media exchange at day 3.

Fixation and immunofluorescence

After 12 days of total incubation, samples were washed twice with pre-warmed HBSS (+ Ca, + Mg)
and fixed with 4% PFA for 15 min. The cell membrane was permeabilized with 1 % Triton X-100
(T8787-50ML, Sigma-Aldrich) for 20 min followed by 60 min incubation in blocking solution (2 %
BSA (w/v) (05470-5G, Sigma-Aldrich) and 5% donkey serum (v/v) (ab7475, Abcam)). uTissues
depictedin Fig. 1, 3, 4 and 6 were immunostained against TNC and uTissues depicted in Fig. 5 were
immunostained against TG2. TNC antibody (1:100, BC-24, MA1-26779, Thermo Fisher Scientific)
was combined with Fn (C-20) antibody (1:100, sc6952, Santa Cruz) and were supplemented in
blocking solution to the respective uTissues and incubated for 1 h at RT. After washing three times
in PBS for 5 min each, samples were incubated with anti-goat Alexa Fluor 488 (1:200, ab260129,
abcam), anti-mouse Alexa Fluor 647 (1:100, ab150107, Abcam) in blocking solution for 1 hour at
RT. After Three additional PBS washes, aSMA was stained with Alexa Fluor 594-conjugated anti-a-
smooth muscle actin antibody (1:100, ab202368, Abcam) in blocking solution for 1 hour at RT

followed by three PBS washes.

Microscopy and image analysis

Image acquisition

Live phase-contrast images of the uTissues where acquired every 30 min. using a Zeiss Axiovert 200
M inverted microscope with 5x objective. Confocal fluorescence imaging was performed using a
Leica TCS SP8 MP inverted multiphoton laser scanning microscope with a 25x objective (0.95NA L
Water HCX IRAPO). Fluorophores were directly excited in single photon mode. Mature collagen
fibers were imaged by second harmonic generation (SHG) in multiphoton laser scanning mode with
open pinhole. Second harmonic was generated with a Mai Tai XF (Spectra-Physics) femtosecond Ti-
sapphire pulsed laser tuned at 880nm and signal emitted from collagen fibers was detected at

440 nm.
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Image analysis

Growth distances
Growth distances were measured between the angle tip of the cleft and the uTissue-medium

interphase along the bisector angle axis in the phase-contrast images of the respective timepoints.

Projected tissue area
Projected tissue area was masked and quantified in a semi-automated way with a custom-built
Image) script. The outline of the cleft was manually detected. The medium — tissue interface was

detected with automated Otsu thresholding after median filter with o = 2 was applied.

Curvature analysis

In dataset (Fig. 3, Fig. 4, Fig. SO1) growth front curvature was determined by inversion of the radius
of a circle, that was fitted in three points. To define the fitting points, the cleft walls were manually
identified, and a first angle bisector was calculated to divide the cleft into two equal angles. Two
additional angle bisectors were drawn in the upper and lower angle half. The circle for curvature
measurement was fitted into the intersection points of all three bisectors with the growth front. In
dataset (Fig. 2 and Fig. S09), the local tissue curvature was determined in an automated python
script by sliding a circular mask with defined radius along the growth front and determining the

overlap with the tissue at each point, as described in Bidan et al. [17].

Visualization and profile intensity plots

All images were rotated such that the angle tip of the cleft is oriented left-handed and the bisector
angle of the cleft is parallel to the x-axis of the image. Since the uTissues do not form symmetrically
along the bisector angle (parallel to x-axis), a representative symmetry axis was visually assessed
such that it represents the young-to-mature-gradient in each uTissue. Profile intensities were
assessed along this symmetry axis by column intensity average of 100 pixels equally distributed
around the symmetry axis at each x-position. Profile intensity data used for plots was normalized
by the respective maximum level of each channel, which allows relative comparison on an inter-
channel and inter-tissue level. For orientation and comparison of the absolute intensities, the
integral of the curve of each raw intensity profile is plotted (Fig. 1D). To determine the distance to
growth front, all channels were cumulated and the boundaries of the uTissue was defined at the x
position where cumulative signal intensity was greater than the threshold of 25 % of maximum
intensity at the tissue-medium interphase. The signal is only plotted for distances to growth front
< 0 um. The overview visualizations with split look-up-tables were created by a custom build FlJI

script and split at the y-position of the earlier determined symmetry axis used for profile plot.
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Growth front peak range analysis

In the cumulated profile plots the growth front peak width was determined by assessing the x-
intersection of the growth front peak with a baseline that was adjusted to 25 % of maximum
intensity value per channel. Note, growth front peak range assessment (e.g. Fig. 1E) is only

meaningful in samples in which the signal clearly separates of peak and interior.

Fiber orientation

Fiber orientation analysis was carried out using a custom-written MATLAB script provided by T.
Yamashita. Orientation of the fibrous structure found in the SHG images was analyzed based on a
filtering method using a custom-written MATLAB script (2020a, Mathworks, MA, USA). We here
utilized a 5x5 basic operator Hy optimized by Kroon and H, being the transposition of Hy:

0.0007 0.0052 0.0370 0.0052 0.0007
0.0037 0.1187 0.2589 0.1187 0.0037
H, = 0 0 0 0 0
—-0.0037 -0.1187 -0.2589 -0.1187 -—0.0037
—0.0007 -0.0052 -0.0370 -0.0052 -—0.0007

(1)
Hx=Hx*Hx, Hyy=Hy-Hy and Hx,=Hx"H,, where the dot product represents a sequential application of
the basic operators to the image, were applied to the preprocessed SHG images to obtain the
second order image derivatives Iy, lyy and Iy, respectively. These outcomes were processed using a
Gaussian filter with 4 pixel sigma, resulting in smoothened image derivatives /'y, Iy, and I'x,. The
pixel-level local orientation ¢ was then computed as follows:

—2I" 4 (i, )
xx (L)) = Iy (4, ))

¢(i,j) = 0.5arctan T
(2)

Statistical analysis
Unpaired two-tailed Mann-Whitney test was performed with GraphPad Prism software to test for

statistical significance. Error bars represent 95% confidence intervals (Cl).
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6 Preliminary study: Integration of de novo
uTissue growth in Geistlich Mucograft®
and Geistlich Bio-Gide®

In a preliminary study, | investigated de novo uTissue growth using clefts cut into scaffold materials
of commercial products from Geistlich Pharma AG, Wolhusen, Switzerland in collaboration with

PD Dr. med. Birgit Schafer.

M.C.B., B.S. and V.V. designed the research; V.V. supervised the project; B.S. provided collagen
scaffolds; M.C.B. designed and fabricated custom built scaffold mount; M.C.B. prepared collagen
scaffolds and conducted cell culture experiments; M.C.B. performed phase-contrast, confocal
(CLSM) and 2-photon (2P) laser scanning microscopy; M.C.B. performed data visualization and
analysis of CLSM-, 2P- and phase-contrast-data; B.S. provided stained histological sections; M.C.B.
acquired and described brightfield images of histological sections; M.C.B. reported the results; V.V.

and B.S. revised and edited the report.
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6.1 Introduction

In this preliminary study we tested whether commercial collagen scaffolds would support the
in vitro growth of uTissues using primary human dermal fibroblasts. Tissue growth was primarily
tested in manually cut clefts on Geistlich Mucograft® scaffold, a 3D non-crosslinked collagen matrix
of porcine origin. This scaffold consists of a thick and porous layer, which is composed of native
collagen I and Ill, and a compact thin layer [1,2]. The growth and subsequent integration of de novo
UTissue was compared with Geistlich Bio-Gide®, which represents essentially the low-porose
compact thin layer of the Geistlich Mucograft® [2]. Both products were developed to serve as a
matrix scaffold and guide tissue regeneration.

