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Introduction

Over the last 10 years, the biotechnology field has taken benefit of the convergence of
tissue engineering and microfluidics leading to the development of a new technology
for life sciences: the Organ-on-chips. These organ-on-chip platforms reproduce the
key features of specific tissue microenvironment (cells, extracellular matrix...) with a
precise fluidic, geometrical and mechanical control to address tissue-specific questions.
The predictive power of these in vitro models has the potential to transform the drug
discovery industry and to provide researchers and clinicians with new and valuable
tools. Therefore, it has attracted large interest, and currently, almost every organ of
the human body has been reproduced on-chip. My thesis project lies in this emerging

and exciting field and more precisely in the Gut-on-chip context.

The Gut was one of the first organs reproduced on-chip, since a plethora of models
have been reported with various level of complexity. From these models, the techno-
logical approaches can be divided in two types of strategy: the reproduction of the
intestine microenvironment either in terms of architecture or in terms of mechanical
constraints. Previously to my work, a first PhD was performed on the Gut-on-chip
field and followed the first strategy, resulting in the development of an innovative 3D
structured gut-on-chip recapitulating its complex architecture and some essential com-
ponents of the intestinal stroma. This first study represents the foundation of my own
work which focuses on the development of a platform recapitulating both the architec-
ture and the mechanical constraints of the intestine. Indeed, the problematic of my
PhD work was to assess the influence of one specific mechanical constrain of the gut,

namely the peristalsis, on intestinal cells seeded on a 3D scaffold.



TABLE OF CONTENTS

First, I had to build a 3D structured, mechanically active and biocompatible Gut-
on-chip platform, which was at the same time a technological and biophysical challenge.
Indeed, the first part of my PhD work was mainly to design and develop a platform
recapitulating all the previously mentioned features as well as compatible with cell
culture conditions and observations. This part allow me to develop my competences in
electronics, 3D printing and micro-milling. Once achieved this versatile platform allow
us to apply a controlled stretching on cells seeded either on a 2D or a 3D scaffold. To
complete this study we had to optimize the cells culture conditions under stretching as
well as the staining and imaging protocol. The completeness of this PhD project offers
me the opportunity to discover the complexity of the Organ-on-chip field, through the

concrete example of the Gut-on-chip.

In the first chapter of this manuscript, I will first introduce the reader to my organ
of predilection; the intestine. I proposed in the first chapter a vast description of this
organ to better understand its complexity.. Moreover, this non-exhaustive description
allows the reader to better asses the choices made by every scientist working in the
organ-on-chip field about the selection of the features which need to be implemented

in the platform and the one which will be missing.

This choice is central in the second chapter, where various gut-on-chips are de-
scribed underlying the chosen features to recreate as faithfully as possible the intestine
microenvironment. [ also participate to the development of an original gut-on-chip
platform and our choices are discussed in an article presented in the last part of this

chapter.

The third chapter focuses on the mechanical environment of the cells, first through
a short introduction to the mechanotransduction. Then we study the technological
solutions reported to reproduce this mechanical environment and how cell response to
mechanical constraints have been described in the literature, with a specific focus on the
intestinal cells. . Finally, this chapter ended by the description and characterization of
my technological developments. In the last chapter of the manuscript, the technologies
developed during my PhD have been used to investigate how epithelial intestinal cells
respond to stretching and how this response is modified when cells are grown in 3D.
Different parameters will discussed in particular of cells get oriented as function of the

stretching time.
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CHAPTER 1. INTRODUCTION TO THE INTESTINE

Introduction

An eighty years old person spends on average 25 years sleeping and 2 years eating.
These two activities are fundamental to human survival. Indeed, the first one is essential
to allow the human organism to physically restore itself and for memory processing.
Whereas the second one provides one source of chemical energy required for the proper

functioning of the human body.

To eat, is the action to introduce food into our body in a tubular system occupying
a major part of our abdomen, extendind from the mouth to the anus. The path followed
by the food is called the gastrointestinal (GI) tract. During its GI travelling, the food
undergoes major transformations where it is broken into molecules small enough to be
absorbed. The sum of all these processings is called the digestion (dis = apart; gerere
— to carry). It has to be as efficient as possible to extract as much energy as possible
from a given amount of food. To do so, the digestion takes place in a succession of

complementary organs, one after the other each with its own function.

The first step of this process is a mechanical digestion, namely the mastication. It
takes place in the mouth where the teeth chew the aliments then the tongue mixes it
with saliva to assist the swallowing. This mixture of food and saliva, called the bolus,
travels down through the oesophagus until reaching the stomach where it is mixed with
protease and hydrochloric acid to become a partially digested food: the chyme. Then
the chyme continues its path, reaching the intestine. The name "intestine" gathers
two different organs together, the small and the large one. The intestine and the gut
refer generally to the small intestine, where the large intestine is also called the colon.
The small intestine is the first one in the gastrointestinal tract, it is where most of the
absorption of the nutrients takes place. Then, the colon absorbs the water and the

remaining waste is stored as feces until evacuation through the rectum.

In this digestive path, the small intestine plays the role of the front door of our
organism: a gateway for nutrients and a barrier for bacteria. To fulfil these two main
functions the gut has specific properties such as its specially adapted morphology, its

rich stroma and its complex dynamics as it will be discussed in the following sections.
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1.1 The gut into shape

The intestine is in charge of the absorption of the nutrients in the GI tract. This
function can be achived thanks to its large surface compared to the other organs of the
GI tract, as illustrated in the Figure 1.1. The exact measurement of its surface was
challenging, due to its complex 3D shape. Therefore, it has been overestimated for a
long time to 300m?, that is in the order of magnitude of a tennis court, but a recent
study reassesses its surface area to 30m? [1]. Still making the intestine the largest

exchange surface area of our body.

In this chapter I will first describe the general anatomy of the intestine, before

focusing on its the emblematic pattern: the villi and crypts.

Duodenum Jejunum
& ileum

Stomach

Esophagus
Oral cavity\\

Colon

1m
b e

Figure 1.1: Approximation of the distribution of the mucosal
luminal surfaces along the digestive tract done by Helander et al.

i) Anatomy of the Intestine

The intestine is a tube separating the external environment, called the lumen, from
the inner environment. Its length alone is between 3 to 5 meters providing already
a large surface area further increased by folds, villi and microvilli. The intestine is
divided into three parts in aboral direction: the duodenum, jejunum and ileum. This
discrimination is related to morphological changes appearing along the intestinal tract,
illustrated in the Figure 1.2.
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Duodenum Jejunum lleum
Plica ciroularis
Plica circularis
e g% 0% ampen B0 A8 &
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Figure 1.2: Schematic view of the different parts of the intestine
done by Rehfeld et al. [2]

Duodenum

The first part of the intestine is the duodenum, so-called by Herophilus of Chalcedon
a Greek anatomist because of its short lengh, dodekadaktylon means 12 fingerbreadths
in greek which is about twenty centimeters [3|. It is in a "C" shape and makes the

junction between the stomach and the jejunum.

One particularity of the duodenum is the presence of Brunner’s glands. They are
unique to mammalian species, and only present in the first few millimeters of the duode-
num’s submucosa. They are secretory glands, that mainly produce mucin glycoproteins
to form a viscoelastic gel to lubrificate, and more importantly to protect the epithelium
from gastric acid. The mucus is delaying the diffusion of acid to provide enough time
to be neutralized by the bicarbonate secreted by the intestinal epithelium. In addition,
Brunner’s glands produce other factors such as epidermal growth factor important in

wound healing and differentiation and some bactericidal factors such as lysozyme [4].

Jejunum

The second part of the intestine is the jejunum and is about 1 meter long. It is the
site of the absorption. To distinguish the jejunum from the duodenum one specific clue
is the aparition of folds of the mucosa and submucosa about 10mm high: the Circular
folds. They increase the surface area by a factor 3 and enhance the exchange by causing
the chyme to spiral rather than move in straight line [5], textitFigure 1.3 presents an

illustration of the cross-section of these structures.

An other important difference is the shape of the protrusions made by the mucosa
and submucosa. These protrusions named Villus are emblematic of the intestine, in

the duodenum, they are mainly leaf-like [1].



CHAPTER 1. INTRODUCTION TO THE INTESTINE

Tleum

Finally, the last and longest (~ 2 meters long) part of the intestine is the ileum. As
the last site of absorption in the GI tract, it supports the enterohepatic circulation,
meaning the active absorption of the bile salts (95%) into the portal circulation for

transport back to the liver [6].

Besides, most of the bacterial population present in the intestine is concentrated
in this part, i.e. because of the low pH of gastric contents in the upper part of the
intestinal tract [7]. Therefore, a more developed lymphatic network is find in the Ileum

illustrated by the important concentration of Peyer’s patches (50%) [8].

Circular fold

. (plica circularis)
[ = Mucous membrane
“ W with villi and

intestinal glands =
) <)

Inner circular smooth
muscle layer

Muscularis
mucosae

Submucosa
(vascular,

with collagenous
and elastic bundles)

Quter logitudinal smooth
muscle layer

Figure 1.3: Reprensentation of a cross-section of the proximal small
intestine made by DeSesso et al. [7]

ii) Structure of the Intestine

The walls of the intestine consist in a juxtaposition of 4 layers of concentric tissues,
illustrated in the Figure 1.4. This arrangement is basically the same from the esophagus
to the anal canal. From the inner to the external layer are: the mucosa, submucosa,

muscularis and serosa [5].

Mucosa

The mucosa is a mucous membrane composed of an epithelium in direct contact with
the bowel, a layer of connective tissue namely the lamina propria, and a thin layer of

smooth muscle called the muscularis mucosae.
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Muscularis

Serous rMesenlery
mucosae

membrane . Glands of
Brunner

Lamina Submucosa

propria
of mucous
membrane
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Surface epithelium

Lymphatic nodule

Meissner's
plexus

Myenteric plexus
of Auerbach

Circular
layer of
muscularis
externa

Longitudinal layer of
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Figure 1.4: Reprensentation of a cross-section of the intestinale tube
adapted from Charles J. Yeo [6]

« The epithelium is a simple columnar monolayer composed of an heterogeneous group
of cells, it supports functions such as absorption and secretion of mucus. The cells
of this epithelium have a polarised structure with an apical plasma membrane faces
the gut lumen, responsible of the absorption of the nutrients. And a baso-lateral
membrane which maintains the integrity of the epithelium, thanks to a strong cell-

cell contact allows by various type of junctions such as the tight junctions.

« The lamina propria is an areolar connective tissue containing many blood and lym-
phatic vessels. It binds the epithelium to the muscularis mucosae. Most of the
immune system resides there, it consists of isolated or aggregated lymphoid fol-
licles, named the gut-associated lymphoid tissue (GALT). It is one of the largest
lymphoid organs, containing up to 70% of the body’s immunocytes. The aggregated
lymphoid follicles, called the Peyer’s patches are considered as the immune sensors
of the intestine. A complex interplay between immune cells located in the core
of the Peyer’s patches and the subjacent epithelium, called the follicle-associated
epithelium (FAE), induces an immune tolerance or defence respectivelly against
commensal bacteria or luminal pathogens. These mucosal tolerance protects the
mucosa from detrimental inflammatory immune responses by the regulation of T-

cell differentiation after antigen exposure [8].

« Finally, the muscularis mucosae is responsible of the undulation of the villi to allow

every cells to be in contact with the bolus, helping the absorption.



CHAPTER 1. INTRODUCTION TO THE INTESTINE

Submucosa

The submucosa is composed of areolar connective tissue that binds the mucosa to the
muscularis. As for the muscosa, it contains many blood and lymphatic vessels. Some
glands can also be found like in the duodenum. A specificity of the submucosa is the
presence of an extensive network of neurons called the submucosal plexus [5]. The
neuronal population of the intestine will be discussed in more details in the third part
of this chapter (1.3).

Muscularis

The musucularis consists of two layers of smooth muscle, an inner sheet of circular

fibers and an outer sheet of longitudinal fibers.

These layers of muscle play a double role in the dynamics of the gut. The first one,
during morphogenesis as a major actor of the villification of the gut. Indeed, it has
been shown that the differentiation of the smooth muscle cells, generates a compressive
stress acting as a mechanical barrier restraining the circumferential expansion of the
intestine. This muscle-driven constraint leads to the folding of the growing endoderm
and the formation of villi [9]. On the other hand, the apparition of the crypts occurs

later in the development as the final step in tissue maturation [10].

The second role of the muscularis happens all along life, as the contraction of the
intestine helping to break down the food, mix it with intestinal fluids and propulsion
along the intestine. These wall movements are called segmental and peristaltic motion.
They will be further described in the section 1.4.

Interestingly, between the musucular layers we found a second plexus of neurons

called the myenteric plexus.

Serosa

The serosa is a serous membrane composed of areolar connective tissue and an epithe-
lium. It secretes fluid to provide lubrification and prevents friction due to digestion
movements of the intestine in the abdomen. The serosa is connected to the mesentary
that suspends the intestine from the wall of the abdomen, it is an elastic tissue offering

structural support and allowing movement to the digestive tract [11].
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iii) The intestinal properties

In the gut, the lamina propria has a non-trivial 3D geometry made of finger-like
extrusions and well-like invagination, respectively the Villi and the Crypts (also known

as Crypt of Lieberkiihn termed after their discoverer Jonathan Nathanael Lieberkiihn
(1711-1756) [12]).

This 3D geometry is an evolutionarily conserved shape, found in many vertebrates
including the chicken, pig, mouse and human but also in vertebrates such as zebrafish
and amphibians [13-15]. Some villi are present in the stomach and crypts in the colon
[5], but the combination is singular to the gut. In average, the villi is 500 pm high and
the crypt is 100 pm depth in human.

The villus core contains in its center a lymphatic channel, named lacteal, allowing
the absorption of lipids along with a dense blood network carrying the nutrients to the
rest of the body (Figure 1.5) [5]. Moreover, the villus is populated by a multitude of
stromal cells, such as the pericytes that support the microcirculation, or the vertically-
aligned smooth muscle cells shelf of the lacteal system and engaged in the contraction

of individual villus.

In the human, the villi are 20 to 40 per square millimeter, surrounding each by

approximately 6 crypts, their presence increases the surface area of the gut by a factor

of 6.5 [1].

The crypt is defined as stem cell compartment or 'niche’, a biomechanically suit-

able micro-environment for stem cell survival and function [16, 17|
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Figure 1.5: Reprensentation of the internal organisation of the
intestinal Villus by DeSesso et al. [7]
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1.2 The intestinal geometry

The non-trivial 3D geometry of the intestine, namely the Villus and the Crypt, is one
of its emblematic feature. These two sub-geometric units can be distinguished by the
cellular process occurring at there emplacement. Indeed, in the intestine, cell function
and location are correlated. More precisely, the crypt is the unit of proliferation and

the villus is the unit of differentiation and absorption.

The cells composing the epithelium of the gut have been the subject of many re-
searches since the last fifty years due to their remarkable renewal potential [18]. Indeed,
the cells located at the bottom of the crypt are stem cells, meaning they can generate
progeny and renewing themselves by division [12, 19, 20]. The stem cells of the gut
have the fastest rate of the human body (one division every 24 hours [12]), indeed
they have to supply a sufficient amount of cell to counterbalance the dayly lost of 10!
epithelial cells in the intestinal lumen [21|. To ensure this turnover the crypts display

a hierarchical structure well organized, described in the following [20, 22|.

Exiting the crypt, the cells migrate along the crypt-villi axis, while differentiating.
The migration is here indiscernible from the differentiation. This cellular adaptation
results in differentiated cells covering the villi mandatory for a proper functioning of
the intestine. Finally, they reach the top of the villi where they die by anoikis (Figure
1.6).

This process ensures the integrity of the epithelium, it is an harmonious balance
between cell life and death maintained by a complex interplay between the epithelium

and the mesenchyme.

S vilus
50— Enteroendocrine
cell \/

Goblet cell

Proliferating TA cell =
@ )

+4 stem cell Crypt

LGR5* stem cell
Paneth cell

Figure 1.6: Reprensentation of the villus and crypt with the
subjacent epithelium made by Barker et al. [20]

11



CHAPTER 1. INTRODUCTION TO THE INTESTINE

i) The epithelium

The intestine epithelium is a cell monolayer that covers all the surface of the intes-
tine walls. It consists of differentiated cells (with various cell types, that will be further
discussed), as well as intestinal stem cells and transit amplifying cells. Such stem cells

display two basic characteristics: self-renewal and multipotency [12].

Starting from the bottom of the crypt, labelled as position 0, are located the stem
cells pool spreading until the position +3, occupied by approximately 3 to 16 crypt
base columnar (CBC) stem cells evenly distributed between Paneth cells [20]. Then,
the position +4 is occupied by the + 4 stem cells also called the Intestinal Stem Cells
(ISCs) reserve. Indeed, the destruction of the Lgr5T CBC cells pool does not induce
the destruction of the crypt, suggesting the presence of a robust regenerative response,

supposelly located at this position [22].

From the position +5 until the end of the crypt the cell population is called the
transit-amplifying (TA) cells. These cells are the result of the division of CBC cells
and have the capacity to divide 2 to 3 times before undergoing differentiation them-
selves while migrating upwards. They can be divided into three sub-populations, the
absorptive progenitor, the secretory progenitor and the paneth cell progenitor which
give rise respectively to the absorptive enterocyte; the enteroendocrine cell, Tuft cell,
Goblets cell and the Paneth cells. This cellular distribution is illustrated in the Figure
1.7.

Goblet
cells

Enteroendocrine
cells

Enterocytes

7 TA cells

Reserve ISCs

Secretory
progenitor

CBCs

Paneth cells

Figure 1.7: Representation of the population laying in the intestinal
crypts by Yousefi et al. [22]
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The Crypt Base Columnar stem cells

The CBC cells have been identified thanks to a stemness gene the Leu-rich repeat-
containing G protein-coupled receptor 5 (Lgr5) and confirmed using mouse model [20].
They are considered as active stem cells, responsible for the daily epithelial homeostasis
driven by the surrounding micro-environment. They undergo asymmetric divisions
approximately 95% of the time, resulting in one stem cell and one highly proliferative

progenitors called TA cells |23].

The Paneth cells

Paneth cells are the exception in the migration-differentiation dynamics of the gut.
Indeed, they are differentiated cells and exclusively located in the crypt. Moreover,
they are renewed only every 3 to 6 weeks as compared to the 5 days life time of other
differentiated cells. They contain large apical secretory granules and secrete lysozyme
and anti-bacterial peptides to protect the epithelium from contamination due to the
proximity of bacteria present in the food [16]. Most noteworthy, Paneth cells provide
key niche signals, such as Epithelial growth factors (EGF), Wnt3 and Notch essentials
for the maintenance of stem cells [24]. Indeed, in vivo loss of Paneth cells induces the
depletion of stem cells but not a complete disparition, suggesting redundant sources
of Wnt [25]. Moreover, Paneth cells are sensitive to calorie restriction, inititiating the
reduction in the size of the CBC cells pool if needed [20].

The Intestinal Stem cells reserve

The +4 stem cells population has been first distinguished from the CBC stem cells
because of their peculiar properties. Actually, +4 stem cells are 'quiescent’ cells residing
outside the cell cycle in GO, they reveal high resistance to DNA damage and little
readouts of canonical Wnt pathway. Moreover, they can give rise to all intestinal cell
types and they are indispensable for epithelial maintenance under normal and injured
conditions.|22]

The Transit-Amplifying cells

Among the TA population, an interisting capacity has been found to asymatrically
divide to selectively retain the older DNA or ’immortal’ parental DNA strand [26].
These Label-retaining cells (LRCs) are supposed to be secretory progenitors and Paneth
progenitors that can reacquire CBC identity in case of injury, demonstrating the hight

plasticity of the crypt[27].

13
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Once the cells exit the crypt they are differentiated and can ensure the digestive
function of the gut. This epithelium is composed of three major cell types: the ab-
sorptive enterocytes, entero-endocrine cells and gobelet cells. Finally, all the cells are
intended to die at the tip of the villus. The cells undergo a programmed cell death in-
duced by anchorage-dependent cells death after detachment from their matrix, named
anoikis. It is supposly helpful to maintain a normal size of epithelial cells population

and serve to preserve intestinal homeostasis [28].
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Figure 1.8: Representation of the differentiation pathways followed
by intestinal cell from [20]

Enterocytes

In the intestine, the digestion is carried out by the absorptive cells, namely the ente-
rocytes, which represents 80% of the epithelium. These cells are highly polarised with
an apical membrane made of 450 microvilli per cell [29] called the brush-border. These
microvilli have pretty uniform dimensions along the intestinal tract: 100 nm diameter
and 1 pm to 3pum length [30] . The resulting surface enlargement is averaged to 13 times
[1]. These microvilli are the main site of absorption. Indeed, they have bush-border
enzymes helping the digestion of carbohydrates, proteins and lipids. Once the food is
transformed into these digest nutrients they are small enough to be absorbed by the

absortive cells to reach the underlying network of blood and lymphatic vessels.

The enterocytes are also involved in the immunity response of the gut, they pro-
duced antibacterial proteins that mixed with the mucus generate an antibacterial layer

keeping the bacteria away from the epithelial cell surface.
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Gobelet cells

The Gobelet cells are the first line of defence against microbes. They secrete the
intestinal mucus that protects the epithelium from the shear stress induced by the
passage of the bollus and acts as a barrier against bacteria [31]. Interestingly, the
gobelet cells are also active agents in the immune response through the goblet-cell-
associated antigen passages (GAPs). They are able to act as a passage delivering low
molecular weight antigens from the intestinal lumen to the dendritic cells of the lamina

propria [32].

Entero-endocrine cells

The enteroendocrine adjective is a general nomination for a group of cells responsible of
the hormonal response of the gut. These cells secret over 20 different gut hormones, and
are involved in wide range of biological events [33]. Nevertheless, they can be gather
together into two groups. The first one is composed of L-cells, K-cells and CCK-cells
playing the role of receptors, to sense the nutrients in the food and therefore secreted
the appropriate hormones to promote either food intake or satiety, insulin secretion or

suppression of gastric acid secretion [34].

The second groups is composed of microfold cells (M cells) and the tuft cells, they
are both involved in immune response. The M cells populate mainly the Peyer’s patches
and act as immunosurveillance cells. They possess receptors on their apical surfaces
that enable them to sample a diverse range of microbial pathogens and antigens [35].
On the other hand, the tuft cells are particular due to their elongated morphology with
an apical border made of long and thick microvilli. Recently, they have been identified
as the trigger to induction of the type 2 immune response following parasite infections

[36].
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ii) The mesenchyme

The mesenchyme of the intestine, so called the lamina propria or stroma, is a con-
nective tissue. It has a large influence on the homeostasis and maintenance of the
intestinal form. Remarkably, highly expressed epithelial genes are intestine specific
where nearly all genes in the intestinal stroma are expressed in numerous additional
tissues. It seems that the stroma is a "reservoir" of soluble signaling proteins for various
signaling pathways, and for all of them soluble inhibitors and modulators are domi-
nantly or exclusively in the stroma, highlighting its substantial potential to activate or

suppress important guiding pathways [37].

The stroma is a 3D matrice made of extra cellular matrix (ECM). It is densely
populated by non-hematopoietic, non-epithelial and non-endothelial cells, named "
stromal cells", as fibroblasts, myofibroblasts, pericytes, bone marrow stromal cells, and
smooth muscle cells [38]. These cells possess a high plasticity and functional properties
like contractility, production and remodelling of the ECM. As a consequence, they are
involved in a wide range of biological responses such as wound healing, fibrosis and
tumor progression. Moreover, recent researches demonstrate the role of the stromal

cells in immune responses [39].

These cells seem to be resident sentinels, able to sense bacterial, damage-associated
and inflammatory signals. And to respond through the production of chemokines,
resulting in the recruitment of immune cells such as lymphocytes and macrophages.
Furthermore, the stromal cells are able to regulate T cell proliferative responses, playing
an important role in the tolerance process of the intestine [38]. These cells can assume
either an immunosuppressive role or an immunostimulatory role depending on their
micro-environment. To underline these new functional properties of these cells a new

nomenclature "non-hematopoietic immune cells" has been proposed [40].

Now that the active role of the stroma in the global homeostasis is clear, I will focus
the discussion on its implication for the intestine. Stromal cells together with signalling
pathways are the keepers of the integrity of the intestine, indeed they are key factors in
the architecture of the crypt/villus axis, segregation and maintenance of the intestinal
stem cells [41].
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Development of the Crypt/Villus architecture in small intestine morpho-

genesis and through life

The Hedgehog (Hh) pathway is unidirectional: from the epithelium to the mesem-
chyme and is essential for villus development. Experiments performed on genetically
modified mice reports villus phenotypes depending on the expression level of Hh sig-
nal. Mice with an important reduction in Hh signalling have a flat, hyperproliferative
and pseudostratified epithelium, they barely survived after birth. Even mice with a
slight attenuation of Hh signalling exibit already important lost of polarity compare to
normal epithelium, displaying disorganized villi with nascent crypts on the sides and
branches [42|. These chaotic architectures are the result of the mislocated intestinal
subepithelial pericryptal myofibroblast (ISEMF), triggered by Hh signal. Indeed, in
normal intestine the ISEMFs are located around the base crypt where they act as an-
chor for the proliferative cells [43]. In mice with reduced Hh signal the ISEMFs are
found in the villous core and tips leading to the formation of proliferative areas on the

villous, as illustrated by the immunofluorescent images in the Figure 1.9 [44].

Villin-Hhip®®

Figure 1.9: Immunofluorescent images of wild type and Hh deficient
mice, -SMA (in Red) staining the myofibroblast, desmin (in Green)
is expressed by smooth muscle cells precursor and pericytes, Dapi (in
blue) stained the nucleus and Ki67 (in green) the proliferative cells,
obtained by Madison et al. [44]

Moreover, one of the supposed stromal target of the Hh pathway is the Bmpj
ligand from the bone morphogenetic protein (BMP) familly. This ligand is secreted by
intravillus stromal cells [45] and involved in the inhibition of the intestinal stem cell
expansion. The BMP signalling prevent the hyperproliferation of the Lgr5™ stem cells
niche by directly repressing the expression of the stem cell signature genes, preventing a
subsequent epithelium outgrowth in physiological conditions [46]. The BMP signalling
follows a gradient along the crypt-villus axis, activated in the villus it is suppressed

toward the base of the crypt due to antagonist mainly expressed by ISEMFs [39].
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This collaboration between Hh and BMP signals spatially restricts the formation
of the crypt compartment to the intervillus base. It is a striking example of the close
regulation between the ISCs and their niche. Controlled localisation of the proliferative
area is required to the proper functioning of the gut but superfluous if they cannot

maintain their stemness.

Maintenance of the intestinal stem cells

One of the most important and reviewed intestinal pathway is the Wnt signalling.
This pathway is essential for stem cell proliferation [47]. A complete block-out of Wnt
signalling induces the lost of LGR5" stem cells and the proliferative crypt [48]. As
an insurance, this signalling pathway is redundant in the crypt environment. Indeed,
epithelium Wnt signal ( Wnt3) has been found to be secreted by the Paneth cells, as well
as by fibroblasts. Interinstingly, Paneth cells are a source, but also depend on Wnt,
suggesting the existence of an autocrine signaling loop [43]. Moreover, Wnt signal
acts as short-range intercellular signals mainly between adjacent cells which spatially

delimits the niche and the number of stem cells at the bottom of the crypt [49].

