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Abstract

Abstract

Intestinal cells self-organize into 3-dimensional (3D) organoids that recapitulate the
in vivo structural and functional characteristics when embedded in a 3D cell-derived
protein mixture (Matrigel). However, these very same cells self-organize into 2-
dimensional (2D) intestinal epithelial monolayers that recapitulate the in vivo-like
cell organization when seeded on thin layers of the same cell-derived protein
mixture. Moreover, in vivo, the intestine integrates regulation from paracrine and
juxtracrine signals to establish its characteristic crypt-villus axis self-organization.
However, direct experimental manipulation of these paracrine and juxtracrine
signals, as well as their functional concentrations and effects at the cellular level, has
been hampered by limitations of the in vivo and in vitro currently available systems.
In general, changes in epithelial cell organization are characterized by a cross-talk
between cell-substrate and cell-cell interactions, but the role of the ECM
dimensionality, protein composition and spatial distribution in the intestinal
epithelial cells’ organization is not fully understood.

In this thesis, we show that intestinal epithelial cells self-organize in 2D-monolayers
or 3D-tubular networks depending on the Matrigel protein concentration when the
dimensionality is fixed. These self-assembles tubular networks have inner apical
polarization and are similar to soap foams or de-wetted collagen networks. They
have well defined topological and metrical properties and become spontaneously
ordered at large length scales. Interestingly, stem cells have particular dynamics
during the formation of each self-organized patterns. On low Matrigel concentration,
stem cells present a confined random movement to form a 2D-monolayer. In
contrast, on higher Matrigel concentration, stem cells perform a direct motion
towards a specific target to form the 3D-tubular networks. By reducing the
proportion of stem cells in the culture, the formation of 3D-tubular networks is
impaired. Instead, primary cells form aggregates when seeded above the transition
protein concentration, similar to two other epithelial cell types (Caco-2 and MDCK
cells). On the other hand, the 2D-monolayers formed on low Matrigel concentration
contain crypt- and villus-like domains resembling those found in vivo. These
compartments are randomly distributed and their shape is not uniform. However,
by producing localized micropatterns of immobilized Wnt and ephrin factors on
freeze-dried Matrigel-coated substrates by micro-contact printing, we can drive the
compartmentalization of the intestinal epithelial monolayers by spatially
positioning the crypt- and villus-like domains. Finally, by changing the shape and
dimension of the patterns we can control the distance between the crypt-like
domains as well as their dimensions and shape.

Overall, our experiments illustrate how Matrigel concentration regulates intestinal
epithelial cell organization as a function of cell-substrate adhesion, and show that

11



Abstract

primary intestinal epithelial cells self-organize in structures with well-defined sizes
and shapes independently of dimensionality or external signaling gradients. Also,
we show that the amount of stem cells in the culture regulates the geometry of those
self-organized structures. On the other hand, micropatterns of immobilized proteins
to the ECM provides accurate control of the crypt-villus domain positioning in our
epithelial monolayers. Thus, our work could yield insights about the roles of stem
cells and protein concentration in tissue morphogenesis and their influence in the
invivo tissue morphological features such as the dimension of the crypts. In addition,
we believe our platform will allow an easy and reliable manner to analyze the effect
of relevant proteins on the epithelial cell compartmentalization, as well as the study
of important intestinal epithelial processes such as stem cells proliferation, cell
migration and differentiation both in homeostasis and pathological processes.
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1 Introduction

1.1 Epithelial tissues

Epithelial tissues cover body surfaces and line major organs. One of their main
functions is to act as selective barriers that protect the body against external
physical, chemical, and microbial insults. Besides protection, these tissues have
other functions such as secretion, selective absorption, transcellular transport, and
detection of sensation. To perform their barrier functions, cells in epithelial tissues
join together into highly cohesive sheets (Figure 1.1 (a))!. Epithelial tissues such as
skin, lung alveoli, kidney, uterus, trachea, cornea or intestine are arranged in three
dimensional (3D) complex structures such as invaginations, evaginations, spherical
cysts or tubular structures (Figure 1.1 (b)). This 3D organization is of fundamental
importance for physiological processes such as tissue homeostasis, development
and regeneration. Actually, epithelial tissues are in a continuous and relatively rapid
state of self-renewal. This active renewal is enabled by the presence of pools of stem
cells such as those residing in the limbal niches of the cornea or the crypts of the
intestinal tissue?2. This high cell turnover, makes epithelial tissues a major site for
carcinogenesis3-5.

(a) (b)
Rete ridges in skin Crypt-villus in Vogt palisades in cornea
L small intestine
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Figure 1.1. (a) Simple epithelia formed by a monolayer of epithelial cells that separates the lumen (L) from
the underlying lamina propria of the tissue. Adapted from circulatorysystemmvb.weebly.com. (b)
Schematic representation of native 3D structures formed by epithelial tissues in vivo. Adapted with
permission from Torras et al., 2018.

3D structures of simple epithelia, such as the intestine, enclose a central lumen lined
with epithelial cells, which sit on top of a specific matrix called basement membrane.
The basement membrane is a thin layer of extracellular matrix (ECM) that contains
mainly laminin and collagené-8. The basement membrane separates the epithelium
from the underlying connective tissue or lamina propria. This specific ECM also
influences cell behavior and dictates its shape, gene expression, adhesion, migration,
proliferation, and apoptosis?10,

To properly perform their functions, epithelial cells need to be polarized, which
means that they have different structure, composition and function between their
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apical and basolateral domains. The apical domain typically faces the lumen of the
tissue and regulates the interaction with luminal contents. The basolateral domain
establishes the cell-to-cell contacts, anchors the cells to the ECM, and communicates
with stromal cells residing in the lamina propria. Both cell-cell and cell-substrate
interactions are necessary for cell polarization and epithelial organization.

1.2 Epithelial cell polarization

As stated above, a fundamental aspect in the organization of the epithelial tissues is
cell polarity112, Polarity refers to the formation of structurally and functionally
distinct apical and basolateral cellular domains, limited by cell-cell adhesion
structures called tight junctions. The two domains have, for instance, different
distribution of phospholipids, protein complexes, and cytoskeletal components?13.
Such cytoskeletal components include the actomyosin cytoskeleton, the
microtubules and the intermediate filaments. All of them are in constant
communication, which is of fundamental importance to maintain apico-basal cell
polarity.

In particular, actin, one of the proteins forming the actomyosin cytoskeleton, has a
predominant role in defining epithelial cell polarity. Filamentous actin (F-actin)
protein accumulates at different cell locations along the apico-basal cell axis (Figure
1.2 (a)). At the apical cell side, F-actin bundles provide mechanical support to cell
structures called microvilli that form the so-called brush-like borders (Figure 1.2
(b), upper panel)14. Microvilli are cellular membrane protrusions of approximate ~
1.5 pm long and 100 nm in diameter?3. They possess several functions such as
absorption, secretion and assisting the cell in response to its environment?!5. On the
other hand, at the cell lateral domains epithelial cells show a belt of F-actin at their
contact sites (Figure 1.2 (b), middle panel). This adhesion belt links the cytoskeleton
of adjacent cells and controls the intercellular surface tension and the cell shapele.
Additionally, F-actin is also found underneath the cell membrane in the form of cell
cortex (Figure 1.2 (b), lower panel). Cell-cell junctions couple the actomyosin cortex
of neighboring epithelial cells together and direct tissue organization?”. Specifically,
the actomyosin cortex regulates the hexagonal cell shapel819 in epithelial
monolayers. Finally, at the cell basal domain contacting the ECM, F-actin can be
assembled into fiber bundles named stress fibers. These structures typically contain
myosin and actin proteins and are also able to generate contractile forces. Many
epithelial cell types such as kidney cells show basal actin stress fibers in vivo (Figure
1.2 (c))20-22, Their physiological role is to regulate the intraluminal pressure through
their contractility and to reinforce the attachment of cells to the ECM20, Moreover,
collectively migrating cells generate protrusive forces through lamellipodia or
filopodia at their basal level2324. Recently, it has been reported that migrating
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enterocytes, which are absorptive cells of the intestine, display actin-rich basal
aggregate protrusions in vivo that are oriented in their migration direction?5 (Figure
1.2 (d)).

(a) (b)

Microvilli

Adhesion belt

Cell cortex

F-Actin DAPI

Figure 1.2. (a) Fluorescence image of an enterocyte obtained with super-resolution microscope,
showing F-Actin and cell nucleus (DAPI). Scale bar: 4 ym. Adapted with permission from Krndija et al.,
2019. (b) Schematic representation of different accumulations of F-Actin in epithelial cells: microvilli,
adhesion belt and cell cortex (red). (c) Representative image obtained with a confocal microscope of F-
Actin located at the cellular basal zones of isolated renal tubes of rabbit kidneys. White arrowheads indicate
stress fibers. Scale bar: 10 ym. Adapted with permission from Goto et al., 1998. (d) Representative image
of maximum intensity Z projections for F-Actin at the basal level. Intestinal epithelial cells displayed actin-
rich basal protrusions oriented in the direction of migration. The arrows indicate the direction of migration.
Scale bar: 3 ym. Adapted with permission from Krndija et al., 2019.

1.2.1  Cell-cell interactions in epithelial tissues

To be polarized, epithelial cells form specialized cell junctions with neighbouring
cells that are essential for the epithelial tissue organization and barrier function.
These junctions are positioned along the lateral sides of the epithelial cells and
consist primarily in tight junctions (T]s), adherens junctions (AJs) and desmosomes.
All of them form physical connections between cells, organize and regulate the cell
cytoskeleton and modulate cell signaling pathways.
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Figure 1.3. (a) Zonula occludens 1 (ZO-1) protein (tight junction protein), gp135 (apical plasma membrane
protein) and cell nuclei for a MDCK monolayer. Scale bar: 10 ym. Adapted with permission from O’Brian
et al., 2001. (b) Representative image obtained with a confocal microscope of F-Actin, ZO-1 and cell nuclei
for Caco-2 monolayers. Scale bar: 10 um. Adapted with permission from Vila et al., 2020.

In particular, the T] intercellular structures are established at the apical cellular
domains and have two main functions: fencing membrane proteins into segregated
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apical and basolateral domains; and gating the paracellular passage of ions and
solutes in-between cells26. T] structures contain two types of transmembrane
proteins, occludins and claudins, which confer these functions, and associated
cytoplasmic proteins that may link TJs to the actin-cytoskeleton and the AJs. For
example, zonula occludens 1 (Z0-1)27 bridges the transmembrane protein occludin
to the actin cytoskeletal elements28. This bridge forms a link between TJs structures
and actomyosin contractile ring strucutures and is essential for the formation and
stabilization of functional epithelial T]s structures (Figure 1.3).

The first intercellular junctions that develop when epithelial cells make direct
physical contact with one another are the AJs4. AJs are mainly formed by cadherins,
which are a family of transmembrane proteins that form cell-cell adhesions in a
calcium-dependent manner. Differential cadherin expression allows cells to
recognize and bind to similar cells, which facilitates tissue organization2®. In
particular, epithelial cadherin (E-cadherin) has a pivotal role in tissue
organization?930, E-cadherin is a well characterized molecule and its role has been
determined in both normal and pathological tissue conditions. Tipically, this
research has been carried out in vitro employing cultures of Madin-Darby Canine
Kidney (MDCK) cell monolayers3132, These are epithelial cells from the kidney
tubule of an adult dog. By blocking E-cadherin using anti- E-cadherin antibodies, it
has been shown that these molecules are necessary for the formation of AJs31.
Moreover, inhibition of E-cadherin expression revealed that it also affects the
localization of basolateral proteins, thus disrupting the epithelial apico-basal
polarity32. On the other hand, downregulation of E-cadherin has been associated
with epithelial-mesenchymal transition (EMT)33. The EMT is correlated with the
loss of epithelial morphology and the acquisition of mesenchymal characteristics.
EMT is involved in physiological processes such as embryonic development and
pathological processes such as cancer, and indicates the transition from collective
migration to single-cell invasion, where cells lose their cell-cell junctions via a
variety of mechanisms33.