We hypothesized, that fibroblast will assemble de novo grown uTissue in manually cut clefts of both
scaffolds. This study allowed us furthermore to explore whether the platform can be adapted to
both commercialized scaffold materials and how the growth kinetics compares to our standard
approach. Most importantly, with our approach we can learn whether serum fibronectin is initially
decorating the scaffolds, whether early fibronectin ECM assembly occurs during tissue growth and
how uTissue integrates into the scaffolds. Our data provide valuable insights and motivate future
studies that will deepen our understanding of the time-dependent actors in tissue growth on
commercialized scaffolds, which can contribute to the development of future treatment and

diagnostic strategies in wound surgery and beyond.

6.2 Results and discussion

6.2.1 Identified a technical solution to handle the fragile samples

The previously established protocol established for “de novo grown pTissues in engineered clefts”
(Chapter 4) was applied using Geistlich Mucograft® as scaffold material. The technical challenge of
handling Geistlich Mucograft® in vitro is, that the scaffold dissolves partially over time and thus its
dimensions change. For image acquisition it is however required that the scaffold is hold in place.
To accomplish this, a new cell culture approach had to be developed to keep the Geistlich
Mucograft® in place and allow visualization of cells in custom build PDMS bars and mounting device
(Fig. 1). Clefts were cut into the Geistlich Mucograft® at the longitudinal edges and Geistlich
Mucograft® was pre-incubated with 0.05 mg/ml fibrinogen (F3879, Sigma) for 1 hour followed by
3x gentle PBS washes and loaded with normal human dermal fibroblasts (PromocCell). It could be
observed that pTissues formed in the clefts similar to the PDMS control with similar structural

characteristics.
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De nOVOﬁtT:;:nQFOWﬂ‘ & Mounting & image acquisition

Fig. 1 Technical solution to mount the fragile samples and allow sample handling (Left) Custom build side and top PDMS

bars keep scaffold at location on standard tissue culture 12-well plate. (Middle) The top PDMS bar renders the specimen
immobile enabling manipulation (immunostaining and transfer to microscope mount). (Right) Samples were mounted in

custom build PDMS chamber to allow image acquisition with inverted 2P microscope, Leica SP8.
6.2.2 Growth rate of de novo grown pTissues in vitro

UTissues formed in the clefts of both Geistlich Bio-Gide® and Geistlich Mucograft®. Compared to
the PDMS control, it was found that fibroblast assembled tissue slower in manually cut clefts
immersed in MEM Alpha (L0475-500, Biowest) medium supplemented with 10% FCS, 1% P/S and
100 uM L-AA2P (L-Ascorbic acid 2-phosphate sesquimagnesium salt hydrate, Sigma-Aldrich)
(Fig. 2). This decrease in tissue growth speed is possibly due to the more acidic culture medium
introduced by Geistlich Mucograft®. Fibroblast proliferation kinetics are dependent on pH, a shift
towards alkaline conditions accelerates fibroblast proliferation, while a shift towards acidic
conditions decelerates fibroblast migration, which is essential for tissue growth [3]. Histology of
Geistlich Mucograft® samples cultured for 17 days revealed that fibroblasts grew mainly locally at
the more lateral surface of the collagen matrix, and that most of them do not enter into the spongy
part of the Geistlich Mucograft®, as there were only few Nuclei seen inside (Fig. 3). As expected, the
locally grown fibroblasts were embedded in a dense ECM (Fig. 3 red box), thus confirming the

formation of a “true” uTissue observed by transmitting-light brightfield microscopy.
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1em

Geistlich Mucograft®

Fig. 2 Tissue growth rate is approximately three- fold slower in Geistlich Mucograft® compared to standard PDMS cleft
platforms Regular phase-contrast images were acquired with Axiovert 200 M inverted microscope (Carl Zeiss) to
document growth advancements. The growth of the uTissue was to similar extend developed after 17 days in Geistlich
Mucograft® compared to PDMS after 5 days.
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Fig. 3 Histological section of Geistlich Mucograft® scaffold showing bilayer architecture Only few cells reside inside the

scaffold, while high densities cell clusters are seen in the outer parts of the dark purple and red box.

6.2.3 Development of a biomimetic approach to promote the ingrowth of fibroblasts

To ask whether fibroblast ingrowth could potentially be stimulated, we next supplemented the
medium with plasma fibronectin and observed that it decorated the collagen fibers of Geistlich
Mucograft® (Fig. 4). This suggests that the Mucograft® collagen is recognized by the gelatin binding
domain of fibronectin. Please note though that a higher binding capacity of fibronectin was
observed in Geistlich Mucograft® when compared to Geistlich Bio-Gide® (Fig. 5). Precoating of the
Mucograft® collagen with plasma fibronectin indeed promoted fibronectin fibrillogenesis after
4 days in cell culture. Given that fibronectin is essential for the transmigration of fibroblasts from
adjacent tissue into the wound site, we thus propose that binding of plasma fibronectin takes place
in vivo and that precoating of Geistlich Mucograft® with fibronectin could significantly promote the

ingrowth of fibroblasts also under in vivo conditions.
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Geistlich Mucograft®

‘% Fibronectin fibers

Fig. 4 Fibronectin adsorbs to Geistlich Mucograft® scaffolds in early states (after 4 d), and thereby paves the way for
further matrix assembly, tissue growth and ECM maturation Mucograft® collagen matrices get decorated with

supplemented fibronectin that was labeled with Alexa fluorophore 488.

Geistlich Bio-Gide®

Fig. 5 Geistlich Bio-Gide® promotes more fibronectin fibrillogenesis after 4d Fibronectin decoration of Geistlich Bio-Gide®
scaffolds is reduced compared to Geistlich Mucograft® after 4d, but the fibronectin fibrillogenesis occurred more rapidly

compared to Mucograft.
6.2.4 Enhancing the integration of the scaffold material with the de novo grown uTissue

Next, we ask how the in vitro pTissue platform can help us understand the integration of de novo
grown pTissue in the initial growth phase directly at the scaffold-tissue interface. After 4 days in
culture, we observed that new fibronectin fibers were assembled by cells in close vicinity to the
Geistlich Mucograft® collagen fibers. Furthermore, collagen fibers from the less stable porous part
of Geistlich Mucograft® were pulled by the cells into the uTissue. Since this requires a certain
degree of mechanical stability for de novo grown uTissue to exert forces through tissue tension, we
conclude that the de novo grown puTissue is intimately integrated into the Geistlich Mucograft®
matrix. The formation of new fibronectin fibers occurred more rapidly in Geistlich Bio-Gide®, while
its collagen had less adsorbed fibronectin after 4 days. Our data suggest, that the integration of de

novo grown uTissues leads to a functional entity of uTissue and matrix as evidenced by the scaffold
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deformations. Our data further reinforces the earlier suggestion, that sufficient integration of de
novo uTissue at the scaffold-tissue interfaces might be enhanced by the initial Fibronectin coating

and early Fibronectin fibrillogenesis.