Interestingly, Wnt signalling seems able to trigger Notch activity. The Notch path-
way is a cell-cell communication. As a result, Paneth cells which express Notch ligands
and are adjacent to intestinal CBC stem cells, can influence their decision to self-renew
or differentiate into one of the secretory lineages|50|. Indeed, inhibition of the Notch
pathway causes rapid conversion of all proliferative crypt cells into goblet cells [48].
Moreover, the Notch pathway influences through lateral inhibition the choice between
an absorptive and a secretory fate [41]. It is a feedback loop allowing the diversity of
the intestinal epithelium, cells becoming committed to a secretory fate express Notch

ligands and inhibit their neighbours from differentiating in the same way [51].
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1.3 The ecosystem of the intestine

The intestine is, as previously discussed, a complex 3D structure made of villi and
crypts. This structure is a support for the dense epithelium covering it, as well as
for the stromal cells and immune system living into its heart. This already complex
ecosystem only represents the visible tip of the iceberg. Indeed, two other main cell
types can be found in the intestine: the beneficial microbial community and the complex
nervous network. We will discuss in the following section how the cells composing the
epithelium, the immune system and the microbiota formed an alliance to reach together

a matured state [52] supervised by the enteric Nervous System (ENS) [53].
i) Microbial population

The gastointestinal tract is one of the most densely populated habitat in the human
body with 10%,10%,10%,107and 10'2 microbial cells per gram of content respectively in
the stomach, dudenum, jejunum, ileum and colon [54]. This massive amount of cells,
so called the microbiota, is mainly composed of bacteria living almost exclusively in
the lumen. The colonisation of the intestine starts after birth and is stabilized to an
'adult state’ around 1 to 2 years of age. The microbial population can be considered

as an additional organ and is, as a signature, unique to each of us [54].

The microbiota as for a long time only be considered as pathogenic and solely an
immunological threat, but recent investigations have highlighted its beneficial influ-
ence on human health [54-56]. Studying the influence of the microbiota on the gut
epithelium has been challenging, as only 20 to 40 % of the bacterial species from the
mammalian gastrointestinal tract can be cultured in in wvitro conditions. The devel-
opment of germ-free (GF) animal models since the late 1940s provides most of the

information regarding the role of bacteria in host development.

Bacteria are involved in a wide range of biological reactions, they facilitate the
metabolism of otherwise indigestible polysaccharides, produce essential vitamins and
confer a protection against invasions of opportunistic pathogens [54|. Furthermore, they
are required for the development and differentiation of the host’s intestinal immune
system [54, 55, 57|. Indeed, microbial colonization drives maturation of the lymphoid
tissues, such as T cell specialization toward a pro- or an anti-inflammatory profile

determining the overall immune equilibrium [54].

Moreover, intestinal epithelial cells are able to sense the presence of microorganisms
thanks to a range of pattern recognition receptors (PRR), such as toll-like receptors
(TLR) and nucleotide oligomerization domain- like receptors (NLR), expressed at their

membrane [54]. Activation of the PRR triggers downstream signalling inducing expres-
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sion of proinflammatory cytokines, chemokines and soluble immunoglobulin A (IgA)
[58]. This activation is adjusted to avoid chronic stimulation of inflammatory signaling
by the resident microbiota while maintaining responsiveness to pathogens [55]. Inter-
estingly, the presence of commensal bacteria induces the goblet cells differentiation,
producers of the mucin which serves as nutrients source and restricts at the same time
the bacteria growth [54].

Being able to understand the symbiosis between the microbiota and the gut is a
great challenge and could help us to understand the immune tolerance, fundamental
in drug screening as the intestine is by far the largest antibody-producing organ in the
body [55].

ii) Enteric Nervous System

The human nervous system is composed of two complementary systems, the central
nervous system (CNS) and the peripheral nervous system (PNS). The CNS comprised
the brain and the spinal cord, it contains the majority of the nervous system and
coordinates all parts of the body. The PNS, on the other hand encompasses all the
nerves outside the brain and the spinal cord. It is the link between the CNS and the

organs.

The PNS is divided into the somatic nervous system, in charge of the voluntary con-
trol of body movements, and the autonomic nervous system. The autonomic nervous
system handles all the unconscious functions, such as heart and respiratory rate, diges-
tion and urination. The autonomic nervous system can be divided into three systems,
the sympathetic and parasympathetic systems respectively responsible for the "flight or
fight" and "rest and digest" responses. The third component of the autonomic nervous

system is the enteric nervous system (ENS) [59].

The ENS is refered as the "second brain" of our body [60], due to its large number
of neurons about 200 to 600 millions. This number is allmost similar to the number of
neurons contained in the spinal cord [61|. Moreover, it is the original nervous system
emerging in the first vertebrates over 500 millions years ago [59]. The ENS is in charge of
the digestion in the entire gastro-intestinal tract, and controls three essential functions:
wall movement, water and electrolyte balance and local blood flow. The ENS is quite
independent from the CNS, severing the connections between the CNS and the GI
tract, through sympathetic and parasympathetic nerves, has relatively minor effects on

digestion. In contrast, absence of ENS is lethal in various species [61].
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The ENS is found in the submucosa and between the muscular layers respectively
named the submucosal plexus and the myenteric plexus. All neurons are exposed
to pressure, nutrients and endocrine hormones [62]. The myenteric plexus regulates
the muscle rythm of the gut and the submucosal plexus the chemical monitoring and
glandular secretion [59]. These plexus are composed of approximately 20 types of

enteric neurons [61], they can be sort into three classes :

The intrinsic primary afferent neurons (IPANs) represents about 14 to
30% of the neurones. They act as sensors and detect activity in the lumen of the GI
tract. They respond to changes in the luminal chemistry, such as chemicals contained
in the food, and are sensitive to strength, such as the mechanical distortion of the

mucosa due to the passage of the bowel [5, 61].

The interneurons are the link between sensory and motor neurons, they propa-

gate neuronal impulses |52, 63].

The motor neurons represent 56% of the neurons and are of two kinds: the mus-
cle motor neurons and the "sensor" motor neurons [63]. The first ones comprise (1)
the excitatory and inhibitory circular muscle motorneurons that project to the circular
muscle. Their axons are associated to ensure a balanced response and a modulated ef-
fect on the radial contraction. (2) The longitudinal muscle motorneurons are involved
in the peristaltic motion. They all respond to signals initiated by mechano- and tension
receptors. The second category is mainly located in the submucosal plexus where they
represent 30 to 40% of the neurons. They mediate the transport of water and elec-
trolytes across the intestinal mucosa. Some infective agents can abnormally activated

these neurons resulting in fluid loss, such as cholera toxin[52, 61, 63].

The implication of the ENS in the intestinal motility is clear, therefore studying the
interaction between the smooth muscle cells and the ENS is privileged to understand
dismotility [64]. But surprisingly, the gut-brain communication has been implicated in
Parkinson disease. Indeed, patients with Parkinson disease show degradation of enteric
neurons several years before motor symptoms suggesting that the ENS is an initial site
of the disease. Therefore the intestinal neurons could be an early biomarker of the
disease [53].
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ili) Immune system, microbiota, neuronal network: the Triumuvi-
rate of the intestine

The two populations described above are key regulators of the intestinal homeostasis
and a cross talk has been identified between them through the immune system. As
a matter of fact, common regulatory mechanisms are shared by the enteric neurons
and intestinal immune cells to coordinate their responses. Examples have been found
during organogenesis, as the neurotrophic-factor receptor and neuroregulator RET,
expressed by lymphoid-tissue-inducer cells, essentials for ENS development and Peyer’s
patches formation. Moreover, quiescent hematopoietic stem cells and neuroectodermal
progenitor cells which give rise, respectively, to all lineages of immune cells and all
enteric neurons and glia rely on survival signals provided by factor induced by RET

activation [65].

Furthermore, collaborating mechanisms have been found during the maturation of
intestinal neural circuits and immune system mainly driven by the luminal microenvi-
ronment, namely the microbiota. Indeed, germ-free mice have fewer enteric neurons,
altered ratios of neuronal subtypes, deficits in gut motility and underdeveloped im-
munological network. Interestingly, reconstitution of GF mice with conventional mi-
crobiota normalized the density of EGC network and gut physiology. One striking
example of this collaboration is the microbial factors (short-chain fatty acids (SCFAs))
secreted by bacteria promoting the production of serotonin by intestinal epithelium

essential for the maturation of intestinal motor reflexes [53].

Moreover, in the daily life, some neuroregulatory molecules are expressed by intesti-
nal immune cells and act on enteric neurons. An example is the neuron-macrophage
interactions in response to microbial signals. The muscularis macrophages (MMs)
present in intestinal muscles are in close contact with ENS cells, once activated they
expressed proteins (BMP) that activates enteric neurons which produce stimulatory fac-
tor (CSF1) that contributes for MM development and enhances this tissue-protective

reaction [53].
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1.4 The dynamics of the intestine

The intestine is a puzzling organ, with various attributes from its non-trivial architec-
ture to its biodiversity, made of a plethora of cells organised in a neuronal, immune and
stromal framework, a microbiota and an epithelium. Finally, a last peculiarity needs

to be discussed to have a complete picture of the intestine; its contraction.

The intestine, as part of the GI tract, is a duct for the food through our body,
where occurs the digestion. This travel, namely the propulsion of the bolus, is critical
for life. Without intestinal contraction neither digestion or discharge of the intestine
can be ensured. This motility follows the "law of the intestine" first enumerated by
William Bayliss and Ernest Starling in 1899, who reported that excitation at any point

of the gut causes contraction above and inhibition below [66].
i) Anatomical point of view

The walls’ movements of the intestine rely on the collaboration between (1) the
ENS that detects the contents of the gut, (2) the Interstitial cells of Cajal (ICC) that
links the neurons to the smooth muscle and (3) the muscularis that interprets inputs
and develops appropriate responses. These three components are essential, if one of

them is missing motility disorders will occur [67].

The muscularis of the intestine is composed of a longitudinal and a circular layer
of smooth muscles. These cells form a junctional network surrounding the lumen.
Adjacent cells are coupled mechanically, by intermediate junctions that allow parallel
transmission of contractile proteins along the longitudinal axis, and electrically by gap
junctions that permit stream of ions and thus electric currents to passively flow between
cells [68]. The smooth muscles of the digestive tract answer to ICC that dictate the
rhythm of contractions and are innervated by the autonomic nervous system which can

also modulate the contractile response.

The ICC are named accordly to the spanish Nobel Laureate physician Santiago
Ramon y Cajal that identified in 1893, intestine "interstitial cells" located between the
nerve endings and smooth muscle cells. These cells are organised in dense networks
located in the myenteric plexus and in the deep muscularis propria, they represent 5
to 9% of the total number of cells in the muscle layers [68]. They possess the intrin-
sic ability to periodically depolarize their membrane producing spontaneous electrical

"slow waves" at a frequency of 12 per min in the duodenum.

23



CHAPTER 1. INTRODUCTION TO THE INTESTINE

The ICCs in the myenteric plexus initiate the slow wave activity spreading to the
smooth muscle, and the intramuscular ICCs propagate the slow wave through the
GI tract [6]. These "slow waves" dictate the rhythm, meaning the frequency and
propagation, of the electrical contractile activity of the gut. Therefore the ICCs are

considered as the pacemakers of the intestine [67].

This depolarization, however, is not significant enough to reach the excitatory
threshold of the muscle cells, the slow waves are the base line of the intestine, essential
but not sufficient for contraction of the intestine. A contraction is achieved when a slow
wave and an excitatory impulse from a motor neuron of the enteric nervous system oc-
cur simultaneously [69]. On top of their pacemaker activity, recent studies suggest a
role of ICCs in neurotransmission. Indeed, they seem able to integrate excitatory and
inhibitory neurotransmission with slow-wave activity to orchestrate peristaltic motor
activity in the gut [70]. In particular the ICC of the deep muscular plexus are densely
innervated by excitatory and inhibitory enteric motor neurons, therefore mediating the

enteric neural input to the GI muscle cells |71].

The ENS activity determines the pattern of contractile activity of the intestine by
delivering an electrical spikes on the plateau phase of the slow-wave activity inducing
the contractile activity. Moreover, chemical factors can stimulate or inhibit GI motility

such as hormones, neurocrines, paracrine and also autocrine factors [72].

ii) Intestinal contraction

The contractile activity of the gut has two distinctive sequence, respectively during
periods of fasting or feeding. The feeding state sequence is dominated by peristaltic and
segmental motions whereas the interdigestive state is based on the Migrating Motility
Complex (MMC) [68]. The daily distribution of these two movement sequences is
proposed in the Figure 1.10.

The MMC is a propagative cycle of activity that lasts 90 minutes and is divided
into three phases. The phase I, is a quiescent period where only the "slow waves"
are detected, it is a rest phase that contributes to 30% of the cycle. The phase II,
is characterized by intermittent and irregular contractions, contributing to 60% of the
total cycle length. Finally, the phase I1I is cadenced by intense and regular contractions
that propagate from proximal to the distal intestine over 10 minutes [6]. This phase
is the housekeeper of the gastrointestinal tract, and is essential to prevent bacterial
overgrowth. The MMC seems to necessary for the clearance of residues from the gut
lumen [74]. Moreover, studies have shown a reduction in propagation velocity of the
MMC at night and the nearly absence of phase II, suggesting that the MMC has a

circadian pattern [69].
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Figure 1.10: Representation of the intestinal contaction activity in a
daily life, froms Bredenoord et al. [73]

The presence of fluid and nutrients in the small bowel suppresses the intrinsic inter-
digestive sequence, over the entire small bowel and activates reflexes that control the
digestive process. This response is nutrient-dependant through stimulation of nutrient-
specific gut receptors. Two main movement sequences are involved in the digestion, the
peristaltic and segmental motion [72|. The segmental motion is a localized contraction
of the intestine’s wall in response to the increased diameter of the intestine due to the
passage of chyme. This mechanical stimuli seems to activate sensory neurons, that in
response induce a new rhythm to the ICCs of the deep muscular plexus, changing the
movement sequence from propulsion to segmentation. The segmental motion increase

the contact between the food and the mucosa to optimize the absorption [75].

The peristaltic motion is defined as a propulsive motor pattern that involves
contraction of the intestinal segment above the chyme and relaxation below, propelling
luminal contents in the aboral direction [68]. A schematic view of this dynamic is
proposed in the Figure 1.11. This pattern necessitates a high coordination between the
excitatory motor neurons that contract the upper segment of circular muscle while the
inhibitory neurons simultaneously relax the lower intestinal segment [6]. This motor
pattern is essential for the transport of the bolus through the GI tract and increases the
absorption of the nutrients [73]. Interestingly, it has been shown that the peristaltic
pattern of gut switches from a rather chaotic pattern (ripples) in the early postnatal

period to a highly coordinated pattern after postnatal day 10 [65].
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Figure 1.11: Schematics of the peristaltic motion from Bredenoord
et al. [73]

Conclusion

In this first chapter, I tried to provide the reader with a complete picture of the intestine
at various scale. As an organ, the intestine is elementary for life. It is in charge of
the absorption of nutrients, while maintaining a barrier with the outside world. This
function is supported by its complex geometry enhancing its absorption surface, an
important cellular diversity made of intestinal cells, stromal cells, immune cells and
neurons to ensure its proper functioning, and a contractile activity to maintain its

integrity.

In my PhD work, I have focused on two main aspects of the gut. First, we aimed
at recapitulate its complexity in vitro by developing a 3D gut-on-chip, as it will be
discussed in the second chapter dedicated to the Organ-on-chip field. Then the chapter
3 and 4 will describe how I have developed and used specific tools to investigate the

effect of stretching and geometrical constrains on intestinal cells behavior.
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Introduction

The first chapter has described the gut complexity. Despite a large knowledge on
the underlying mechanisms of the gut physiology, there are still open questions to be
addressed regarding gut related mechanisms. In this context, in vitro models appear
as relevant tools to address biological and biophysical questions. Among the different
i vitro models, organ-on-chip provides the researchers with an unprecedented level of

control.

An organ-on-a-chip is a microfluidic cell culture device
created with microchip manufacturing methods that
contains continuously perfused chambers inhabited by

living cells arranged to simulate tissue- and organ-level

physiology.

Sangeeta N. Bhatia and Donald E. Ingber, Microfluidic
organ on chip, Nature Biotechnology, 2014

To illustrate the potential of this field, I will in the next section explain the emer-
gence of this field and describe one of the pionneer organ-on-chip developed by Ingber
team. Then, I will focus on my organ of interest, the gut-on-chip, and investigate the
cohort of existing models, discussing their advantages and limitations. Finally, I will
present the proposed Gut-on-chip developed in our team to which I participated during
my PhD.

Figure : Picture of the 3D gut-on-chip developed during the PhD of
Marine Verhulsel, after 7 days the primary epithelial monolayer
colonized the whole structure (nuclei in blue and actin in green)
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2.1 The Emergence of the Organ-on-Chip field

The emergence of the organ-on-chip field has been made possible thanks to the conver-
gence of microengineering with microfluidics and cell biology. The unique development
of micro-fabrication techniques inherited from the microelectronics industry, such as
photolithography, etching and micro-milling, makes possible the generation of chips
with structures of few microns with a complete control of the 3D architecture. The
manipulation of liquids at such scale has given rise to the definition of Microfluidics.
The laminar flow induced by these reduced dimensions allows the precise generation
and control of fluid flows and spatio-temporal gradients with a high resolution. The
adaptation of Microfluidics for cell culture has led to the development of micro-devices
with relevant microarchitecture and microenvironment, in terms of biochemical signals
in particular nutrients or other chemical cues to grow cells in a dynamics controlled
manner [76-79].

i) Introduction to the organ on chip field

Today, the organ on chip toolbox is quite rich, various chip materials (plastic,
glass, poly(dimethyl- siloxane) (PDMS)) can be used. Besides, this conventional chip
materials, hydrogels can be also integrated in microfluidics devices (such as collagen,
matrigel, agarose or laminin) in order to mimic on chip the organ ECM. Moreover,
the integration of biosensors as tools to monitor cell behavior, electronics to generate
electrical simulations has allowed an accurate control of cell behavior on chip. Besides,
technological solutions have been proposed to reproduce on chip the physical forces
applied on cells such as (share stress, cyclic strain and/or mechanical compression).
Altogether, these technological developments have allowed to reach an unprecedented

level of biomimetism and control with these organ on chip platforms |76, 79-82].

Currently, almost every organ has been reproduced on-chip with various level of
complexity such as the Lung-on-chip [83]|, Gut-on-chip [84, 85|, Liver-on-Chip|78],
Heart-on-chip [86], Skin-on-chips [87|, Kidney-on-chip |88], Bone-on-chip [89], Brain-
on-chip [90] or the specific Blood-Brain-Barrier-on-chip [91]|. This plethora of examples
is illustrated in the Figure 2.1, where they can be fluidically combined to a Human-on-

chip.

Meanwhile, peculiar models have bloomed focusing on anatomical dysfunctions such
as the Metastasis-on-chip [92| or Tumor-on-chip to screen and test the effectiveness of
treatments. These models open up the possibilities to use these microfluidic systems
in patient-specific applications where personalized therapeutic treatment options can

be explored in order to quickly identify an optimal treatment [93, 94].
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Figure 2.1: Representation of the multitude of organ-on-chip
available, allowing the study of every organ composing the human
body from Dhawan et al. [95]

The organ-on-chips are currently considered as promising tools for biology and
biophysics, but also as screening drug platforms as an intermediary between the 2D
cell culture and the animal models. Drug failures in clinical trials are mainly due to the
poor predictive power of existing preclinical models and the limitations of inter-species
physiological differences [94, 95]. Therefore important efforts have been deployed by

the pharmaceutical industry to develop organ-on-chip for drug screening [96-98].

For example, liver toxicity is one major reason for drug withdrawal, therefore the
liver-on-chip was one of the first commercially available systems: the LiverChip, devel-
oped by the Massachusetts Institute of Technology (MIT) [78]. The organ-on-chip field
is expecting to answer to the critical need for new testing approaches, while following
the 3R principle, postulated by Russel and Burch in the 1960s, becoming aware of the

need for reduction, refinement, and replacement of animal experiments [78] .

The needs of the pharmaceutical companies combained with the will to get a new
generation of in vitro models for biology and biophyics has led to the emergence of at

least 28 organ-on-chip companies in less than 7 years [99].
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After the successful recapitulation of single organs on chip, the next step has been
to move towards multi organ-on-chip systems. A first example was the Liver/Skin -
on-chip platform [100]. This platform allows a cross talk between these two organs in
order to estimate how the liver, the principal actor for drug metabolism, behaves to
test the allergic potential of skin products, important for the cosmetic industry. Later
Human-on-chip platforms were developed combining several organs within a human-
like metabolizing environment with the potential to determine the toxicity caused by
treatment and/or to study the drug pharmacokinetics and pharmacodynamics as well as
the interplay between tissues physically separated in vivo but linked through circulation
(the side effects) |78, 95, 101].

One striking example is the Four-organ-chip platform with a reconstructed human
3D small intestine, a skin biopsy, a 3D liver and a kidney proximal tubule compart-
ment, Figure 2.2. The two first organs, the gut and the skin, allow either oral or dermal
substance absorption. These compartments provide the barrier function between the
apical side and the surrogate blood circuit. Then a micro-pump enables the distribu-
tion from the basolateral side of these compartments to the liver equivalent enabling
primary substance metabolism. Finally, the microfluidic channel crosses a membrane
seeded with renal proximal tubule cells, supporting metabolite excretion within a sec-
ond excretory circuit. This four-organ-chip model was cultivated over 28 days and used
to ensure good absorption, distribution, metabolism and excretion of drugs a primordial

test in pharmacology [102].

Figure 2.2: 3D view of the device with the blood (pink) and
excretory (yellow) circuit. Numbers represent the four tissue culture
compartments: intestine (1), liver (2), skin (3) and kidney (4).[102]
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ii) The first Organ-on-Chip

As previously mentioned, the term organ-on-chip has been introduced by Donald
Ingber, who developed for the first time a microfluidic chip to recapitulate the human
lung features [83, 99].

This chip was made of PDMS and composed of three chambers. The central part is
subdivided in two channels by an horizontal elastic porous membrane. This membrane
is one of the major asset of this model: it allows the compartmentalization of the chan-
nel, while exchange is maintained through the pore of the membrane to allow diffusion
between the channels to create biochemical gradients for example. The two external
chambers are connected with a cyclic vacuum system, to induce a cyclic depression
which in turn pulls on the main chamber’s walls, inducing the stretching of the PDMS

membrane.

The first version of this lung-on-chip model, illustrated in the Figure 2.3, manages to
recapitulate the functional alveolar-capillary interface with the co-culture of alveolar
epithelial cells and microvascular endothelial cells on opposite surfaces of the same
porous membrane. The epithelial microchannel is full of air were the alveolar cells are
maintained at an air-liquid interface. Moreover, cyclic stretching of the tissue-tissue

interface was implemented to mimic physiological breathing movements [83].

_________

Side chambers

Vacuum

Figure 2.3: Illustration of the first Organ-on-chip, the Lung-on-chip
developed by Donald Hingber [83]

Starting from this seminal work, this technology has been extensively used to study
pulmonary pathology such as edema revealing the crucial role of breathing motions
and the identification of potential new therapeutics [103] or inflammation and drug

responses [104].

The latest version of this model was lined by human primary alveolar epithelium
interfaced with endothelium to study human pathophysiology of pulmonary thrombosis,
as illustrated in the Figure 2.4. Whole blood was used to perform quantitative analysis
of organ-level contributions to inflammation-induced thrombosis and studies on the

effect of toxin on the epithelium and endothelium have been studied [105].
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Figure 2.4: Illustration of the last version of the pionneer
Lung-on-chip [105]

As mentioned at the beginning of this section, this first organ-on-chip model is
very powerful, and quite simple looking at the fabrication protocol [106]. Therefore,
it has been adapted barely two years after its first publication, to develop the first
mechanically active model of gut-on-chip [84]. Only few modifications have been done
to the initial design, playing with the size of the central chamber. Today, this technology
is one of the most used in the organ-on-chip field allowing the study of the physiology
or pathophysiology of different organs.
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2.2 State-of-the-art of the Gut-on-Chip models

In the previous chapter, we have identified several key properties of the intestine,
namely (1) its unique geometry, (2) its underlying complex stroma, (3) its complex
interaction with the microbiota and (4) its mechanical dynamics. In the Gut-on-Chip
field these properties have been targeted on their own or combined to create relevant
models to study the intestinal physiology and pathophysiology. Two main strategies to
develop a Gut-on-Chip can be distinguished, the first one reproduces the geometry by
designing a 3D scaffold for cell culture and while the others applies mechanical forces
on cells seeded in 2D to induce a 3D structure of the tissue [107]. These two strategies

will be discussed in more details in the following.

Initially, the Gut-on-chip platforms are based on the use of intestinal cancer cell
lines, such as Caco2 cells. These cells possess a myriad of advantages but lack some
physiological properties as well as the stem ability to recreate the whole lineage of
the native intestinal epithelium. This limitation was swept away by the "Organoids

revolution".[108]

The organoids term is named from the Latin "oides" that means resemblance
[109]. An organoid is a miniaturized and simplified in wvitro version of an
organ produced by cell self assembly in three dimensions that mimics, at least
partially, the native structure and function of the organ.

The first intestinal organoids were obtained by Sato
et al. [110], they isolated mouse intestinal crypts
and cultivated them in matrigel with a rich culture
medium made of Noggin, R-spondin and EGF. Un-
der these conditions, the isolated crypts sealed and
buds appear as a reminiscence of the crypt-villus
axis. These buds represent the proliferative niche,
with Paneth cells and stem cells. Fully polarized
enterocytes lined the inter-crypt domain, namely
the villus domain, the four main cell types are

. Fi 2.5:
scattered throughout the organoid structure and the GE
. . B Representation of an
lumen is filled with apoptotic cells [110]. organoids.[110]

This spontaneous three-dimensional structure orchestrated by external factors
is a faithful reproduction of in vivo characteristics of the gut and represents
a powerful in vitro model. Nevertheless, the lack of relevant physical micro-
environment, interplay with the stroma and their enclosed lumens limit their
value for transport studies and coculture with pathogens [109]. The combination
between the micro-engineered environment of the Organ-on-chip field and the
stem cell-derived organoid technology holds great promises for disease modeling
and toxicity testing as well as personalized therapy [111].