Finally, the intercellular structures named desmosomes provide strong adhesion
between cells because they link to the intermediate filament cytoskeleton and form
the adhesive bonds in a network that give mechanical strength to epithelial tissues3+.
The adhesion of desmosomes is mediated by members of the cadherin family,
specifically the desmosomal cadherins. These cadherins tail through a series of
protein interactions, which serve to recruit intermediate filaments to sites of
desmosome assembly35,
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1.2.2  Cell-extracellular matrix interactions in epithelial tissues

Epithelial cells are supported by a special ECM, the basement membrane, mainly
composed of laminin and collagen type IV. Cell-ECM interactions regulate cell
polarity, differentiation, growth, apoptosis and gene expresion36. A pioneer model
for the study of cell-ECM interactions involved the culture of a monolayer of
epithelial cells grown onto a protein matrix and covered by more protein matrix37.
MDCK and Normal Murine Mammary Gland (NMuMG) cell lines and collagen type I
matrix have been extensively used in this approach. The establishment of 3D
structures generates a better understanding of epithelial cell organization. Both cell
types respond to the overlaying matrix by undergoing a reorganization process,
resulting in the formation of spherical structures with basal-out polarity, meaning
that the apical cell domain is facing a lumen enclosed within the sphere and the basal
cell domain sits on the surrounding matrix37.

Similar results have also been found when single cells, instead of monolayers, are
embedded within 3D matrices. These cells proliferate and self-organize into well-
polarized aggregates containing a single hollow lumen and recreating the spherical
structure of some epithelial organs. MDCK aggregates in a collagen type I matrix
exhibited the basal-out polarity described for the matrix-covered monolayers
(Figure 1.4 (a)). Interestingly, these very same aggregates when cultured in
suspension, without the surrounding matrix of ECM proteins, reversed their polarity
and exhibited apical-out polarity (Figure 1.4 (b))38. Caco-2 single cells, which are
from a human colorectal adenocarcinoma, were also embedded in Matrigel (a cell-
secreted protein mixture rich in laminin and collagen IV) or in collagen-Matrigel
mixtures, proliferated and formed aggregates with basal-out polarity that enclosed
a central lumen39-41, However, this polarity is inverted when Caco-2 cells are
mutated to be anoikis resistant, so cell death is prevented when they are detached
from the surrounding ECM, and are embedded in a collagen-Matrigel mixture
(Figure 1.4 (c))*.
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Figure 1.4. (a) Confocal image of p58 (basal and lateral domains), F-Actin and cell nuclei for MDCK cells
embedded in collagen type | matrix. The aggregate consists in basal-out polarized cells that enclose a
central lumen (L) and is surrounded by the ECM. Adapted with permission from O’Brian et al., 2002. (b)
Image of gp135 (apical membrane protein) for a MDCK cell aggregate cultured in suspension for ~ 5 days
and showing apical-out polarization (left panel). When transfered to collagen gels, after 16-24 hours the
aggregate polarity is reverted to basal-out (right panel). Scale bars: 16 um. Adapted with permission from
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Wang et al., 1998. (c) Confocal image of F-Actin and cell nuclei for Caco-2 cells embedded within a
collagen-Matrigel mixture for ~ 10 days. The native Caco-2 cells presented basal-out polarization (left
panel). In contrast, Caco-2 aggregates formed from mutated cells being anoikis resistant exhibited apical-
out polarization (right panel). Scale bars: 20 um. Adapted with permission from Patankar et al., 2019.

Further examples include growing mammary epithelial cells, both primary cells and
cell lines, within 3D Matrigel matrices. The structures formed by normal and cancer
cells were immediately and reproducibly distinguishable (Figure 1.5 (a))%243.
Normal cells entered in growth arrest and organized in basal-out polarized
aggregates. In contrast, tumor cells formed disorganized masses*3. Interestingly,
when tumoral cells were cultured within a healthy ECM, they successfully reverted
their malignant phenotype (Figure 1.5 (b))*%. Taken together, these experiments
demonstrated that epithelial tissue organization, and in particular cell polarization,
not only depends on cell-cell interactions but is also strongly determined by the
interactions between the cells and the basement membrane matrix.
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Figure 1.5. (a) Scheme depicting the growth of normal and tumoral mammary cells over time and confocal
fluorescence images of F-Actin and nuclei. Normal mammary epithelial cells cultured embedded in Matrigel
exhibited growth arrest and organized into basal-out aggregates (acini-like structures) (upper row). In
contrast, mammary tumoral cells continue to proliferate into disorganized masses (lower row). Adapted
with permission from Weaver et al., 1995. (b) Confocal representative images of F-Actin and nuclei of
normal and tumoral mammary cells aggregates. Normal cells organize into basal-out aggregates (left
panel) while tumoral cells grow into disorganized masses (middle panel). Mammary tumor cells reverted
their status and organized the cortical actin (right panel). Scale bars: 15 ym. Adapted with permission from
Wang et al., 1998.
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In addition, the in vitro models described above have also contributed to determine
the relevance of the matrix composition for the epithelial polarization. For example,
it has been reported that MDCK cells, when embedded in collagen type I matrices,
are able to produce their own laminin and assemble it along their basal surface. This
creates a basement membrane to which integrins, the main cellular receptors
mediating cell-substrate adhesions, can attach*5. When the ability of MDCK cells to
assemble endogenous laminin is impaired by using genetic models, the polarity of
the MDCK aggregates is reverted+>. However, when the culture is supplemented
with exogenous laminin, the basal-out polarity of the aggregates is restored#s. In
addition, MDCK cells grown within Matrigel, which has a high content of laminin,
grow faster than when cultured in collagen?6. Althogether, these results point out
the relevance of laminin for the epithelial organization and support the preference
of using Matrigel as 3D matrix for in vitro studies rather than collagen type .

Although these 3D culture models have been able to recapitulate the epithelial
morphogenesis, they do not offer the possibility of studying individual contributions
of cell-cell and cell-ECM interactions. Moreover, the 3D aggregates embedded in
ECM are randomly distributed and heterogeneous in size, which complicates
standardization, the use of conventional microscopy for experimental data
collection and data analysis. For this reason, another way to study the cell-ECM
interactions consists in culturing cells on a two dimensional (2D) substrate with a
concentration range several orders of magnitude below the typical concentration of
the 3D-matrices previously introduced47:48. For example, MDCK cells are cultured on
substrates of variable fibronectin concentrations (0 - 80 pg mL-1)48. Cells on high
fibronectin concentration grew into large and flat monolayers, whereas on low
fibronectin concentration cells form aggregates. Another example used primary
hepatocytes and Matrigel as substrate4’. The authors observed how reducing the
Matrigel concentration (1 - 0.01 pg cm'2) changed the cell organization from
monolayers to aggregates. It is worth noticing that these approaches, however,
involve the use of ECM protein concentrations which are several orders of
magnitude below the ones found in the 3D and tissue matrices.

1.2.3  Wetting/de-wetting analogies to explain epithelial tissue behavior

Classically, wetting models have been used to study the dynamics of liquid-solid
interfaces by considering soft matter models. When a liquid drop contacts a solid
surface, its spreading dynamics depend on the balance of the liquid cohesive forces
and the liquid-surface adhesive forces. This leads to different wetting regimes: the
drop can spread creating a film (complete wetting), or it can stay as a drop in a
partial wetting situation and forming a certain contact angle with the surface at the
equilibrium. On the other hand, a liquid thin film forced to contact a surface using,
for instance, spin-coating or painting might remain wetting the surface or might
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retract in a de-wetting process. De-wetting processes might form holes in the liquid
film, which can later coalesce to form a network of filaments and break into liquid
droplets (Figure 1.6 (a)). De-wetting phenomena have been described in systems
such as polymeric films, protein films or soap foams on substrates. In particular,
polygon networks of connected strings of material, like Voronoi patterns, have been
described (Figure 1.6 (b-d))*9-54. Their morphology has been extensively studied by
applying mathematical methods of stochastic geometry. These networks have
strong similarities in their structure. They form hexagonal holes, i.e. the average
number of edges of the polygon is six, and the average angle between edges is 120°.
Moreover, these networks are relatively well ordered. This ordered status can be
reached by coalescence, i.e. rupture of the thinnest rims between polygons of
different sizes, or diffusion of gas through the edges of polygons with different
pressures. These morphologies of de-wetted polymer networks are spontaneously
established in nature and have been extensively described, for instance, in vascular
networks formed by endothelial cells55.
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Figure 1.6. (a) Typical morphologies associated with de-wetting of thin polymer films: nucleated holes,
polygonal patterns, final polygonal patterns after of rims into spherical droplets, and random droplets
resulting from de-wetting. Adapted with permission from Mukherjee et al. 2015. (b) Scanning Tunneling
Microscopy images of polystyrene networks on a silicon surface. Scale bar: 1um. Adapted with permission
from Stange et al. 1992. (c) Scanning force microscopy micrographs of collagen network on mica surface.
Scale bar: 1 um. Adapted with permission from Mertig et al. 1997. (d) Representative detail photograph of
2D soap foams. Adapted with permission from Glazier et al. 1987.
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In epithelial biological systems, the wetting analogy has been applied to explain
epithelial cell organization. In these systems, the cell spreading dynamics are
governed by a competition between cell-cell and cell-substrate interactions>¢. With
this analogy, the tissue spreading parameter S could be determined taking into
account the balance between the adhesion energies attributed to cell-cell (W)
adhesion and those attributed to cell-substrate (W) adhesion, in such a way that S
= Wes— Wee. The sign of this parameter changes at the wetting transition that
separates tissue spreading (S > 0, wetting) from retraction (S < 0, de-wetting).
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Figure 1.7. Phase diagram of tissue wetting. The aggregate spreading is governed by a competition
between cell-cell adhesion energy We. and cell-substrate adhesion energy Wes, and the difference sets the
sign of the spreading parameter S = Wcs — Wee. The images show the long-term fate of cell aggregates in
each of the regions. The cell-substrate energy Wes can be controlled either by modifying the substrate’s
surface chemistry [non-adhesive PEG-poly-L-lysine (PEG-PLL) versus adhesive fibronectin (FNT)] or its
rigidity (soft versus stiff). Adapted with permission from Gonzalez-Rodriguez et al. 2012.