Scaffold Fibronectin

- Dish
uTissue = pottom

Fig. 6 de novo uTissue integrates well into Mucograft® and is attached to scaffold via mature collagen fibers after 35 days
of incubation. (top left) Schematic morphometric classification of phase-contrast image below (bottom left) Phase-
contrast image and definition of region of interests (ROI). (right) Central plane of de novo uTissue grown in Geistlich
Mucograft® scaffold. ROI1: At the growth front fibronectin fibrils form the first provisional ECM that later initiates the
polymerization of collagen. ROI2: As the tissue matures, thick fibrous collagen networks emerge. ROI3: At the
scaffold/tissue interphase mature collagen fibers interconnect the de novo grown uTissue with the scaffold. ROI4: Interior
scaffold regions are difficult to analyze due to scattering effects of the scaffold. Image acquisition done with 2-photon

and confocal laser scanning microscopy with Leica SP8 from ScopeM.

6.2.5 Can the probability of scaring be predicted?

It would be a major milestone if in vitro grown tissue could predict the potency of a material to
modify the extend of scaring in a wound site. Here we observed that after tissue maturation, some
UTissues grown in Geistlich Bio-Gide® showed relative high fibronectin signals not only in the young
growth front, but also in more mature tissue areas. In contrast, the mature areas of the uTissue
formed in Geistlich Mucograft® were dominated by the collagen and less so by the fibronectin
signal. This finding implies that the type of scaffold has impact on either the uTissue composition
per se or the kinetics of its formation. Increased fibronectin signals in the interior as observed on
Bio-Gide® could indicate, that tissue maturation is not yet completed. Assumingly, the ECM
remodelling processes is still ongoing leading to future replacement of the existing fibronectin by

collagen. In case of Mucograft® the remodelling of the uTissue could be in an already more
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advanced status. However, the higher levels of Fn in the core in Geistlich Bio-Gide® was not seen
in all tissues and needs to be confirmed in future experiments. In addition, the transient
transformation of human dermal fibroblasts into myofibroblasts within the growth front was found
to be similar to the PDMS cleft control (Fig. 7). Taken all findings together, the different ECM
compositions could potentially impact proliferation, and potential transmigration of fibroblasts
combined with alterated new formation of collagen. This data indicates a trend, that Geistlich
Mucograft® might show less scaring in vivo than Geistlich Bio-Gide®, but further investigations with

higher sample number and screens for proliferation are needed.

Geistlich Bio-Gide® Geistlich Mucograft® PDMS

Fig. 7 Transient transformation from fibroblast to myofibroblasts similar across substrates In uTissues grown in Geistlich
Bio-Gide® and Mucograft® myofibroblast form in the growth front and get cleared during tissue maturation similar to
PDMS scaffold. However, since uTissue grow faster in PDMS substrates the maturation state is much advanced as the
SHG fibers are more dense.
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6.2.6 Material shrinkage and healing capacity

Geistlich Mucograft® was found to shrink over 35 days and deform during culture as opposed to
Geistlich Bio-Gide®, which provided bigger clefts, with consequently promoted a faster growth of
the uTissues (Fig. 8). We therefore hypothesize that as soon as initial tissue is formed around the
scaffolds in a wound environment, the here observed shrinkage might cause a reduction of wound
size, bringing wound edges closer together and thus accelerate wound healing. Furthermore, the
shrinkage of scaffolds underlines the importance of the initial fibronectin matrix, since it was shown
that fibronectin is required for fibroblast to mediate substrate shrinkage in 3D collagen scaffolds
[4]. Since tissue contraction is required to complete wound healing, we would like to suggest that
the enhanced Geistlich Mucograft® contraction described here might be beneficial for wound

healing in vivo.

Geistlich Bio-Gide®

Fig. 8 Geistlich Mucograft® scaffolds get deformed intensively after 35 days of incubation Cellular Contractile forces
deformed and contracted Geistlich Mucograft® scaffolds, compared to the more stable Geistlich Bio-Gide®. Top view of
substrates in 12-well-tissue-culture-plate.
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6.3 Mechanobiology of wound repair: personalized wound healing

An immense advantage of using a commercially available scaffold already in clinical use is the
possibility to correlate in vivo data to in vitro data and thus judge on the translational power of the
mTissue platform. Showcasing that the de novo uTissue platform technology is applicable on
different scaffolds materials is an important milestone towards a standardized 3D in vitro test
system enabling the comparison of the effectiveness of different scaffolds with regards to early
connective tissue formation. The mTissue technology platform may thus in future give rise to a
plethora of follow up investigations dealing with the impact of different scaffolds on connective
tissue regeneration such as e.g. scaffold - host tissue compatibility, or scaffold - tissue integration.
As exemplarily shown, the application of uTissue technology on biomedical scaffold relevant for
current treatment procedures, like the Geistlich Mucograft® and Bio-Gide®, allows for the
investigations of tissue growth and the role of early ECM.

Our preliminary results suggest that fibronectin plays an important role in the tissue integration of
scaffolds. Importantly, our results show that the fibronectin induced de novo formation of early
connective tissue is modified in a scaffold specific mode. Of fundamental importance are our
findings on early fibronectin coating and fibrillogenesis promoting the tissue growth in both
Geistlich Mucograft® and Bio-Gide® in early phases, as well as the observed differences in initial
scaffold decorations with fibronectin, and fibronectin fibrillogenesis. Taken all these findings
together we hypothesize that the interaction of fibronectin with collagenous scaffolds is essential
for the interaction and integration of the scaffold into the surrounding tissue and will also influence
the composition and structure of early and potentially late connective tissue. If this hypothesis can
be confirmed our findings might have significant influence on the further development of the

scaffolds as well as new clinical application recommendations.

Further work can shed light into identifying a correlation between cut cleft geometries, designs and
orientation and their influence on the direction of the scaffold contraction in the presence of
fibroblasts. Such knowledge can have a huge impact in treatment of wounds. When closing skin
wounds surgically, the applied tension of the surrounding tissue is not equally distributed [5].
Especially keloidal scars, where there is a benign overproduction of collagen fibers, spread beyond
boundaries of the initial wound in the direction of mechanical stress [6]. In wounded skin closure,
surgeons use static stress maxima lines (Langer’s lines) as orientation to reduce scar formation [7-
9]. Engineered scaffold with directed contraction could be arranged in the open surgical field of a
wound in such a way that the anisotropic forces of the surrounding tissue, estimated by Langer’s

lines, cancel each other out. In personalized approach, with fibroblasts harvested directly from

139



6 Preliminary study: Integration of de novo uTissue growth in Geistlich Mucograft® and Geistlich Bio-Gide®

patients, the capabilities of exerting contractile forces can furthermore be quantified. This can be
used as additional marker to improve characterization and subsequent management of impaired
wound healing [10].

In parallel to these macroscopic models, further studies using fibroblast isolated directly from
patients could be applied to test to the de novo tissue growth in Geistlich Mucograft® or Geistlich
Bio-Gide® before surgical implantation. The tissue growth could then be correlated with gene or
protein expression. Such knowledge can help to predict the outcome and time course of tissue
growth after surgical scaffold implementation and treatment and potentially also have impact on
the choice of the most appropriate scaffold for a selected patient.