34



CHAPTER 2. THE GUT-ON-CHIP

Furthermore, commercial platforms of gut-on-chip are also available such as the
epithelium tissue of primary human small intestinal epithelial cells on a microporous
membrane of Epilntestinal platform or the multi-stack model with a microbial and an
epithelial compartment separated by a nanoporous membrane of HuMiX, as well as
the model of Mimetas inducing, thanks to a phaseguide, the formation of a barrier-
free epithelial tube supporting the perfusion of medium in its center. These models
"easy-to-use" represent the first advances from the academic labs to the pharmaceutical
industries. Even though they are simple models, they allow to address respectively drug
delivery and toxicity as well as host-microbiome interaction without any use of animal

testing.

i) The 3D structured Gut-on-chip models

In the 3D structured approach the essential element recapitulated on chip is the
unique geometry of the intestine. Several models can be found [107, 112 114|, never-
theless in the following we will only discuss four examples, and how the intestine 3D
structure has been reproduced on chip and how it has been used to develop biomimetic
gut on chip devices. The three first models have been developed respectively by the
team of John C. March [115, 116|, Nancy L. Allbritton [117] and Jong H. Sung [118].
The main features of these models are summarized in the Table 2.1 while the last model

relies on the use of ex-vivo intestinal fragments and will be discussed separately [119].

The three first models are based on a similar fabrication protocol. First the fabri-
cation of a master mold reconstituting the geometry of the gut, namely the crypts and
villi, is achieved using photolithography or laser ablation techniques. This first mold
is then replicated to create a backing mold, most of the time in PDMS. The backing
mold is the mold used to create replicate of the chip, to protect the master mold from
degradations induced by the replicate process. The backing mold is again replicated
to do a sacrificial mold, in either PDMS or alginate. This sacrificial mold is used to
model the ECM to obtain properly speaking, the 3D scaffold used for culture. This
scaffold is in poly(lactic-co-glycolic acid) (PLGA) for the first model and in collagen
for the models 2 and 3. All of them are seeded with either organoids or intestinal cell
line and allow to use two different media between the apical and basal compartment for
biochemical gradients. Once reported the similarities of these platforms, we will discuss

them more in details in order to better understand their advantages and limitations.

Model 1. The first model reproduces the villi architecture in PLGA and is covered
by mouse primary cells from organoids [115]. They demonstrate that the combination
of the 3D structure with a basal stimulation by growth factors, such as EGF, is essential
to reproduce the spatial cellular pattern of the small intestine, including paneth cells

near the base and goblet cells on the villus [116].
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We can underline in this model the lack of the crypt niche for a complete recon-
stitution of the intestinal geometry and the poor characterization of the differentiated
population, indeed the presence of paneth cells has only been justified by low quality
images. Moreover, even if PLGA is biocompatible it presents biochemical and mechan-

ical properties quite far form the in-vivo ECM.

Model 1 Model 2 Model 3

Chamber
Apical reservoir| Basolateral reservoir

3D villi scaffold Membrane
EdU/ALP/Nuclei

Blue(Dapi) Green(Actin) | Enterocytes (ALP-+) Blue(Dapi) Red(Actin)

| Ref [115, 116] [117] [118]
Laser ablation on
Mold Polymethyl methacrylate 2 steps Photolitography
fabrication (PMMA) photolitography
Scaffold Porous PLGA Cross-linked collagen I Collagen I
Villi 500 pm 500 pm 100 pm
Crypt X 100 pm X
Cell Mouse Organoids Human organoids Caco?2
Culture 7 days 14 days 21 days
Gradient v v v
Shear stress X X v

Table 2.1: Summary of technological characteristics of three
Glut-on-Chip platforms

Model 2. These limitations were overcome in the second model with a 3D scaf-
fold made of collagen I. This scaffolds contains both crypts and villi and reproduce the
dimensions of the human intestine. Moreover, this structure was seeded with human
organoids. They established that even though the 3D geometry helped for the morphol-
ogy and differentiation of stem cell the proper cellular segregation can only be achieved
thanks to the application of external chemical gradients [117]. This model allow to
reconstitute important characteristics of the intestine but miss the stomal interaction,
indeed the use of chemicals to cross-link the collagen scaffold is incompatible with the
survival of any stromal cells in this scaffold. It is a sacrifice made by this platform to be
able to fully reconstitute the 3D geometry of the intestine leading to these interesting

results.
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Model 3. More recently, on new microfluidic device has been developed. It
reproduces two major characteristics of the gut, the 3D villi structure and the shear
stress applied on the cells. The scaffold is made of collagen I and is covered with Caco-2
cells. After two weeks of culture in the chip, the villi height was reduced, by a factor
3, to approximately 100 pm because of the forces exerted by cells during spreading.
Anyway, they show that the combination of shear stress and 3D tissue architecture
induces further physiological changes, such as a more prismatic morphology, enhanced
metabolic enzymes activity (P450 3A4) and has a significant influence on the transport
of drugs across the gut epithelium [118|. This last model represents a more biomimetic
platform regarding the physical constraints (shear stress) but it relies on cell lines and

as previously the co-culture of epithelial and stromal cells is not achieved.

Model 4. All the previous models lack the stromal compartment including the
stromal cells, the immune system, the neuronal network as well as the vascularisation.
To circumvent these difficulties Yissachar et al. designed a culture unit which can
support the ex vivo culture of intestinal fragments, with two paired inputs and outputs
connected either to the intestinal lumen, to allow controlled introduction of molecules
or microbes into the lumen, or to the external bath to introduce continuous medium
to support viability of the cultured tissue. Illustration of this platform is proposed in
the Figure 2.6. The authors observed spontaneous peristaltic-like contractions, during
the first 8 hours of culture, indicating viability of the intestinal smooth muscle layer
and ENS as well as some early neuronal activation induced by a range of microbial
species. However these cultures do not survive more than 24 hours wihout epithelial
degradations [119].

Lumen
Input —

Medium —=

Figure 2.6: Representation of the culture unit developed to support
ex vivo culture of intestinal fragments [119]

In resume the three home-made 3D Gut-on-Chip are made from a master mold,
therefore the quality of this mold, in term of geometry, conditions the structure of the
cells scaffold. Here, the fabrication techniques only allow the fabrication of straight
geometry. As a result, all the villi are almost cylinders, no slopes are possible. Then to
keep the high aspect ratio of the intestine the only solution is either to use a polymer,

even though it is not biomimetic, or cross-link the ECM with chemicals.
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This last solution can be discussed, indeed they start with a protein forming the
native stroma (collagen I) but the use of chemicals increases its resistance but makes it
toxic for cell survival. Therefore, this cross-linked collagen can still be considered similar
to the native matrix 7 The third model does not use any cross-link, in consequence
the remaining villi are no longer physiologically relevant in terms of size. Finally, the
possibility to induce a gradient between the apical and basolateral side of the cells is a
real asset but, for all these models the vascularization through the stroma compartment
is missing. We will now study the second strategy, where the dynamics of the intestine

was the principal element to be recapitulated.

ii) The mechanically active Gut-on-chip models

The Gut-on-chip models focusing on the dynamics of the intestine, namely the
peristalsis and the shear stress in the intestine, are dominated by the models developed
by Donald E. Ingber [84, 106, 120, 121].

As previously mentionned, this chip was developed as a Lung-on-a-chip model then
adjusted for the development of a Gut-on-a-chip where cells undergo peristalsis and
shear stress, and can support growth of microbial flora [84]. The chip is composed
of a central chamber subdivided in two channels (150 mm high x 1000 mm wide)
by a 30 mm thick porous PDMS membrane (10 mm diameter circular pores). Two
lateral channels, namely the vacuum chambers, are connected to a vacuum pump to
exert cyclic mechanical strain to mimic peristaltic motions [85]. This configuration is
illustrated in the Figure 2.7.

The first version of this model [84, 120| was used to study the influence of two
physiological forces, namely the shear stress and the cyclic stretching on the intestinal
barrier. To do so, the central membrane was, on the upper side, coated with an ECM
solution containing rat type I collagen and Matrigel (to a ratio 1:1) and seeded with
human Caco-2 intestinal epithelial cells on top of which normal intestinal microbes,
lactobacillus rhamnosus GG (LGG), are grown. The upper and lower channels represent
respectively, the luminal and aboral side of the intestinal barrier, both are perfused with
the same culture medium at a constant flow rate recapitulating the shear stress (luminal
flow) undergone in vivo. In parallel, a cyclic stretching (10% mean cell strain, 0.15 Hz

frequency) can be applied.
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Figure 2.7: Schematic view of the adaptation of the Lun-on-chip
into a Gut-on-chip by Donald E. Ingber [84]

This system allows the discrimination of the effect of the shear stress from the cyclic
strain to study their individual and collective influence on the epithelium [84]. From

these experiments, three main conclusions have been found:

« The intestinal epithelial barrier function of the gut-on-chip model is in-
creased compare to static experiment. The shear stress accelerates cell
differentiation, increasing the height and polarization of the Caco-2 cells, while
the cyclic strain increased paracellular permeability and expression of intestinal
differentiation-specific enzyme (aminopeptidases). Interestingly, measurement of
the transepithelial electrical resistance (TEER) demonstrates an increase of the

barrier integrity regardless cyclic strain application|84].

« The long term co-culture of microbes with host cells can not be achieved
without cyclic straining. In static conditions, the influence of the microbes
growing at the apical surface could not be evaluated due to the death of the epithelial
monolayer. On the other hand, the epithelial cells undergoing cyclic stretching were
not only able to maintain normal barrier functions under these co-culture conditions
but barrier integrity measured by quantitating TEER actually improved from the
one without bacteria. The cyclic strain prevents the microbial overgrowth, crucial
for sustaining viable host-microbiome coexistence resulting in an increase barrier

integrity [84].

« Under long-term cyclic strain the originally planar columnar epithelium
spontaneously grew to form undulations and folds (Figure 2.8). Strikingly,
these 3D undulating structures seem to recapitulate several properties of intestinal
villi, such as the specialized-derived spatial restriction. Indeed, EAU labeled cells,
namely the proliferative cells as well as the Paneth cells, have been found confined
to the basal crypt-like regions between adjacent villi-like structures whereas the
absorptive cells, enteroendocrine and Goblet cells produced by differentiation of the

Caco-2 cells localized preferentially in the villus regions [120].
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Figure 2.8: Illustration of the villi-like structures observed in the
Gut-on-chip after 100 hours of stretching [120]

This original version was further improved to recreate the intestinal tissue-tissue
interface. Therefore, the lower channel was assimilated to a blood channel seeded
with microvascular endothelial cells, a more complex mixture of commensal microbes
and biopsy-derived epithelium was used to better mimic the native intestinal compart-
ment. This model ables to recapitulate the same important structural features than
the "original version", including formation of elongated villi-like structures lined by a
polarized epithelium expressing markers of enterocytes, goblet cells, enteroendocrine
cells and Paneth cells, as well as basal proliferative cells, strong barrier function and

brush border digestive enzyme activity [121].
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Conclusion

If we recapitulate the efforts in the 3D side of the Gut-on-chip field, we found proofs
of the influence of the topography on the cellular physiology through the increased
expression of mucus, enzyme activity and differentiation. Nevertheless, the impressive
achievements regarding the spatial arrangement of the proliferative and differentiated
cellular compartment could not be obtained without the combination of the topography
with chemical gradients. These gradients result from the separation of the apical and
basal part of the chip in different channels, as a recapitulation of the in vivo signals
emanating from the stroma. Here is the major weakness of these models. Even though
the evolution from a PDMS scaffold to a biocompatible one, made of ECM-like protein,
increases the relevance of these models, the lack of interaction between the epithelium
and the stroma is missing to understand the underlying mechanisms in charge of the
intestinal homeostasis. The attempts to recreate this cross-talk through the chemical
gradients described above constitute a first step. However, the chemical cues sensed by
the epithelium are secreted by the stromal cells but little is known about the multitude
of proteins delivered, the cross-talk between stromal cells as well as the influence of the

physical presence of these cells in the stroma.

It is from this observation that our team decided to create a 3D Gut-on-chip reca-
pitulating the full structure of the intestine, crypts and villi, but adding the stromal
compartment made of a collagen matrix, colonized by stromal cells (fibroblasts). This
prototype was born and optimised during doctoral and post-doctoral research project
of Marine Verhulsel [122]. My first year of PhD began by the formation to this com-
plex platform, then I participated to the final improvements of the platform through
fabrication by micro-milling of a more realistic 3D mold, as well as optimisation of the
concentration of fibroblasts colonizing the stromal compartment and long term culture
condition. The paper relating the scientific discoveries highlighted by this platform is

currently under review and is the last part of this chapter.

From the other side of the Gut-on-chip scope, namely the active Gut-on-chip, the
same limitation can be observed. Even thought efforts have been made through the
co-culture of epidermal cells with endothelial cells, the implementation of a full stromal
compartment to a Gut-on-chip model remains technically challenging. Moreover, from
the study of the current state-of-the-art in the Gut-on-chip field, it seems complicated
to gather all these key properties to perfectly match the in vivo condition. Combi-
nations have been tested such as topography/flow, cyclic strain/shear stress but the
topography/cyclic strain seems devoid of models. It is in this gap that my own thesis

takes shape, as we will see in details in the next chapter.
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2.3 Development of our Gut-on-Chip platform

A biomimetic gut on chip replicating small
intestine complexity
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Abstract

Organoids are widely used as model system to study gut pathophysiology. However
they fail to reproduce the multi-component structure of the intestinal mucosa. Here we
developed an original microdevice that recapitulates the topography, the molecular and
cellular composition of the mucosa and the biomechanical constraints induced by the
luminal flow. Each structural element was faithfully replicated; the stroma compart-
ment was entirely made of microstructured collagen I containing fibroblasts while the
basement membrane consisted in a thin layer of laminin on the collagen surface. These
biomimetic features induced the spreading and organization of individual organoids
seeded on the scaffold into a continuous polarized epithelial monolayer containing both
proliferative and differentiated cells. In addition to its biological relevance, the flexi-
bility of this platform was a powerful asset to identify and evaluate the relative role of
different factors of the microenvironment including matrix, fibroblasts and shear stress
on the epithelium organization. In particular, we demonstrated that primary intestinal
fibroblasts are required to stimulate the efficient epithelialization of the scaffold while
maintaining epithelial cells apico-basal polarity. Thanks to its unique features this mi-
crodevice paves the way to study epithelial-stromal interactions in gut homeostasis in

normal or pathological conditions.

42



CHAPTER 2. THE GUT-ON-CHIP

Introduction

The gut epithelium has a crucial role in the digestion and absorption of nutrients,
while also acting as a barrier between the body and the outside world. It is the fastest
renewing epithelial tissue in mammals, and the whole epithelium is completely renewed
every 4 to 5 days (van der Flier and Clevers, 2009). To preserve homeostatic cell num-
bers, epithelial self-renewal has to be tightly regulated. Elucidating the mechanisms
driving homeostatic renewal is challenging because of its complex tissue architecture,

cell and extracellular matrix (ECM) composition and tissue dynamics.

Intestinal micro-topography can play an essential role in homeostasis as it under-
lines the spatial partitioning of cells: dividing stem cells are restricted to intestinal
crypts, small invaginations that descend into the stroma, whereas differentiated cells
populate villi, finger-like projections facing the gut lumen (Clevers and Batlle, 2013)
(Fig. 1A). Epithelial cells are columnar and apico-basally polarized, with clear mor-
phological and functional distinctions between the apical and basolateral sides. The
basement membrane, a thin and dense sheet-like structure mainly composed of collagen
IV and laminin, underlies the basal surface of the epithelium monolayer (Glentis et al.,
2014). Tt provides structural support for the epithelium, promotes cell adhesion, main-
tains cell polarity and has a role in the compartmentalization of the tissue by separating
the epithelium from the stroma. The major components of the stroma are fibroblasts,
myofibroblasts, immune cells, blood vessels and the ECM, which consists mostly of
collagen I fibers. Fibroblasts play an important role in gut homeostasis by producing
growth factors, cytokines and ECM proteins (Powell et al., 1999), (Stzepourginski et
al., 2017).

Addressing the relative contribution of each of these factors in vivo remains challeng-
ing for several reasons. It is not possible to uncouple the different stromal components,
high resolution imaging in the living animal is difficult and there is a need to reduce the
number of animals used for research. In contrast, in vitro approaches allow an indepen-
dent control of the different actors at play, in space and time. The most commonly used
model, gut organoids, is derived from isolated intestinal crypts, which spontaneously
form buds radiating out from a cystic luminal core after being seeded in laminin-rich
hydrogel, Matrigel (Sato and Clevers, 2013a),(Sato et al., 2009). Although organoids
exhibit normal differentiation and localization of all types of intestinal epithelial cells,
they fail to fully reproduce the crypt-villus architecture. Buds resemble the crypt re-
gions, but the villi are represented, inadequately, by short, flat stretches of cells. In
addition, due to their cystic organization there is a non-physiological accumulation of
the secreted molecules into enclosed lumen. To overcome this, alternative microfluidic-
based methods called gut-on-chip were devised. The pioneering one is based on human
cancer cell lines (CaCo2 and HT29) growing on a porous PDMS membrane coated with

ECM proteins. Under application of cyclic mechanical strain and shear stress formation

43



CHAPTER 2. THE GUT-ON-CHIP

of folds resembling villi are observed (Kim et al., 2012) (Kasendra et al., 2018). Despite
being an interesting model, the device does not fully recapitulate the complex topogra-
phy of the gut and the stromal compartment is lacking. Another approach consists in
growing cells on synthetic or biologically derived materials microstructured to resemble
the gut topography (Costello et al., 2014, Wang et al., 2017). This is a major step,
however, due to the nature of the chosen scaffolds all reported models suffer from sev-
eral drawbacks. For example, the most commonly used material, polydimethylsiloxane
(PDMS), is too stiff (0.8 to 4 MPa) and not porous (Salomon et al 2017). Biodegrad-
able materials, such as poly(lactic-co-gycolic) acid have also been investigated however
both the material mechanical and chemical features properties as well as the scaffold
topography did not recapitulate the gut properties (Costello et al 2014). Finally, col-
lagen I, the main component of the ECM, was also structured on a mold obtained by
photolithography (Wang et al., 2017). The main limitation of this approach is the ne-
cessity to use chemical treatment to limit structure deformation due to forces exerted
by the cells that is not cytocompatible. More recently, a first proof of concept has been
shown of villi like structures achieved by 3D bioprinting of collagen-based bioink (Kim
et al 2018). Despite being a very active field with cutting edge technologies, none of
the current gut-on-chip approaches provides physiological cell substrates that allows in

particular the incorporation of a major cellular component: stromal cells.

Here, we developed a novel gut-on-chip model that reproduces the topography of
the intestinal lining and, for the first time, the molecular composition of the base-
ment membrane and the underlying stroma. This physiological /biomimetic scaffold
allows incorporation of primary mouse intestinal fibroblasts that support the growth
and organization of mouse organoids seeded on the scaffold into a cohesive epithelial
monolayer. Thanks to this device, we have been able to make the following obser-
vations: 1) material characteristics of the scaffold determine the morphology of the
epithelium; 2) fibroblasts improve epithelialization process; and 3) long-term culture

requires dynamic culture conditions.
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Results

Engineering a cytocompatible scaffold for gut on chip

To engineer a biomimetic relevant model system, we first replicated the composition
and architecture of the mucosal extracellular matrix. Because collagen type I is the
main constituent of the intestinal stroma, we developed a microfabrication strategy
compatible with type I collagen molding. We choose micromilling over conventional
photolithography to produce the molds, as it offers the possibility to adjust the villi
slope and avoid square angles. Pushing the technical limits of micromilling we have
been able to achieve molds with high aspect ratio and dimensions close to the mice
gut 3D structure. We first micromilled an array of structural units on a brass master,
with each unit being composed of one villus surrounded by six crypts, respecting the
dimensions of the murine small intestine (Fig. 1B). Villi were 350 pm in height and
300pm in diameter at their base; crypts were 150 pm deep and 100 pm wide with

distance of 50 pm between villi and crypts.

Employing soft lithography techniques, we then produced an intermediate silicon
(PDMS) replica of the brass master and used this replica to cast collagen I into struc-
tural units with high fidelity (Fig. 1C, D). Collagen hydrogels have a low stiffness that
can be increased by increasing collagen concentration (Verhulsel et al., 2016). To gen-
erate a scaffold that will resist cellular traction forces, we selected the highest collagen
concentration that was still compatible with reproducible microstructuring, namely 10
mg/ml of native type I collagen. This corresponds to shear modulus of 1.21 + 0.1
kPa in its polymerized state, measured by Surface Fluctuation Specular Reflection
Spectroscopy (Verhulsel et al., 2016).

Despite being made of highly concentrated collagen, this scaffold only partially
resisted the traction forces exerted by epithelial cells. After 7 days of culture the
scaffold was dramatically flatten retaining only 57 4+ 16% of the original height. To
preserve the 3D structure, we developed a cytocompatible cross-linking approach to
achieve a scaffold able to support the growth of both stromal and epithelial cells. We
selected glycation over other stiffening processes for two reasons. First, like every post-
polymerization treatment, it preserves the fibrillar structure of the collagen. Second,
glycation is a physiological process that normally occurs in vivo with aging, especially
in connective tissues of people with diabetes (Brownlee, 2001). Thus, in contrast to
collagen scaffolds treated with other cross-linkers such as glutaraldehyde or EDC-NHS
(Wang et al., 2017), we expected threose-treated collagen scaffolds to allow cell seeding
inside the bulk. To test the cytocompatibility of the cross-linked scaffold, we added

mouse intestinal fibroblasts in the collagen solution before its injection in the mold.
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One day post polymerization, collagen was treated with threose at ImM for 24h. We
showed that fibroblasts retained their characteristic spindle shape and were highly dy-
namic, which showed that cross-linked collagen is indeed cytocompatible (Supp. Movie
1). Regarding scaffold topography, threose cross-linking limited drastically the scaffold
flattening as 74+17% of its initial height was maintained after 7 days of cell culture.
This observation was further confirmed by rheological measurements as a 1.6-fold in-
crease of the shear modulus was measured in threose treated collagen scaffolds compared

to control.
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Figure 1. Engineering microstructured scaffold

A. Schematic organization of the small intestine. Simple epithelium (blue) covers finger-
like projections - villi and invaginations - crypts. Epithelial cells are attached to the
specialized sheet-like structure, the basement membrane. Stroma, mostly made of
collagen type I (gray) contains fibroblasts (red) and myofibroblasts (green).

B. Schematics of the brass mold used to prepare PDMS intermediate mold. Villus
height 350 pm, crypt depth 150 pm. Inset, arrays of villi and crypts.

C. PDMS mold coated with laminin (green) showing one unit consisting of a villus
surrounded by 6 crypts. Scale bar, 150 pm.

D. Scaffold made of Cy5-labelled collagen type I (red) overlaid with Cy3-labeled laminin
(green). Side view. Cross sections at the top (a) and middle (b) of the villi and plateau
(c). Scale bar, 50 pm.
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Reproducing the stromal compartment was the initial step but, in vivo, epithelial
cells do not interact directly with collagen. They are anchored at their basal side to the
basement membrane, which overlays the collagen-rich stromal compartment. To mimic
the basement membrane, we developed a simple coating approach of the 3D collagen
structures with laminin, the main component of basement membrane. We obtained
a laminin coating limited to the surface of the scaffold (Fig. 1D). Altogether, thanks
to cutting edge technologies of microfabrication and cytocompatible cross-linking of
collagen, we have developed a biomimetic scaffold that replicates both the architecture

and molecular composition of the extracellular matrix of the mouse intestinal mucosa.

Reconstitution of the gut mucosa

To direct the self-organization of cells in a coherent tissue in vitro, it is crucial to re-
produce both the microstructure of the organ and the associated spatial partition of
the different cell types (Laurent J et al., 2017),(Verhulsel et al., 2014). To reconstitute
the intestinal mucosa and in particular the spatial segregation of epithelial and stromal
cells, mouse intestinal organoids were seeded on top the scaffold while mouse intestinal
fibroblasts (MIF) were embedded inside (Fig. 2A and Supp. Movie 2). Mouse intesti-
nal organoids were cysts of around 100pm in diameter and they were deposited into
the crypt regions. Soon after seeding, organoids attached to the scaffold via actin-rich
protrusions (Fig. 2i, ii and Supp. Movie 3) and started spreading on the surface while
maintaining partially their 3D organization (Fig. 2B and Supp. Movies 4-5). Cells were
mostly migrating collectively. The leaders of the clusters exhibited an elongated mes-
enchymal phenotype with broad lamellipodia-like protrusions at the migration front.
Frequent exchanges of cells between adjacent organoids were also observed. Upon col-
lision, organoids fused (Supp. Movies 4-6). At earlier time points, however, fusion was
unstable and resulted in rapid cell segregation. At the later time points, when cell
density was increased, fusion was stable and resulted in a cohesive monolayer (Fig 2C,
Supp. Movie 7). This transition from cystic organoids to a flat monolayer resembles
the wetting transitions of cellular aggregates on 2D surfaces (Douezan et al., 2012).
This analogy suggests that the newly formed cell-matrix adhesions on collagen scaffold

were stronger than existent cell-cell adhesions, resulting in organoid spreading.
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Figure 2. Epithelialization of the scaffolds

A. The unit consisting of one villus and 6 crypts. 3 hours after seeding the organoids
on the collagen scaffold. Collagen type I (TAMRA-labeled, red); F-actin (phalloidin,
green), DNA (DAPI, blue). Top view, maximal projection of 343pum. Scale bar,
100 pm. Insets, higher magnification of one crypt containing an organoid. Single plane
(i), maximal projection of 152pm (ii). Scale bar, 20 pm.

B. Organoids expressing LifeAct-GFP (F-actin label) spreading over collagen scaffolds.
Time in hours. Top view. Dashed line outline villus. Scale bar, 100 pm

C. Continuous monolayer of epithelial cells over the collagen scaffold four days after

seeding the organoids. Top view, maximal projection of 433 um. Scale bar, 150 pm.
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Preserving epithelium integrity with dynamic culture conditions

Although cohesive monolayer was formed on the 3D scaffold, the survival of the epithe-
lium was limited to short-term culture. After five days, patches of epithelial cells had
detached, indicating that intestinal homeostasis was not maintained. In vivo, the in-
testinal epithelium is constantly exposed to shear stress caused by nutrients progressing

throughout the gut lumen.

To mimic luminal flow on chip, one day after cell seeding, when cells were suc-
cessfully adhered to the scaffold, we applied on the microdevices a shear stress about
0.09 dyne/cm? by placing the device in a cell culture rocking plate. This is of the same
order of magnitude as the shear stress observed in vivo (Kim et al., 2012). For short-
term culture (up to 4 days) no significant difference was observed between static (no
flow) and dynamic (with flow) culture. After five days, massive cell detachment oc-
curred on static samples, while no detachment was observed on microdevices subjected
to dynamic culture. This effect was striking after 7 days of culture. The percentage of
fully covered units on static scaffolds was reduced (Fig. 3B), and the remaining epithe-
lial cells were less cohesive, more elongated and flat, resulting in an impressive decline
in the percentage of villi with polarized cells (Fig. 3C). In contrast, the integrity of
the epithelium was improved on microdevices submitted to shear stress, as the area of
the scaffold covered with cells expanded and epithelial cells were densely packed (Fig.
3B-C). The differences were even more pronounced at longer time points. After 14 days
around 80% of the units were covered with cohesive polarized epithelial monolayer (Fig
3A-C). Together, our data show that dynamic culture conditions improve epithelial
coverage and help the maintenance of epithelial integrity. This improvement could be
due to the shear stress itself and/or to related effects such as nutrients mixing and

oxygenation.
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Figure 3. Shear stress improves epithelial integrity

A. Epithelial cells (F-actin, phalloidin) 14 days after seeding the organoids over the
collagen scaffold containing mouse intestinal fibroblasts in the static conditions and
with continuous shear stress. Top view, maximal projection. Scale bar, 150 pm

B. Percentage of units covered with epithelial cells after 14 days after seeding the
organoids on collagen scaffolds in the static conditions (stat) and with continuous
shear stress (dynamic conditions, dyn). n—128 units, N—3 independent experiments.
Mean + SEM,t — test x xx,p < 0,0001.