For epithelial systems, cell-cell adhesion depends on the expression of molecules
such as E-cadherins while cell-substrate adhesion depends on the surface chemistry
and the surface stiffness (Figure 1.7). To study biological systems using the wetting
analogy, the experiments performed consisted in 3D cell aggregates spreading on
substrates with varying cell-cell and cell-substrate adhesivities57-61. In particular,
spheroidal aggregates of a mouse sarcoma cell line (S-180) were employed in a set
of experimentss859. Cell-cell adhesion was controlled by the cell E-cadherin
expression, while cell-substrate adhesion could be chemically tuned using a mixture
of poly (ethylene glycol) (PEG) and fibronectin to coat the substrates, thus modifying
cell-ECM interactions. When cell aggregates were placed on PEG-coated substrates
(non-adhesive), they remained spherical (S < 0, partial wetting). In contrast, when
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cell aggregates were placed on fibronectin-coated substrates (adhesive), a
precursor film of cells spread around the aggregates (S > 0, wetting). In cohesive
aggregates that have strong cell-cell contacts (high expression of E-cadherin), this
cell film was a continuous monolayer. In contrast, in weakly cohesive aggregates
(lower E-cadherin expression) individual cells detached from the aggregates and
spreadss. This could be interpreted as a wetting transition from a liquid to a 2D gas
state, and the cells leaving the aggregate can be interpreted as a hallmark of
epithelial-mesenchymal transition (EMT) in tissues.

On the other hand, cell-substrate adhesion could also be physically tuned by varying
the substrate rigidity. This can also induce a wetting transition, so the cell aggregates
remained spherical below a threshold of substrate rigidity (S < 0, partial wetting),
while cells spread around the aggregates above this threshold (S > 0, wetting). For
example, cells of S-180 spheroidal aggregates deposited on fibronectin-coated
polydimethylsiloxane (PDMS) substrates with high stiffness (~1.8 MPa) spread and
formed cellular monolayers expanding around the aggregates. Conversely, these
aggregates remained spherical on fibronectin-coated polyacrylamide (PA)
hydrogels with lower stiffness (< 8 kPa)>.

On the other hand, de-wetting of epithelial monolayers has also been tested. By
culturing mouse sarcoma cells on top of PEG-coated substrates (non-adhesive) or
soft substrates, cells spontaneously withdraw from the surface to form aggregates
(S < 0, de-wetting)%2. De-wetting has also been reported in human breast
adenocarcinoma cells from the MDA-MB-231 line, where increasing the expression
level of E-cadherin triggered a sudden morphological transition from monolayers
into 3D aggregates®3.

Despite the extensive literature studying wetting phenomena in epithelial systems,
experiments accounting for the multicellular population present at epithelia in vivo
are scarce. Experiments comprise homogeneous epithelial cell populations and do
not consider cell differentiation or even polarization. Attempts to overcome these
drawbaks involve the use of primary epithelial cells, which possess a short life and
limited expansion capacity, or animal models, which are difficult to control,
standardize, analyze and are subjected to ethical concerns.

1.3 3D organoid cultures

As described before, in vitro research on cell epithelial organization has been mainly
enabled through the culture of immortalized cell lines seeded on or within protein
matrices. However, traditionally these culture models have had several
shortcomings based on their limited resemblance to normal epithelia. In the latest
years, new opportunities have been available in the field through the culture of
primary tissues in 3D structures called organoids. Organoids are 3D cellular
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structures that resemble in their multicellular cell composition, function and
architecture to specific epithelial tissues and organs¢465. They are formed upon the
proliferation, differentiation, and self-organization of either adult tissue-specific
stem cells or pluripotent stem cells. These are grown in suitable 3D matrices in the
presence of specific biochemical factors that mimic the in vivo stem cell niches.

Organoids derived from intestine®, cornea®?, lung®s, skiné9, liver7? and pancreas’!
among other tissues, have been successfully obtained. Organoids resemble the cell
composition, structure, and function of the organ in vivo and allow long-term
expansion. Thus, they have become the gold standard in vitro culture model of these
epithelia. They have a wide range of applications in basic and translational
research®472, Organoids serve as models of disease, drug testing and personalized
medicine, since they have the ability to mimic pathologies at the organ level®472, For
example, intestinal organoids derived from patients with cystic fibrosis (disorder
caused by mutations on the CFTR gene encoding the CFTR channel) serve as simple
and robust assays for experimental treatments, since the CFTR channel functionality
is easy to assess in vitro’3. Organoids are also used as models to perform
toxicological studies’4. For example, liver and cardiac organoids derived from
humans indicated toxicity to mercury and glyphosate but at higher doses than
observed with cultured cell lines or animal models7s.

1.3.1  Intestinal organoids

Intestinal organoids, also called mini-guts, were the first long-term organoids
established and have become a preferred system to model the small intestine®6. In
vivo, the small intestinal epithelium is organized in a 3D architecture composed of
finger-like protrusions called villi and invaginations called crypts7¢. These are lined
by an epithelial monolayer containing several cell types, including differentiated
and proliferative cells (Figure 1.8 (a)). Such cell types are distributed and highly-
organized along the distinct tissue areas. The small intestinal epithelium is the
fastest tissue of adult mammals in getting regenerated, as it basically renews every
4-5 days in mice”’. Such a fast cell turnover is driven by the presence of an adult
intestinal stem cell (ISC) population characterized by being Lgr5+ (Leu-rich repeat-
containing G protein-coupled receptor 5). These ISCs, together with the so-called
Paneth cells reside at the bottom of crypts. ISCs undergo self-renewal and generate
transit-amplifying (TA) cells, which migrate upwards the top of the crypt
compartments’8. Absorptive enterocytes, mucus-secreting goblet cells, and
hormone-secreting enteroendocrine cells arise from TA cells and continue their
migration up along the crypt-villus axis. After reaching the villus tips, cells undergo
apoptosis, are extruded into the lumen, and are replaced by a new generation of
cells, ensuring intestinal homeostasis?s.



Introduction

Intestinal organoids originate from the culture of crypt pieces or single Lgr5+ ISCs
embedded in 3D matrices of Matrigel¢6.79. When supplemented with the proper cell
culture medium, ISCs proliferate, differentiate and form closed structures consisting
in a central lumen lined by a cell monolayer (Figure 1.8 (b)). Proliferative cells
develop budding forms that protrude from the spherical structures. Mice genetic
models and tracing experiments have demonstrated that these buds are composed
by ISCs, Paneth and TA cells%6. Thus, these buds recapitulate the multicellular
population and arrangement found in crypts in vivo and are called crypt-like
domains (Figure 1.8 (c-d)). On the other hand, organoids also contain differentiated
cells able to perform absorptive, and secretory functionséé. They also maintain the
organoid homeostasis by dying, being exfoliated, and getting accumulated within
the lumen. Thus, they mimic the villi found in vivo and are called villus-like domains.
As such, intestinal organoids recapitulate the cell compartmentalization and the
main functions of the in vivo tissue. In addition, intestinal organoids can grow for
several months within Matrigel drops and can be passaged in a similar manner as
cells grown in monolayersét. Therefore, organoids constitute an affordable and
highly reliable primary cell source for the study of the small intestinal epithelial
tissue.
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Figure 1.8. (a) Schematic representation of the small intestine morphology. The intestine is lined with a
single layer of epithelial cells organized into villus (light blue) and crypt (pink) domains. Lgr5+ stem cells
(in green) are localized at the bottom of the crypts. (d) Schematic representation of an intestinal organoid,
consisting of a central lumen (L) lined by villus-like domains (light blue) and crypt-like domains (pink). Lgr5+
stem cells (in green) are localized at the bottom of the crypt-like domains. (c) Representative image of an
intestinal organoid (14 days after single cell culture) overlapping bright field and GFP fluorescence signals.
Lgr5-GFP+ cells are localized at the bottom of the crypt-like domains. (d) Organoids cultured with the
thymidine analogue EdU for 1 hour. Note that only crypt-like domains incorporate EdU. (c-d) Scale bar: 50
pum. Adapted with permission from Sato et al., 2009.

1.3.2  Signals guiding intestinal self-organization and compartmentalization in vivo

In vivo, intestinal epithelial compartmentalization is supported by a set of
differential cell-cell and cell-ECM interactions along the crypt-villus axis. Several
signaling pathways such as Wnt, Notch, bone morphogenetic protein (BMP) or
Eph/ephrin receptor/ligand among others, are involved in this process (Figure 1.9
(2))80. Some of these pathways involve diffusible signaling molecules displayed as
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concentration gradients which induce differential patterns of cell types along the
vertical axis of the tissue. For instance, it is known that Paneth cells secrete Wnt
signals that maintain the ISC niche. Wnt signaling is present at the crypt bottom and
its expression decreases in a gradient fashion toward the crypt top (Figure 1.9 (b))81.
Notch is also essential to maintain the undiferentiated state of the ISC niche and
forms a spatial gradient from the bottom to the top of the crypts82. Finally, BMP
signals are active in the villus compartment, ensuring cell differentiation, while the
BMP antagonist Noggin is mainly expressed in the crypt8. On the other hand,
signaling molecules such as Eph receptors and ephrin ligands are membrane-bound,
so they only interact through direct cell-cell contacts and their signaling is bi-
directional. Eph/ephrin repulsive interactions control cell positioning along the
crypt-villus axis8% Proliferative cells within crypts express EphB receptors in a
decreasing gradient from the bottom to the top of the crypts, whereas ephrinB
ligands are expressed in an increasing gradient from the bottom of the crypts until
the tips of the villi (Figure 1.9 (c))848>.
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Figure 1.9. (a) Schematic representation of the main gradient signals governing the intestinal morphology:
villus (light blue) and crypt (pink) domains. Lgr5" stem cells (in green) are localized at the bottom of the
crypts. (b) Confocal imaging in Wnt3"4" mice intestinal tissues of HA (Wnt3), Epam (membranes) and
WGA (secretory granules). Scale bars: 50 um. Adapted with permission from Farin et al., 2016. (c)
Eph/ephrin receptor/ligand pairs form opposite gradients and overlap in the middle of the mouse intestinal
crypts. EphB3 is predominantly expressed by Paneth cells and EphB2 by progenitor cells. EphrinB1 is
more expressed by differentiated cells than by crypt cells. Scale bars: 40 ym. Adapted with permission
from Holmberg et al., 2006.

Additionally, cell-ECM interactions directly attributed to the laminin isoforms
present along the crypt-villus axis have also been described as relevant in guiding
cell position and differentiation8é. In particular, the presence of rich laminin o5
isoform has been detected in the basement membrane of the villus regions. In
addition to their molecular content, other ECM properties such as their rigidity have
shown to be fundamental in regulating intestinal tissue. Recent papers attribute a
relevant role in this process to Yes-associated protein 1 (YAP). YAP is recognized as
a mechanosensor protein which regulates its activation by mechanical cues such as
the ECM stiffness. In vivo, YAP activation induces its translocation from cell cytosol
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to cell nucleus, where it activates the transcription of a sets of genes. This process
has been demonstrated as essential in cellular reprogramming during tissue repair,
promoting the regenerative capacity of intestinal stem cells87.88. For example, upon
exposure to whole-body irradiation (12 Gy), YAP was predominantly cytoplasmic
with certain cells displaying weak nuclear accumulation at 1 day post-irradiation
(dpi), which was mainly nuclear at 2 dpi, and by 4 dpi returned to a prominent
cytoplasmic localization8. However, the function of YAP in the intestinal
development or homeostasis is not clear. Although a recent paper using
in vivo delivery of interfering RNAs against YAP suggested that YAP may regulate
intestinal epithelial proliferation and goblet cell differentiation®, other papers
showed that the genetic removal of YAP had no apparent phenotype in intestinal
epithelium during homeostasis89.