All these approaches can be combined with different pharmaceutical components and additional
treatments, e.g. pre-coating with autologous plasma fibronectin, which might allow to not only
diagnose but also develop fast treatment approaches for impaired wound healing, decreased
scarring or even suggest specific supplements, which can either be applied in systemically or locally
in open field of surgery.

In summary, we demonstrate that fibronectin scaffold decoration and fibronectin fibrillogenesis
occurs in early states and may promote fibroblast ingrowth. Coupled with the proof that de novo
grown pTissue technology can be applied on different biomaterials our work sets the stage for an
advanced analytical approach and will contribute to the development of novel diagnostic and

treatment strategies in wound healing.

140



6 Preliminary study: Integration of de novo uTissue growth in Geistlich Mucograft® and Geistlich Bio-Gide®

6.4 References

10.

Ghanaati S, Schlee M, Webber MJ, Willershausen |, Barbeck M, Balic E, Gorlach C, Stupp SI, Sader RA,
Kirkpatrick CJ. Evaluation of the tissue reaction to a new bilayered collagen matrix in vivo and its
translation to the clinic. Biomed Mater; 2011 Jan;6(1):015010.

Willershausen |, Barbeck M, Boehm N, Sader R, Willershausen B, Kirkpatrick CJ, Ghanaati S. Non-cross-
linked collagen type I/Ill materials enhance cell proliferation: in vitro and in vivo evidence. J Appl Oral
Sci; 2014 Jan;22(1):29-37.

Kruse CR, Singh M, Targosinski S, Sinha |, Sgrensen JA, Eriksson E, Nuutila K. The effect of pH on cell
viability, cell migration, cell proliferation, wound closure, and wound reepithelialization: In vitro and in

vivo study. Wound Repair Regen; 2017 Apr;25(2):260-9.

Beyeler J, Katsaros C, Chiquet M. Impaired Contracture of 3D Collagen Constructs by Fibronectin-
Deficient Murine Fibroblasts. Front Physiol; 2019 Mar;10:1290.

Harn HIC, Ogawa R, Hsu CK, Hughes MW, Tang MJ, Chuong CM. The tension biology of wound healing.
Exp Dermatol; 2019 Apr;28(4):464-71.

Ogawa R. Mechanobiology of scarring. Wound Repair Regen; 2011 Jul 27;19((P):s2—s9.

Edlich RF E, Carl BA. Predicting scar formation: from ritual practice (Langer's lines) to scientific
discipline (static and dynamic skin tensions). ] Emerg Med; 1998 Sep;16(5):759-60.

Waldorf JC, Perdikis G, Terkonda SP. Planning incisions. Operat Tech Gen Surg; 2002 Sep;4(3):199—
206.

Deroy C, Destrade M, Alinden AM, Annaidh AN. Non-invasive evaluation of skin tension lines with
elastic waves. Skin Res Tech; 2017 Aug;23(3):326-35.

Atkin L, Bu¢ko Z, Montero EC, Cutting K, Moffatt C, Probst A, Romanelli M, Schultz GS, Tettelbach W.
Implementing TIMERS: The race against hard-to-heal wounds. J Wound Care; 2019 Jan;23(3):51-552.

141



142



7 Significance and Outlook

The work presented in this thesis focus on the effect of ECM gradients, tissue tension and cellular
phenotype of ECM composition and cellular phenotype on tissue growth and maturation. Tissue
growth is essential for multicellular life. This thesis demonstrates the significance of the reciprocal
interactions between ECM and cells on the fast formation and stabilization of ECM gradients, which

is the fundamental basis to enable tissue growth.

The first project (Chapter 4) showed that the emergence of steep spatial gradients of cell
phenotypes and extracellular matrix composition, from the fibronectin-rich growth front to the
collagen-rich tissue interior, is fine-tuned by the spatially well-orchestrated appearance and
disappearance of other ECM components, including tenascin-C and tissue transglutaminase. The
environment of de novo grown uTissues are extremely complex, which might be a good
approximation towards biological complexity. Follow up studies with further investigation of
various relevant factors are needed. What remains to be elucidated is a closer look at the
distribution of collagen, especially for collagen | and collagen lll, since collagen Il is produced
quickly by fibroblast and transiently replaced during maturation by more strong and thick collagen
| fibers [1]. In addition, collagen Il is a hallmark of fibrotic ECM [2], which could potentially allow
further development towards disease models. Of particular interest is further the spatiotemporal
distribution of TGF-B, syndecan-4 and various MMP, since they are all involved in the upregulation,
functionality and degradation of TNC and TG2. The incomplete tissue maturation demonstrated
here upon varying interventions, can form a basis for the development of de novo grown puTissues
towards disease models. Subsequently, this could be combined with pharmaceutical components,
co-culture or with cells or body fluids harvested directly from patients in a personalized approach,
for example to diagnose tissue maturation speed and quality, which could provide insights for tissue
regeneration in clinics.

Even though fibroblast-myofibroblast transition and a reversal has been observed in our de novo
UTissue platform [3], it is controversially discussed whether myofibroblast get cleared from living
tissues through reversal back to fibroblast or through extrinsic apoptosis [4]. Since nature has
evolved highly complex living tissue, a combination of both mechanisms seems likely, but probably
with a strong weighting towards phenotype reversal, which might depend on the prevailing
environmental conditions. In a future study, the phenotype gradient in the uTissues of our platform

could be used for further investigation. Utilizing live tracking techniques with phenotypic or
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7 Significance and Outlook

apoptotic markers in combination with light sheet microscopy could provide novel insights towards

assessing the balance of myofibroblast fate, which is currently unknown.

The second project (Chapter 5) showed that sufficient tissue tension is required to allow tissue
growth and maturation, and cellular contractility is here a key factor. With our study we provide a
novel uTissue model allowing to tune tissue tension by altering cleft geometries of tissues grown in
a self-assembled manner. This knowledge can contribute towards development of novel topical or
generalized therapeutic strategies to modulate tissue tension and subsequently tissue growth and
also maturation in wounds.

Of particular significance is here that the spatiotemporal resolution of the ECM gradients can be
tuned in dependence of the tissue tension to investigate future interventions on this platform not
only as function of tissue tension, but also with higher spatial separation of the temporal ECM
gradient. This increased sensitivity with our novel uTissue model with tuned tissue tension might
allow to identify completely novel strategies relevant for diagnostics and treatments in tissue
tensional related disease.

In Chapter 4 we showed that the growth front shows upregulated myofibroblasts, TNC and
increased Fn fiber strain. YAP nuclear localization, known to be upregulated in response to
mechanical stress [5,6], was previously identified in the growth front together with increased Fn
fiber strain detected [3]. What remains to be elucidated, is to investigate both Fn fiber strain and
YAP nuclear localization in the de novo grown pTissue of tuned tissue tension. In combination to
that, the tissue tension relevance on the suggested functional complementarity of TG2 and TNC on
stabilization of ECM gradients is highly interesting and could be investigate with the angle array.
Furthermore, much research was done in cell culture methods under application of external
tension, e.g. strain of substrates [7]. While our platform here tune tissue tension internally by
alteration of the growth front curvature, it could be interesting to further investigate how this,
tissue growth and maturation, relate to externally applied strain as well. In addition, it would be
very interesting to perform combinatorial studies of different pharmaceutical components and
different tensional states, which is challenging since quite resource demanding, but it might be

rewarded with meaningful novel insights.