C. Percentage of villi containing polarized epithelial cells 14 days after seeding the
organoids on collagen scaffolds in the static conditions (stat) and with continuous
shear stress (dynamic conditions, dyn). n=128 units, N=3 independent experiments.
Mean £ SEM,t — test x xx,p < 0,0001.
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Morphology and differentiation state of the epithelium replicates gut ep-

ithelium features

Our microdevice recapitulates the topography as well as the cellular and biochemical
composition of the intestinal mucosa. To further validate the model, we investigated
if epithelial cells on the device resemble an epithelium in the living mouse. First, we
characterized the morphology of the epithelial cells. In the microdevice, the continuous
cell monolayer was tightly packed with cells of hexagonal shape characteristic of in-
testinal epithelium (Fig. 4A, plateau). Cells were polarized, having well-defined apical
domains rich in actin and nuclei oriented perpendicular to the cell base (Fig. 4A) as
found in vivo. In addition, cells were columnar, with average width of 6.07+ 0.23 pm
and height of 19.35+ 0.57 pm (Fig. 4B). To the best of our knowledge, this is the first
time that epithelial cells grown on a biomimetic scaffold were polarized and exhibited

characteristic hexagonal shape and dimensions similar to in vivo.

In vivo, intestinal stem cells differentiate in different cell types among which en-
terocytes, Goblet, Paneth and enteroendocrine cells (Clevers, 2013). To explore if
differentiation of cells was achieved in our model, we performed immunostaining for
markers specific for each differentiated cell type (Fig. 4C). The presence of functional
enterocytes was demonstrated by positive villin staining. Villin was enriched at the
apical pole of enterocytes, indicating mature brush borders. To identify Goblet and
Paneth cells, we used a combination of Ulex Europacus Agglutinin 1 (UEA) staining,
which binds to carbohydrates secreted by both Goblet and Paneth cells, and mucin 2
staining, which is specific for Goblet cells. Both, Goblet and Paneth cells were present
in our model. A positive signal for Chromogranin A also confirmed the presence of
enteroendocrine cells. Finally, we examined the proliferation in the microdevice. EAU
labeling attested that the epithelium still contained proliferative cells after seven days
of culture (Fig. 4D). We noticed, however, that the specific segregation of proliferative
and differentiated cells (to crypt and villus, respectively) was not perfectly achieved.
This could be due to the homogeneous distribution of fibroblasts inside the scaffold,
which does not replicate the local difference in stromal composition specific to crypt

and villus in vivo.

In conclusion, we found that cell morphology, size and differentiation state of the ep-
ithelium in the microdevice faithfully recapitulates mouse intestinal epithelium. This,
together with the power of reconstituted in vitro models that allow independent con-
trol of all constituents, opened the possibility to investigate the influence of matrix

composition and fibroblasts type on the epithelialization process.
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Figure 4. Cell morphology and differentiation on the
microdevice recapitulate in vivo epithelium

A. Cross section through villus and crypt and top view of the region between villi and
crypts (plateau) on collagen scaffolds. Collagen type I (TAMRA-labeled, pink); F-actin
(phalloidin, green), DNA (DAPI, red). Scale bar, 20 pm. Inset, higher magnification
of boxed region.

B. Comparison of epithelial cell height on the chip and in vivo in villi and crypts,
n—10-60 cells, from N-—chips or mice.

C. Differentiation markers (green) on epithelial monolayer 4 days after seeding the
organoids on the collagen scaffold containing mouse intestinal fibroblasts with con-
tinuous shear stress. Enterocytes - villin positive; Neuroendocryne cells positive for
chromogranin A; Goblet cells positive for UEA and Mucin; Paneth cells positive UEA
and negative for Mucin. F-actin (phalloidin, red), DNA (DAPI, blue). Side view. Scale
bar, 15pm

D. Proliferative cells labeled with EAU (pink) on epithelial monolayer 4 days after seed-
ing the organoids on the collagen scaffold containing MIFs with continuous shear stress.
DNA (DAPI, blue). Top view of the unit. Scale bar, 100 pm.
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The nature of the scaffold material determines the morphology of the ep-

ithelium

First, we asked whether the epithelialization process is dependent on the nature of
the material scaffold. To answer this question, we compared organoids spreading on
laminin-coated collagen or PDMS scaffolds of the same dimensions. We show that even
though organoids opened up and spread on PDMS scaffolds (Fig. 5A), the spreading ki-
netics was drastically reduced, with only 1% of units being fully covered after 4 days of
culture compared with 18% on collagen scaffolds (Fig. 5B). Furthermore, the morphol-
ogy of cells differed depending on the scaffold nature. Cells cultured on laminin-coated
PDMS scaffolds appeared non-polarized and flat with broad lamellipodia (Fig. 5C)
while, as previously mentioned, the ones grown on collagen scaffold exhibit a charac-
teristic hexagonal shape. Because both types of scaffolds had the exactly the same
topography and were coated with laminin, the differences in cell morphology and their
dynamics could be only explained by the nature of the underlying substrate. These
differences could result from differences in substrate stiffness: even after cross-linking,
collagen is still at least 100 times softer than PDMS. Moreover, the fibrillar structure
of collagen, which is absent from PDMS scaffolds, could also affect cell behavior. Al-
together, these results underline the importance of the molecular nature of the matrix
used as a scaffold and demonstrates that collagen scaffold was essential to induce the
spreading and organization of the primary epithelial cells derived from organoids into

highly polarized monolayer.
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Figure 5. The nature of the scaffold material affects the
morphology of the epithelium

A. Epithelial cells partially covered PDMS scaffold four days after seeding the organoids.

Top view, maximal projection of 230 pm. Scale bar, 150 pm

B. Percentage of units covered with epithelial cells after four days of culture on PDMS

and collagen scaffolds. n=128 units, N=3 independent experiments. Mean+SEM, Unpairedt—
test x xx,p < 0,0001.

C. Cross section through villus and crypt and top view of the region between villi and

crypts (plateau) on PDMS scaffolds. F-actin (phalloidin, green), DNA (DAPI, red).

Scale bar, 20 pm.



CHAPTER 2. THE GUT-ON-CHIP

Stromal fibroblasts improve epithelial coverage

Second, we addressed the role of fibroblasts on epithelialization process. Intestine
fibroblasts were isolated from the intestine of 12 days-old fluorescent reporter aSM A :
mT/mG mice. We estimated that about 85 % of isolated fibroblasts were aSM A
positive as they expressed green fluorescent protein (GFP), while about 15% were
aSM A negative and expressing red fluorescent protein Tomato (figure SI supp data).

A mix of both types of fibroblasts were embedded in the collagen scaffold.

After four days of co-culture with organoids, the number of units covered with
epithelial cells increased as a function of fibroblast concentration (MIF) reaching about
70% for the highest concentration (Fig. 6A-C, Supp. Movie 8). In contrast, in the
absence of fibroblasts the scaffold coverage was rather limited to 20% (Fig. 6C). These
results demonstrate that fibroblasts markedly enhance the epithelialization process,
possibly by increasing cell proliferation. However, high concentrations of fibroblasts
also disrupted the apico-basal polarity of the epithelium. The proportion of villi with
polarized cells dropped dramatically from over 40% to about 15% by doubling fibroblast
concentration (Fig. 6D).

To determine whether the effect on epithelium coverage and polarity were specific
to intestinal fibroblasts, we investigated the effect of adding fibroblasts from a differ-
ent source. We isolated mouse embryonic fibroblasts (MEF), which are pluripotent
fibroblasts extracted from the entire embryo. When embedded in the collagen scaf-
fold, they increased epithelialization more efficiently than intestinal fibroblasts at the
same concentrations. At high MEF concentrations, for example, more than 80% of
the units were fully covered by epithelial cells, compared with 65% at high concentra-
tions of intestinal fibroblasts (after 4 days of culture) (Fig. 6C). However, epithelial
cells completely lost their characteristic columnar shape even at low concentrations
of MEF, suggesting that MEF inhibit cell polarization (Fig. 6D). Instead, epithelial
cells adopted a mesenchymal-like phenotype; they were elongated and flat (Fig. 6E).
Conversely, epithelial cells co-cultured with intestinal fibroblasts maintained the hexag-
onal shape typical of intestinal epithelium (Fig. 6E). These data show that fibroblasts
were not essential to initiate the spreading of the epithelial monolayer on the collagen
scaffolds. However, the presence of primary intestinal fibroblasts at an optimal concen-
tration in the scaffold is crucial to achieve an efficient epithelialization combined with

physiological apico-basal polarization.
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Figure 6. Intestinal fibroblasts improve coverage of the
scaffold by the epithelial cells

A. Continuous monolayer of epithelial cells (F-actin labeled, red) four days after seeding
the organoids over the collagen scaffold containing primary mouse intestinal fibroblasts
(expressing aSM A, green). i, Top view, maximal projection of 493 pm. ii, cross section
through crypt region 348 pm from the top of the scaffold. Scale bar, 150 pm

B. Side view of the crypt. Epithelial cells and fibroblasts (F-actin, green; DNA, DAPI,
red), collagen (TAMRA-labelled, pink). Maximal projection of whole crypt. Scale bar,

50 pm

C. Percentage of units covered with epithelial cells four days after seeding the organoids

on collagen scaffolds in the presence of primary mouse intestinal fibroblasts (MIF) and
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mouse embryonic fibroblasts (MEF). Low — 0.5x106 of fibroblasts, high—0.5x106 of
fibroblasts. n=128 units, N=3 independent experiments. All bars were compared to
control (collagen scaffold with no fibroblasts) or between different concentration of fi-
broblasts. Mean &= SEM,t — test x x,p < 0,001;*,p < 0, 05.

D. Percentage of villi containing polarized epithelial cells four days after seeding the
organoids on collagen scaffolds in the presence of primary mouse intestinal fibroblasts
(MIF) and mouse embryonic fibroblasts (MEF). n=128 units, N=3 independent exper-
iments. Mean &= SEM,t — test x x,p < 0,001; %, p < 0, 05.

E. Top view (x/y) and side view (x/z) of epithelial monolayer on the region between
villi and crypts (plateau) 4 days after seeding the organoids on collagen scaffolds in the
presence of primary mouse intestinal fibroblasts (MIF) and mouse embryonic fibroblasts
(MEF). F-actin (phalloidin, green), DNA (DAPI, red). Scale bar, 20 pm.

i) Discussion

Organoids are widely used as an alternative model to in vivo studies because they are
easy to manipulate and closely replicate the intestinal epithelium. However, organoids
grown in mouse-sarcoma-derived hydrogel (Matrigel) lack the composition and struc-
tural features of tissue from which they originate. Besides, current gut-on-chip devices
lack physiological stromal components and normal epithelial morphology, and exclu-

sively depend on exogenous morphogens in the medium.

Here, we have developed a microdevice in which we have cultured an intestinal
epithelium monolayer derived from mouse organoids on laminin-coated microstructured
collagen I scaffolds containing intestinal fibroblasts. Our device possesses several unique
features. First, it has the typical topography of the mouse gut, consisting of an array of
villi surrounded by crypts with dimensions mimicking in vivo structures. Second, our
3D scaffold is generated entirely from collagen I, the major constituent of the mouse
gut stroma. To maintain the topography of the scaffold, we have developed a specific
procedure to cross-link the collagen scaffold while maintaining its cytocompatibility.
Consequently, this permits, for the first time, incorporation of stromal cells such as
fibroblasts into the collagen scaffold. Third, the collagen scaffold is covered with a thin
layer of the ECM protein laminin, mimicking a basement membrane, which is necessary
for the survival and function of the epithelial cells. Seeding cystic mouse intestinal
organoids on the surface results in the formation of a columnar epithelium monolayer
that contains both stem cells and differentiated functional cells with morphology closely
resembling intestinal epithelium in vivo. Finally, the integrity of the epithelium over

two weeks is maintained by growing cell in a dynamic configuration.

Finally we showed that our device succeeds to recapitulate on chip the topography

and endogenous molecular and cellular composition of the gut. Furthermore, the ability
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to uncouple the contribution of different components has allowed us to highlight the
importance and necessity of a physiological environment for the establishment of correct
epithelial cell polarity and morphology. In particular, we demonstrate that primary
intestinal fibroblasts are crucial to stimulate an efficient epithelialization of the scaffold
while maintaining the morphology of the epithelial cells. We also show that the nature
of the scaffold material impacts the epithelium coverage and the cells” morphology, as

the collagen scaffold was much superior to the one made of PDMS.

All together, we have developed a microdevice that recapitulates mouse intestinal
mucosa on the chip. The device could have a wide range of further applications. In
particular, by adapting the dimensions of the device to match the size of the human
crypts and villi, the device could also be used to study the pathophysiology of a human
gut. For example, using epithelial cells and/or fibroblasts extracted from colorectal
cancer, one could study the interplay between the stroma and cancer cells during tumor
growth or invasion. Finally, the device could provide a reliable physiological pre-clinical

tool for drug screening in order to replace efficiently animal models.

iil) Materials and Methods

Microstructuring collagen scaffold

Collagen I was extracted from rat tails as described previously (Schoumacher et al.,
2013) and labeled with Tetramethyl Rhodamine (TAMRA, Invitrogen) as described
(Geraldo et al., 2012, Geraldo et al., 2013). TAMRA labelled collagen was mixed
to non-labelled collagen in weight ratio of 1:10. The neutralizing solution (1x PBS,
10% FBS, DMEM glutamax, MEM non-essential amino acids (Gibco), 1mM sodium
pyruvate (Gibco)) was prepared in another tube and pH was adjusted to pH of 7.4 with
1M NaOH. The solution of neutralizing reagent was mixed on ice and added on the top
of collagen solution. The gel was gently mixed on ice with a sterile spatula to avoid
bubble formation. If bubbles formed, the mixture was centrifuged at 1000g at 4 °C for 1
minute. The pH of the solution was controlled to be at 7,4 before cells were added. For
scaffold containing fibroblasts, 2 x 10° cells/mL were mixed with neutralized gel before
injecting into the chip. Microstructuring of collagen to replicate the 3D gut of the
mouse gut, consisted of several steps. The first step consisted of creating brass mold.
This was achieved by micromilling (Minitech). To maintain sterility collagen was not
molded directly on to the brass but instead on to a PDMS replica prepared with PDMS
(Sylgard 184, Dow Corning). The PDMS mold was made of two parts. One part (mold
1) consisted of a chamber (lem x2cm x 3mm) that permits both collagen injection
and the handling of the collagen structure as the collagen structure was covalently
grafted on the bottom part of this chamber. The second part (mold 2) consisted of

a replica of gut 3D structure and was used to mold the collagen. To allow collagen
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covalent bonding on the bottom of the PDMS chamber, the surface of the mold 1 was
plasma activated (Plasma cleaner, Harrick). This was done by filling the microfluidic
chamber with 2% v/v of 3-aminopropyl-triethoxysilan (APTES) at for 30 min. After
removing the APTES solution, the chamber was washed in water for 5 min, followed by
incubation in 0.5% v/v glutaraldehyde for 30 min. Finally, the microfluidic chamber
was washed twice in water and incubated in water overnight at 4°C . To prepare
mold 1 for collagen injection, its lower and upper parts were punched with a 4 mm
puncher. The structured area of mold 2 was plasma activated, with the area around
the microstructures screened with scotch tape. This activation improved the structure
wettability and decreased the likelihood of trapped air bubbles. Molds 1 and 2 were
then assembled and sealed by two clips. The collagen solution was injected into the
mold assembly through a Tygon tube using a conventional 1mL syringe topped with a
cut pipette tip as a needle. Once the collagen had polymerized for 30 min at RT, the
clips were removed and the collagen structure was unmolded. One day after unmolding,
the collagen microstructures were incubated with 10 mM threose (Sigma) for 1 day.

The collagen scaffold was then rinsed 3 times for 30 minutes in DMEM medium.

Laminin coating

Laminin was labelled with Cy3 as previously described (Schoumacher et al., 2013).
Collagen scaffolds were incubated with 0.02mgmL~! laminin in DMEM for 30min at
37°C . A similar protocol was followed for the plasma activated PDMS structures.
Finally, in both cases, laminin solution was removed and the scaffolds were washed

with cell culture medium for 5 min.

Rheology measurements

PDMS rings of 1 cm inner diameter and 0,5cm height were cut out. Two holes (00,75mm,
Harris Uni Core) were punched in the wall of the ring and a small PTFE tube (O.D
1,07mm, Cole Parmer) was inserted in one of them. Since the hole of the tube was too
thin to directly inject the collagen with the syringe, a larger tygon tube (I.D 0,031,
0.D. 0,093”, Cole Parmer Instrument Company) was adapted at the end of the thin
tube to avoid any leakage during collagen injection. Two pieces of PDMS (lcm xlem)
were adjusted on the top and bottom of the ring to form an enclosed chamber, her-
metically sealed with two clips. Collagen solution was prepared as described above and
drawn into a ImL syringe. A 1mL cone was cut and placed at the tip of the syringe.
The solution was injected through the tubing in the PDMS enclosed chamber. The
collagen was polymerized at RT. Before collagen unmolding, the chamber was filled up
with PBS. Immediately after the PDMS ring containing the collagen was transferred
into the PBS bath. The collagen was gently detached from the PDMS ring wall. The
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PBS level was adjusted to reach the limit of the upper surface of the collagen gel to
prevent the collagen from drying. The collagen was not completely immersed to avoid
the recording of the fluctuations of the PBS solution instead of those of the collagen gel
surface. Measurements of the viscoelastic modulus of the collagen at various frequencies
were performed using the technique of surface fluctuation specular reflection (SFSR).
The laser beam (diameter of laser beam: 41.3 pm, 27.5um or 3.51um) was reflected by
a prism and focused on the surface of the collagen gels. The surface deviated the laser
beam which was reflected a second time by the prism. The reflected laser beam was
collected on the center of the detector composed of a two-quadrant photodiode. The
difference in voltages between the two quadrants directly quantifies the fluctuations in
height of the surface of the sample. The duration of the acquisition varied from 1 to
5 minutes to investigate a larger range of frequencies. Subsequently the diagram of

viscoelastic modulus vs frequency was plotted.

Crypt isolation and organoid culture

Organoid cultures were prepared as described in (Sato and Clevers, 2013b).

Organoid seeding and culture on 3D scaffold

Cystic organoids of about 100 pm in diameter (3 days after embedding in Matrigel) were
extracted from Matrigel by flushing the matrix in cold PBS several times followed by
centrifugation at 200g for 5min at 4 °C. The pellet made of organoids was resuspended
in ENR medium 300 pL of organoid solution was seeded on laminin-coated collagen or
PDMS scaffolds and gently shaken to make the organoids fall into the crypts. Organoids
were left to adhere for 3h at 37°C . For culture under shear stress, samples were
placed on a rocking plate (PMR-30 from Grant-Bioone) one day after seeding. Rocking

parameters were fixed to apply a shear stress of 0.09 dyne/cm?.

Isolation of intestinal fibroblasts (MIF')

Mouse intestinal fibroblasts were isolated from aSMA : mT/mG transgenic mice,
which were obtained by crossing a mT/mG reporter mouse (Muzumdar et al., 2007)
with a mouse expressing CreERT2 recombinase under the aSM A promoter (Wendling
et al., 2009). Fibroblasts were isolated following the procedure described in (Lahar et
al., 2011), with some modifications. Intestine was isolated from a 12-day-old mice and
incubated for 15min in HBSS solution without calcium or magnesium, supplemented
with 20mg/mL of D-glucose (Thermofisher), 1% Glutamax (v/v) and 2% Anti-Anti
(v/v). Tissue was diced into 0.5mm? pieces and transferred into the dissociation solu-
tion (0.31mg/mL dispase and 0.25mg/mL collagenase XI diluted in HBSS with calcium
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and magnesium supplemented with 1% Glutamax (v/v) and 2% Anti-Anti (v/v)). Af-
ter 30 minutes at 37 °C under slow agitation, 25mL of DMEM Glutamax supplemented
with 5% FBS (v/v), 1% Glutamax (v/v), D-sorbitol (20mg/ml), 2% Anti-anti (v/v))
were added. The solution was spun down at 100g for 2 minutes at 4°C and the pel-
let obtained was suspended into HBSS with calcium and magnesium and centrifuged
at 200g for 3 minutes. Tissue pieces were resuspended into 10 mL culture medium
(DMEM-Glutamax) supplemented with 10% FBS (v/v), 2% Anti-Anti (v/v), 1X ITS
(v/v), 50pgmL~! EGF and placed in 10cm diameter Petri dish to adhere. Medium
was changed every 4 days. After 7 days cells that escaped tissue and adhered to the
Petri dish were collected. Upon treatment with 0.09 dyne/cm? 0.09 dyne/cm? 1M 4-
hydroxitamoxifen and Cre recombination, about 85% of isolated fibroblasts were aSM A
positive: they expressed green fluorescent protein (GFP) (and so could be classified as
myofibroblasts, based on a«SM A expression), while about 15% were a.SM A negative

and expressed red fluorescent protein Tomato.

Isolation of mouse embryonic fibroblasts (MEF')

Mouse embryos at stage E16 were placed in cold cleaning solution (PBS supplemented
with 2% Anti-Anti (v/v)). All red organs, arms, legs and tails were removed and
tissues were cleaned twice quickly into the cleaning solution. Tissue was minced into
Imm? pieces and placed into a 50mL conical tube, containing a magnetic stirrer and
5mL of glass beads (Sigma Aldrich), with 10mL of Tryple (Thermofisher). Enzymatic
digestion was performed at 37 °C under agitation and 10mL of Tryple were added every
30 minutes. After 1h30, Tryple was inhibited with 6mL of FBS and samples were spun
down at 200g for 5 minutes. The pellet was suspended into 50mL of medium (DMEM-
Glutamax) supplemented with 20% FBS (v/v) and 2% Anti-Anti (v/v)) and placed in
cell culture flasks following the dilution of 106 cells per 150cm?.

Immunostaining

For EdU staining, samples were pre-incubated with 10pM EdU (Thermofisher) for 30
minutes at 37°C. Prior to immunostaining, the culture medium was removed and the
chip was incubated in 4% PFA in PBS (v/v) for 30 minutes at RT to perform cell
fixation. The chip was washed 3 times for 15min with PBS. Cells were permeabilized
with 0.5% Triton X-100 (v/v) for 5min at RT. The chip was rinsed 2 times 15min
with PBS at RT. 400 pL of staining solution was injected and chips were incubated 30
min at RT for EAU detection or at 4°C overnight for protein staining. The chip was
rinsed 3 times 30 min with PBS at RT. Chips were incubated with 400 pL of secondary
antibody solution for 2h at RT, in the dark and then rinsed 3 times with PBS for 30
min at RT. The chips were stored at 4°C until imaged. The list of used antibodies
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could be found in Supplementary Information.

Imaging

Collagen scaffolds were imaged using an upright spinning disk (Roper Zeiss) microscope
equipped with 10x/0.3NA (working distance 5.2mm) objective, 405nm, 491nm, 561nm
and 634nm lasers and controlled by Metamorph imaging software (Universal Imaging).
7 stack acquisitions were set to start 20 pym above the 3D scaffold and to end 20 pm
below the 3D scaffold. Z stacks were acquired every 2 to 5pm. Images were processed

by Image J and Imaris software.

Quantifications and statistics

For the quantification of epithelialization process, units were considered covered if villus
and all 6 crypts were fully covered with epithelial cells independently of their shape. For
the quantification of polarity, villi containing at least one polarized cell were counted.
All experiments were performed in triplicates in 1-3 independent experiments. All sta-
tistical analysis and graphic representations were performed using Graph Pad Prism
software. Data are represented as mean+/— SEM. Statistical significance was deter-
mined with t-test as indicated; x x x p<<0,0001;%*x p<0,001;%x p < 0.05.
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CHAPTER 3. FROM STATIC TO DYNAMIC

Introduction

Mechanical stimuli occur on a daily basis in cell life, modulating cells functions such
as migration, proliferation, differentiation and apoptosis as well as the structure, com-
position and function of living tissues [123—-125]. These mechanical signals come from
a wide variety of sources scattered in our body, through passive activation such as
the substrate rigidity [126] and gravity, or active mechanical simulation by fluid shear
stress in blood vessels [127] or stretching induced by breathing. These stimulations are
crucial for the homeostasis of our body, and their disruption can be involved in various
pathologies such as cancer, atherosclerotic lesions or osteoporosis, related respectivelly
to lost in the touch sensation, disturbed laminar shear stress and decreased mechan-
ical simulation |124, 128]. Besides this, mechanical stimulations are also involved in
development. During embriogenesis the mechanical simulations are involved in cru-
cial developmental steps, such as the left-right body asymmetry induced by fluid shear
forces [129].

In this chapter, T will first describe briefly how external forces can be internalized
by the cells and trigger specific cell responses. The specific case of cyclic streching will
be then discussed both from a technological and biological point of view. Finally, T will

described the technological solution developed during my PhD.

Figure 3.1: Picture of one of the first version of the stretcher
developed during my PhD
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3.1 The influence of the mechanical environment

Each cell of our body lives in a complex and dynamic micro-environment. To ensure
the cohesion at a tissue level, the cells need to sense external stimuli from the sub-
strate and from the other cells. This ability of the cells to "sense" forces is named:

mechanotransduction.

The mechanotransduction is the mechanotransimission
of forces between the outside and the nucleus

through mechanosensitive elements [130].

The mechanotransduction is a two-way communication channel. Indeed cells re-
ceive extracellular stimuli, which are internalized through their cytoskeleton, and emit
appropriate physiological responses. But they can also induce mechanical loadings on
the substrate to sense the rigidity, for example [130]. This ability of cells to actively
remodel and change physically and biochemically their environment is primordial for
cell motility and spreading [131]. Moreveover, it has been proposed recently that cells
do remodel the ECM as a communication path for synchronous behaviours [132]. A
striking example on how cells are impacted by the substrate properties, is the case of
mesenchymal stem cells tuning their internal stiffness to match that of the substrate,

resulting in a rigidity-dependant lineage differentiation [126].

In the following sections, I will discuss how cells "sense" external stimuli from both

the underneath substrate and the surrounding cells.

i) At the cellular level

Cells "sense" their substrate through a direct and an indirect mechanotransduction
process. The direct process is the mechanotransmission of stimuli thanks to the me-
chanical continuity between the ECM and the cells, ensured by the integrins [133]|. The
integrins are transmembrane proteins with an external domain linked to ECM ligand
and a cytoplasmic domain associated to the cytoskeleton. They are the main readouts

of the environment for the cells.