Besides the signals originated at the epithelium, non-epithelial (stromal) cells
residing in the intestinal lamina propria such as fibroblasts, myofibroblasts,
endothelial and immune cells, also secrete biomolecules impacting the intestinal
epithelial organization through Wnt, Notch and BMP signaling pathways®l. For
example, Wnt signals, which play a crucial role in regulating the proliferation and
organization of epithelial cells, arise from multiple cell sources in the tissue%2-94. In
addition to being secreted by Paneth cells located at the epithelial monolayer,
stromal cells such as myofibroblasts also secrete Wnt molecules4-%, Indeed, it has
been reported that in vivo the absence of Paneth cells does not disrupt the normal
intestinal homeostasis, while intestinal organoids development is dependent on
Paneth cells as a source of Wnt signaling, thus evidencing the multiple sources of
this signal in vivo97-99. Given these redundant sources of signaling, it is unclear which
role is performed by each signal in regulating the epithelium. However, what is
known is that the disruption of tissue homeostasis is a critical event linked to
intestinal diseases, such as inflammatory bowel disease8 or colorectal cancer
Within this context, the use of intestinal organoids as accessible, well controlled in
vitro models with only the epithelial components of the tissue is seen as an unique
opportunity to shed light on the complex biology of the tissue by trying to capture
in vivo cell-ECM and cell-cell interactions in the in vitro systems.

1.3.3  Cell-extracellular matrix interactions in intestinal organoids

Intestinal organoids are cultured embedded within a 3D ECM, as single intestinal
cells undergo anoikis outside their tissue context. As exemplified in section 1.3.1,
Matrigel is usually employed to support intestinal epithelial growth. Matrigel has
been successfully used for the culture of intestinal organoids because of its
molecular composition, rich in laminin and collagen 1V, which is similar to the
basement membrane of the intestinal epithelial tissue66.100.101 This ECM has been
proven to be appropiate to provide the structural support and the biochemical cues
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required for the adhesion, growth and differentiation of the Lgr5+ intestinal stem
cells. Collagen type I has been investigated as an alternative scaffold. However,
collagen type I 3D matrices are only able to sustain the growth of intestinal organoid-
derived cells when these are co-cultured with intestinal subepithelial myofibroblasts
or with the addition of Matrigel87.102, Although through comparative analysis gene
expression in organoids co-cultured with intestinal subepithelial myofibroblasts
embedded in collagen was shown to be relatively similar to Matrigel controls, cell
monolayers were also found in collagen02. This result suggests that the organoid
growth properties are different when matrices are altered. On the other hand, when
organoids were embedded in collagen type I mixed with Matrigel, they formed a
smoother epithelium and displayed decreased budding!03. Recently, another study
also showed an intriguing relationship between the in vitro behavior of intestinal
organoids and the ECM104, In particular, it stated the soft matrices and full-length
recombinant laminins are essential for ISC differentiation and organoid formation104.
The matrices should be mechanically dynamic for ISC expansion and, subsequently,
permissive to their differentiation and intestinal organoid formation. Overall, these
studies indicate that intestinal epithelial organoids growth is achieved only when
the mechanical factors and the composition of the ECM are appropriately provided.

On the other hand, recent works link the maintenance of primary intestinal
epithelial cells in vitro to culture environments able to induce the activation of the
Yes-associated protein 1 (YAP)104105 As explained in in vivo systems, YAP proteins
are found in both the cytoplasm and the nucleus of cells. When it is activated, YAP
translocates from the cytoplasm to the nucleus, where it binds and activates TEAD
transcriptional factors thereby regulating downstream gene transcription. Among
other pathways, it has been reported that YAP activation can be regulated by
mechanical cues!%, Specifically, it has been shown that YAP activates in vitro in
response to sustained increased ECM rigidity, strain or adhesive areal®’. When
referring to mouse intestinal organoids, YAP transient activation has been found to
be essential to induce ISC symmetry breaking and thus lead to organoid
development (Figure 1.10)88.
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Figure 1.10. (a) Time course images of YAP, GFP (GFP+ cells corresponding to Lgr5+ intestinal stem
cells) and cell nuclei (DAPI) for the symmetry breaking during the formation of organoids. The
corresponding time lapse for each image is shown in each panel. Scale bar: 50 ym. Adapted with
permission from Serra et al., 2019.
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1.3.4  Cell-cell interactions in intestinal organoids

As previously explained, in vivo, cell-cell interactions and cell-secreted biomolecules of
epithelial and non-epithelial origin impact on the organization of the intestinal
epithelium. In vitro, such complex interactions are mimicked by culturing the
intestinal organoids using a medium supplemented with intestinal biomolecules.
The culture medium components closely replicate the main signaling pathways
identified as being able to sustain the in vivo stem cell niche, Wnt, Notch and BMPée.
These factors create biochemical gradients along the crypt-villus axis of the intestine
and control the growth, migration and differentiation of the ISCs82. The essential
ingredients of the intestinal organoids culture medium include pre-defined amounts
of epidermal growth factor (EGF), Noggin and R-spondin 1 biomoleules. Some
authors have also reported the use of additional components to boost the stemness
of the cultures. These are two small molecules, CHIR99021 and valproic acid, which
modulate Wnt, Notch and BMP signaling pathways108.

(a) (b) JFP DsRed

Figure 1.11. (a) Gradient generating microdevice. (b) Brightfield (left panels) and fluorescence (right
panels) images of GFP (GFP+ cells corresponding to Lgr5+ intestinal stem cells), and DsRed (actin) for
organoids in the absence of gradients (upper panels), for organoids growth in the presence of Wnt3a/R-
spondin 1 gradient (middle panels) and organoid from a single cell growing in the presence of Wnt3a/R-
spondin 1 gradient (lower panels). Scale bars: 50 ym. (a-b) Reproduced with modifications by permission
of Attayek et al., 2015.

By employing intestinal organoids and different engineering approaches, the role of
these molecules in controlling the signaling pathways has been investigated. For
example, a microfluidic device was used to expose colon organoids to a linear
gradient of Wnt3a and R-spondin 1 biomolecules (Figure 1.11)109. In this setup, it
was observed that organoid morphologies were polarized, with the crypt-like
domains localized within the region of the highest concentration of Wnt3a/R-
spondin 1 biomolecules, resembling the organization of the colonic crypts in vivo.
Interestingly, organoids obtained from the culture of single stem cells under the
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gradients were more responsive to the biochemical signals and more polarized than
fully grown organoids. This result suggests that single stem cells, only in contact
with a matrix but not with other cells are able to tune their self-organization in
response to exogenous biomolecular patterns.

However, despite the great benefits found in the use of intestinal organoids to study
epithelial organization, in practice they have several drawbacks when using them as
in vitro models of the intestinal tissue. From the functional point of view, they have
a closed lumen, which prevents the access to the cell apical side to perform
absorbance tests or study epithelial-pathogen interactions. On the other hand, they
usually have large differences in size and shape, which hinders the standardization
of the measurements performed, while the 3D matrix by which they are surrounded
complicates microscopy data collection and the associated analysis. In addition, the
3D structure adds yet another layer of complexity, as tissue curvature has the
potential to reshape morphogen gradients!10. For all these reasons, in recent years
organoid-derived intestinal monolayers have been proposed as alternative in vitro
models for intestinal studies.

1.4 Organoid-derived intestinal epithelial monolayers

Recently, there is an increased interest in intestinal epithelial monolayers that
recapitulate the physiology of the in vivo tissue while overcoming the limitations
imposed by the closed geometry of 3D organoids. Several attempts to “open-up” the
spherical 3D organoids into 2D monolayers have been explored!11-115, These
intestinal monolayers have been obtained from organoid-derived crypts and single
cells from a variety of species including murine, porcine and humans. Crypt pieces
or single cells were seeded onto porous membranes in Transwell inserts coated with
gelatinl1l, collagen type IV 112 or Matrigel 113-115, The culture medium was
supplemented with Noggin, R-spondin 1 and Wnt3a. Cells in these cultures
displayed a characteristic polarized morphology and markers of mature intestinal
epithelium such as tight junctions. In addition, these monolayers typically formed a
continuous barrier with a transepithelial electrical resistance (TEER) that is
sufficiently high to support physiological assays such as immunoglobulin A
transcytosis and pathogen-epithelium interactions!11.113, However, these
monolayers were grown for short times and it is unclear whether they were able to
compartmentalize in crypt-and villus-like domains, maintain stem cell niches, and
recapitulate in vivo tissue self-renewing capabilities.

In arecent study, self-renewing epithelial monolayers grown from organoid-derived
colonic crypts were reported by culturing these cells onto collagen type I hydrogels
(thickness > 1 mm and concentration of 1 mg mL-1) (Figure 1.12 (a))116. The culture
medium was supplemented with epidermal growth factor (EGF), Noggin, R-spondin
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1 and Wnt3a. These set-ups support the formation of monolayers with stem cells
and all differentiated cell types. The differentiated cells were compartmentalized at
the center of the monolayers while the proliferative cells were mainly found along
the edges of the expanding monolayers. No physiological spatial
compartmentalization of proliferative and differentiated cells similar to the tissue
in vivo was found in these systems.

(a) (b)
"

Vil1 Edu DAPI Lyz GFP Edu Bl

(d)

Muc2 Edu DAPI F-Actin DAPI DAPI F-Actin DAPI

*

Figure 1.12. (a) Representative fluorescence image of Muc2 (Goblet cells), Edu (proliferative TA cells) and
cell nuclei (DAPI) for epithelial monolayers grown on collagen type | for 8 days. Scale bars: 100 uym.
Adapted with permission from Wang et al., 2017. (b) Representative fluorescence image of Ki67
(proliferative cells), F-Actin and cell nuclei (DAPI) for organoid-derived single-cells cultured on Matrigel.
Scale bars: 100 um. Adapted with permission from Altay et al., 2019. (c) Confocal representative images
of Villin (Vil1, enterocyte), Lysozyme (Lyz, Paneth cells), GFP (GFP* cells corresponding to Lgr5* intestinal
stem cells), Edu (proliferative TA cells) and cell nuclei (DAPI) for epithelial monolayers grown on Matrigel-
coated substrates. Scale bar: 25 pm. Adapted with permission from Thorne et al., 2018. (d)
Immunostaining of ZO-1, F-Actin and cell nuclei (DAPI) for epithelial monolayers cultured on Matrigel-
coated substrates for 7 days. Orthogonal cross-sections of the monolayers. Scale bars: 10 ym. Adapted
with permission from Altay et al., 2019.

Other studies also support the self-renewal of stem cells through the culture of
organoid-derived crypts onto thin coatings of collagen type I. However, in this case
the culture medium is supplemented with intestinal subepithelial myofibroblasts
conditioned medium, epidermal growth factor (EGF), Noggin and R-spondin 1117, In
combination, these observations suggest that the maintenance of the proliferative
cell population is attributed to the proper combination of substrate mechanical
properties and biochemical factors.

The compartmentalization in crypt-and villus-like domains is a key property of in
vivo intestinal epithelium that has also been pursued to mimic in vitro on organoid-
derived intestinal epithelial monolayers. For example, a collagen coated membrane
was patterned with micropores to enable the spatially localized application of
biochemical factors that control the compartmentalization of the organoid-derived
monolayers!18. More recently, protocols to obtain intestinal organoid-derived
epithelial monolayers that spontaneously self-organize into proliferative crypt-like
domains and differentiated villus-like regions have been proposed (Figure 1.12
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(b))119-121, These intestinal monolayers are obtained from organoid-derived crypts
and single cells from mice. These are seeded on top of Matrigel-coated substrates!20
or polyacrylamide (PA) hydrogels functionalized with a solution of collagen type I
and laminin 121, and cultured with medium supplemented with epidermal growth
factor (EGF), Noggin, R-spondin 1 and sometimes CHIR99021 and valproic acid.
These intestinal monolayers produce all major intestinal cell types and cells are
properly polarized (Figure 1.12 (c-d)). To mimic the luminal and stromal
compartments of the tissue in vivo, monolayers are often grown on Transwell
inserts, which allow the addition of different cell culture media at the apical and at
the basal chambers. When cultured with the proper biochemical factors, these
monolayers can be maintained for up to 20 days preserving their self-renewal
properties and maintaining the spatial cell compartmentalization in crypt- and
villus-like domains for up to 2 months!19.These results revealed the synergistic
influence of ECM stiffness, porosity and composition on the compartmentalization
of the organoid-derived intestinal epithelial monolayers.