The preliminary project in commercial scaffolds (Chapter 6) showed that tissue growth rate
reflected the differential observations made in the clinic. We further found that the preadsorption
of fibronectin to the scaffold materials promoted fibronectin fibrillogenesis and tissue growth in
both Geistlich Mucograft® and Geistlich Bio-Gide®, which represents a fundamentally new insight.

Coupled with the proof that de novo grown uTissue can be integrated in other surgically relevant
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biomaterials sets stage for the development of novel diagnostic and treatment strategies in the
mechanobiology of wound healing in combination with approaches in personalized medicine as

outlined in Chapter 6.3.

Reaching sufficient degree of transferability is a huge challenge, because many 3D tissue platforms
are typically based on scaffold biomaterials that introduce non-physiological biointerfaces.
Scaffold-free 3D systems such as spheroids or organoids emerged increasingly, however tuning
mechanical properties in such systems is extremely difficult [8]. In our platforms, uTissues grow in
between macroscopic clefts of structural scaffolds either PDMS (Chapter 4 and Chapter 5) or
collagen xenograft (Chapter 6) scaffolds. However, the tissues themselves are self-assembled by
cells and thus scaffold free. The elucidated mechanisms on such systems carry high potential for
good transferability and thus the new knowledge and understanding could be implemented or
applied in in vivo settings. However, to asses this, future studies need to correlate characteristic
markers with in vivo biopsies. A suggested approach is, to compare the gradient of de novo uTissue
with the maturation gradient seen in biopsies of wound tissue. The comparison of ECM composition
and other relevant markers at different wound healing stages with the uTissue gradients might
allow to assess the transferability further. In addition to that, the uTissue platform can be advanced
to co-culture of multiple cell types. A very interesting follow up study towards application of our
system is to grow uTissues with fibroblasts isolated from patients and supplement it with whole or

different autologous blood components to mimic the physiological wound healing situation.

Despite intense efforts in translational research from “bench-to-bedside”, the translational gap
between basic research and clinical research remains wide [9]. Our platforms could play relevant
roles on the path of bridging translational gaps, not only from 2D to 3D cell culture, but also at the
interspecies level. Relevant mechanism could be preliminarily explored with human cells in high-
throughput 2D approaches and further investigated in our de novo grown pTissue. Subsequently,
this procedure can be repeated with cells of potential test species candidates for pre-clinical
studies. Successful reproduction of the findings will increase probability of good transferability into
human. Thus, there is high potential that further utilization of our platform contributes to the 3R
concept to refine, reduce and replace animal experiments, while ensuring high animal welfare and

high-quality science.

Taken together, our findings on how time-dependent stabilization of ECM gradients and tissue

tension together with cell contractility and collagen scaffolds influences tissue growth provide
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valuable new insights for biomedical research, crucial to develop novel treatment strategies for
wound healing, fibrosis and cancer. Combined with the transferability across different scaffolds

materials, our platforms allow a plethora of follow up investigations.
We expect the presented platforms of de novo uTissue growth together with the outlined follow

up studies that go far beyond of the findings in this thesis find intriguing new applications for

applied biomedical research.
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Fig. SO1 Supplementary control data (A) Central ROI (cf. Fig. 1 D-F, Chapter 4) of representative uTissues imaged with 2P
and CLSM for aSMA (orange), Fn (green), TNC (magenta) and SHG (cyan). Scale bar 100 um. (B) Respective normalized
intensity profile over distance to growth front along the bisector angle and the respective stains. (C) Absolute signal
intensity as integral of profile plots (B) is depicted in bar graphs for all representative samples. (D) Respective normalized

intensity profile SHG-ratios over distance to growth front along the bisector angle and the respective stains.
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Fig. SO2 Supplementary Z006 data (A) Central ROI (cf. Fig. 1 D-F, Chapter 4) of representative uTissues imaged with 2P
and CLSM for aSMA (orange), Fn (green), TNC (magenta) and SHG (cyan). Scale bar 100 um. (B) Respective normalized
intensity profile over distance to growth front along the bisector angle and the respective stains. (C) Absolute signal
intensity as integral of profile plots (B) is depicted in bar graphs for all representative samples. (D) Respective normalized

intensity profile SHG-ratios over distance to growth front along the bisector angle and the respective stains.
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Fig. S03 Supplementary GW788388 data (A) Central ROI (cf. Fig. 1 D-F, Chapter 4) of representative pTissues imaged with
2P and CLSM for aSMA (orange), Fn (green), TNC (magenta) and SHG (cyan). Scale bar 100 um. (B) Respective normalized
intensity profile over distance to growth front along the bisector angle and the respective stains. (C) Absolute signal
intensity as integral of profile plots (B) is depicted in bar graphs for all representative samples. (D) Respective normalized

intensity profile SHG-ratios over distance to growth front along the bisector angle and the respective stains.

152



8.1 Supplementary Figures Chapter 4

A + Lapatanib

B Normalized intensity profiles

Fn Samplet Sample2 Sample3 Sampled
aSMA A 12 12 12 2z
2 2 2
TNC % 5 ) 5 H
SHG £ € E €
- = H S
Fn/SHG 8 8 8 E
s H kS 3
. § { § " 5 : §
T 102 = - = 0 Z A o2 e z
400 300 200  -100 0 400 300 200  -100 0 400 300 200  -100 0 400 300 200  -100 0
Distance to growth front Distance to growth front Distance to growth front Distance to growth front
Sample 1 Sample 2 Sample 3 Sample 4
‘s ‘g ‘g 3
s s s ]
€ € E €
© H S 3
8 8 8 8
s s 8 T
E E | E E
s s s s
~ ; = 02 - =t : 02 _ ; o2 2
00 80  -60 40 20 0 100 80 -60 40 20 0 100 80 60 40 20 0 -100 80 60 40 20 0

Distance to growth front Distance to growth front Distance to growth front Distance to growth front

C Area under the curve

intensity (grayvalues)

FAMY CTAMT CANOT CNOT

Sample
D Normalized intensity profile SHG-ratios
Fn/SHG Sample1 Sample2 Sample3 Sample4
aSMA/SHG 1 1 1
2z 2 2 2
TNC/SHG 2 2 | ‘ 2 B
5] s ] k-]
SHG/SHG / 4 £ {*‘ £ §
il 3 3 w3
Jl| 8 S W N S
W 2 / g pinog g
Y S s s S
2 =S 2 er g Z et 2
-400 -300 -200 -100 o -400 -300 -200 -100 0 -400 -300 -200 -100 0 -400 -300 -200 -100 o
Distance to growth front Distance to growth front Distance to growth front Distance to growth front