The indirect mechanotransduction uses membrane mechanosensors, which change
their conformation under mechanical loading altering their functions, such as the stretch-
activated channels (SACs), the G proteins and the receptor tyrosine kinases (RTKs)

[123]. A schematic view of the main sensors of a cell is proposed in the Figure 3.2.
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ﬁ Integrin dimer O FA protein

m lon channel —— F-actin

ECM _ — Microtubule

Figure 3.2: Schematic view of a cell with its main membrane
detectors by Hoffman et al. [130]

Indirect mechanotransduction: the stretch-activated ion channels

The SACs termed comprises a large variety of ion channels; the degenerin/epithelial
sodium channels (DEG/ENaC), the transient receptor potential channels (TRP), the
two-pore domain potassium channels (K2p) [134] and the piezo ion channels [135]. The
identification of the implication of each of these channels, in the mechanotransduction,
is an on going research. Nevertheless, their role in specialized sensory cells such as
ear hair cells and cutaneous mechanoreceptors have been highlighted for auditory and
touch sensing [136]. Along with, the SACs are implicated in substrate rigidity sensing
[131], cellular reorientation [127] through Ca?* traffic via SACs and strech-dependent
mitosis through Piezo 1 ion channel [137] as well as, a coupling effect with the integrin

pathway has been underlined to regulate ECM protein synthesis [138].

Direct mechanotransduction: the structural connexion

The connexion between the ECM and the cell is an essential instructional pathway, it

relies on several elements and can be sum up has following:

ECM = Integrins = Focal Adhesion = Cytoskeleton = Nucleus

The integrins are heterodimers transmembrane proteins, composed of an a and a 8
subunit, restricted to the metazoa. So far, 24 combinations have been identified in
mammalian from the assembly of 18 o and 8 [ subunits, as illustrated in the Figure
3.3. Each of these combinations appears to have a specific, nonredundant function
and is able to recognize specific sites in the ECM, called ligand, such as the tripeptide

sequence RGD (present in fibronectin) or laminins [139].

70



CHAPTER 3. FROM STATIC TO DYNAMIC
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Figure 3.3: Representation of all the o and 3 combinations possible
and the induced specification receptor from Hynes et al. [139]

The integrin’s head domain binds with ECM ligand, while the intracellular integrin
tail connects to the actin cytoskeleton, via focal adhesion. Initially, the integrin con-
formation can be bended or extended, the application of a force induces the unbending
of the integrin and a prolonged bond lifetime for the extended conformation [140]. In
other words, force application on extended conformation increases the strengh of the
bond, defined as a catch bond. Moreover, it has been shown that cyclic stretching can
even further increase the bond lifetime [141]|. The switching of integrins from a low to
a high affinity binding represents the first step of the mechanotransduction response,
further enhanced at the tail area by the engagement of a myriad of proteins forming a

highly dynamic structure, namely the focal adhesion (FA) [142].

The FA are a dynamic force-sensitive link between the integrin and the cytoskeleton
[130]. It can be decomposed into three functional layers named, from the plasma
membrane to the cytosketon, the signalling layer, the force transduction layer and the

actin regulatory layer (Figure 3.4).

The first layer is composed of highly phosphorylated signalling proteins: focal ad-
hesion kinase (FAK) and paxillin. They are the first mechanosensors of the chain as
well as, essential elements for the transmission of cellular downstream responses to the
integrin [142].

The second layer is mainly composed of vinculin and talin, the "master regulators"
[142|. Talin binds to integrin at the N-terminus and actin at the C-terminus, therefore
it is the effective link between integrin and actin. Activation of this protein, by applied
forces, exposes its cryptic vinculin binding sites allowing additional vinculin molecules
to bind talin and actin, resulting in the strengthening of the integrin-actin connection
[143]. The talin-vinculin structure is a mechanosensitive unit [144|, force increases the
FA engagement through talin by recrutment of additional vinculin molecules, conse-

quently increasing force transmission [145].
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Finally, the actin regulatory layer contains zyxin, a LIN-11, Isll, and MEC-3 (LIM)
domain proteins acting as a cytoskeletal adapter triggering local recruitment of a-
actinin and vasodilator-stimulated phosphoprotein (VASP) to stabilize the elongation
and reinforce stress fibers [146, 147].
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Figure 3.4: Structure of the focal adhesions from Case et al. [145]

Here, the focus has been made on the main mechanosensitive proteins composing
the FA, but more than 150 proteins are recruited and understanding their function
and interplay is an ongoing research field [125]. The FA assembly is the first cellular
response to external stimuli, followed by genetic activation or ECM synthesis possibly
helped by SACs [148]. It represents one way for a cell to adapt and respond to substrate
stimulation, we will now see how cells respond to stimulation emanating from other

cells.

ii) At the tissue level

In cohesive tissues, such as epithelium or endothelium, the tissue mechanical prop-
erties can not be defined as the sum of the individual property of its constituents,
i.e. the cells. A study of a cell monolayer of Madin-Darby Canine Kidney (MDCK)
measured its stiffness compared to individual cell rigidity and found a value two or-
der of magnitude larger. Moreover, the separation force for cell doublet is nine times
lower than the one evaluated from monolayer measures [149]. These differences rely in

particular on the formation and maturation of active intercellular junctions.

In epithelium tissue, the cell-cell junctions have three main functions, sealing of
the plasma membrane of adjacent cells to ensure the barrier function of the tissue,
connection of the cytoskeleton of cells to promote integrity of the tissue in response to
external stress and communication between cells to mediate passage of chemical signals
[150]. This functional diversity reflects the morphological diversity of the cell junction
in epithelial cells. In the following I will briefly introduce the general form of a cell-cell
junction, then described some of them implicated the cellular response to mechanical

stimulation.
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Cell-cell junction

The cell-cell connexion is a spring composed of elements with variable responses to me-
chanical stimulation, namely mechanosensors [151]. Despite the variety of intercellular
junctions, a unique binding chain has been identified forming the cadherin—catenin core
complex (CCC) [152], composed of:

Cadherin = pl120 catenin = (8 — catenin = o — catenin = F — actin

This central link is the base of the cell-cell junction formation, namely the punc-
tuate morphology. The stability of this link is tension-dependant, acting as a catch
bond, it reinforces its lifetime under force by conformational stabilization and proteins
recrutment to the F-actin site [153]. These stabiliziation and maturation processes
induce the extent of the lateral distribution of cadherins to form linear adherens junc-
tions [154]: such as the zonula adherens (ZA), also knwon as adhesion belt, and the
desmosomes [151]. These two conformations, punctuate and linear adherens junction,

are illustrated in the Figure 3.5.

Figure 3.5: Representaion of the punctuate (left) and linear (right)
morphology of cell-cell junction adaptated from Takeichi et al [152]

The formation of these adherens junctions establishes tissue tension through two
complementary supracellular cytoskeletal networks [149]. The ZA bind the actin cy-
toskeleton of neighboring cells, setting the tissue tension, and the desmosomes bind
keratin intermediate filaments governing the maximal deformation a tissue can with-
stand before failure [155]. The cells continuously rearrange the junctional network

providing mechanical strengh and tissue fluidity [156].

Moreover, the formation of tight junctions establishes a physical barrier between
the apical and basolateral domain, sealing neighboring cells together [157]. This junc-
tion can be altered in order to permits flow of solutes, called paracellular transport,
important for absorption of amino acids and monosaccharides from the lumen of the
intestine [150].
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3.2 Stretching platforms, the State-of-the-art

One of the first experiment using cyclic stretching, was performed in 1976 by Leung
et al., demonstrating the increased synthesis of ECM constituent by cyclically stimu-
lated arterial smooth muscle cells [158]. In doing so, they demonstrated that external
physical stimuli simarly to chemical cues can induce a cellular response, premise of the
mechanotransduction. Ever since, the number and diversity of cyclic strain experiments
exponentially increases [123], multitude of cells have been studied such as mesenchymal
stem cells, fibroblasts, muscle cells or endothelial cells. From these experiments both,
common and unique responses can be extracted and will be discussed in the follow-
ing, as well as the technological solutions developed to generate a dynamic biological

environment.

The cyclic stretching is an asset for biophysics studies as well as, a promising solu-
tion for the generation of new grafts called the constructs. Construsts can be gelatin
sponges [159] or decellularized tissue [160, 161], used as 3D matrix for cellular seeding.
It has been shown that application of cyclic stretching on these matrix increases the
cellular penetration and organization as well as, the differentiation of embryonic stem
cell and bone marrow stromal cell in matured cardiomycytes [159, 160] and toward
tenogenic differentiation [161], respectively. Moreover, cyclic stretching also increases
tissue vascularization [162] improving integration upon implantation [160, 162], getting
closer to the generation of implants similar to native tissue. To apply cyclic stretching

on cells different technological solutions can be used.
i) Different stretching technologies

A stretcher must deliver an adapted elongation to the cells depending on the cell
type requirement and the physiology or pathology studied. Therefore, it has to be tun-
able in terms of frequency and amplitude as well as, compatible with culture conditions
(inside an incubator). The elongation by itself can be uniaxial, biaxial or radial and
constant or cyclic. In the following, only the cyclic stretching will be studied as it is

the one we have been interested in during the PhD.

How to build a biocompatible stretching device ?

The almost unanimous response to this question is the use of a PDMS membrane.
This soft, elastic (Young modulus : 2MPa), biocompatible and permeable to gases
silicone elastomer, widely used in Biology and Biophysics, is a first choice of substrate
for stretching applications [121, 128, 138, 159, 161, 163-183].
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To stretch this silicon membrane two main strategies are currently used: the pneu-
matic and mechanical actuation, and will be described in the following [184|. Neverthe-
less, more exotic actuations have also been developed such as optical, electrothermal

or dielectrophoretic ones for example [184].

The pneumatic actuation is the most popular technological solution. It can
be direct, through positive or negative pressure that deforms the membrane on which
cells are grown, or indirect by deformation of annex chambers linked to the deformable

membrane.

« Direct deformation examples are illustrated in the Figure 3.6. The first example
(Figure 3.6 (a)), can be seen as a balloon inflating under pressure, therefore stretch-
ing the cells seeded on the membrane. This device allows the application of a force
on a cell or a specific area of its membrane. It is a tool to study mechanosensing
at local scale, such as intracellular calcium influx [185] but is unable to produce a
large homogeneous radial strain profile required to study tissue behavior. To over-
come this limitation, a piston-like solution (Figure 3.6 (b)) was implemented to
increase the area of the central homogeneous deformation. Therefore adapted to

study mechanosensing for a group of cells [186, 187].

Nevertheless, this solution requires the use of lubricant between the piston and the
culture film to decrease the frictions and the induced degradation of the culture film
to enhance its lifetime. It is a questionable choice in term of possible contaminations
and diffusion through the porous PDMS membrane restricting these technologies to

local, short-term study of mechanotransduction.

MS channel
cell
fibronectin Seeded Cells
PDMS S, e J

1 pneumatic Culture film

—— [ -
sheet chamber J — I |
glass L l. — Lubricant ‘
substrate “SOpm membra i

Actuation cavity (positive pressure) =i | Regulated

Pressure

r >~ calcium influx ‘ Source
x4 M ] iy

input pressure

in) ssure
Pressu;e
global stress application local stress application
(a) "Balloon like" platform (b) Piston platform

Figure 3.6: Schematic view of the chips develloped by (a) Iwase et
al. (adaptated from [185]) and (b) Moraes et al. (adaptated from

[186])
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« Indirect deformation is commonly used, commercial platforms are available, such as
the one widely used in biophysics: Flexercell system (FlexCell International, PA)
[128, 163, 167, 168, 179 182, 188 190]. This versatile platform allows uni- and bi-
directional stretching using vacuum pressure to deform a circular elastic membrane
on which cells are seeded (Figure 3.7 (a)). Along with, the popular home made
model developed by Dongeun Huh and Donald Ingber in 2010 [83],it is an ingenious
device allowing the stretching of a central membrane attached to side chambers sub-
mitted to negative pressure, as well as, shear stress and chemical gradients through
the bottom and top channels (Figure 3.7 (b)). This pioneer platform has been du-
plicated and adapted for biaxial strain field [191] or combined into a multistretcher
array [192].

-~ Capillary Lumen

4 flow flow
/ N . i
BioFlex® | 1 E :
Steaix well \ ut ® X
-— > -
. Mﬂﬂ PO'I ~f 4 Mt::'hanical
" s n
Gasket VACUUM Rubber /émn
membrane chambey’
(a) Flexercell FX-6000 (b) Gut-on-chip model

Figure 3.7: Schematic view of (a) the Flexercell system
(http://www.flexcellint.com/FX6000T.htm) and (b) the chip
developed by Dongeun Huh and Donald Ingber (adaptated from [120])

These platforms proposed an elegant solution to the previous restrictions regarding
the small homogeneous area of stretching, they are perfectly adapted to studies at tis-
sue scale. Nevertheless, fragility and complexity can be a concern, indeed the central
membrane need to be as thin as possible (~ 10 pm) to allow stretching with reasonable
pressure, which increases possible manufactured defects over the complex protocol of
Huh et al. [83]. This limitation can be overcome by the commercial platform, mean-

while loosing the possibility to apply chemical gradients.

In brief, these platforms are suitable to study the influence of stretching on 2D tis-
sue, with the possibility to study the co-effect of stretching versus flow. Nevertheless,
the impossibility to tune the substrate geometry and properties, is a major limitation
knowing the great impact of substrate stiffness on cellular differentiation [126] for ex-
ample. Moreover, the need for an external pressure controller can be considered as
non friendly-user and increases the complexity of this solution. All these platforms are
based on pneumatic actuation, we will now focus on an alternative: the mechanical

actuation.
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The mechanical actuation can be either direct through micro-manipulators de-
forming the membrane on which cells are growing, or indirect using intermediate chips

linked to linear translator.

o The direct deformation, even though is common for cell manipulation, such as mi-
cropipettes [184], is pretty rare at larger scale. The following examples are based
on the deformation of the membrane by a narrow bump on a dynamic, piezoelec-
trically actuated [193], or stationary way [137]. These platforms, similarly to the
previous "piston platform", possess a limited area of homogeneous stretching. The
platform developed by Kamotani et al. studied few cells and is build as an array to
allow parallel stretching for higher throughput screening. Therefore, it could be an

appropriate solution for pharmacological studies for example.
Large Reservoir Stretch
Microwell *
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Figure 3.8: Cells cultured on flexible membranes at the bottom of
the microwells stretched by the pin movements upward [193]

« Indirect deformation, on the other hand is widely used through commercial plat-
forms such as the Strex Systems (STREX Inc.) [165, 172, 174] or home made ones
[166, 170, 175, 194, 195]. All these platforms possess the same functioning, one
fixed part and one translated part or two translated parts, the PDMS chip being
attached between them and the linear motion of the translation stage is transferred
to the substrate and results in the chip stretching (Figure 3.9 (a)). Another alter-
native, less common, is to induce stretching of the membrane through the vertical
movements of the sides on which the extremity of the membrane is attached (Figure
3.9 (b)), similar the the Flexcell technology.

7



CHAPTER 3. FROM STATIC TO DYNAMIC
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Figure 3.9: Schematic view of the mechanical principle of stretchers
developed by Hayakawa et al. (a) [169] and Tschumperlin et al. (b)
[196]

Some platforms propose stretchable chips with peculiar shape such as the "V shape"
of Deguchi et al. [195]. This geometry confines the cells within a rectangular cell
culture area with a high-aspect ratio of ~ 200 pm in lateral length (to be stretched)
and 18 mm in longitudinal length, to induce a homogeneous strain on the cell culture
area (Figure 3.10 (a)). Moreover, chips have been fabricated with channels paral-
lel or perpendicular to the stretching direction, to impose one direction on the cell
and maximise the effect of the stretching, to induce axon outgrowth [194] or teno-
cyte differentiation [197]. Besides the technological process developed by Ahmed et
al [166] allows the study of the co-effect of the contact guidance and the stretch-
ing by patterning cell-adhesive lines of fibronectin, using micro-contact printing,
with different orientations relative to the strain direction (parallel, perpendicular or
oblique), Figure 3.10 (b).
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Figure 3.10: Schematic view of the chips developed by Deguchi et
al. (a) [195] and Ahmed et al. (b) [166]

The mechanical actuation allows more versatility regarding the substrate geometry,

however it usually remains a PDMS sheet, to fulfill the elastic property required to ap-

ply stretching. The lack of the compartmentalization, to control medium composition

over time, is a major disadvantage compared to pneumatic actuation. Nevertheless,

the important number of home made versions underlie its simplicity regarding the fab-

rication, calibration and every day use as well as, its possibility to tune chips geometry.
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It is the solution that I chose to implement for my own stretcher that will be described

in more details in the last section of this chapter.
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ii) Biological responses to cells stretching

Interestingly, regardless the cellular diversity and stretching conditions differences,
common cell responses to stretching emerge [123]. Among them wa can cite the cells
morphological changements, such as cellular reorientation [165, 166, 168, 169, 171,
172, 174, 176, 189, 198| being observed few minutes after the beginning of stretching,
and transcriptional activation observed few hours later such as modulated cellular
proliferation [127, 167, 173, 199-202| and differentiation [138, 163, 164, 172, 203, 204].
My PhD project being dedicated to the study of the cyclic stretching I limited this

study to the cellular responses induced by cyclic stretching, mainly for cellular layer.

Morphological transformation

Under cyclic stretching, regardless frequency and amplitude, an universal cell response
has been observed across cellular diversity; the cell reorientation for single cell and
in tissue studies. This reorientation has been investigated with a wide range of cell
types and in different stretching conditions. However it has been shown that in most
of the studies cells reorient perpendicularly to the stretching axis. Its has been shown
in particular with smooth muscle cells [168], endothelial cells [174, 176, 189] (Figure
3.11), fibroblasts [171, 172] and myofibroblasts [166].

Figure 3.11: Orientation of endothelial cells under uniaxial cyclic
stretching (0.5Hz, 3h, 10%) adapted from Wang et al. [176]
Scale bar = 100 pm

The cell orientation perpendicalar to the stretching axis is driven by a dissipative
process to relax the passively stored elastic energy [198], through disassembly of the
stress fibers in the stretch direction and assembly of new fibers oriented in the direc-
tion of lower stress [171]. This cytoskeleton reorganization requires reactive oxygen
species (ROS) which control actin dynamics, namely reorganization and contractility,
through activation of proteins, such as cofilin [168], and actin-myosin interaction [175].
Moreover, this reorganization induces the modulation of the FAs assembly / diassembly
through small GTPase Rho activation at cell-substrate [189] and cell-cell [174] adhesion
site as well as, calcium influx through SAC [169].
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Besides the main observation of cell reorientation perpendicular to the stretching
axis, diagonal and parallel orientation to the stretching axis have also been observed
with endothelial cells [169, 176], cardiomyocytes [159, 160] and bone marrow cells [161].
This divergence can be explained through the nature of the stretching. Indeed the work
of Wang et al. [176] has shown that purely uniaxial stretching induces perpendicular

reorientation whereas simple elongation induces diagonal reoriention.

Moreover, substrate mechanical properties can induced opposite responses. Indeed,
the work of Tondon et al. [177] has shown that similar cells subjected to cyclic stretching
will either align parallel or perpendicular to the stretching direction depending on the
stiffness of the substrate materials. They align perpendicular while grown on stiff sub-
strate (collagen-coated silicone rubber membrane) and they align parallel while grown
on soft substrate (500 mm-thick collagen gels). To get rid of cell type-specific response,
the experiments were repeated using osteosarcoma cells and human mesenchymal stem
cells subjected to 3 h of 10% cyclic uniaxial stretch at 0.01 Hz, 0.1 Hz and 1Hz. The

same observations was done; the cellular reorientation is substrate-stiffness dependent.

Transcriptional activation

Besides cells reorientation that have been observed (in few hours), another cell response
to stretching can be the activation of some specific signalling pathways with a myriad

of induced effects that depends on cell type and the time of stimulation.

Proliferation vs. apoptosis

Interestingly, cyclic stretching can active in a same cell type, pathways related either
to cellular proliferation or apoptosis. For instance stretch-induced proliferation and
apoptosis have been observed in vascular smooth muscle cells [167, 199-201], fibroblasts
[187, 205] and endothelial cells [127, 202] depending on the stretching characteristics
(amplitude, frequency).

For vascular smooth muscle cells (VSMC) a proliferative response has been ob-
served for physiological stretching [199], whereas pathological stretch induces either
hyperproliferation resulting in atherosclerosis [201] or apoptosis leading to inflamma-
tory cell infiltration into the subendothelial layer of the vessel wall [127]. Therefore,

the stretching amplitude can induce different responses for a same cell type.

Moreover, the response to the stretching of a single cell is different from the one of a
monolayer modulated by cellular junction. Therefore, the fact that cyclic stretching de-
creases endothelial cell proliferation may serve to stabilize the integrity of vessels [202],
whereas single cells will proliferate and spread in a time-dependent manner [173, 205].
Also, pathological stretch has been observed to disrupt the tight junction structure in

alveolar epitelium, therefore increasing the permeability of the tissue [178].
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An other consideration to take into account is the age of the cells, indeed embryonic
versus mature cells are not supposed to react the same way to mechanical simulation.
For example the hypoplastic left heart syndrome (HLHS), which corresponds to an in-
sufficient size of the left ventricle seems to result form the disruption of biomechanical
stimuli in utero. The work of Banerjee et al on embryonic mouse cardiomyocytes (EM-
CMs), subjected to cyclic stretching, demonstrates a stretch-dependent increase in both
proliferation and size as well as, a decreased expression of TGF-/ signalling responsible
to repress both EMCMs contractile force and beating [206]. This work underlines the

key role of mechanical stimuli in embryonic development and differentiation.

Cellular differentiation

To test the influence of cyclic stretching on differentiation, mesenchymal stem cells
(MSCs) have been widely used, for osteogenic [128, 163|, tenocyte [164] , chondro-
genic [138| and smooth muscle cells [204] differentiation. All of these studies underline
the beneficial effect of the stretching onto the differentiation process, either by up-
regulation of smooth muscle a-actin specific to smooth muscle cells [204] (Figure 3.12)
or by a stretch-induced increase of the rate of glycosaminoglycans synthesis, a major

component of cartilage [138].

Before

After

Figure 3.12: F-actin filament reorganisation under cyclic stretching
(1Hz, 2h, 15%) adapted from Ghazanfari et al. [204]

Moreover, optimized and tissue-specific stretching conditions can induce increased
gene expression and protein synthesis levels, such in the case of tendon where the
differentiation is strongly associated with the stretching [164]. Furthermore, the work
of Morita et al. investigated the combination of microgrooves parallel to the cyclic
direction to force the cells to stay in the direction of maximum elongation. Doing
so, they optimized the differentiation process of mesenchymal stem cells to tenocyte
conduction decreasing the differentiation time from more than 48 hours to 10 hours
[165]. The stretching influence onto the differentiation process is tissue-dependent, it
can be a major actor as in the previous example of MSCs-to-tenocyte differentiation
or a mediator. Indeed, for osteogenic differentiation the stretching enhances BMP9-
induced osteogenic differentiation and bone matrix mineralization but does not induce
alone this differentiation [163]. Meanwhile, stretching increases the endogenous ROS
production, which significantly decreases the osteogenic differentiation, especially in
MSCs from older rats compared to young animals, suggesting a possible mechanism of

age related osteoporosis [128|.
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Table 1 summarized different cell responses to stretching and illustrates the diversity

of these cell responses. Even though some common responses have been observed, they

can not be taken as a general rule, indeed the stretching response seems to depend on a

combination related to the cells types, the stretching characteristics and the substrate

properties.
Cell type Type Stret[ch;)nl ;gr.challraitzfrl)s‘tlc[s Froq. Observations Ref
/ 2h 2.5% 1Hz (1) /* of the ostogenic differentiation | [128
Mesenchymal | / 12h 6% 1Hz (1) BMP9-induced osteogenic dif- | [163
ferentiation
stem cells Uniaxial 1-48h | 5% 1Hz (1) N\, of the time needed to tenogenic | [164
differentiation 165]
Uniaxial 7 days | 10% 1Hz (t)  synthesis of glycosaminogly- | [138
can (GAG)
Skeletal my- | Uniaxial 4 days | 7% 0.5Hz | (s) Competitive effect on cellular | [166
ofiblast alignment from patern guidance vs
cyclic strain
Vascular Biaxial 24h 10% 1Hz (s) Reorientation perpendicular [168
smooth mus- | / 90min | 1.2 X | 1Hz (1) Reorientation oblique (60 deg) [169
cle cells 170]
Equi- and | 2h 16 — | / (s) Stress fiber disassembly in the | [171
uni-axial 32% stretch direction
Fibroblasts Uniaxial 3h 6% 0.1Hz | (1) Reorientation and  time- | [172
dependant genes upregulation
Radial 1-6h 1-15% | 0.01—| (1) / spreading and proliferation op- | [173
10Hz | timum at 0.1 Hz
Uniaxial 1h 20% 1Hz (1) Reorientation perpendicular [174
Uniaxial 3h 10% 0.5Hz | (1) ROS affect stress fiber remodeling | [175
and cellular reorientation (L)
Elongation| 30min | 5% 0.5Hz | (1) Reorientation to 70 deg
Uniaxial i} i + (m) Reorientation | [176
Equiaxial | 3h 10% 1 Hz | (1) Random orientation
Endothelial Early reorientation response increases with stretching magnitude
cells and 1s independant of the rate
Uniaxial 20min | 18% (1) Differential effect of shear stress | [189
and cyclic stretch on focal adhesion
redistribution and actin cytoskeletal
remodeling
Uniaxial 3h 10% 1Hz (s) Reorientation dependant on the | [177
underlying collagen thickness
Alveolar ep- | Uniaxial 1h 25 — |/ (1) Disruption od the tight junctions | [178
ithelial cells 37%
Biaxial 2- 6h 12% 0.1Hz | (1) Disruption of the apical junc- | [190
tional complex
Uniaxial 1h 10% 0.15Hz| (1) Increased proliferation [179
Epithelial 1h (s) Mitogenic activation [180
cells (Caco2) | Uniaxial 24h 10% 0,15Hz| (s) Promotion of motility on fi- | [181
bronectin
15min (s) Induced motility through activa- | [182
tion of RhoA
Uniaxial 100h 10% 0.15Hz| (1) Control of the microbiome prolif- | [183
eration
Organoids Uniaxial 12 10% 0.2Hz | (1) Polarization and differentiation of | [121
days organoids inside a intestine-on-chip

Table 3.1: Summary of stretching parameters and influence on cell
layer with (s) representing the single cell and (1) the layer results
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iii) Focus on : intestinal epithelial stretching

In the literature related to cells stretching, intestinal epithelial cells represents a tiny
proportion of the published articles. From these articles, two studies are distinguishable
by their extent and relevance. They have been done by the group of Lakshmi S.
Chaturvedi, Harold M. Marsh, and Marc D. Basson [179-182] and the group of Hyun
Jung Kim, Dongeun Huh, and Donald E. Ingber [84, 107, 120, 121, 183].