Because of their 2D format, these monolayers allow the systematic study of the
perturbation of signals such as Wnt and BMP120, These signals are factors that
regulate cell proliferation in the intestinal epithelium in the opposite way. While
Wnt promotes stem cell renewal and thus, proliferation, BMP promotes cell
differentiation. In a set of enlightening experiments, these endogenous signals were
perturbed through inhibition via IWP-2 for Wnt and inhibition via LDN for BMP.
Also, the signals were exogenously modified by varying the composition of the cell
culture medium employed. Although the monolayers did not have tissue
architecture nor non-epithelial components, this study revealed that a feedback-
loop between intrinsic Wnt and BMP signals is established (Figure 1.13 (a)) and it is
responsible for the monolayer organization and the maintenance of the
homeostasis120. In addition, while proliferation of the cultures can be recovered in
the absence of intrinsic Wnt signals by exogenous stimuli, exogenous Wnt or BMP
signals are not able to rescue tissue compartmentalization in the absence of the
intrinsic signaling.

Additionally, not only the biochemical signals generated by cell-cell and cell-
secreted factors can be evaluated using intestinal monolayers, but these models are
also suitable for mechanical studies (Figure 1.13 (c)) involving cell-cell and cell-ECM
interactions!21. For this purpose, the monolayers were grown onto polyacrylamide
hydrogels and traction force microscopy measurements were performed. The
experiments revealed some insights on the formation process of the crypt-like and
villus-like domains in vitro. It was observed that the stem cell domain pushes the
underneath ECM and folds, generating a negative tensile gradient. Then, TA cells pull
the ECM and elongate, reaching a minimum of tension. On the other hand, at the
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villus-like domains, a second tension gradient builds up. Finally, proliferative cells
are pulled out of the TA domain along a gradient of increasing tension.
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Figure 1.13. (a) Organoid-derived epithelial monolayers are compartmentalized in crypt- and villus like
domains. Schematic representation of monolayers self-organization via Wnt/BMP signaling (upper panel);
and graph plotting the ratio of crypt to villus cell number (lower panel) Adapted with permission from Thorne
et al., 2018. (b) Mechanical compartmentalization of organoid-derived monolayers. Traction map overlap
with a brightfield image of a crypt-like domain where yellow vectors represent components tangential to
the substrate and the color map represents the component normal to the substrate (upper panel); and
circumferentially averaged normal tractions T (orange) and radial tractions T (purple) as a function of the
distance to the crypt-like domain center (lower panel). Adapted with permission from Pérez-Gonzalez et
al., 2020. (c) Organoid-derived epithelial monolayers show effective barrier function. Representative
fluorescence images of GFP (GFP* cells corresponding to Lgr5* intestinal stem cells), F-Actin and cell
nuclei (DAPI) for epithelial monolayers cultured on Matrigel-coated Transwell inserts (upper panel); and
graph plotting the transepithelial electrical resistance (TEER) values for the epithelial monolayer as a
function of cell culture time (lower panel). Scale bar: 100 um. Adapted with permission from Altay et al.,
2019.

Finally, organoid-derived intestinal monolayers also allowed the introduction of
non-epithelial signals in an easy manner. In our laboratory, we cultured organoid-
derived monolayers onto porous membranes in Transwell inserts!19 (Figure 1.13
(b))- To obtain monolayers fully covering the substrate and thus, being functional in
tissue barrier assays such as permeability tests, the proliferation of the stem cells
was boosted by including stromal biochemical signals. This was performed by
supplementing the culture medium added to the basolateral compartment with
medium recovered from the culture of intestinal subepithelial myofibroblasts
isolated from the tissue. Although these experiments represent relevant advances
in the field, the complexity of the biochemical signal added hinders the unravelling
of the effects attributed to individual biochemical components of non-epithelial
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origin in the epithelial organization and the maintenance of the homeostatic
behavior.

Within this context, the central challenge of this thesis has been to propose well
controlled systems through which we could explore the effects of substrate-derived
cues in driving the self-organization of organoid-derived intestinal epithelia. For
this purpose, we have made use of our knowledge to generate 2D intestinal
epithelial monolayers and the expertise of the lab in tuning and characterizing the
substrate functionalization using micropatterning techniques.
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2 Objectives

The gold standard advanced in vitro culture models of the intestinal epithelium are
intestinal organoids since they recapitulate key parameters of the in vivo tissue.
These models allow the study of epithelial tissue organization and have confirmed
the crucial role of the crosstalk between substrate-derived cues and cell-dependent
signaling molecules for tissue development, homeostasis, and regeneration.
However, as organoids are cultured embedded in 3D cell-derived protein mixtures,
the spatial distribution of extracellular matrix proteins and the signaling molecules
derived from cells that coordinate the tissue organization in vivo cannot be readily
retrieved. The recent development of organoid-derived intestinal epithelial
monolayers that also recapitulate the physiology of the tissue in vivo provided new
avenues in overcoming the limitations imposed by the closed geometry of 3D
organoids. The aim of this thesis is to make use of this biological in vitro model and
bioengineering tools to investigate the impact of substrate-derived cues in the self-
organization process of organoid-derived intestinal epithelial cells. To achieve this
ambitious goal, the two following specific objectives are defined:

e To assess the role of ECM cues in driving the self-organization of organoid-
derived intestinal epithelia. Specifically, to assess the impact of ECM density and
composition in cell self-assembly process that guides the transition between
scattered organoid-derived single cells to fully grown intestinal monolayers
compartmentalized in crypt- and villus-like domains.

e To optimize and characterize a platform to allow for the precise localization of
epithelial or stromal cell-derived signals in a surface-bound manner through
micro-patterning technology. To evaluate the effects of these cell-derived
signals on the self-organization of organoid-derived intestinal epithelial
monolayers and their impact in the compartmentalization of crypt-like domains.
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3 Materials and Methods

3.1 Cell line cultures

Caco-2 cells, which correspond to a human colon adenocarcinoma cell line, have
been extensively employed to model the intestinal epithelium in vitro since they
display many physiological and morphological features of mature enterocytes!22,
Madin-Darby Canine Kidney (MDCK) cells have been widely used as in vitro
epithelial cell models because they retain many of the structural and functional
properties of epithelia in vivol23. We used both Caco-2 and MDCK cell lines as in vitro
models to study epithelial cell organization as a function of substrate extracellular
matrix (ECM) density. These cell models represent two distinct types of epithelia
since they originate from different organs and differ in their three-dimensional (3D)
architecture in vivo.

On the other hand, the impact of biomolecular signaling patterns in epithelial cell
organization was also studied in this thesis. Specifically, the role of ephrinB1 ligands
and their EphB2 receptors on intestinal epithelial organization was assessed in vitro.
Preliminary tests were carried on employing NIH/3T3 mouse embryonic
fibroblasts. These cells were selected because they endogenously express the EphB2
receptor24 and they rapidly attach and spread on the chosen substrates125126,

Caco-2 cells (ATCC® HTB-37TM), MDCK cells (ATCC® CC-34TM) and NIH/3T3
fibroblasts (ATCC® CRL-1658™) were cultured at 37°C in a humidified incubator
under a 5% CO: atmosphere. Culture medium was DMEM (Gibco) medium
supplemented with 10% Fetal Bovine Serum (FBS) (Life Technologies), 1% L-
glutamine (Gibco), 1% sodium pyruvate (Invitrogen), and 1% Penicillin-
Streptomycin (Sigma-Aldrich). Additionally, Caco-2 cells culture medium included
1% Minimum Essential Medium Non-Essential Amino Acids solution (MEM-NEAA,
Gibco, Thermofisher). For the experiments, cells were rinsed with Phosphate
Buffered Saline solution (PBS) (Life Technologies) at 37°C before adding Trypsin-
EDTA (Life Technologies) at 37°C. Caco-2 cells were incubated for 5 minutes, MDCK
cells for 8 minutes and NIH/3T3 fibroblasts for 3 minutes at 37°C in 5% CO;
atmosphere. Following the incubation period, Trypsin-EDTA was neutralized adding
an equal volume of culture medium and centrifuged at 1000 rpm for 5 minutes. For
the maintenance of the cultures, Caco-2 cells were passaged in 75 cm? culture flasks
every 7 days with a seeding concentration of 2 105 cells/flask, and the medium was
changed every 3 to 4 days. MDCK cells and NIH/3T3 fibroblasts were passaged every
3-4 days, with a split ratio of 1:10 when cells were 70-80% confluent, using 25 cm?
culture flasks.
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3.2 Culture of primary mouse small intestinal epithelial cells

Primary cells represent advanced culture models and should potentially
recapitulate in vitro the physiology of their original tissue in vivo. Therefore, we
employed primary mouse small intestinal epithelial cells to investigate their
epithelial organization in our experiments.

3.2.1 Mouse model

All experimental protocols involving mice were approved by the Animal care and
Use Committee of Barcelona Science Park (CEEA-PCB) and the Catalan government
and performed according to their relevant guidelines and regulations. Lgr5-EGFP-
IRES-creERT2 mice were used. These mice have been previously described?s. Briefly,
Lgr5-EGFP-IRES-creERT2 mice were generated by homologous recombination in
embryonic stem cells targeting the EGFP-IRES-creERTZ cassette to the ATG codon of
the stem cell marker Lgr5 locus, allowing the visualization of Lgr5+ stem cells
located in the crypts of the mouse intestines through the expression of green
fluorescent proteins (GFP). The Lgr5-EGFP-IRES-creERT2 mice were kindly
provided by the Laboratory of Prof. Eduard Batlle at Institute for Research in
Biomedicine (IRB, Barcelona, Spain).