Fig. S04 Supplementary Lapatanib data (A) Central ROI (cf. Fig. 1 D-F, Chapter 4) of representative uTissues imaged with
2P and CLSM for aSMA (orange), Fn (green), TNC (magenta) and SHG (cyan). Scale bar 100 um. (B) Respective normalized
intensity profile over distance to growth front along the bisector angle and the respective stains. (C) Absolute signal
intensity as integral of profile plots (B) is depicted in bar graphs for all representative samples. (D) Respective normalized

intensity profile SHG-ratios over distance to growth front along the bisector angle and the respective stains.
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Fig. SO5 Supplementary fiber orientation data Collagen fiber (SHG) orientations depicted as pseudo-coloured ROI for
supplementary representative pTissues. Fiber orientation analysis was carried out using a custom-written MATLAB script
for representative uTissues of the control (A) and supplemented with Z006 (B), GW788388 (C) and Lapatanib (D). The
orientation of the SHG-signal is color-coded from blue (+ 90) to red (0) and the frequency distribution of the respective
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Fn SHG
A + BTT3033

B + R1R2

D +Y-27632

E +Y-27632 + Z006

Fig. S06 Supplementary inhibitor data (TNC stain) Representative ROI of pTissues supplemented with BTTT3033 (A), R1R2
(B), TG2 (C), Y-27632 (D) and Y-27632 + Z006 (E), and imaged with 2P and CLSM. The data is depicted with two different
sets of look up table: top LUT: aSMA (orange), TNC (magenta), SHG (cyan); bottom LUT: Fn (green), TNC (magenta), SHG
(cyan). Scale bars 100 um.
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A + GM6001

Fig. SO7 Supplementary inhibitor data (TNC stain) Representative ROl of uTissues supplemented with GM6001 (A) and
SB3CT (B), and imaged with 2P and CLSM. The data is depicted with two different sets of look up table: top LUT: aSMA
(orange), TNC (magenta), SHG (cyan); bottom LUT: Fn (green), TNC (magenta), SHG (cyan). Scale bars 100 um.

C + GM6001

Fig. SO8 Supplementary TG2 stained data Representative ROI of control pTissues (A) and supplemented with Z006 (B) and
GM6001 (C), and imaged with 2P and CLSM. The data is depicted with two different sets of look up table: top LUT: aSMA
(orange), SHG (cyan); bottom LUT: Fn (green, not in A), TG2 (magenta), SHG (cyan). Scale bars 100 pm.
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Fig. SO9 Supplementary TNC epitope investigation Two independent uTissue experiments were run (A and B). In all images
the cleft’s tip is oriented on the left ( < ). Depicted are z-central and grayscaled immunofluorescence images of each
uTissue with their respective fibronectin and second harmonic generation channels. To ensure that TNC detection is not
masked due to cryptic epitopes within the interior of the uTissues, we examined newly grown uTissues with the
monoclonal antibody BC-24 (epitope EGF repeats; MA1-26779, ThermoFisher), which is used as standard throughout the
study, the rabbit polyclonal TNC antibody (provided by G. Orend, Spenle et al., 2015, CAM) and the mouse monoclonal
TNC B28.13 (epitope constant Fn-Ill repeat 6 or 7 (67), provided by G. Orend).
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Fig. S10 Overview tile scan of full PDMS after 12 days incubation While myofibroblast appear only within the growth front
of the uTissues between the clefts, myofibroblast are abundant in the multicellular layer on top of the PDMS substrates
after 12 days of incubation. The visualization shows aSMA signal on top of a complete PDMS substrates with 16 different
cleft position (P1 — P16), in which uTissues are assembled. Note: the focus plane of top layer and each cleft uTissue is

mismatching due to two different refractive indices of PDMS and PBS.
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Fig. 511 Fibroblast stimulation with TGF-B1 in planar cell culture Preliminary planar inhibitor test on Fn coated glass with
normal human dermal fibroblast. TGF-B1 and inhibitor supplemented 24 h after cell seeding, medium was exchange with

fresh supplements every 2 days. Cells were fixed with 4% PFA and stained 4 days after TGF-B1 and inhibitor treatment
was started.
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Fig. S12 Fibroblast metabolic activity measured with WST-1 assay
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| p. - » Q
Fig. S13 Custom built compression device (A-C) to produce residual membrane-free polydimethylsiloxane (PDMS)

scaffolds by replica molding of negative SU8-master structures. (A) Polymethylmethacrylate (PMMA) lid (1); 4” silicon
wafer, SU8-master structures not depicted (2); Aluminum plates (3). (B) Wafer mounted with PDMS and PMMA spacer
on aluminum plate. (C) Fully assembled device under compression. (D) Side-angled view on central part of negative
master mold on 4” silicone wafer fabricated in cleanroom facility by standard lithography of multiple layers of SU8-3050
photoresist. (E) PDMS substrates fabricated by replica molding of negative SU8-master structures using custom built
compression device (A-C). (F) Mounted PDMS substrates in polymer-bottom ibidi dishes.
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Fig. SO1 uTissue growth in angle array and comparison of aSMA-positive-growth-front width and growth front curvature
This data set shown here was done using a differently designed cleft angle array with carrying cleft-sidewall length. (A)
The uTissue growth plateaus at different timepoints is due to the fact that too short sidewall hinder pTissue growth. The
angle array data in the other figures were acquired with an adapted cleft-array design where sidewall length was the in
all clefts the same to allow investigation of the cleft angle effect (Fig. 1A, F). (B) uTissues formed in smaller cleft angles
show a much wider width of the aSMA positive region (C, magenta) and a higher growth front curvature. (C) Orthogonal
views of representative pTissue samples with Fn (green), aSMA (magenta) and second harmonic generation (cyan). Scale
bars 100 um
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Outer compaction margin
Inner compaction margin
Cleft's sidewalls

22.5°

Fig. S02 Comparison of different compaction patterns in phase-contrast images from day 12 (A) Over time uTissues

partially detach from the PDMS vertical sidewall visible as bright areas in the phase-contrast images located close to each
cleft sidewalls (black arrow heads in left column). Furthermore, tissue compaction is seen as darker areas caused by
increased light absorption of locally higher tissue density. Tissue compaction occurs in the interior of each tissue over
time in different patterns depending on the cleft angle. In uTissues grown in 22.5°- and 45°-clefts there are distinct two
compaction arms formed with inner compaction margin (orange lines) which do not align with the growth front. For 90°

cleft the inner compaction margin aligns completely with the growth front. (B) Timelapse series.
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Fig. SO3 Quantification of pTissue growth and cleft closure (A) During puTissue growth, phase-contrast images were
frequently taken and growth distance (cf. C, green line) was analyzed along the bisector angle of each cleft. Growth
distances are utilized to plot growth kinetics (see Fig. 3B). See Fig. SO5 for growth front length and maximum anchor point
distance. See also supplementary timelapse videos SO01-S05. Inhibitor were supplemented from day 5 on. Data is baseline
corrected by growth distance of first data point. (B) Data distribution per condition. (C) Schematic of projected pTissue is
depicted as gray area with growth distance as green line and PDMS cleft edges (interface between PDMS and cell culture

medium or tissue) as black lines.
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A Control B + GW788388