The first group used the commercial platform of Flexcell International Corp, to
expose Caco2 cells, plated on a PDMS membrane coated with type I collagen, to
one hour of cyclic stretching (0,15 Hz, 10%). They focused on the impact of cyclic
stretching on the cell proliferation and cell migration rates. They succesfully identified
several pathways implicated in the stretch-induced proliferation response, such as the
strain-induces ERK1/2 phosphorylation, requiring a-actinin-1 activation [179] and/or
Src-Racl phosphorylation and translocation to the nucleus of the cells [180]. These
first experiments, performed on a collagen I coating on PDMS membrane, demonstrate
the coating-dependant response of cyclic stretching. Indeed, later on switching to a
fibronectin coating, they show that the cyclcing stretching induces a striking modifi-
cation of the cells response, changing from a proliferation to a migratory phenotype
related to wound healing and to the maintenance of the mucosal barrier [181]. In-
terestingly, the migratory behavior induced by the fibronectin coating relies on both
dedicated signalling pathway, such as the RhoA-ROCK activation [182], and joint sig-
naling pathway with the proliferation response, such as the pivotal Src activation [181],

as illustrated in the Figure 3.13.

Cyclic deformation
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Figure 3.13: Graphic representation of the strain-induced signalling
pathways, involved in the cellular response of proliferation and
migration, progressively unraveled by the group of Lakshmi S.
Chaturvedi, Harold M. Marsh, and Marc D. Basson [179-182]
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On the other hand, the second group developed its own stretching platform in
combiantion with biochemical gradient. This platform was already discussed previously.
Briefly, it is composed of a central porous membrane separating an upper and lower
channel, allowing the development of two communicative compartments representing,
respectively, the external lumen with commensal bacteria and fluid shear stress [84] and
the blood side with constant flow of culture medium [120]. This platform was used to
study the co-culture of bacteria and epithelial cells, to underline the need of peristaltic
motion to control the overgrowth of bacteria [84, 106]. Moreover, development of villi-
like structure was achieved under peristaltic motion [120]. The last implementations of
this platform consist: in the lumen compartment, to use primary epithelial cells isolated
from healthy regions of intestinal biopsies, and in the blood vessel compartment, to
use human intestinal microvascular endothelium. Similarly to the previous models,
formation of villi-like projections is observed over 8 to 12 days of stretching, exhibiting
average major and minor axes of 232 + 17 and 122 + 7Tpym (mean + SEM), illustrated
in the Figure 3.14.

¥a m50um
—_

Figure 3.14: A schematic cross-sectional representation of the 3D
intestinal epithelial tissue architecture developed on chip (left) and
confocal immunofluorescence micrographs (right) showing vertical
cross-sections of the differentiated epithelium in Intestine Chip
stained for lysozyme (Lyz, green) for Paneth cells, mucin 2 (Muc2,
magenta) for goblet cells , chromogranin A (ChgA, yellow) for
enteroendocrine cells, villin (green) for endothelial cells and the nuclei
were counterstained with DAPI (blue). Adapted from [121]

These villi are lined by polarized epithelial cells that undergo multi-lineage differ-
entiation similar to that of intestinal organoids, with proliferative Ki67-positive cells
limited to basal regions whereas lysozyme-positive cells along with chromogranin A-
containing enteroendocrine cells, mucus-producing goblet cells and enterocytes with
positive villin-stained apical brush borders were present primarily along the apical re-
gions of the villi-like structures. These cells exhibit an apical brush border containing
F-actin and NHE3 and a basolateral membrane containing Na™ /K™ ATPase, as well

as ZO-1 and E-cadherin demonstrating a well-formed tight and adherens junctions [107,
121].

85



CHAPTER 3. FROM STATIC TO DYNAMIC

This level of complexity can only be achieved thanks to the cyclic stretching in-
ducing the formation of the villi-like structures enhancing the cellular polarization and

differentiation.

Conclusion

Cells stretching occurs at different stage of the development as well as, in adults animals
and humans. To better understand the effect of this mechanical constraints on cells,
many academic groups and companies have developed technological solutions to inves-
tigate how cells stretching affect cells behavior. Among the main responses, we can cite
in particular cellular reorientation, signalling pathways activation and differentiation.
These responses are multiple and vary, in particular, as a function of the cells types,
the stretching characteristics and the cell substrate properties. Regarding, the studies
on intestinal cells stretching, they have shown that they can induce cell proliferation
and migration as function of coating conditions, and that cells can self-assembled in

3D when subjected to stretching combined with shear and biochemical gradients.

It seems therefore, that no 3D-stretching of intestinal cells have ever been developed
in the literature. Therefore, we decided to develop a stretcher allowing the stretching
of 3D-gut-on-chips to answer the question of the interplay between topography and

mechanical activation in the context of an intestinal epithelium.
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3.3 Peristalsis-on-chip

The literature on intestinal epithelium stretching is not so abundant and the intesti-
nal cells stretching has been mainly used to induce villification on a 2D flat PDMS
membrane. During my PhD project, I aim at better understand how stretching affects

intestinal cells and does the cells response depends on the 3D strcture of the scaffold 2.

To address these questions, I needed first to build a stretcher compatible with
cells culture conditions, i.e. conditions of humidity and temperature (37 °C) inside an
incubator. Moreover, this stretcher has to be tunable regarding its speed, amplitude
and frequency. Simultaneously, I had to develop an original microfabrication approach

to generate 3D structures that can be compatible with cells culture and stretching.

i) Stretcher

The Peristalsis-on-chip platform we will develop should present some specific fea-
tures, the first one is to induce an uniaxial cyclic stretch on several microfluidic chips
at the same time. As previously explained, various technical solutions are available,
they can be pressure based or mechanically actuated and work in a direct or indirect
mode. We chose, regarding the available material in the laboratory and our bill of spec-
ifications, to work with a direct mechanical actuation. During my thesis, I developed
four main versions of the cells stretcher, each of them to answer a new issue uncovered
by the previous version, until reaching the current one, used for all the experiments

presented in the last chapter.

All of the stretcher versions are based on the same production line, a Strength block,
made of a step by step motor bringing the driving force to deform the PDMS chips.
This motor is controlled, for the forth first versions, by an Arduino microcontroller
and an integrated controller for the last version. The two codes used to induce the
cylic stretching can be found in Annex. To reproduce the intestinal conditions the
continuous cyclic movement imposed to the chips has a frequency of 0.1 Hz and an

amplitude of deformation of 10%.

Then, a Coupling block composed of a coupler, binding the motor axe to a endless
screw, on which a trapezoidal nut is positioned. These two blocks are highlighted in
the Figure 3.15. The trapezoidal nut is a pivotal element, it transforms the rotation
movement into a linear translation. Indeed, this nut will move forward and backward

along the endless screw depending on the rotation sense of the motor.
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Coupling block Strength block

Figure 3.15: Picture of the first version of the stretcher during
fabrication, only the Strength block and the Coupling block had been
assembled.

Then, the Guiding block is composed of two rectified rods with linear ball-bearing
on it, to ensure a linear guiding of the carriers. Finally, the Carrying block is composed,
depending of the version, of one fix and one movable carrier or two movable carriers.
A picture of the first version of these two blocs (highlighted) is proposed in the Figure
3.16. The movable carrier(s) is(are) screwed to the trapezoidal nut, therefore subjected
to the translation movement of this one controlled by the rotation speed and sense of

the stepper motor.

Carrying block

Figure 3.16: Picture of the first version of the stretcher after
complete assembly, the Guiding block and the Carrying block are
underlined.

The first version of the stretcher, represented in the Figure 3.17, helped me to find
the appropriate design of the microfluidic chip. It was composed of one fixed carrier
and one movable, at that time we wanted to have the possibility to observe continuously
the deformation. However, the stretching of only one side of the chips moved out of
the camera field the area of interest, we decided to build a new version implementing

two movable carriers.
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Figure 3.17: Picture of the first version of the stretcher

The second and the third versions of the stretcher, represented in the Figure 3.18,
possessed two movable carriers with their own strength and coupling blocks. They were
both symmetrical to the center of the stretching, allowing the record of the deformation
area without any displacement issue any more. They had been both build the same
way. The only difference relies on the carrying block material. The second version was
3D printed whereas the third version was made in aluminium. The evolution from 3D
printed material to more rigid material was motivated by the need to control perfectly

the alignment of the different blocks.

Indeed, after only few weeks of use, the trapezoidal nut of the second stretcher
version broke. It seems that the endless screw (made of steel) sands the inside thread
of the trapezoidal nut (made of brass) until nothing left. To correct this defect, we
changed the nature of the carrying blocs, hoping to get rid of the lack of precision
induced by the resolution of the 3D printer. In parallel, we had a look to the materials
of the trapezoidal nut used in commercial stretcher. However, only brass was available,
as it is an auto-lubricant material, it is often used for pivot pieces. Unfortunately few
weeks later the third version of the stretcher broke as well with a similar diagnosis: a

premature wear of the trapezoidal nut.

(a) Version 2 (b) Version 3

Figure 3.18: Picture of the second and the third versions of the
stretcher, positioning of the PDMS chip can be observed on the
second version.
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To overcome these difficulties, we moved to a semi-commercial version, looking at a
translation platform following the same production line than the previous versions, but
with an industrial alignment to protect the trapezoidal nut from wear. We found an
appropriate product at Zaber Technologies Inc, through the model ZAB-X-LSQ075A-
E01-KX14C. This platform consists in a strengh block, a coupling block and a guiding
block, therefore only the carrying block was missing. To do so we 3D-printed carrying
block to adapt this model to my chips (Figure 3.19). Moreover, I implemented the
movable carrying block design by adding a "swimming pool" (~ 10mL) to have a

better control on the humidity level near my chips.

Swimming pool

Guiding block

Carrying blocks Coupling block Strength block

Figure 3.19: Picture of the current version of the stretcher

To validate the potential of this stretcher last version, we performed a series of test
experiments by stretching chip for period of 48 to 72hours. These experiments show a
huge increased of the motor temperature up to 80 °C in the incubator. This increased
of temperature could be deleterious as it can be transmitted to the carrying blocks
and consequently to chip. We showed that this induced a rapid evaporation of the cell
culture medium. This increased in temperature is thus absolutely not compatible with

cell survival.

To overcome this issue, we implemented a dedicated cooling system (Figure 3.20).
This cooling system does not rely on a fan system, as it is not compatible with cells
culture in the incubator. So we decided to wind up the motor part with first, aluminium
to increase the conduction, then with a silicone tube (diameter ~ 200 m) filled with
cold water (~ 25°C) in constant recirculation. The temperature of the cooling bath

was calibrated to ensure a temperature near the chips of 37°C.
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Coil of silicone tube Insulating box

Figure 3.20: Picture of the first version of the cooling system

Thanks to this cooling system, we managed to control the motor temperature as well
as, the cell culture chip temperature. However, the creation of a cold point inside the
incubator induced condensation on the silicon tube, close to the electrical connections.
To protect these connections, we enclosed them into an "insulating box". Moreover,
we closed the all system using a home made polystyrene box, as shown in the Figure
3.21, to prevent variations of temperature inside the incubator prejudicial for the other
users. To keep the chips in a sterile environment we 3D-printed a "roof" to confine

them and avoid any contamination from the outside and between the chips.

Figure 3.21: Picture of the last version of the cooling system
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ii) 3D stretching chips microfabrication

Simultaneously to the development of the stretcher, I have been working on the de-
velopment of an original protocol to fabricate PDMS chips compatible with the strech-

ing system and offering the possiblity to strech cells seeded on 2D or 3D structures.

To develop a chip for cell stretching there are different specifications to be fulfilled
by the chip :

« the cells culture chip should integrate a reservoir for cell culture medium mandatory
for long term cells culture and this reservoir should be accessible to exchange culture

medium if necessary

« the chip dimension should be constant whatever the 3D structure to be plugged in
the

o the cells culture area should be flat or presents 3D structures to compare both

conditions, and the dimensions of the 3D should be modifiable at will

From these functional specifications and few attempts later, I converged to original
mold presented in the Figure 3.22. This mold is "all-in-one", it does not request any
additional steps compared to other protocols. Once the PDMS cured, the chip is
finished.

(b)

Figure 3.22: Pictures from various angle of the mold used to do
PDMS chip

The bottom part and the external halls are made in aluminium, to prevent adhesion
of the PDMS. The four columns have been made from a brass rod, their diameter of
5mm correspond to the diameter of the picks on the carrying blocks to plug the chips
on the stretcher. These parts will give the external structure of the chip with plugging
areas. At the same time to define a stretchable cell culture area, an original brass cube
is positioned before curing PDMS to define both the reservoir area and eventually the
cell area 3D structure. Examples of PDMS chips are proposed in the Figure 3.23, as

well as a summary of the dimension of these ones.
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22 mm

Cell culture area
20x 20 mm

50 mm

Structured area
5x5mm

(a)

Figure 3.23: Schematic view of the PDMS chip (a) , recapitulating
its main dimensions as well as examples of PDMS chips (b,c,d)

To achieve a good reproducibility, in particular for the brass cube positioning, all
the parts of the mold are screwed to the bottom plate and the same volume of PDMS
is cured in the mold (V' ~ 7mL) to control the thickness of the bottom membrane of
the chips (e ~ 1 mm). Moreover, the thickness of the side walls of the chip has been
set at 1 mm to reduce the elastic resistance of the chip therefore allowing the motor to

stretch three chips in parallel.

To obtain the specific geometry of my central cube, I used micro-milling, this tech-
nology uses micro-drills to mill the brass with the given 3D structure. To do so, I first
draw the 3D design of my piece (using Catia software), then I implement the path of
my tools, meaning the speed of work, the depth of the working path, the strategy used

Ha

to remove matter (using Fusion software). Finally, the program is translated into
machine language" by a given software compatible with the Minitech machine. The

complete process of production is illustrated in the Figure 3.24.

C o HEE RTS8

Figure 3.24: Representation step by step of the micro-milling
process, from the drawing (a) and the implementation of the paths
(b) to the machining (c).
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After fabrication, the 3D mold was characterized using PDMS replica coated with
a fluorescent protein to visualize the 3D structures with a confocal microscope. The
initial design has 2D and 3D structures which will become grooves and crypts in
the replicated PDMS chip. Originally, structures were milled with different heights,
100 pm, 200 pm and 300 pm, with different radii (50 pm, 100 pm and 150 pm) and two
slopes (60° and 80°). The choice of these structures will be discussed in the next chap-
ter. To be able to micro-mill this 3D mold, in an admissible lapse of time (less than
a week), we had to use drills of 100um of diameter with a working step of 10 pm.
Therefore, the first generation of 3D mold had steps with height similar to the size of
a cell preventing the study of the effect of the slopes. So I developed, in parallel of the
micro-fabrication process, an original approach of electropolishing. This electropolish-
ing reduce the effect of roughness but significantly change the dimensions of the master
mold and consequently the dimensions of the replica. The final dimensions obtained

are presented in the Table 3.2.

Original dimensions | Effective dimensions
. 200 pm 129 + 8pm
Height —=007m 9250 + 5 m
50 pm 51 &+ 5um
Radius 100 pm 76 £ 4nm
150 pm 98 £ 4um
Slope 60° 53 + 6.55°

80° T4+T

Table 3.2: Geometrical dimensions of the 3D structures

iii) Calibration

Before stretching cells, we have first calibrated the stretcher and the response of
the microfluidic chip to the stretching. We looked at four criterion to guarantee the
uniformity of the stretching over the different positions on the stretcher, between chips,
inside the area of interest and over time. To do so, we micro-milled "calibration chips"
with a central grid of 5mm x 5 mm with a square pattern of 200 pm long spaced 10 pm
and measured the size of around ten squares in function of the strain applied to the

chip.

First, to ensure a uniform deformation over the different position on the stretcher,
we performed this measurement on a same chip positioned on each of the chip positions
on the three available positions of the stretcher, labelled 1, 2, 3 in the Figure 3.25 (a) .
The variation of the of the relative deformation of the squares in function of the motor
displacement shows no significant variations regarding his position on the stretcher (

mean standard deviation ~ 1.3%), therefore these ones can be considered similar.
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Figure 3.25: Variation of the relative deformation of the squared (in
the stretch direction) as a function of the applied elongation at (a)
three different positions on the stretcher, (b) three different chips and
(c) three different areas of the same chip
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Secondly, to estimate the reproducibility of the protocol of fabrication of the mi-
crofluidic chips we measured the variability between chips. To do so we positioned
three different chips on the three available positions of the stretcher and measured the
deformation of the squared in function of the motor displacement. The results ob-
tain (Figure 3.25 (b)) shows negligible variations between the chips (mean standard

deviation ~ 0.9%) validating the reproducibility of the fabrication protocol.

Thirdly, the deformation in the area of interest (the central 5mm x 5 mm) needs
to be homogeneous, so we looked at three area (labelled A, B, C in the Figure ) in
the central part and record the deformation of the squared in function of the motor
displacement. The results, Figure 3.25 (c) , are matching regardless the area (mean
standard deviation ~ 1.9%) allowing us to consider the central part of the chip uniform

in term of deformation.

Moreover, to go further in the characterization of the elongation induced by the
stretcher and its effect over time. A study of the field of deformation for a period of
24 hours was performed with the help of Charles Cavaniol, PhD student of the team.
We first studied the evolution of the speed tensor in function of the deformation, and
in particular its component symmetric (the tensor of the rate of deformation) and
antisymmetric (the tensor of the rate of rotation). The second component is null, as
a result of the unidirectional deformation applied to the chip. To estimate the rate
of deformation, the lateral and the longitudinal speed components have been plotted
as a function of the associated direction of deformation at T=0h (red) and T=24h
(blue) (Figure 3.26). The linearity of these curves demonstrates a constant rate of
deformation similar for 0 hour and after 24 hours of stretching. Moreover, the low
standard deviation for each point demonstrates the homogeneity of the deformation
over the central area of the chip. From the slope of these two graphics, we can estimate
the lateral and longitudinal contribution to the field of the deformation and calculate
a rapport between their slope equal to 0,4. This transverse contraction is needed to

increase the effect of the stretching on the cells [207].
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Figure 3.26: Variation of the lateral (a) and the longitudinal (b)
components of the speed as a function of the deformation in the
lateral and longitudinal direction respectively, with the help of

3.4 Conclusion

Charles Cavaniol

We have developed a versatile stretching platform able to stretch three chips at the

same time, with an homogeneous and linear field of deformation regardless the position

on the stretcher, the chip fabrication, the area of interest and the duration of the

experiment. Moreover, this platform has been optimized to support long stretching

time for 2D and 3D chips. Therefore, we can now use this stretching platform to study

the influence of the cyclic stretching on the behavior of Caco2 cells seeded on a 2D and

3D chip. The next chapter discusses the results obtain with this platform.
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Introduction

The first part of my PhD project was dedicated to the development and characterization
of a new Gut-on-Chip platform. This work has shown that reproducing a 3D scaffold
made of collagen I and embedding fibroblasts is already an achievement but it does not
recapitulate all the gut complexity as the mechanical stress applied on epithelial cells
is not reproduced in vitro. At the same time, some papers have shown the interest of
subjecting intestinal cells to mechanical stress in order to reproduce their physiological
behavior. In this context, I decided to study the influence of stretching (mimicking
peristalsis) on intestinal cells cultured on 2D and compare this effect with cells grown
on 3D scaffold.

To investigate how stretching affects intestinal epithelial cells as a function of the
scaffold properties, I built my own stretching module compatible with 2D and 3D cell
culture, following the fabrication steps described in the previous chapter. The chapter
4 will introduce the results obtained on the influence of stretching on intestinal cells,

using all the previously described implemented tools.

Figure: 3D reconstruction of one pattern covered by Caco2 cells
Nucleus (blue) Tight junction (green) Proliferative cells (red)
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4.1 Determination of the operating conditions

To describe concisely and clearly my experimental conditions to study the effect of
intestinal cells stretching, Figure 4.1 reports the different conditions that have been
screened in this first series of experiments. First of all, the PDMS chips are made
thanks to the micro-fabrication approach previously described, and a coating is per-
formed to allow cells adhesion and to mimic adhesion molecule present in the basement
membrane. Cells are seeded at a given concentration on the PDMS chip. In this first
series of experiments, the chips are flat. This series of experiments allows to evaluate
the influence of cells stretching in 2D cell culture. Before starting the stretching, the
cells are let to recover for 24 or 48 hours depending on the experimental conditions
needed. Finally I stretch in parallel 3 similar chips. Figure 4.1 presents the general
setting of this experiments and in the following section, we will discuss why and how

these parameters have been selected.

Chips Coating (laminin) Confuence at ty stretching Cyclicstretching (10% , 0,2Hz)

Time line (in hours} : 024 8 16 24 48
~

100 % (al& (b

Noa Cov
Flat }_’DMS 90 % (c)
chips L
. o
Cov 30% o
(d)&(e)

Figure 4.1: Sketch of the experimental protocols followed during my
thesis: (a), (b), (c), (d) and (e) represent the various experimental
conditions studied during my thesis regarding respectively the coating
techniques used (covalent versus non-covalent) and the initial
confluency at the beginning of the stretching experiment (from 30%
to 100%)

i) PDMS Chips

The PDMS chips were prepared according to the protocol described previously. The
first series of experiments has been performed with cells grown on 2D chip, meaning
that the central part of the chip is free of micro-milling. This first series of experiments
has been performed in order to optimise the operating conditions, and as a control

condition to be compared with 3D experiments.
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ii) Coating of the chips

A coating was performed to overcome the poor cell adhesion on PDMS and to in-
duce a more biomimetic scaffold for intestinal cells culture [208, 209]. In wvivo studies
of the intestine basement membrane along the crypt-villus axis, have identified several
proteins such as laminins, type IV collagens and fibronectin involved in the process
of cell differentiation and undifferentiated proliferative pattern, respectively [210, 211].
Furthermore, in vitro studies have confirmed the influence of the basement membrane
composition on the cellular behavior. For instance it has been shown that replacing
collagen type I by fibronectin induces the switching from a proliferative to a migra-
tion behavior of Caco2 cells[179 182], while laminin coating was correlated with cells
differentiation process [212|. Moreover, exhaustive studies of the intestine basement
membrane reveal that laminin is its major component, as well as that laminin-integrin
interaction plays a major role in cell adhesion, growth, polarisation and differentia-
tion [213-215]. Therefore, the laminin appears as the best choice for recapitulating as

faithfully as possible the basement membrane of the intestine in our n vitro model.

Besides, we also aimed at investigating the effect of the coating type on the cells
behavior. Indeed, it has been extensively shown that cells are affected by the coating
properties of the scaffold [216]. For instance the presence of a gradient of adhesion
molecules on the scaffold, called haptotaxis, can play an important role in neurons
growth cone guidance [217|. Studies on the cellular motility linked the surface lig-
and concentration [218|, and its spatial distribution [219 221] with the ability of cells
to migrate on a substrate. In our case, we have investigated how cells will behave
on laminin-coated PDMS according to different coating strategies: covalent and non-

covalent coating.

Coating techniques

Non covalent coating requires first the activation of the surface by a plasma
treatment, then a solution of laminin (0.02mgmL™!) is incubated for 1 hour.
In this condition, the laminin coating mainly relies on electrostatic, hydrogen
and Van der Waals interactions.

Covalent coating requires first the activation of the surface by a plasma
treatment, then (3-aminopropyl) triethoxy-silane (APTES) and cross-linker glu-
taraldehyde are dropped on the surface, 30 minutes each, followed by the incu-
bation of the laminin solution for 1 hour. This surface modification, illustrated
Figure 4.2, induced a covalent binding of laminin to the PDMS surface.
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Figure 4.2: Representation of the covalent binding process adapted
from [222]

These two coatings should induce difference in terms of laminin surface concentra-
tion and in the force between the adhesion molecule and the scaffold itself [223, 224].
From this perspective, we wanted to investigate the influence of the adhesion molecule

coating on the cells response to stretching.

iii) Seeding of the cells

All the first set of experiments were performed using Caco2 cells. This cell line is
commonly used in the gut-on-chip field, as a cellular model of the intestinal epithelium
[84, 120, 179 183], it recapitulates most of the properties of a normal intestine. Indeed,
these cells are undifferentiated when seeded, while at confluence they form polarized
monolayers of cells joined by tight junctions and present a well-developed apical mi-
crovilli |225]. Moreover, they are able to differentiate into several intestinal cell types
such as enterocytes, goblet, enteroendocrine and paneth cells [19, 120|. Nevertheless,
even though this cell line has been often used in the field of gut-on-chip, pressure to
move to a more biologically relevant model increases in particular by using intestinal

organoids.

Besides investigating the coating effect, we also studied how the cells response to
stretching depends on their initial surface density. To do so, we have been working
with different initial cell density when starting cell stretching. After the seeding of
2 x 10° cells/chip the proliferation time was set either at 24 or 48 hours to allow the
cells to recover and reach, respectively, a complete or a quasi-confluency (estimated to
~ 90%) at the beginning of the experiment time. To investigate further the influence
of the cell density, 5 x 10% cells/chip were seeded with a recover time of 48 hours to
let them reach 30% of confluency at the beginning of the stretching experiment. This
last set of experiments was performed and analysed by Bernheim-Dennery Moencopi,

whom [ supervised during her Master 2 internship.
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iv) Stretching of the chips

In the literature, the influence of the stretching has been mainly studied at short
time scale (below 1 hour) and long time scale ( more than 100 hours), especially for gut
on chip platforms but the intermediary scale is not as well documented. To fulfill this
gap, stretching of the chips was performed over 6 time points : 2h, 5h, 8h, 16h, 24h and
48h. After stretching, the cells were directly fixed by PFA to perform immunostaining
and imaging. Finally one set of experiments was performed to investigate the influence
of "resting time"; in this case the fixation step was performed 24h after the stretching

step.

During this study every experiment was performed in triplicate. Indeed, the design
of the stretcher allows the simultaneous stretching of three chips, therefore every time
point represents the sum of the data achieved with these three chips. In parallel, three
others chips were seeded at the same time of the stretched ones, without being stretched

and represent the control condition.

Staining and image analysis

After fixation, the protocol of immuno-staining described in the Annex A was
performed. The chips were all stained with ZO1 antibody to stain the tight
junctions and DAPI was used to stain cells nuclei. Images from 5 different fields
per chip were taken using a 10x objective, on a confocal microscope. This wide
field of view (1163.64pm x 1163.641um) allow us to study the tissue response,
encompassing hundreds of cells. The following graphics, that will be discussed
in the following, represent the distribution of all the data extracted from these
15 images for each time point and condition, the error bars representing the
standard deviation. These measures were obtained using ImagelJ software [226],
and in particular the plugin Tissue Analyzer [227, 228].

Significant differences in cell parameters between groups were identified using or-
dinary one-way ANOVA followed by Holm-Sidak’s multiple comparisons testing.
In the following graphs **** correspond to p<0,0001.
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4.2 Influence of intestinal cells stretching on 2D experi-

ments

Our study of the influence of the stretching on the cellular behaviour revolves around
two main axes. The first one is a general consideration on the tissue regarding the
confluence and the cell density to roughly estimate how cells stretching affect cells
proliferation. The second axis encompasses several cell morphological characteristics
such as, the cellular area, orientation, circularity as well as their aspect ratio. These
observations have been performed within a wide range of experimental conditions,
regarding the coating nature, the initial cell density and the scaffold topography over
time. As a reminder, for all of these experiments the Caco2 cells were subjected to a

cyclic stretching of 10% of deformation at a frequency of 0.2 Hz.
i) How does stretching affect the tissue state?