3.2.2  Intestinal crypt isolation and organoid culture

Intestinal crypts from Lgr5-EGEFP-IRES-creERTZ2 mice were isolated as previously
described (Figure 3.1 (a))127.128, Briefly, small intestines were flushed with PBS and
cut longitudinally. Intestinal villi were removed mechanically, and the intestinal
crypts were isolated by incubating the tissue with PBS containing 2 mM EDTA
(Sigma-Aldrich) for 30 minutes at 4°C. The digested material was filtered through a
70 um pore cell strainer (Biologix Research Co.), and the so-called crypt fraction was
obtained. Then, crypts were plated within drops of the commercial protein mixture
Matrigel (BD Bioscience) and supplemented with medium: advanced DMEM/F12
(Invitrogen) plus 1% Glutamax (Gibco), 1% HEPES (Sigma-Aldrich), Normocin
(1:500, Invitrogen), 2% B27 (Gibco), 1% N2 (Gibco), and 1.25 mM N-acetylcysteine
(Sigma-Aldrich). The medium was supplemented with recombinant murine
epidermal growth factor, EGF (100 ng mL-1, Gibco), recombinant murine Noggin
(100 ng mL-1, Peprotech), and recombinant human R-spondin 1 (200 ng mL-1, R&D
Biosystems) to obtain what we called ENR-medium. This medium was changed
every 2 to 3 days. For the first 4 days of culture, Rho kinase (ROCK) inhibitor Y-
27632 (10 pM, Sigma-Aldrich) was added to the medium. ROCK inhibitor was used
to block anoikis29, which is a cell death mechanism that might occur in anchorage-
dependent cells that have just been detached from their ECM. When cultured in
Matrigel drops, the intestinal crypts grow and develop 3D closed structures called

39



Materials and Methods

intestinal organoids. These consist of a central lumen lined by an epithelium with
crypt- and villus-like domains, with crypts budding from spherical structures
(Figure 3.1 (b)). For some experiments, organoid cultures were enriched in their
stem cell amount by supplementing the ENR-medium with two small molecules,
CHIR99021 (3 uM) and valproic acid (1 mM), leading to ENR_CV-medium18, [n an
alternative strategy, we also enriched the stem cell content by doubling the
concentration of recombinant human R-spondin 1 molecule, leading to EN2R-

medium.
(a) (b)
pin 2 . st
:_ ; e“.v. —r X } £ — %’ .
Lgr5-EGFP-IRES- Isolated Organoid . s
CreERT2 mouse intestinal crypts cultures o

Figure 3.1. (a) Scheme depicting the intestinal crypt isolation and organoid culture. Intestinal crypts from
Lgr5-EGFP-IRES-creERT2 mice were isolated and plated in Matrigel drops to obtain organoid cultures. (b)
Right panel: brightfield microscopy image of a representative intestinal organoid. Scale bar: 100 ym. Left
panel: schematic representation of an intestinal organoid, consisting of a central lumen lined by crypt- and
villus-like domains. Lgr5* stem cells (in green) are localized at the crypt-like domains.

For the maintenance of the organoid culture, outgrowing crypts were passaged
twice a week. Independently of their culture media, all the organoid cultures were
passaged simultaneously to allow comparisons. To obtain crypt pieces
homogeneous in size, full-grown organoids were subjected to a mild digestion
protocol as previously described!!9. Briefly, Matrigel drops containing organoids
were disrupted by pipetting with TrypLE Express1X (Gibco) and transferred to a
Falcon tube at 4°C. In there, they were mechanically disrupted using a syringe with
a 23 G 1” needle (BD Microlance 3). The resulting solution was centrifuged at 700
rpm for 3 minutes. Crypt pieces were then plated again in Matrigel drops. Organoid
stocks were maintained for up to 4 months at 37°C in a humidified incubator under
a 5% CO2 atmosphere.

To characterize the organoids embedded in Matrigel drops, regular
immunofluorescence staining was used, but including some adjustments to
preserve the 3D organization of the structures. Specifically, glutaraldehyde was
added to the fixation solution, low temperatures were avoided, and detergents (such
as Triton X-100) were removed from all solutions. Briefly, cells were fixed with 2%
paraformaldehyde (PFA) (Electron Microscopy Sciences) and 0.1% glutaraldehyde
(GA) (Sigma-Aldrich) in PBS for 30 minutes at room temperature (RT), and blocked
for at least 2 hours at RT with a blocking buffer containing 1% BSA (Sigma-Aldrich)
and 3% donkey serum (Millipore) in PBS. Antibodies were diluted in 0.1% BSA and
0.3% donkey serum in PBS. Primary antibody anti-Ki67 (1:100, Abcam) was
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incubated on Matrigel drops with organoids overnight at 4°C. Secondary antibody
was Alexa Fluor® 647 donkey anti-rabbit (Jackson ImmunoResearch) diluted at
1:500 and it was incubated on Matrigel drops for 2 hours at RT. Alexa Fluor® 568
phalloidin was used to stain filamentous actin (F-actin). Nuclei were stained with
4’ 6-diamidino-2-phenylindole (DAPI) (1:1000) diluted in 0.1% BSA and 0.3%
donkey serum in PBS and incubated on cells 40 minutes at RT. All the incubation
steps included orbital agitation to ensure adequate diffusion of the reagents into the
hydrogel. Finally, samples were mounted with Fluoromount® (Thermo Fisher) for
microscope imaging.

Brightfield images were acquired using an epifluorescence inverted microscope
(Eclipse Ts2, Nikon) with 4x air and 10x air objectives. Fluorescence images were
acquired with a confocal laser scanning microscope (LSM 800, Zeiss) with a 10x air
objective (NA = 0.3, WD = 2.0) or 20x air objective (NA = 0.8, WD = 0.55). The pinhole
diameter was set to 1 Airy Unit (AU). For all images acquired, the optimal z-step was
used as indicated by the equipment software.

3.2.3  Obtention and culture of organoid-derived single cells

To obtain organoid-derived single cells, full-grown organoids were now subjected
to a harsh digestion protocol similar to the one previously described by our research
groupl1® but introducing slight changes. In short, Matrigel drops containing
organoids were enzymatically disrupted by pipetting them with TrypLE Express1X
(Gibco). The TrypLE Express1X activity was previously reduced by heating it at 37°C
for 1 hour in a water bath. The solution containing the disrupted organoids was
transferred to a Falcon tube at 4°C, where enzymatical disruption was followed by
mechanical disruption using a syringe with a 23 G 1” needle (BD Microlance 3).
Single cells or small cell clusters were obtained by incubating such solution for
approximately 5 minutes at 37°C under agitation every minute and centrifuged at
1000 rpm for 5 minutes. When seeded in culture for our experiments, these
organoid-derived single cells were cultured with ENR_CV-medium plus ROCK
inhibitor Y-27632 (10 uM, Sigma-Aldrich) to prevent anoikis129,

3.3 Fabrication of Polyacrylamide (PA) hydrogel substrates with tunable
stiffness

3.3.1 Fabrication of PA hydrogel substrates

Polyacrylamide (PA) hydrogels were fabricated on 35 mm glass-bottom Petri dishes
(Mattek) following the experimental set-up depicted in Figure 3.2, which was
previously described by our research group and others!26130131, First, the glass
bottom was silanized to ensure a stable attachment of PA hydrogels. For that, the
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glass was incubated for 5 minutes with a 50% (v/v) solution of (3-aminopropyl)
trimethoxysilane (Sigma-Aldrich) in Milli-Q water, followed by another incubation
with Milli-Q water for 30 minutes on an orbital shaker. Then, the glass was rinsed
with Milli-Q water several times and incubated for another 30 minutes with a 0.5%
(v/v) solution of glutaraldehyde (Sigma-Aldrich) in Milli-Q water again on an orbital
shaker. Finally, the glass was rinsed with Milli-Q water, dried using nitrogen and
stored in a vacuum desiccator until use. In parallel, pools to polymerize and shape
PA hydrogels were created by employing polydimethylsiloxane (PDMS) membranes
cut into ring-shaped pieces (external and internal diameters of 10 mm and 5 mm,
respectively). The PDMS was prepared by using a mixture of Sylgard 184 Silicon
Elastomer and curing agent (DowCorning) at a ratio of 10:1 w/w, and cured for 3
hours at 65°C. PDMS rings were then bound to the silanized glass to form a pool.

%Acrylamide %Bis-acrylamide Young’'s modulus (kPa)
PA1 7.5 0.050 3+1
PA2 12 0.150 37+6
PA3 12 0.600 145+7

Table 3.1. List of polyacrylamide (PA) hydrogel compositions and resulting Young’s moduli. Values were
measured by atomic force microscopy (AFM) and are reported as mean + SEM (N = 3). Adapted from
Comelles et al'?.

PA hydrogels were prepared through chemical polymerization in a range of varying
stiffnesses (Figure 3.2 (a)). To control the stiffness, the concentrations of acrylamide
and bis-acrylamide (bioRad) were varied (see Table 3.1). These prepolymer
solutions were mixed with 0.05% (w/v) ammonium persulfate (Serva) and 1%
(v/v) tetramethylethylenediamine (TEMED) (Sigma-Aldrich). Immediately after
their preparation, 100 uL. cm-2 of the prepolymer solutions were poured into the
pools formed by the PDMS rings and the silanized glasses (Figure 3.2 (b), left panel).
The pools were reversibly closed on their tops by a sheet of a flexible, low oxygen
permeability polymer, polyethylene naphthalate (PEN). A weight was placed above
the PEN cover to keep it sealed while the polymerization took place. The
polymerization process was carried out for 2 hours at room temperature (RT). The
polymerized hydrogels were demolded by carefully removing the flexible mold and
then stored in PBS at 4°C until further use.
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(a)

Acrylamide Bis-acrylamide Polyacrylamide (PA) hydrogel
CH,=CH = CH;—CH=CH;=CH=—CH,—CH—
| | |
C=0 c=o0 c=0 C=0
| I | |
CH, = ?H TH Polymerization reaction NH, TH NH,
C=0 + CH, —— CH,
| | |
NH, NH initiated by NH, MH NH;
| TEMED & Persulfate | | |
C=0 C=0 Cc=0 C=0
| I | |
CH,=CH —CH,—CH—CH,—CH—CH,—CH—
(b)
1. PA hydrogel fabrication 2. Sulfo-SANPAH activation 3. Coating with extracellular
g g % g g % g matrix proteins
b W L N L LY 5050 0% 5 5% 0.5
PA hydrogel PA hydrogel PA hydrogel
= PEN * Sulfo-SANPAH Extracellular matrix protein
PDMS spacer g UV light

Glass-bottom Petri dish

Figure 3.2. Scheme of the fabrication steps to obtain functionalized Polyacrylamide (PA) hydrogels. (a)
Scheme of the chemical polymerization to form PA networks. TEMED accelerates the formation of
persulfate free radicals, that convert acrylamide monomers into radicals. These acrylamide radicals react
with inactivated monomers and bis-acrylamide forming the polyacrylamide (PA) hydrogel. (b) Fabrication
set-up, consisting in a reversibly bonded PDMS pool containing the PA prepolymer solution and a PEN
cover. The structure was disassembled after polymerization and PA hydrogels were obtained (1).
Hydrogels were then activated using Sulfo-SANPAH crosslinker and UV light (2), then coated with ECM
proteins (3).

3.3.2  Activation and functionalization of PA hydrogel substrates

PA does not sustain cell adhesion, so for cell culture it was functionalized with
extracellular matrix (ECM) components (Figure 3.2 (b)). To covalently bind ECM
proteins to the PA hydrogels, Sulfo-SANPAH reagent (Sigma-Aldrich) was
used126.131, The PA hydrogels were first rinsed with sterile PBS, and the PBS excess
was carefully eliminated with vacuum. Then, a Sulfo-SANPAH solution was freshly
prepared at a concentration of 2 pg puL-1 in Milli-Q water and 150 pL. cm-2 were added
on top of each PA hydrogel. The PA hydrogels with the Sulfo-SANPAH solution were
UV-irradiated (Light Source LQ-HXP 120 UV, LE]) for 30 seconds and then rinsed
several times with PBS before carefully drying them with vacuum to remove any
excess of buffer. As a bifunctional crosslinker, Sulfo-SANPAH contains a phenylazide
group at one end that immobilizes to PA hydrogels upon photoactivation, and an
ester group at the other end to covalently link with primary amines of proteins?31.
The activated PA hydrogels were then incubated with Matrigel to get them stably
bonded to their surface (see section 3.4.1).
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3.4 Substrate coating with extracellular matrix (ECM) proteins

3.4.1  Preparation of ECM-coated substrates

Avariety of substrates were coated with ECM components by employing the method
described in this section. These substrates were: glass-bottom Petri dishes with a
glass area of 35 mm in diameter and stiffness of ~5 GPa; polymer well plates (Ibidi
p-Slide 8 Well, Ibidi GmbH) with an area of 1 cm2/well and stiffness of ~3 GPa; and
PA hydrogels with an area of 0.2 cm? and different stiffnesses, ranging between 3
and 145 kPa.