E +R1R2 F
774 L) &

1cm

Fig. S04 Comparison of full substrate arrays phase-contrast pTissues at day 12. (A-E) The final pTissue growth stages prior
fixation at day 12 of all four 22.5°-, 45°- and 90°-clefts are depicted from each substrate of control (A) and
supplementation of GW788388 (B), TGF-B1 (C), Blebbistatin (D) and R1R2 (E). Scale bars 500 um. (F) Scaffold schematic
of angle array substrate with equalized inner cleft area by choosing constant sidewall length (a) and PDMS substrate
thickness. Scale bar 1 cm.
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Fig. SO5 Fluorescence and SHG absolute signal intensity. (A-E) Absolute signal intensities are varying per cleft angle of

22.5°(i), 45°(ii) and 90° (iii). Absolute signal intensity as integral of profile plots (e.g. Fig. 1D) is depicted in bar graphs for
pTissues of the control (A) and supplemented with TGF-1 (B), GW788388 (C), Blebbistatin (D) or R1R2 (E).
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A Control

not available

Fig. S06 (A) Central region of interest of supplementary uTissues of control condition 2P and CLSM data of representative
uTissues in 22.5°(i)-, 45°(ii)- and 90°(iii)-clefts and depicted with two different sets of lookup table (LUT); top LUT: aSMA
(orange), TNC (magenta), SHG (cyan); bottom LUT: Fn (green), TNC (magenta), SHG (cyan). Scale bar 100 pm.
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B +TGF-B

iii) 90°

Fig. SO6 (B) Central region of interest of supplementary uTissues of TGF-B supplemented from day 5 2P and CLSM data
of representative pTissues in 22.5°(i)-, 45°(ii)- and 90°(iii)-clefts and depicted with two different sets of lookup table (LUT);

top LUT: aSMA (orange), TNC (magenta), SHG (cyan); bottom LUT: Fn (green), TNC (magenta), SHG (cyan). Scale bar 100
um.
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C+GW788388

Fig. SO6 (C) Central region of interest of supplementary uTissues of GW788388 supplemented from day 5 2P and CLSM
data of representative uTissues in 22.5°(i)-, 45°(ii)- and 90°(iii)-clefts and depicted with two different sets of lookup table
(LUT); top LUT: aSMA (orange), TNC (magenta), SHG (cyan); bottom LUT: Fn (green), TNC (magenta), SHG (cyan). Scale
bar 100 um.
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D +R1R2

iii) 90°

Fig. S06 (D) Central region of interest of supplementary uTissues of R1R2 supplemented from day 5 2P and CLSM data of
representative uTissues in 22.5°(i)-, 45°(ii)- and 90°(iii)-clefts and depicted with two different sets of lookup table (LUT);

top LUT: aSMA (orange), TNC (magenta), SHG (cyan); bottom LUT: Fn (green), TNC (magenta), SHG (cyan). Scale bar 100
um.
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E +Blebbistatin

i) 22.5°
TNC SHG

TNC SHG

Fig. S06 (E) Central region of interest of supplementary pTissues of Bleibbistatin supplemented from day 5 2P and CLSM
data of representative uTissues in 22.5°(i)-, 45°(ii)- and 90°(iii)-clefts and depicted with two different sets of lookup table
(LUT); top LUT: aSMA (orange), TNC (magenta), SHG (cyan); bottom LUT: Fn (green), TNC (magenta), SHG (cyan). Scale
bar 100 um.
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A Frames of rupture events before chemical supplementation
i)22.5° ii) 45° iii) 90°

Control
@111.5h

none none

later with TGF-B

Fig. SO7 continues on next page with B Frames of rupture events after component supplementation.
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B Frames of rupture events after component supplementation

i) 22.5° ii) 45° iii) 90°
Control
no further ruptures in all angles
+ TGF-B

@125 h ‘ @142 h

S

none

+ R1R2
@125.5h

Fig. SO7 Comparison of uTissue ruptures during tissue growth Supplementary time-lapse videos show phase-contrast
images sampled every 0.5 h of tissue growth in all four 22.5°-, 45°- and 90°-clefts from each substrate of control
(Video SO1) and supplementation with GW788388 (Video S02), TGF-B1 (Video S03), Blebbistatin (Video S04) and R1R2
(Video S05). Frames depicted here indicate events of tissue rupture that occurred around the incubation time indicated
top left. Chemical component supplementation started at day 5 which relates to timestamp 114.5 h. Frames are grouped
by tissue rupture events that occurred before (A) and after (B) supplementation of TGF-B1, GW788388, Blebbistatin and
R1R2.

172



8.2 Supplementary Figures Chapter 5

A Control

not available

Frequency
Frequency
Frequency

Fiber orientation (*)

Fiber orientation (*) Fiber orientation (*)

ii)
45°

Frequency
Frequency

Frequency

Frequency

Fiber orientation (°) Fiber orientation (*) Fiber orientation (°) Fiber orientation ()

iii) .
90° not available

Frequency
Frequency
Frequency

Fiber orientation (*)

Fiber orientation (*) Fiber orientation (*)

Fig. SO8 (A) Analysis of the collagen fiber orientation for uTissues with different cleft angles of control condition. Fiber
orientation analysis was carried out using a custom-written MATLAB script for SHG data with cleft angles of 22.5°(i), 45°(ii)
and 90°(iii). The orientation of the SHG-signal is color-coded from blue (+ 90°) to red (0°) and the frequency distribution

of the respective uTissue is depicted below the 2P micrographs. Further information about the image analysis is provided

in the method section.
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B + GW788388
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Fig. SO8 (B) Analysis of the collagen fiber orientation for puTissues with supplementation of GW788388 from day 5. Fiber
orientation analysis was carried out using a custom-written MATLAB script for SHG data with cleft angles of 22.5°(i), 45°
(ii) and 90° (iii). The orientation of the SHG-signal is color-coded from blue (+ 90°) to red (0°) and the frequency

distribution of the respective uTissue is depicted below the 2P micrographs. Further information about the image analysis

is provided in the method section.
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C + TGF-B
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Fig. SO8 (C) Analysis of the collagen fiber orientation for uTissues with supplementation of TGF-B from day 5. Fiber
orientation analysis was carried out using a custom-written MATLAB script for SHG data with cleft angles of 22.5°(i), 45°
(ii) and 90° (iii). The orientation of the SHG-signal is color-coded from blue (+ 90°) to red (0°) and the frequency

distribution of the respective uTissue is depicted below the 2P micrographs. Further information about the image analysis

is provided in the method section.
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D + Blebbistatin
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Fig. SO8 (D) Analysis of the collagen fiber orientation for pTissues with supplementation of blebbistatin from day 5. Fiber
orientation analysis was carried out using a custom-written MATLAB script for SHG data with cleft angles of 22.5°(i), 45°(ii)
and 90 (iii). The orientation of the SHG-signal is color-coded from blue (+ 90°) to red (0°) and the frequency distribution

of the respective uTissue is depicted below the 2P micrographs. Further information about the image analysis is provided

in the method section.