First of all, we aim at characterizing the global influence of the stretching at the scale
of the tissue, before zooming in the individual cellular response. The first informations
we looked at were the percentage of coverage of the cells and the cellular density. Before
discussing quantitatively the experimental data, I would like first to illustrate how cells
could look like in my experiments. Figure 4.3 are presented some peculiar patterns that
look alike flowers (encircled in the image a) possibly early events involved in extrusion
processes, as well as the important cell shape diversity that can be observed in a same
image, where tiny cells stand along side huge cells (in the image b) or even holes that

should illustrate cells detachment (in the image c).

TTooume 1 S )R i 100pm

100um™ if

(a) Confluent (Non Covalent) (b) Confluent (Non (c) Confluent (Non Covalent)
8h positive Covalent) 48h control 48h control

Figure 4.3: Pictures from various area of Confluent, non-covalent
chips (Objective 10x, the tight junctions are stained with ZO-1 (in
green) and the nucleus with Dapi (in blue))
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Confluent, Non-Covalent experiments. The first set of experiments was per-
formed on a non-covalent coating of laminin, were Caco2 cells were grown until con-
fluency (48h of proliferation before starting the stretching step). The chips were then
stretched during 2, 5, 8, 16, 24, or 48 hours. The experimental protocol is represented
in the Figure 4.4.

Chips | Coating (laminin) ‘ Confuence at tj stretching | Cyclicstretching (10% , 0.2Hz)
Time line (in hours} : D24 8 16 24 48
| | |l :
Flat PDMS Non Cov \ 100 % | | (a)
chips

Figure 4.4: Sketch of the experimental protocol for the confluent,
non-covalent experiments (a)

The distribution of the cellular density and the confluency are represented for each
time point in the Figure /.5, with the mean depicted as a black vertical line. At
first glance, we can see a slight decrease over time of the confluency from 99% after 2
hours to 92% after 24 hours, this decrease is not significant (ANOVA) and seems to
be independent of the stretching, except for the extreme condition (48 hours). Indeed,
after 48h of stretching the percentage of the chips covered by the cells is around 70%,
significantly different to the control conditions, this huge decrease in coverage is due
to cells detachment, as we observed patches of cells detached for non covalent coated
scaffold.

If we now look at the cellular density a more complex dynamics can be observed. For
the control experiments, we observe a continuous decrease of the cellular density (by a
factor of 4.7) during the first 24 hours. Then the cellular density increases until reaching
again the same level than the one of the 2 hours experiment (1,5 x 10° cells/cm?
represented by a dashed horizontal line on the graphic). When the experiment starts
(0 hour) the cells are confluent, therefore the contact inhibition should decrease the
proliferation rate of the cells without slowing down the cellular death, resulting in a
slight decrease of the cellular density during the first 24 hours, while the cells proliferate
accordingly to their population doubling time of approximately 32h [229], and reach

again a similar cell density after 48 hours of culture.

On the other hand, for the stretched experiments, an increase of the mean cellular
density is first observed, until 5 hours, then it seems to stabilize for the first 24 hours.
In this lapse of time, only the data achieved for short (2h) or long time stretching
(24h) display a significant density difference between the stretched and the control
chips. Whereas for 5, 8 and 16 hours no significant effect of the stretching is observed
individually, it is the global trend which differs from the control conditions, where a
decrease of cell density with time is observed while it is not the case for the stretching

conditions.
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Figure 4.5: Variation of the confluency and the cellular density as a
function of time. Comparing stretching and non-stretching conditions

for the Confluent, Non-covalent experiments.

The first row of significant marks represents the result of the one-way ANOVA test

performed between the control and stretched conditions, the two above rows represent

the result between different stretched conditions.

When one mark cover several time

points it means that this value is the same for all the possible comparison between

them. **** (p< 0.0001)
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Could we interpret this difference as an unbalanced effect of the stretching on the
contact inhibition 7 To properly answer this question more experiments are needed,
such as EdU and annexin V to be able to count proliferative and dead cells respectively,
as well as we need to characterize the stabilizing effect of ECM creation by the cells

for a better statistical analysis and to rule out experimental bias.

Confluent, Covalent experiments. The following experiments were performed
on a covalent coating of laminin, were Caco2 cells were grown until confluency (48h of
proliferation) then stretched for 2, 5, 8, 16, 24, or 48 hours. As previously, the cellular
density and the percentage of confluency have been evaluated for each time point in

the Figure 4.7. The experimental protocol is represented in the Figure 4.6.

Chips | Coating (laminin} ‘ Confuence at tj stretching | Cyeclic stretching (10% , 0,2Hz) ‘
Time line (in hours) : 024 B 16 24 48
[ -
Flat PDMS v 100 % ‘ | | (b}
chips

Figure 4.6: Sketch of the experimental protocol for the confluent,
covalent experiments (b)

We can observe a difference between the percentage of cell coverage variation with
the previous set of experiments. Indeed, for the covalent coating the confluency stays
around 100% even in stretched conditions without the time-dependent cellular de-
tachment observed for non-covalent coating. These results show that increasing the
interaction force between the adhesion molecules and the PDMS scaffold can limit the

cells detachment induced by stretching for long stretching time.

If we focus our attention on the cellular density we observe, that contrary to the
non-covalent binding conditions, the similarities between the control and the stretched
experiments are edifying. The cell densities measured in stretched and non-stretched
conditions vary similarly. First, we observe a significant decrease of the density followed
by an increase which stabilizes to a cruising value: 1.5 x 10° cells/cm? this variation is

also similar to what has been observed in non-stretched and non-covalent conditions.

Besides this similarity, one should mention that there is still a difference when
comparing covalent and non-covalent-coating conditions, regarding the kinetics of the
cell density variation. Indeed, in the non-covalent settings, cell density increase takes
place around 24h and 48h hours, while in the covalent settings it takes place around
16h. This difference in cell behavior as function of the coating conditions, could be due
to a difference in laminin surface concentration or to the conformation of the coated
molecules. Indeed, it has already been shown that covalent coating may induce higher

cell proliferation and migration [218, 223|.

108



CHAPTER 4. HOW DOES STRETCHING AFFECT INTESTINAL
EPITHELIUM?

However at this stage, we are not able to identify if the surface concentration or the
protein conformation are responsible of this behavior. Finally our main observation in
the covalent coating conditions, is that neither the cell confluency nor the cells density
are affected significantly by stretching. However one main observation, is for 48h of
stretching cell detachment is negligible using laminin covalent coating while it is not

with non-covalent coating.
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Figure 4.7: Variation of the confluency and the cellular density as a
function of time. Comparing stretching and non-stretching conditions
for the Confluent, Covalent experiments.

The first row of significant marks represents the result of the one-way ANOVA test
performed between the control and stretched conditions, the two above rows represent
the result between different stretched conditions. When one mark cover several time
points it means that this value is the same for all the possible comparison between
them. **** (p< 0.0001)
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ii) How does cell stretching affect the cell morphology?

In the majority of the publications related to stretching experiments, one effect has
been particularly observed: the cell reorientation. Therefore, it was one of the first
effect we looked at along with the circularity and the aspect ratio of the cells. As
expected, cell orientation is affected by stretching and will be described in more details
in the following. To evaluate the morphological changes of cells as function of the
stretching and laminin coating conditions, two shape descriptors have been measured.
The first one is the circularity ( 47 x area/perimeter?), in case of perfectly circular
cell it should be equal to 1. The aspect ratio is defined as (after adjusting the cell
to an ellipse, major axis/minor axis). These two shape descriptors do not exhibit any
obvious stretch- or coating- induced changes, as illustrated in the Figure 4.8. Moreover,
no strong correlation values have been found between the angle and the circularity and
the aspect ratio. Acquisition with different staining and a higher magnification could
bring some clues on the structural change, i.e. the cytoskeleton arrangement, occurring

during stretching and why this reorientation is free of morphological change.
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Figure 4.8: Distribution of the circularity and the aspect ratio over
time for a covalent (a) & (b) and a non-covalent (c) & (d) coating
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The Cellular Orientation

To evaluate the cellular orientation, images were analysed using ImageJ free soft-
ware. In this image analysis, every cell is approximated by an ellipse, defining a major
and a minor axis. The cellular orientation is defined as the angle between the major
axis and the horizontal, as represented in the Figure 4.9 by the Greek letter . In my
experiments, the horizontal axis and the direction of stretching are the same, therefore
an angle of 0° or 180° represents a cell aligned with the stretching direction whereas an

angle of 90° represents a cell perpendicularly oriented.

-« Cyclic Stretch "\
direction Y4

Figure 4.9: Representation of the ellipse approximation performed
by Image.J software on a cell represented inside a chip

Major
Minor axis

Horizontal e

The Figure 4.11 displays the distribution of the cellular orientation for all the time
points and all the conditions studied. This distribution results of the cellular orientation
for all cells, from the 15 images for each condition. All together, these results show that
cells are affected by stretching in a time-dependent manner and that this stretching
influence on cell orientation depends on both the coating conditions and the initial
conditions of cell confluence. We will thus compare and discuss one by one these

different conditions. Two representations of these results are proposed in the following:

« the complete distribution of cell angle orientation between 0° and 180° in the different
conditions. This representation allows a complete view of cells response to stretching
(Figure 4.11).

« the variation of the percentage of cells oriented along the main orientation axis (90°+
10°) as function of time allowing an easier comparison of the different conditions
(Figure 4.12).

Besides these experiments and to better asses the influence of cells stretching as
function of the operating conditions, we have fitted our data with a simple kinetic
model [230]. This work was performed in collaboration with Mallory Carlu, PhD
student at Aberdeen university, Scotland. The experiments (d) and (e) possessing only

three time points, have been excluded from this study.

112



CHAPTER 4. HOW DOES STRETCHING AFFECT INTESTINAL
EPITHELIUM?

Kinetic model

The simple description for being in equilibrium between two states, A and B, is given

by the following equilibrium.

Alt) <t:> B(t) (4.1)
2

Here, A and B represents the percentage of cells with an orientation comprised between
80° and 100° considered as the cells affected by stretching and the rest of the population,
respectively. k1 and ko represent the rate constants for changing from one state to the
other. In this model, these rate coefficients do not explicitly depend on time and are
assumed to be independent on previous events [230]. Therefore, the variation of A is
function of time and can be described as:

A(t) unchanged cells become A

Variationof [ Total number of x  Fraction that Total number of X  Fraction that
B changed cells become B

N——

Which can be expressed as:

dilh(st):BXk'g—Aij (42)

The initial conditions of the system, at time t=0, are given by:

A0) = Ag (4.3)
B(0) = By (4.4)

In our system, A represents the percentage of cells with an orientation ranging from

80° to 100°. At t=0, the cells are supposedly equivalently distributed, therefore:

20 1
=— = 4.5
7180 9 (4.5)
Moreover, to simplify our equation, we took advantage of a conservation law :
A(t)+ B(t) =M (4.6)

This simplification is the Achilles heal of this model. Indeed, the previous study of
the cellular density demonstrated the non conservation of the total number of cells
overtime. Nevertheless, here we are working with transformed data, where A and
B are the percentage of cells oriented perpendicularly to the stretching axis and the
non perpendicularly oriented cells in the population. To get the percentage of each
cell population, the number of cells oriented (or non oriented) is divided by the total
number of cells; the variation of the total number of cell is thus no more taken into
account and M is constant (A(t) + B(t) = M =100 %). In the future, we aim at
improving this model by taking into account the variation of M by integrating the

event of cell division or death in the model.
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Anyway, the conservation law 4.6 allow us to rewrite the equation 4.2 as following;:

dAJdt = (M — Ak — Ak,
= (k1 + ko)A + kM (4.7)

The differential equation 4.7 is verified by a solution with the general shape:

f(t) = a(l — exp(—pt +7)) (4.8)
If we now replaced A by the previous expression, we obtain :

i) _ afexp(—pt +7)

dt
= —fla—aexp(=Ft+7))+ ap
= —BA+af (4.9)

To obtain an expression of the coefficient «, 8 and ~, we either replaced A by the
previous expression in the equation 4.7, or calculate the limit of A when ¢ — oo and

t = 0 we obtain :

B = ki+ke (4.10)
koM koM
= = 4.11
“ B k1 + ko (4.11)
and
tl&l}loo Alt) = Ax =« (4.12)

At=0)=A4 = ol —exp(y))
<y = In(l-A4p/a)
= In(1— Ag/As) (4.13)

The expression 4.8 was the one used to fit my experimental data in the following
graphs, represented by a red dotted line, the coefficients obtained by theses fits are
reported in the Table 4.1 and 4.2 .
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To better understand the meaning of the parameters (o, 5 and ) I plotted the
function 4.8 in a simulator (https://www.desmos.com), the Figure 4.10 represents this

simulation with a = «, b= S andc= 1.

o « is equal to Ay in the model, it is the maximal cell response to the stretching

(plateau).

« [ is the sum of the transition rates (kjandks) in the model, it characterizes the
slope of the first part of the fit, meaning the rapidity of the tissue to answer to the

stretching. It is expressed in Time ™!, here h™!.

« v is an horizontal offset artificially introduced in the fit, to better resemble my
experimental data. It has been added in the exponential because for T=0 my

function is not null, indeed Ay = 1/9.

To know when the cells start to respond to the cyclic stretching (t*), we need to
calculate when the function of the fit is equal to the control condition, meaning when

the red and the black curves cross each other in the Figure 4.10 respectively.

f(t*> = fcontrol (4.14)
a(l - exp(—ﬁt* + 7)) = fcontrol
exp(—ﬂt* + 7) - 1_ fcogtrol
—log (] — feontrol
poo— 1l - ) (4.15)

B

/ _

20 40 60

@ f(®) =10 | 20

f(r):a-(lfexp((fb-r)Jrc)) /

i

a=20 b=01 c=-02 -20

/ -20

Figure 4.10: Simulation of the function 4.8 (in red) drawn on
https://www.desmos.com
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Figure 4.11: Distribution of the cellular orientation over time for a
confluent monolayer with a non-covalent coating (a) and a covalent
one (b), for a 90% confluent cellular layer with a covalent coating (c),
and for a non-confluent (30%) cellular layer with a non-covalent (d)

and a covalent (e) coating
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Figure 4.12: Variation of the percentage of cells perpendicularly
oriented under the influence of the stretching for a initially confluent
cellular layer on a (a) non-covalent and (b) covalent coating, as well

as, a (c) quasi-confluent (90%) initial cellular layer on a covalent

coating
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As shown on Figure 4.11 whatever the coating conditions or the the initial con-
fluency level of the cell monolayer, these data demonstrate that cells orientation is
modified when cells are subjected to stretching. This data also evidences that cell
response depends on the time of stretching, the longer they are stretched the more
they get reoriented. And in all these conditions, the cells are mostly reoriented per-
pendicularly to the stretching axis. In terms of amplitude of the cells response, the
maximal response corresponds to around 27% of the cells population oriented with an

angle ranging from 80° to 100°.

In the following sections we will discuss both how the operating conditions (coating
and confluency ) will affect cell response in terms of percentage of the population

affected by the reorientation and in terms of kinetics of the cells response.

Influence of the coating

Comparing Figure 4.11 (a) and (b), we observe a difference regarding the cell response
to stretching depending on the coating conditions. In both conditions, cells need at
least 5 hours to start to reorient, but in the case of a non-covalent coating, this answer
seems to increase with the stretching time, whereas it reached a plateau for a covalent
coating after 5 hours. We can confirm this coating-induced difference by comparing
the results obtained with cells initially stretched at subconfluency (Figure 4.11 (e) and
(d)) where the same trend can be observed. Another important observation is related
to the amplitude of the reorientation, this data demonstrates that the percentage of
cells reoriented in response to stretching is larger for non covalent coating than for the

covalent coating conditions.

To quantify these observations we use the reduced percentages (Figure 4.12), corre-
sponding to the cells with an orientation ranging from 80° to 100°, and the parameters
(o, B and t*) extracted from the fit reported in the Table 4.1.

The maximal cells response to the stretching is represented by « in the Table 4.1,
these values show that an increased percentage of cells reorient during stretching for
cells seeded on a non-covalent coating. The [ parameter also depends on the coating
conditions and shows that the covalent coating induces a celllular answer to stretching
faster than a non-covalent coating. It is in agreement with previous studies where a
covalent, coating has been shown to transmit more efficacely the stretching to the cells
than a non-covalent coating [223]. Finally, the lower t* for the non covalent coating
can be interpreted as an earlier response to the stretching for this coating compare to
non-covalent condition. The response is in fact almost instantaneous (t* = 30mins)

for a non-covalent coating.

118



CHAPTER 4. HOW DOES STRETCHING AFFECT INTESTINAL
EPITHELIUM?

All together, these experiments have shown that a non-covalent coating will in-
duce an instantaneous but slower cell reorientation to the stretching whereas a co-
valent coating will induce a delayed and faster answer. For these two coatings and
for cells being initially confluent, the cyclic stretching induces an increase of cells

aligned perpendicularly to the stretching axis of 53% and 33%, respectively ((Nstreteh —
NControl)/NControl)-

Non linear Fit
@ 15} v t*
(a) | Confluent, Non-Covalent | 23 % | 0,11 A=Y | -1h | 0.5h | 154+0,2%
(b) Confluent, Covalent 20% [ 048 A 1 [-04h | 2h | 154+0,3%

Control

Table 4.1: Fit parameters and control for the Confluent,
Non-covalent (a) and Covalent (b) experiments

Influence of the confluency

Comparing the Figure 4.11 (b), (c) and (e) we will have access to the influence of the
initial cell confluency. Indeed these graphs present the distribution of cells orientation
for a covalent coating with different initial cells conditions, from 100% of confluency
to 30%, over time. We observed the same kind of variations: a sudden response to the

stretching followed by a plateau.

The similar value of ¢* for the two sets of experiments (b) and (c) illustrates the
same stretching time needed to trigger the cell reorientation, this time seems coating

dependent as previously observed.

Non linear Fit
Q I5; y t*
(b) Confluent, Covalent 20% [ 048 A1 | -04h | 2h | 15+0,3%
(c) | 90% Confluent, Covalent | 27 % | 0,14 =1 | -0,6 h | 2 h | 16 £0,4%

Control

Table 4.2: Fit parameters and control for the Confluent, Covalent
(b) and Quasi-confluent (90%) covalent (c) experiments

Figure 4.12 shows that the cell response kinetics depends on the initial confluency
of the cells as illustrated with the difference of g parameters obtained ranging from
0.14 to 0.48. The slower answer for the initial quasi-confluent (90%) experiments (c)
can be interpreted as the possibility of the cells to relax through cell-cell junctions
thanks to the lower confluency. The fact that the parameter g is similar for the set
of experiments (a), confuent non-covalent, and (c), 90% confluent covalent, could be
interpreted in terms of degrees of freedom. Indeed these two experiments possess one
degree of liberty fewer than the set of experiments (b), either the non-covalent nature

of the coating or the non-confluent initial configuration of the cells.

119



CHAPTER 4. HOW DOES STRETCHING AFFECT INTESTINAL
EPITHELIUM?

Therefore, to increase the rapidity of the cells reorientation under cyclic stretching
we should decrease the degrees of freedom of the cells, meaning constrain them. This
hypothesis will be tested and discussed in the results related to the 3D chips. Compari-
son of the parameter o (Figure 4.12 (b) and(c)) obtained on covalent coating with con-
fluent or 90% confluent cells demonstrates an increase response for the quasi-confluent
experiences with the highest percentage of cells oriented perpendicularly (around 27%)

after 48 hours of stretching.

To summarize, starting the stretching on a confluent cell population induces a faster
but limited cell reorientation compared to a quasi-confluent tissue and corresponds to

an increase of 33% and 69% of the cells perpendicularly oriented respectively.

iii) How does cell recover the stretching influence?

After investigating cells response to stretching, we have been interested on how
reversible is this response. To get a glimpse of the influence of the recover time on the
cellular response, one set of experiment was performed with confluent cells on a covalent
coating. After 24 hours of stretching we applied a resting time of 24 hours before fixation
and staining. The results obtained are shown in the Figure 4.13. Strikingly, we show
that if we allow the cells to relax after the stretching they almost go back to their
initial situation. Indeed, after 24 hours of stretching 21% of the cell population has an
orientation ranging from 80° to 100° while after 24 hours of recovery the perpendicularly
oriented cells only represents ~ 15,4% of the population, which is close to the control
condition where 14% of the population is randomly oriented around 90°+10°. Therefore,
the recovery induces a lost of 80% of oriented cells. These preliminary data show that
cell orientation in response to stretching seems reversible. More experiments should
be performed to better characterize this recovery rate. In particular with this type of

experiments we should be able to measure ko and conseauentlv k.
10%-

8%

]

®

o

£ 6%

:_; — Control RT
% — Control Cov
g 4% — Rest Time

15 — Covalente

&

2%

0%

Angle

Figure 4.13: Distribution of the cellular orientations after 24 hours
of stretching, with a direct or a delayed staining of the cells
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iv) How does stretching affect primary cell: Organoids ?

To increase the potential of our stretching platform, a first set of experiments has
performed using primary cell; organoids. From this preliminary work we optimized the
coating specifications, using a covalent coating of a mix of 1% Matrigel, collagen type I
(0.2mgmL™1), and collagen type IV (0.4 mgmL~!) as well as, the size of the organoids
seeded on the chips (passaged one day before seeding) and the recovery time on the
chips before stretching (2 days). From these preliminary results a slight decrease of
the surface covered by the organoids after 24 hours of stretching has been observed
(Figure 4.14). Nevertheless, more experiments are needed to properly characterize the

influence of the stretching on the coverage.

Figure 4.14: Picture of no-stretched organoids on a 2D chip, with a
staining of the plasma membrane

In the next future, we will look at the cells density and orientation, using Lgr5-
stained organoids to investigate how the stretching affect the positioning of the stem

cells.
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4.3 Influence of the stretching on 3D experiments

After having demonstrated that Caco2 cell lines are affected by stretching when grown
on 2D, we aim at investigating how the 3D structure of their scaffold can affect their
response to stretching. Because the subject of my phD project is the intestine we
designed 3D structures with shape and dimensions close to mice intestinal crypts. Fur-
thermore we investigated the influence of the geometrical parameters by varying the
crypt radius, depth and slope as illustrated in the Figure 4.15. The slope also con-
ditions the exit diameter, indeed for a slope of 50° the exit diameter depends on the

radius and the depth whereas for a slope of 75° it only depends on the bottom radius.

Exit diameter

Depth = 130 pm and 250 pm
Radius = 50 pm, 75 pm and 100 pm
Slope = 50° and 75°

Exit diam. (50°) = 2 x Radius + 300 pm / 150 pm
(D =250 pm / 130 pm)
Exit diam. (75°)— 1.4 x (2 x Radius)

(a) (b)

Figure 4.15: Representation of the geometric characteristics of the
crypt (a) studied on the micro-fabricated scaffold with their variations

(b)

Moreover, to study the influence of the confinement these set of parameters have
been applied for the micro-fabrication of 2D"> and 3D patterns, called grooves and
crypts in the following. The Figure 4.16 represents the master mold, therefore the

patterns obtained on the replicated chip are inverted.

Figure 4.16: Representation of the 2D"* and 3D patterns of the 3D
mold

Interestingly, whatever the shape and dimensions of the structures cells have been
able to colonize the whole scaffold, as illustrated in the Figure 4.17, making these chips
perfectly suited to study how cells respond to stretching when cultured on 2D and
3D patterns. For this set of experiments the stretching is applied perpendicularly to

the axis of the grooves.
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(a) (b)

(d)

Figure 4.17: Picture of the surface of a 3D chip covered by Caco2
cells (a) and (b) [Scale bar = 200 um/, and 3D reconstructions of these
patterns (c) and (d).

Dapi (blue) ZO1 (green) EAU (red)
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i) How stretching does affect the covering of the patterns ?

For this set of experiments we performed a covalent binding of laminin on the scaf-
fold, following by 3 days of proliferation to allow the cells to colonize all the structure,
then the cells are stretched for 24 hours and directly fixed. Before evaluating how
cells respond to stretching in 3D, we have observed in these conditions different cells
behaviors: first, as expected, the cells follow the edges of the scaffold and cover com-

pletely the bottom of the crypts and grooves (Figure 4.18 (a)) or they detached from

the curved surfaces and form suspended cell monolayers between the bottom and the

adjacent walls of the crypts and grooves (Figure 4.18 (b)).

Figure 4.18: Orthogonal views of the crypts
(D=130 pm/r=50 pm/slope=>50°) with (a) and without (b) suspended
layer. The original shape is represented by the white doted lines.
Dapi (blue) ZO1 (green) EAU (red)

The formation of these suspended layers has already been reported by others |224,
231]. These observations of suspended cell layer open the question on how cells seeded
on 3D scaffold colonize the scaffold and maintain their attachment to the imposed

geometry.

The team of Viola Vogel has investigated the influence of the scaffold geometry,
by varying the radius of circular semi-channels, and the cellular contractility on the
formation of these suspended layers (Figure 4.19). Their experiments were performed
on a glass substrate with semi-circular channels with a radius ranging from 300 pm,
500pm and 1000 pm coated with type I collagen. Two cell types were used for this
study, endothelial cells and smooth muscle cells combined with the use of drugs (bleb-
bistatin and TGF-{) to study the influence of the cell contractility on the formation of

suspended layer.
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From their work they observed an increase tissue detachment with decreased radius
and increased contractility. They also use covalent and non covalent coating of collagen
I and revealed that the rupture plane is localized along the substrate-coll I interface
for non covalent coating while it takes place at the collagen integrin interface in case

of covalent coating.

Human arterial ECs Human arterial SMCs

200pum

Tissue sheet

Adhering on bottom Detach from bottom

Figure 4.19: Representation of the formation of suspended
monolayer, adapted from [224]

In our case, we will be able to investigate the same phenomena but with more
complex structure: grooves as in the Vogel’s paper as well as in crypt and we will also
investigate how the mechanical forces exerted on cells will affect the formation of these

suspended structures.

Suspended cell monolayers in crypts

To characterize the formation of these suspended cell monolayers in my experiments, in
function of the geometric parameters and the stretching, first we counted the number of
crypts with suspended layer in function of the total number of crypts. This qualitative
study was only performed on 6 crypts for each condition, stretching versus control.
Therefore these preliminary experiments are only discussed in terms of tendencies, and
in a near future complementary experiments will be performed to either corroborate or

contradict these tendencies.

The main tendency observed is the influence of the slope, when it becomes smoother
(50°) we lost the formation of the suspended cell layers. In this case the slope directly
influences the exit diameter, therefore we can reinterpret this trend as function of the
exit diameter: an increased exit diameter (due to a larger bottom radius or a deeper
crypt or a smoother slope) reduced the formation of the suspended cell monolayers,
similarly to the conclusions of the team of Viola Vogel. Moreover, the influence of the

stretching can not be properly estimated.
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Formation of suspended cells monolyers in grooves structures

The results obtained with the crypts showed the presence of theses cells suspended
monolayers however it was difficult to extract trends regarding the effect of the ge-
ometrical constraints and of stretching on this suspended layers formation. We will
now investigate if 2D" structures will allow to decipher better the suspended layers

formation.