Matrigel, a protein mixture secreted by a mouse sarcoma cell line, was employed as
an extracellular matrix (ECM) surrogate and the substrates described above were
coated with it. Matrigel-based cultures have been successfully used for the growth
of primary intestinal epithelial cells and intestinal stem cells (ISCs) because of its
molecular composition, rich in laminin and collagen 1V, which is similar to the
basement membrane of the intestinal epithelial tissue66.100.101, Matrigel was used at
the stock concentration or as diluted Matrigel solutions. Matrigel solutions at
different concentrations were prepared by diluting Matrigel in DMEM/F-12
(Invitrogen). The Matrigel concentrations used ranged between 0.25 and 10 mg mL1.

Collagen type I (high concentration, rat tail, Corning) was employed as an alternative
ECM component to coat the substrates of interest in some experiments. Collagen
gelation is pH- and temperature-dependent and the product must be neutralized to
allow its polymerization. Collagen type [ was neutralized using the alternate gelation
procedure included in the lot-specific Certificate of Analysis132, to generate solutions
at several concentrations. To that aim, a basic solution 1 N of NaOH (PanReac
Applichem) was used as neutralizing method: 10X PBS was added (one-tenth of the
total volume) to make 1X PBS after neutralization, and culture media was added to
adjust the collagen concentration. Finally, the NaOH solution was carefully added to
adjust the pH.

Both Matrigel and collagen type I solutions gel at 37°C, so they formed hydrogels
when coating the substrates. To form hydrogel thin films, substrates were coated
with 10 pL cm?2 of the ECM solutions. To achieve good surface coverage,
reproducible results, and avoid the formation of bubbles, these solutions were
slowly spread throughout the substrate surfaces releasing them from the pipette
without lifting the pipette tip from the substrate following a pre-defined pattern
(Figure 3.3). For solutions with concentrations lower than 1 mg mL-1, 200 pL cm-2
instead of 10 puL cm-2 were used to ensure the total surface coverage and protein
homogeneous distribution. Once spread, the solutions were incubated at 37°C and
5% COz for 1 hour. To prevent the hydrogel gelation during the coating process, the
products and materials were placed on ice, and the substrates and the pipette tips
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were kept at -20°C prior their usage. Once coated, the substrates were immediately
used.

Extracellular matrix Substrate

Figure 3.3. Scheme depicting the pattern followed to coat the substrates with extracellular matrix hydrogel
films. Alter pipetting, the ECM solutions were spread slowly throughout the substrate surface while
releasing it without lifting the pipette tip from the substrate: starting at the center point going up and down
to the left, then going up and down to the right, returning to the center point and finishing through the four
corners.

Laminin (Invitrogen), one of the main components of Matrigel!33, was also employed
to coat some of the substrates, as it is a major component of the basement membrane
of the intestinal tissue. Laminin was diluted in PBS and used at a concentration of 20
pug mL-1 134 Laminin coatings were performed incubating the solutions on 35 mm
glass-bottom Petri dishes (Mattek) for 90 minutes at RT. To avoid evaporation of the
solutions during incubation, the chambers were carefully covered with parafilm.
Once coated, the substrates were stored in PBS at 4°C until further use.

3.4.2  Characterization of the protein distribution and thickness of Matrigel thin films

In the case of Matrigel-coated substrates, Matrigel thin films were characterized by
immunofluorescence using antibodies against laminin. To minimize losing Matrigel
material during the immunostaining process, the fixation step was eliminated, low
temperatures were avoided, and detergents (such as Triton X-100) were removed
from all solutions. Thus, Matrigel-coated substrates were blocked with a blocking
buffer containing 1% BSA (Sigma-Aldrich) and 3% donkey serum (Millipore) in PBS
for 30 minutes. Antibodies were diluted in PBS containing 0.1% BSA, and 0.3%
donkey serum. Hydrogels were incubated with anti-laminin (1:200, Abcam) primary
antibody for 30 minutes at room temperature (RT). Alexa Fluor® 647 donkey anti-
rabbit (Jackson ImmunoResearch) diluted at 1:500 was used as secondary antibody,
and it was incubated for 45 minutes at RT. Finally, samples were mounted with
Fluoromount® (Thermo Fisher) for imaging.

Images of the samples were acquired at randomly selected locations with a confocal
laser scanning microscope (LSM 800, Zeiss) equipped with a 100x oil objective (NA
=1.40, WD = 0.17). The pinhole diameter was set to 1 Airy Unit (AU). For all images
acquired, a z-step of 0.1 um was used.
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To characterize the surface protein distribution, projection images of the confocal z-
stacks were obtained by adding the intensities of each z-slice. Then, average
intensities of the resulting projection images were measured as follows: 10 x 10 um
ROIs (regions of interest) were defined and their average intensity were obtained.
Finally, the average intensity of each ROI was normalized by the maximum intensity
of the corresponding projection image. Three different ROIs of each projection
image were measured for three independent samples. Finally, the average intensity
of all the ROIs was computed.

On the other hand, Matrigel thickness was estimated by a method based on confocal
microscopy, following a previously described procedure!3s (Figure 3.4). Briefly, we
extracted all the orthogonal views of the confocal laminin images and added them
up by summing their intensities. This generated an intensity profile of the film cross-
sections. To mitigate the noise effects, intensity across the z-profile was obtained by
averaging the intensity values of 10 pm width regions. The obtained profiles x were
fitted by a Gaussian distribution:

—(x—c)z/
y(x)=a+(b—a)e 20?, [1]

where the coefficient a sets the Gaussian baseline, (b — a) is the Gaussian amplitude,
¢ sets the peak position, and o is the Gaussian width parameter. Then, for each
profile the full width at half maximum (FWHM) of the peak was calculated as
2V(2In2)o, and this value was attributed to the Matrigel film thickness. The
measurements were conducted using a custom-made Image] macro
(http://rsb.info.nih.gov/ij, NIH) (code available upon request).
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Figure 3.4. Characterization of Matrigel layer thickness. (a) Representative confocal sum intensity
projection of an immunofluorescent image for laminin. Scale bar: 20 uym. (b) Representative sum of all
orthogonal cross-sections of Matrigel-coated substrates stained for laminin (left panel) and the zoom
collected from the black rectangle. Scale bar: 10 um. (c) Graph representing the intensity collected along
the white dashed line in (b) versus the thickness of the laminin layer. The symbols correspond to the
experimental measurements, and the solid line is the fit of the data using a Gaussian function. The
thickness of the Matrigel layer was estimated by calculating the FWHM of peak.
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3.4.3  Characterization of the mechanical properties of Matrigel thin films

Young’s moduli of the Matrigel films on PA hydrogels were measured in liquid
conditions keeping the hydrogels with a PBS drop126.136, We used a NanoWizard® 4
Bioscience atomic force microscope (AFM) (JPK Instruments) mounted onto an
inverted microscope (Eclipse Ti Series, Nikon) to perform indentation
measurements. At least three regions per hydrogel and ten indentations per region
were done to obtain statistically meaningful values. Silicon nitride pyramidal tips
(NanoWorld) with nominal spring constants of 0.08 N m'! were employed. The
deflection sensitivity was calibrated by repeated contact mode indentations on a
clean glass slide. To obtain the elastic modulus of the samples, the Hertz model for a
pyramidal tip was fitted to the measured force-distance curves, using the
proprietary JPK data analysis software.

3.5 Cell culture on ECM-coated substrates

3.5.1 Cell seeding and culture on the ECM-coated substrates

ECM-coated substrates (section 3.4.1) were air-dried for 15 minutes at room
temperature, and cells were seeded following the steps shown in Figure 3.5. In brief,
a 10 pL drop of cell suspension was placed on top of the ECM-coated substrates. For
the experiments employing organoid-derived single cells, 105 cells per drop were
cultured. For the experiments employing Caco-2 cells, 2 104 cells per drop were
cultured. For the experiments employing MDCK cells, 5 10% cells per drop were
cultured. These cell densities were individually selected as those allowing to obtain
confluent 2D monolayers cultured on the substrates according to previous
experiments. After 30 minutes of incubation at 37°C in a humidified incubator under
a 5% COz atmosphere to allow cells to attach, more medium at 37°C was added. Cells
were then cultured for different periods of time depending on the experiment. In all
the cases, the medium was changed at 24 hours, and then every 48 hours.

Immunofluorescence staining was used to reveal the epithelial cell organization
when cultured on the ECM-coated substrates, meaning the epithelial cell types and
their distribution. When the experiments were finished, both cell lines (Caco-2 and
MDCK) and primary cells were fixed with 10% neutralized formalin (Sigma-Aldrich)
for 40 min at 4°C, permeabilized with 0.5% Triton X-100 (Sigma-Aldrich) for 30 min
at room temperature (RT) and blocked for at least 2 hours at RT with a blocking
buffer containing 1% BSA (Sigma-Aldrich), 3% donkey serum (Millipore), and 0.2%
Triton X-100 in PBS. All primary antibodies were diluted in 0.1% BSA, 0.3% donkey
serum and 0.2% Triton X-100 in PBS, and incubated on cells overnight at 4°C. The
primary antibodies used, which depended on the cell type and experimental layout,
were: anti-GFP (1:100, Life Technologies), anti-GFP (1:100, Abcam), anti-Ki67
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(1:100, Abcam), anti-Ki67 (1:100, BD Biosciences), anti-Lysozyme (1:100, Dako),
anti-Cytokeratin 20 (1:100, Dako), anti-EphB2 (1:200, R&D Systems), anti-laminin
(1:200, Abcam), anti-YAP (Santa Cruz Biotech). The secondary antibodies were
diluted in 0.1% BSA and 0.3% donkey serum in PBS and incubated on cells 1 hour at
RT. The secondary antibodies used were: Alexa Fluor® 488 donkey anti-goat, Alexa
Fluor® 488 goat anti-mouse, Alexa Fluor® 488 donkey anti-rabbit, Alexa Fluor® 647
donkey anti-goat, Alexa Fluor® 647 goat anti-mouse, Alexa Fluor® 647 donkey anti-
rabbit (all from Jackson ImmunoResearch) diluted at 1:500. Alexa Fluor® 568
phalloidin was used to stain filamentous actin (F-actin). Nuclei were stained with
4’ 6-diamidino-2-phenylindole (DAPI) (1:1000) diluted in 0.1% BSA and 0.3%
donkey serum in PBS and incubated on cells 40 min at RT. Finally, samples were
mounted with Fluoromount® (Thermo Fisher).

1. Extracellular matrix 2. Incubation with a drop of 3. Medium addition
coating on substrates cells suspended in medium

Extracellular matrix Single cells

Substrate Cell-specific medium

Figure 3.5. Scheme depicting the cell seeding procedure on extracellular matrix (ECM) -coated substrates.
After the ECM coating, samples were air-dried for 15 minutes at room temperature (1). Then, a 10 pl drop
of medium containing the cell suspension was placed on top of the ECM coating (2). Then, samples were
incubated for 30 min at 37°C to allow cells to attach, and more medium at 37°C was added (3).