176



8.2 Supplementary Figures Chapter 5

E + R1R2
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Fig. SO8 (E) Analysis of the collagen fiber orientation for puTissues with with supplementation of R1R2 from day 5. Fiber
orientation analysis was carried out using a custom-written MATLAB script for SHG data with cleft angles of 22.5°(i), 45°(ii)
and 90°(iii). The orientation of the SHG-signal is color-coded from blue (+ 90°) to red (0°) and the frequency distribution
of the respective uTissue is depicted below the 2P micrographs. Further information about the image analysis is provided

in the method section.
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Fig. SO9 Local Curvature The local tissue curvature was determined by fitting a sampling radius along the tissue growth
front using a previously introduced algorithm (Bidan et al. 2012) and here determined by an automated python script
written by Marcel Graetz. (A - C) Gaussian fits of each cleft angle (n=4) are depicted over the distance of the growth front
length. (D and E) Local curvature distribution data plotted over growth front length of the individual samples.
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Abbreviations

2P Two-photon laser scanning microscopy
aSMA Alpha smooth muscle actin

aMEM Alpha minimum essential medium

BSA Bovine serum albumin

CLSM Confocal laser scanning microscopy
Col Collagen

DMSO Dimethyl sulfoxide

ECM Extracellular matrix

F-M-T Fibroblast-to-myofibroblast transition
FBS Fetal bovine serum

Fn Fibronectin

Hepes 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
LOX Lysyl oxidase

LUT Lookup table

M-F-T Myofibroblast-to-fibroblast transition
uTissue Microtissue

MMP Matrix metalloproteinase

NHDF Normal human dermal fibroblast

PBS Phosphate buffered saline

PDMS Polydimethylsiloxane

PFA Paraformaldehyde

PLL-g-PEG Poly(l-lysine)-graft-poly(ethylene glycol)
PMMA Polymethyl methacrylate

ROI Region of interest

RT Room temperature

SHG Second harmonic generation

TG2 Tissue transglutaminase

TGF-B Transforming growth factor-beta

TNC Tenascin-C
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12/2012 - 05/2015

09/2006 - 12/2008

10/2005 - 09/2006

Education

08/2015 - present

12/2012 - 09/2015

04/2012 - 07/2012

10/2010 - 12/2010

10/2006 - 03/2012

Dr. med. vet. Mario Christian Benn

Laboratory of Applied Mechanobiology
ITM, D-HEST, ETH Zurich
Vladimir-Prelog-Weg 4

CH-8093 Zurich

mbenn@ethz.ch

Hanau, Germany
4™ August 1985
German

Research Assistant at Laboratory of Applied Mechanobiology, Institute of
Translational Medicine, Department of Health Sciences and Technology, ETH
Zurich, Switzerland

Veterinarian and Research Assistant at Musculoskeletal Research Unit
(MSRU) and Center for Applied Biotechnology and Molecular Medicine
(CABMM), Vetsuisse Faculty, University of Zurich, Switzerland

Paramedic in emergency care and patient transportation, German Red
Cross, Hanau, Germany

Voluntary year of social service as paramedic assistant, German Red Cross,
Hanau, Germany

Doctor of Sciences (Dr. sc. ETH) at Laboratory of Applied Mechanobiology,
Institute of Translational Medicine, Department of Health Sciences and
Technology, supervised by Prof. Dr. Dr. h.c. Viola Vogel, ETH Zurich,
Switzerland

Doctor of Veterinary Medicine (Dr. med. vet.) at Musculoskeletal Research
Unit (MSRU) and Center for Applied Biotechnology and Molecular Medicine
(CABMM), Vetsuisse Faculty, supervised by Prof. Dr. med. vet. Brigitte von
Rechenberg, University of Zurich, Switzerland

Training in Surgical Oncology, Alta Vista Animal Hospital, Ottawa, Canada

Visiting clinical clerkship and studies, College of Veterinary Medicine,
University of Tennessee, Knoxville, USA

Degree in Veterinary Medicine (Staatsexamen), Justus-Liebig University
Giessen, Germany
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05/2006 - 09/2006 Paramedic training, Landesschule Hessen, German Red Cross, MUhltal-

Trautheim, Germany

08/1996 - 07/2005 High school leading to university entrance qualification (Abitur),

Franziskanergymnasium Kreuzburg, Grosskrotzenburg, Germany
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1.

10.

Benn MC, Pot SA, Moeller J, Yamashita T, Fonta CM, Lickert S, Orend G, Kollmannsberger P, Vogel
V. Tenascin-C and tissue transglutaminase transiently orchestrate tissue growth enabling the
transition towards tension-dependent tissue maturation. in preparation

Benn MC, Kollmannsberger P, Yamashita T, Graetz M, Vogel V. Eliciting insight how tissue tension
impacts tissue growth processes. in preparation

Benn MC, Weber W, Klotzsch E, Vogel V, Pot SA. Tissue transglutaminase in fibrosis — more than
an extracellular matrix cross-linker. Current Opinion in Biomedical Engineering. Elsevier; 2019.
https://doi.org/10.1016/j.cobme.2019.06.003

Meyer DC, Hasler A, Wyss S, Nuss K, Benn MC, Gerber C, Wieser K. Mechanisms of Suture
Integration in Living Tissue: Biomechanical and Histological /n vivo Analysis in Sheep. Orthopedics.
Slack; 2019. https://doi.org/10.3928/01477447-20190424-09

Flick M, Valdivieso P, Ruoss S, Rechenberg von B, Benn MC, Meyer DC, Wieser K, Gerber C.
Neurectomy preserves fast fibers when combined with tenotomy of infraspinatus muscle via
upregulation of myogenesis. Muscle & Nerve. John Wiley & Sons; 2019.
https://doi.org/10.1002/mus.26316

Ruoss S, Mohl CB, Benn MC, Rechenberg von B, Wieser K, Meyer DC, Gerber C, Fliick M. Costamere
protein expression and tissue composition of rotator cuff muscle after tendon release in sheep. J
Orthop Res. John Wiley & Sons; 2017. https://doi.org/10.1002/jor.23624

Gerber C, Meyer DC, Flick M, Valdivieso P, Rechenberg von B, Benn MC, Wieser K. Muscle
Degeneration Associated with Rotator Cuff Tendon Release and/or Denervation in Sheep. Am |
Sports Med. SAGE Publications; 2017. https://doi.org/10.1177/0363546516677254

Flick M, Ruoss S, Mohl CB, Valdivieso P, Benn MC, Rechenberg von B, Laczko E, Hu J, Wieser K,
Meyer DC, Gerber C. Genomic and lipidomic actions of nandrolone on detached rotator cuff
muscle in sheep. J. Steroid Biochem. Elsevier; 2017. https://doi.org/10.1016/].jsbmb.2016.08.005

Gerber C, Meyer DC, Flick M, Benn MC, Rechenberg von B, Wieser K. Anabolic Steroids Reduce
Muscle Degeneration Associated With Rotator Cuff Tendon Release in Sheep. Am J Sports Med.
SAGE Publications; 2015. https://doi.org/10.1177/0363546515596411

Benn MC. Vergleichende Darstellung des Nandroloneffekts auf die strukturelle
Muskelveranderung des M. infraspinatus im Schafmodell fiir Rotatorenmanschettenruptur zum
Zeitpunkt der Ruptur und chirurgischen Reparation. University of Zurich, Vetsuisse Faculty; 2015.
https://doi.org/10.5167/uzh-122746

Oral presentation at international scientific conference

8" World Congress of Biomechanics in Dublin in July 2018, title of presentation “De novo grown
3D microtissues to investigate factors that drive the fibroblast-to-myofibroblast transition and
can reverse it (01751)” in session “Biomechanical microengineering of tissue mimics for human
disease modelling”
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