To characterize the formation of the suspended monolayers we measured the total
area of the bottom part of the grooves and the areas free of any cells. These empty areas
at the bottom of the grooves correspond to the spaces below the suspended monolayers,
as illustrated in the Figure 4.20. Therefore, we calculated the ratio between these two
values to estimate the proportion of suspended layers in the grooves. The results are
reported in the Table 4.3, where 0% corresponds to no suspend monolayers, in other

words the bottom part is completely covered by cells.

Figure 4.20: Pictures of the bottom of a groove
(Depth=130 pm/Radius=75 pm/Slope=75°") with orthogonal views of
the suspended cells monolayers
Dapi (blue) ZO1 (green) EAU (red)

We can first noticed that for these 2D"> geometry all the parameters seem to have
an influence on the formation of the suspended layer. In general, increasing either the
radius or the depth or decreasing the slope, that is the increase of the exit diameter,

induces the diminution of the formation of suspended layers.
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Moreover, for the smaller radius (50 um) the stretching seems to prevent the ap-
parition of suspended monolayers for both depths. This effect could be explained by
the unstable form of the suspended layer destabilized by the cyclic stretching, indeed
by definition these suspended cell layers can not be stabilized by the interaction with
the surface therefore more experiments will be performed to both understand the un-

derlying mechanisms and confirm the observed trends.

Depth
130 pm 250 pm
Cont. Pos. Cont. Pos.
50 41+19% | 28+7% | 19+5% | 9+5%
75 10+4% | 13+9% | 3+4% | 3+£4% 50°

Radius Slope

100 0% 2+ 3%
75 24+ 14% | 12+ 14% | 11+£4% | 11 +£4% 75e
100 2+2% 0%

Table 4.3: Percentage of suspended layers in the grooves
Cont. = control condition / Pos. = stretched condition

ii) Influence of topography on the cellular alignment in the grooves

Once discussed the formation of these suspended monolayers, we will now investi-
gate cells response to stretching for cells that remain attached to the scaffold. In order
to understand how cells are affected by stretching in 3D and to discriminate the effect
of confinement from the effect of stretching, these experiments will be compared with
cells seeded on the 3D scaffold without stretching and to cells stretched in 2D. To do

so the same parameter has been analysed : cells orientation.

Cells orientation will be presented and discussed as a function of the scaffold ge-
ometry: radius, slope and depth as well as with and without stretching. For these
experiments the chips have been stretched perpendicularly to the axis of the grooves.
Moreover to estimate properly the distribution of the cellular orientation a minimum
number of cells is needed, therefore this study has only been realised on the 2D"* geom-
etry (grooves). The Figure 4.21 represents the distribution of the cellular orientation

of the cells at the bottom of the grooves in all conditions.

First we can see that as expected, the geometry by itself induces the cells alignment
along the axis of the grooves. Indeed, without any stretching the cells preferentially
lean toward an angle of 90° which corresponds to an angle of 0° regarding the grooves
axis, this phenomenon is widely spread and is known as the contact guidance [166,
232|. This cells response seems dependent on the geometrical parameters of the grooves
(depth / radius / slope) and more interestingly seems to be amplified by the stretching.
Indeed, for this experiment the stretching direction was perpendicular to the groove

axis, therefore the contact guidance effect and the cells reorientation induced by the
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stretching are parallels. Future experiments will be performed in the opposite direction

to study the competition between these two effects.

Anyway, to characterize the effect of the stretching and the contact guidance for
every geometry we will study them individually in function of one geometrical param-

eter.
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Figure 4.21: Angular distribution of the cells for all the 2D"*
patterns of the 3D mold.
D=depth(nm)/ R=radius(pm)/S=slope(")
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The influence of the Radius will be estimated comparing the geometries (a), (b)
and (c) Figure 4.22 where only the radius is changing from 50 to 100 pm. To compare
these conditions we will use the reduced percentages, meaning the percentage of cells

with an angle ranging from 80° to 100°, reported in the Table 4.4.
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Figure 4.22: Angular distribution of the cells on the 2D"* patterns
with a radius of (a) 50 um, (b) 75um and (c¢) 100 pm
D=depth(pm)/ R=radius(um)/S=slope(*)

First we can observe that the cells distribution of the cells orientation is narrower
for the smallest radius, the effect is very similar to what has been reported in the
literature ([166, 232]). Indeed, increase radius induces a decrease confinement of the
cells which is translated by a decrease effect of the contact guidance. More interestingly,
we demonstrate that stretching of the 3D structure also induces an increase of the
percentage of cells oriented perpendicularly to the stretching axis. This effect seems
more pronounced for larger radius, however it should be confirmed by a larger set
of experiments. When comparing the amplitude of stretching effect, it seems that
stretching cells in 3D amplifies their response compared to 2D conditions by a factor
at least of 2.

Radius 50 pm 75 nm 100 pm Flat
Condition Cont. | Pos. | Cont. | Pos. | Cont. | Pos. | Cont. | Pos.
11

C(Ziggfcinltg%e 38% | 48% | 29% | 45% | 23% | 40% | 14% | 21%

Contribution of confinement :

24% 15% 9%
%Cont.SD - %Cont.ZD ¢ ¢ ¢

Contribution of stretching :

10% 16% 17% ™%
%Pos.3D — %Cont.SD

Table 4.4: Percentage of cells oriented along the grooves axis,
perpendicularly to the stretch axis for grooves of 250 pm depth with a
radius ranging from 50 pm to 100 pm.

Cont = control condition / Pos. = stretching condition
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The effect of the Depth has been estimated by comparing the geometries two by
two (a) / (b) and (c) / (d) Figure 4.23 where depth is the only varying parameter, the

reduced percentages are reported in the Table 4.5.

30%-

w
2
=

D=130/R=75/S=50 D=250/ R=75/ S=50

20%- 20%

10%- 10%-

0% 0%

Percentage of the cells around 90°
Percentage of the cells around 90°

90° 90° 90° 90°
(a) (b)
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20%- 20%

10% 10%-

0% 0%

Percentage of the cells around 90°
Percentage of the cells around 90°

90° 90°
(c) (d)
Figure 4.23: Angular distribution of the cells on the 2D"* patterns

with a depth of (a) and (¢) 130 pm and (b) and (d) 250 pm
D=depth(nm)/ R=radius(pm)/S=slope(")

From the Table 4.5 two observations can be made. First, the impact of the depth
on the contact guidance seems modulated by the slope. Indeed for a smoother slope,
the increase of the depth does not influence the contact guidance effect, whereas for
a higher slope the effect of the contact guidance on the cell orientation increases with
the depth. As previously, we observed that whatever the conditions, the cells response
to stretching is amplified in 3D and this effect is slightly more pronounced for deeper

grooves independently to the slope value.
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Depth 130 pm 250 pm Slone Flat
Condition Cont. | Pos. | Cont. | Pos. P Cont. | Pos.
Cells percentage
41 2 4 14 21
o 10 0% | 41% | 29% | 45% % | 21%
Contribution of confinement

%Cont.SD — %C'ont.QD
Contribution of stretching

16% 15% 50°

11% 16% 7%
%Pos.3D - %Cont.SD ! ! ’

Cells percentage
(0 =90° £+ 10°)
Contribution of confinement

%Cont.3D — %Cont.ZD
Contribution of stretching

Y% Pos.3D — YoCont.3D

26% | 36% | 36% | 50% 14% | 21%

12% 22% 75°

10% 14% %

Table 4.5: Percentage of cells oriented along the grooves axis,
perpendicularly to the stretch axis for grooves with a radius of 75pm.
Cont — control condition / Pos. — stretching condition

The effect of the Slope has been estimated by comparing the scaffold geometry two
by two (a) / (b) and (c) / (d) Figure 4.24 where only the slope changes, the reduced

percentages are reported in the Table 4.6.

30%7 p=130 / R=75/ S=50 30%7 p=130/R=75/S=75
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N
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20% 20%4
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Percentage of the cells around 90°
Percentage of the cells around 90°

90° 90° 90° 90°
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Figure 4.24: Angular distribution of the cells on the 2D"* patterns
with a slope of (a) and (c) 50° and (b) and (d) 75°.
D=depth(nm)/ R=radius(pm)/S=slope(")
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Similarly to the last observations, we observed increased effect of the contact guid-
ance with the slope for deeper grooves only, in contrary the amplification of the stretch-
ing effect in 3D is observed whatever the depth and even in larger extent in deeper
grooves. These results also show that this amplification does not seem to depend on

the slopes of the grooves.

Slope 50° 75° Denth Flat
Condition Cont. | Pos. | Cont. | Pos. p Cont. | Pos.

Cells percentage
(0 = 90° + 10°) 30% | 41% | 26% | 36% 14% | 21%

Contribution of confinement

16% 12% 130 pm
%Cont.3D - %COnt‘QD ¢ 0 H

Contribution of stretching
%Pos.3D - %Cont.3D
Cells percentage
(6 =90° £+ 10°)
Contribution of confinement

%C(mt.?)D — %Cont.QD
Contribution of stretching

%Pos.3D - %Cont.SD

11% 10% %

29% | 45% | 36% | 50% 14% | 21%

15% 22% 250 pm

16% 14% %

Table 4.6: Percentage of cells oriented along the grooves axis,
perpendicularly to the stretch axis

To summarize the 3D geometry increases the cell reorientation by itself with a sig-
nificant effect of the radius and a correlated effect of the slope and the depth. This
reorientation is therefore increased by cyclic stretching by approximately 41%. The
impact of the stretching by itself seems amplified with an average contribution of 12%
compared to 7% for 2D experiments. This experiment underlines the need to the com-
bination of these two simulations (topography and stretching) to maximize the cell re-
sponse with a maximum of 50% of the population with an angle ranging from 80° to 100°
for the grooves with the highest geometrical constraints(D=130pm/R=>50pm/S=>50°
; D=250 pm/R=50 pm/S=50° ; D=250 um/R=751m/S=75° ). Indeed, the 3D archi-
tecture may lead to different mechanical stress distributions along the z-axis similar to

mechanical stress distribution along the crypt-villus axis.

Previous gut-on-chip platforms have already demonstrated either the importance of
the 3D architecture or the influence of the stretching to increase the cellular polarization
and differentiation [84, 116, 117]. Therefore the next generation of gut on chip should
combine these two simulations, a path already explored by our team thanks to the

platform developed along my PhD project.

Nevertheless still plenty of work has to be done for a proper characterization of
this platform such as replicating the experiments to increase the statistical analysis,
estimating the effect of the stretching on the cells that are located along the edges

of the grooves an not only observing the cells at the bottom of the structure, as well
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as studying the spatial distribution of the proliferative cells along the 3D structure.
Moreover, the use of a collagen coating instead of a laminin one could change the cellular
response induced by the cyclic stretching thanks to the long range communication
enhanced by the collagen fibers [233].

4.4 Conclusion

In this chapter we have investigated how cells are affected by stretching both in 2D
and 3D. A first set of experiments performed in 2D has evidenced the importance of
the coating techniques used. Indeed, only a covalent coating was strong enough to
support the traction forces, induced by the cells during stretching, without detachment
of the cellular layer. We also shown that using covalent coating conditions, the cells
proliferation does not seem to be significantly affected by stretching. To evaluate
individual cells response to stretching, we characterised the dynamics of the cellular
reorientation induced by the stretching over time, for different coating and confluency
conditions. To compare the kinetics of the cells response, we used a simple chemical
model and we were able to estimate the kinetics parameters as well as the amplitude
of the response. We showed that both depends on the coating conditions and on the
initial confluency level of the cells. In particular, a non covalent coating induced an
instantaneous but limited cells response while a non confluent cells monolayer allows
more cells to respond to the stretching. Finally, the strongest response is obtained for
a quasi-confluent cell monolayer (90%) on a covalent coating. To further investigate
the effect of the confluency the missing time points (24 hours and 48 hours) of the non-
confluent set of experiments (30%) are currently performed by Moencopi Bernheim-

Dennery and should be included for the oral presentation.

Interestingly, we also showed that after 24 hours of relaxation after 24 hours of
stretching, cells almost recover their initial orientation. These experiments should allow
us to extract more precisely the k; and ko of the orientation equilibrium. In a next
future we aim at investigating how long should be the relaxation time to completely
recover the initial orientation and how the relaxation time is correlated with both the

stretching time and the coating conditions (nature and techniques).

Finally, the 3D experiments were performed in order to really decipher the ef-
fect of cells stretching in 3D. To do so we have compared these conditions, with non
stretched 3D structure and stretched 2D structure. These experiments have shown that
as expected cells orientation depends on the geometry, and that this contact guidance
depends mainly on the grooves radius as well as on the slope and depth of the struc-
ture. More strikingly we have shown that the response of cells stretched is amplified in
3D compared to 2D experiments, this amplitude being in particular dependent on the

grooves radius. These results confirm our expectation that the next generation of gut
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on chip should combine 3D structure with stretching.

Despite being interesting results on the effect of stretching on intestinal cells, there
are plenty of experiments to run to move one step further. With the Caco2 cells, we
aim also at improving the imaging to get complete view of cells response in 3D as
well as, we aim at better investigate cells response by looking at cells proliferation,
polarisation and differentiation. Finally as illustrated by very preliminary experiments
our ultimate goal will be to perform such experiments with organoids to get closer to
the in vivo complexity. Next to my main project the observation of the suspended cells
monolayer raises an interesting issue of tissue engineering and cells response. Indeed,
this unexpected cells response to geometrical constraints opens a new project for the
next: Can we characterize the formation of the suspended cells monolayer in function

of the geometries 7 And at which extent these structures can resist stretching 7
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Conclusion and perspectives

My PhD project is part of the Gut-on-chip field, therefore it aims at developing a

Gut-on-chip model that recapitulates as much as possible the intestine complexity.

During the first part of my PhD I have been involved in the development of an
original Gut-on-chip platform that recapitulates for the first time both the epithelial
and stromal compartment thanks to collagen molding in 3D. This Gut-on-chip allows
to address new questions in particular regarding the interplay between the epithelial

and the stromal compartments.

Despite a high level of biomimicry, this Gut-on-chip does not recapitulate perfectly
the differentiated cells positioning. Moreover, one of the missing part of this platform
is the absence of peristaltic motion. It is in this context that we decided to study
the influence of mechanical constraints on the intestinal cells behavior. This work
represents the main objective of my PhD and more particularly we aimed at mimicking
the peristaltic motion on chip. Therefore, we investigated how cyclic stretching affects

intestinal cells behavior and how the geometry of the scaffold influences this response.

These questions were addressed through the development of a versatile gut-on-chip
platform recapitulating both the 3D architecture and the mechanical micro-environment
of the intestine. Indeed, cells stretching and 3D scaffold geometry have already demon-
strated their potential in term of cellular differentiation and proliferation [116-118,
182] , therefore they are important intestinal features to recapitulate on a gut-on-chip
platform. However, they have never been combined in a gut-on-chip platform. Indeed
the widely used Gut-on-chip platform developed by Donald E. Ingber recapitulates the
peristaltic motion but lack the 3D geometry. In Ingber’s experimental conditions, self
developed villi-like structures by the intestinal cells have been observed after 100 hours
of stretching [84, 107, 120, 121, 183]. However, it represents an incomplete structure
of the intestine missing the crypt compartment as well as the stromal core of the villi

arising questions about the biomimicry of these structures.
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On the other hand, my Gut-on-chip platform recapitulates both the 3D architec-
ture, thanks to a micro-milled mold used to fabricate 3D stretchable PDMS chips with
intestinal structures, and the peristaltic motion mimicked by a home-made stretcher
able to stretch these 3D chips at a tunable amplitude and frequency. Therefore, our
Gut-on-chip allowed first the study of the influence of the stretching on an intestinal
cell monolayer on a 2D and 3D scaffold. We have characterized the cells response (cells
reorientation under stretching) as a function of the substrate coating and the initial
cell confluency before stretching. This study rises interesting questions regarding the
strength balance between the PDMS membrane and the ECM proteins, in particu-
lar we showed that long stretching time induces cellular detachment in the case of
a non-covalent coating. Which demonstrates the weak link between the PDMS and
the adhesion molecules for this coating, Moreover the largest cellular reorientation was
achieved for cells stretching starting on non confluent cells, this rises question about
the influence of the cell-cell junction on cells response to stretching. In a next future,
complementary experiments will be performed to know if a complete cell reorientation

can be achieved by decreasing the initial confluency.

The stretching of the intestinal cells on a 3D scaffold has shown the influence of
the geometry of the scaffold on the cellular alignment, already widely known as con-
tact guidance. Besides, this study has also shown that the combination of the 3D
structure and the stretching allow to reach an unprecedented level of cell alignment,
demonstrating the need to combine these two stimuli to attempt to recreate a more
faithful in-vitro intestinal model. In particular we shown, that cells stretching response
in 3D is not only the sum of contact guidance and 2D stretching response, but that
growing cells in 3D amplifies the response to stretching. Interestingly, the effect of the
stretching was not uniform between the 3D structures arising the question about the
distribution of the force among the 3D structure. This study represents a first step and
was only performed for one time point, therefore it will be completed in a near future
by more time points to study the dynamics of this alignment as well as the location of
the proliferative cells and the impact on the cellular polarisation and differentiation of

the combination of the 3D geometry and the stretching.

Regarding the intestinal function we can also wonder if the cellular reorientation is
related to the intestinal barrier property. Indeed previous studies have demonstrated
both an increased permeability of FITC—-dextran and a decreased transepithelial elec-
trical resistance (TEER) in response to cyclic stretching [120, 183] whereas the 3D
structure alone has been shown to increase the TEER [115, 116|, without studying the
cells orientation. Therefore it could be interesting to investigate how it is correlated in

our case.
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Finally, almost all the experiments performed during my PhD work have been done
using Caco?2 cells, it is now crucial to move forward using organoids. Preliminary ex-
periments have demonstrated the feasibility of this approach, allowing more biomimetic
study of stretching on intestinal cells. In a more long term a new generation of gut on
chip platform is envisioned. Indeed, during my PhD I demonstrated the interest of my
platform to address biophysical questions. However, there is still a missing feature: the
dynamic control of the interface of the intestinal barrier between the lumen covered
with epithelial cells in contact with bacteria and the stromal compartment. Indeed
several studies have shown the importance of the chemical gradients to achieve cells
differentiation and positioning along the crypt-villus axis [116 118]. We are currently

considering how this dynamic control could be implemented in the next future.
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Appendix

Immunostaining protocol

1. Permeabilization using Triton (X-100) at 0.5 % for 5 minutes at room temper-

ature
2. Rinse 3 times (5 min) and 1 time (10min) with PBS at room temperature
3. Saturation using BSA at 4% in PBS, 2 hours at room temperature
4. Rinse with PBS for 10 minutes

5. Staining using primary antibody (ZO1: 1/75) for 3 hours for the flat chip at

room temperature or overnight at deg4 for the 3D chip
6. Rinse 3 times (5 min) and 1 time (10min) with PBS at room temperature

7. Secondary antibody (Aleza Fluor Plus: 1/100) for 30min for 2D chip or 1 hour

for 3D chip at room temperature protected from light
8. Rinse 3 times (5 min) and 1 time (10min) with PBS at room temperature

9. Mounting using one drop of FEverBrite Hardset Mounting Medium overnight
protected from light
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Code of the first stretchers

[/ ®¥kxkkxkkkkxkkkkk% Attribution des pin
int pin_direction = 13;

int pin_step = 12;

int pin_endstop_moteur =4;

int pin_endstop_puce =2;

int pin_MS1 = 8;

9;

10;

int pin_MS2

int pin_MS3

/] Fkkxskkkkkkkkkkkkkk Information utiles
direction HIGH = direction vers le bloc support
direction LOW = direction vers le moteur
MS1=MS2=MS3 = LOW 1 pas
MS1 = HIGH MS2=MS3=LOW 1/2pas
MS1 = LOW MS2= HIGH MS3=L0OW 1/4pas
MS1=MS2 = HIGH MS3=LOW 1/8pas

MS1=MS2=MS3 = HIGH 1/16pas

I* Fonctions___________________
//XXXXXXXX* Fonction Setup

void setup()

{ // Definition des entrees et sorties

pinMode (pin_direction, OUTPUT);

pinMode (pin_step, OUTPUT);

pinMode (pin_MS1, OUTPUT);

pinMode (pin_MS2, OUTPUT);

pinMode (pin_MS3, OUTPUT);
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pinMode (pin_endstop_moteur, INPUT);
pinMode (pin_endstop_puce, INPUT);
Serial.begin(9600);

Initiation ();
//0scillations (Nombre_de_pas);
Oscillations (500); }

//XXXXXXXXXXXXXXXX* Fonction Initiation

void Initiation ()

{

// POSITION INITIALE

// Direction moteur

digitalWrite (pin_direction, LOW);

// MS1 = HIGH MS2=MS3=LOW -----------—-- > 1/2pas
digitalWrite (pin_MS1, HIGH);

digitalWrite (pin_MS2, LOW);

digitalWrite (pin_MS3, LOW);

while (digitalRead(pin_endstop_moteur) != LOW)
{ digitalWrite(pin_step, HIGH);
delay(1);
digitalWrite(pin_step,LOW);
delay (1); %}

//CALIBRATION

// Direction bloc fixe

digitalWrite (pin_direction, HIGH);

// MS1=MS2 = HIGH MS3=LOW ------- > 1/4pas
digitalWrite (pin_MS1, LOW);

digitalWrite (pin_MS2, HIGH);
digitalWrite (pin_MS3, LOW);

double x=0;

while (digitalRead(pin_endstop_puce) != LOW)
{ digitalWrite(pin_step, HIGH);

delay(1);
digitalWrite(pin_step,LOW);
delay (1);
X+t }
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//POSITION DE DEPART

// direction moteur

digitalWrite (pin_direction, LOW);
// MS1=MS2 = HIGH MS3=LOW 1/4pas
digitalWrite (pin_MS1, LOW);
digitalWrite (pin_MS2, HIGH);
digitalWrite (pin_MS3, LOW);

double y = 0;
y=((1%x)/5.2);

for (int i=0; i<= (int)y; i++)

{ digitalWrite(pin_step, HIGH);

delay(1);
digitalWrite(pin_step,LOW) ;
delay (1); }

//XXXXXXXXXXXXXXXXXXXXXXXXXX* OSCILLATIONS
void Oscillations (int pas)

{ int y=1;

double pause=0;

pause = (2.5%1000)/(2*pas);

// MS1=MS2 = HIGH MS3=LOW 1/8pas
digitalWrite (pin_MS1, HIGH);
digitalWrite (pin_MS2, HIGH);
digitalWrite (pin_MS3, LOW);

while ( y ='0)
{ digitalWrite(pin_direction, LOW);
for(int i=0; i<=pas; i++)

{ digitalWrite(pin_step, HIGH);
delay(pause) ;
digitalWrite(pin_step,LOW);
delay (pause); 7
digitalWrite(pin_direction, HIGH);

for (int j=0; j<=pas;j++)

{ digitalWrite(pin_step, HIGH);
delay(pause) ;
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digitalWrite(pin_step,LOW);
delay (pause); }
1}

//XXXXXXXXXXXXXXXXXXXXXXXX* Fonction LOOP
void loop()
{

//0scillations (Nombre_oscillations, Nombre_de_pas);

}
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Code of the final stretcher

Conversation.Request ("get maxspeed");
Conversation.Request("set maxspeed", 100079);

Conversation.Request("get maxspeed");

Conversation.Request ("home") ;

Conversation.PollUntilIdle();

Conversation.Request ("move max");

Conversation.PollUntilIdle();

Conversation.Request("move rel -201575");
Conversation.PollUntilIdle();

Conversation.Request("get maxspeed");
Conversation.Request ("set maxspeed", 10079);

Conversation.Request("get maxspeed");

var moveCount = 5;

var distance = 25000;

for (var i = 0; i < moveCount; i--)

{ Conversation.Request("move rel", -distance);
Conversation.PollUntilIdle();
Conversation.Request ("move rel", +distance);

Conversation.PollUntilIdle(); }
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Titre: Développement d’un modéle d’intestin in-vitro incluant le péristaltisme
Résumé: Le Gut-on-chip fais partie d’un théme de recherche plus générale, appelez
Organ-on-chip qui a pour objectif de développer des modéles in-vitro qui récapitu-
lent des caractéristiques essentielles de 'organe d’intérét. Dans le cas de l'intestin,
les Gut-on-chip plateformes ont été principalement développés pour reconstituer soit
I’architecture 3D de 'intestin, soit sa dynamique et plus particuliérement le péristaltisme.
Durant ma thése j’ai développé une nouvelle et polyvalente Gut-on-chip, présentant ces
deux aspects du micro-environement intestinale. Cette Peristalsis-on-chip nous a per-
mis d’étudier 'influence du mouvement péristaltique sur le comportement cellulaire en
fonction de la géométrie de la structure. Pour cette étude nous avons ensemencé des
cellules Caco2 sur des substrats 2D ou 3D recouvert de laminine et les avons soumis a
un étirement cyclique (& 0.2 Hz et 10%) pendant 2, 5, 8, 16, 24 et 48 heures. Lors de ces
expériences nous avons pu observer une réorientation cellulaire perpendiculaire & ’axe
d’étirement que nous avons caractérisé en fonction des conditions de recouvrement, de
la confluence initiale, du temps d’étirement et de la géométrie de la structure. Il est
intéressant de noter que la réponse cellulaire la plus importante a été obtenue par la
combinaison de la géométrie 3D et de I’étirement, ce qui illustre bien le besoin de ces
deux éléments pour mieux mimer les conditions intestinales in-vivo.

Mots clés: Organ-on-chip, Gut-on-chip, Péristaltisme, Intestin, Caco2, 3D culture,
Reorientation cellulaire, Etirement

Title: Development of an in vitro intestinal model featuring peristaltic motion
Abstract: Gut-on-chip is part of a more general research theme, the so-called Organ-
on-chip that aims at developing in-vitro models which recapitulate keys features of an
organ of interest. In the case of the intestine, Gut-on-chip platforms have been mainly
developed to reconstitute either the intestinal 3D architecture or its dynamics, espe-
cially the peristalsis. Throughout my PhD I developed a new versatile Gut-on-chip,
featuring both of these aspects of the intestinal micro-environment. This Peristalsis-
on-chip allowed us to study the influence of peristaltic motion on cellular behavior,
depending on the geometry of the scaffold. For this study Caco2 cells have been seeded
either on a 2D or a 3D substrate coated with laminin and submitted to a cyclic stretch-
ing (at 0.2 Hz and 10%) for 2, 5, 8, 16, 24 and 48 hours. From these experiments
we observed a cellular reorientation perpendicular to the axis of stretching. We then
characterized this cellular response as a function of the coating condition, the initial
confluency, the stretching time and the scaffold geometry. Interestingly, the strongest
response was obtained when the 3D geometry and the stretching were combined, there-
fore illustrating the need of these two features to better mimic the intestinal in vivo
conditions.

Keywords: Organ-on-chip, Gut-on-chip, Peristalsis, Intestine, Caco2, 3D scaffold,
Cellular reorientation, Stretching