Brightfield (or fluorescence), images (or tiles) were acquired using an
epifluorescence inverted microscope (Axio Observer 7, Zeiss) with 5x air (NA =
0.16), 10x air (NA = 0.30) or 20x air (NA = 0.40) objectives. Images were acquired at
randomly selected locations. The tiles were made up of several individual images to
inspect the whole sample. The tiles used a 10% spatial overlap to stitch the single
images into a map of the full screened surface by the ZEN software (Zeiss). In
addition, fluorescence images were acquired with a confocal laser scanning
microscope (LSM 800, Zeiss) with a 10x air objective (NA = 0.3, WD = 2.0) or 20x air
objective (NA = 0.8, WD = 0.55). The laser excitation and emission light spectral
collections were optimized for each fluorophore, especially for the four-color scans,
where the emission bands were carefully adjusted to avoid overlapping channels.
The pinhole diameter was set to 1 Airy Unit (AU). For all the images acquired, the
optimal z-step was used as indicated by the equipment software. The images were
used to characterize several features of the cultures such as cell markers, surface
epithelial coverage and cell morphology, among others.
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3.5.2  Quantification of cell markers on ECM-coated substrates

Cells cultured on the ECM-coated substrates were characterized for proliferative
cells through Ki67 marker (nuclear marker). Also, the presence of Lgr5+ intestinal
stem cells (ISCs) by positive GFP signal and epithelial markers such as cytokeratin
20 (Ck20) (cytoskeleton marker for terminally differentiated enterocytes and goblet
cells) was checked. To allow quantifications, cell contour was defined through F-
actin, and cell nuclei were located through DAPI identification. To quantify the
different cell markers, two image processing methods were used, a custom-made
Image] macro and a semi-automatized routine implemented in the Imaris software
(version 9.1.0; Bitplane) (codes available upon request).

1. Max intensity 2. Definition of the 3. Detection of the 4. Detection of the
z-projection segmentation area nucleus centers Ki67+ nuclei

F-Actin DAPI Segmentation area  [BJXg] Nuclei detected  [{}j Ki67+ detected

Figure 3.6. Example illustrating the quantification of cell markers through Image J customized macro.
Confocal immunofluorescent stacks obtained for proliferative cells (Ki67), F-Actin and cell nuclei (DAPI) of
epithelial monolayers were z-projected using maximum intensities (1). The F-Actin channel defines the
segmentation area (2). A total of 322 individual nuclei were detected applying a Laplacian of Gaussian
filter with 8 ym radius (3). Then, the Ki67 marker mean intensity was measured where the nuclei were
detected. A mean intensity value above a threshold automatically identified 49.4% of nuclei as Ki67+. Scale
bars: 50 ym.

The custom-made Image] macro was used to quantify the number of Ki67 and Ck20
positive cells among the total cells in each particular image (see Figure 3.6). Briefly,
confocal images were z-projected using maximum intensities. The F-actin channel
was employed to define the segmentation area. Then, individual cell nuclei were
filtered by applying a Laplacian of Gaussian filter with a radius adapted to the
characteristic size of the nuclei. This filter treats cell nuclei as blobs and detects their
centers37. Then, for each epithelial marker, its mean intensity was measured where
individual cell nuclei were detected. When this mean intensity was above a user-
defined threshold, the macro counted that nucleus as positive for that particular
marker.

Imaris software was employed to quantify Ki67 and GFP positive cells related to the
total cell number. First, cell nuclei were detected in the reconstructed 3D images as
spots using the smallest values of their diameters previously measured for
representative images. Spot number detection was adjusted based on the signal
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quality (differences in intensity and shape) to improve nuclei detection. Then, F-
actin channel was used as a filter to define the segmentation area of the nuclei. To
quantify the number of cells positive for a specific marker relative to the total cell
population, the mean intensity of that specific marker was filtered by the total nuclei
signal found in each F-actin positive area. When the mean intensity of the marker
was above a threshold, we counted the nucleus as positive for that particular
marker. This process was performed for both Ki67 and GFP markers.

3.5.3  Quantification of cell surface coverage on ECM-coated substrates

To quantify the cell surface coverage from immunostaining images, the fluorescence
image tiles of F-actin were used. The tiles were pre-processed and analyzed using
Image] software as described in Figure 3.7. First, we applied a mean filter with a
radius of 15 um to smoothen the surface edges. The filtered images were then
segmented using the default Image] threshold to obtain a binary mask where the
area occupied by the cells appeared in white, and cell-free regions or holes in the
cell monolayers appeared in black. To remove the background noise, the binary mask
was twice eroded followed by twice dilated using Image] specific functions. The area
was the filled region that describes the projected area (Figure 3.7 (a), left panel). Then,
from the binary image, the area occupied by the cell monolayer (including holes) and
cell aggregates was determined (Figure 3.7 (a), middle panel) and, by inverting the
binary image, the areas of the holes (cell-free areas) were obtained (Figure 3.7 (a),
right panel). Subtracting both, the projected area effectively occupied by cell
structures was evaluated. This area was then normalized by the seeding area (yellow
line in Figure 3.7 (b)). Also, in some experiments, cell surface coverage over culture
time was alternatively quantified by analyzing brightfield images with Image]
software. Briefly, the projected area occupied by cellular structures was measured
by outlining its shape and normalizing it to the total area of the image.

(b)

Figure 3.7. Representative quantification of the surface coverage of cellular structures grown on ECM-
coated substrates from organoid-derived single cells. (a) Binary image from the thresholded F-Actin image
(left panel), binary image overlayed with areas where cells are found including holes (middle panel), and
holes (cell-free areas) formed on the cell seeding area (right panel). The projected area filled by cells was
obtained by subtracting the holes from the outers. (b) Immunofluorescence image tile of F-Actin with the
seeding area contoured in yellow. Scale bars: 2 mm.
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3.54  Morphological characterization of single cells or cellular aggregates on ECM-
coated substrates

Depending on the experiment performed, cells or cell aggregates were obtained, and
their morphology was analyzed as single objects following the procedures described
in what follows.

Single cells or cellular structures were segmented using fluorescence images and
tiles processed by Image] software as described in Figure 3.8 (a-d). For instance, cell
nuclei were segmented from the DAPI or Ki67 intensity channels. First, the images
were subjected to a median filter with a radius of 1 um to remove the noise,
homogenize the staining, and prevent losing the edges. In the case of cell aggregates,
which were segmented using the F-actin staining images, these were subjected to a
mean filter with a radius of 2 um to smoothen surface edges. Next, the filtered
images were subjected to the default Image] threshold to obtain single object binary
masks. These masks were eroded twice followed by dilating them twice using the
Image ] corresponding functions to remove the background noise. After applying the
threshold, individual structures with overlapping contours were separated
performing a watershed segmentation, while incomplete structures overlapping
with the edges of the images were removed (Figure 3.8 (c)). Then, segmented
structures were fitted by ellipses (Figure 3.8 (d)).

For each individual cell or cell aggregate, we measured its surface projected area,
centroid position (x, y), elongation index, orientation index and solidity to define its
morphology (Figure 3.8 (e)). The elongation index was assessed from the fitted ellipses
as (major axis — minor axis)/(major axis + minor axis). With this definition, the
elongation index equals 0 for a circle, and has a maximum value of 1 corresponding
to a line. The orientation index was calculated as cos(26), where 6 is the angle
between the major axis of the fitted ellipses and the axis of interest (the horizontal
one) (Figure 3.8 (e)). Thus, the orientation index has a value between -1 and 1. It has
a value of 1 for a structure with the elongation perfectly aligned with the selected
axis (here horizontal), and a value of —1 if the structure is aligned perpendicularly
to such axis. When assessing orientation from a collection of structures, a randomly
oriented distribution has an orientation index close to 0. Last, the solidity measures
the convexity of the structures, and is defined as the ratio between their area and
the area of their convex hull: area/convex_area. Whereas a perfectly convex
ellipsoid (undeformed) has a solidity of ~1, objects with irregular boundaries or
containing holes have solidity values <1. When the elongation index was ~0, and the
solidity was ~1, the objects were considered as perfect circles, and their diameters

were calculated as 2V(area /).
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Figure 3.8. Representative images of the segmentation steps of single cells or cell aggregates. (a)
Immunofluorescence image of F-Actin and cell nuclei (DAPI). Scale bar: 100 ym. (b) F-Actin image
subjected to a mean filter with a radius of 5 pixels to smoothen surface edges. Scale bar: 100 ym. (c)
Binary image from the thresholded fluorescence image of F-Actin. The aggregates touching the edges of
the image were removed. Scale bar: 100 uym. (d) Aggregate fitting by ellipses. Scale bar: 100 ym. (e)
Schematic drawings showing the aggregate projected area, centroid position, major and minor axes of the
ellipse fitting, ellipse orientation and the convex area (used to compute solidity).

Ellipse orientation Convex area

3.5.5  Morphological characterization of cellular networks on ECM-coated substrates

For some experiments, cellular structures corresponding to cell monolayers with
holes, overall resembling cellular networks, were obtained. Therefore, we defined a
methodology to characterize such networks through quantitative parameters based
on Voronoi tessellation of the F-actin images. A Voronoi diagram is a subdivision of
a plane into polygons for a point distribution in such a way that the collection of all
Voronoi polygons fills the plane without any gaps. Each polygon is associated with a
point of the point distribution and defines the region of space that is closer to that
point than to any others.

First, F-actin fluorescence tiles were pre-processed with Image] software. They
were subjected to a mean filter with a radius of 10 um to smoothen surface edges.
Next, the filtered tiles were processed using the default Image] threshold to obtain
abinary image. To remove the background noise, the binary tiles were twice eroded,
followed by twice dilated. Then, we extracted the (x, y) position of the center of each
hole found in the cellular monolayers using the find maxima function of Image J.
Finally, the binary tiles were segmented using the Voronoi function (Figure 3.9 (a)),
and the areas of the polygonal structures were obtained.

52



Materials and Methods

Figure 3.9. Representative images of the morphological characterization of cellular networks. (a) Binary
image of F-Actin overlay with its segmentation using the Voronoi function from ImageJ. Scale bar: 2 mm.
(b) Binary images of F-Actin overlay with its segmentation using the Voronoi function from Matlab. Scale
bar: 2 mm. (c) Binary image of F-Actin overlay with the remaining Voronoi polygons after filtering the
Voronoi network. Scale bar: 2 mm.

To complete the characterization provided by the codes available for Image], a
customized code was also designed and implemented in Matlab (The MathWorks)
(code available upon request). Voronoi networks were retrieved with the Voronoi
function using the (x, y) position of the center of each hole in the network extracted
previously with Image] (Figure 3.9 (b)). Then, the areas of the polygons, the number
of their edges, their edge sizes and their edge angles were determined with the
function voronoiDiagram. With this code, the images were thresholded, and
polygons with infinite coordinates (touching the edges of the image) and their
neighbors were removed. Also, the polygons with edge angles below a threshold
defined as mean,qge angie — 2SDeage angte (SD is the standard deviation) were
removed. The thresholded polygons were represented using the patch function
(Figure 3.9 (c)). We then compared the areas of the polygons obtained using
network segmentation in Image] and the Voronoi code in Matlab and we found non-
significant differences between both them (Figure 3.10). Therefore, assumed that
our cellular networks could indeed be described as Voronoi tessellations to quantify
their geometry, arrangement and degree of order.

& |mageJ & Matlab
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Figure 3.10. Comparison of areas using network segmentation (Imaged analysis) and Voronoi polygons
(Matlab analysis). Mean + SD. N = 3 experiments.
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Thus, statistical distributions of the network variables both metric and topological,
such as number of edges, edge size, area and edge angle were computed. For each
variable, its statistical distribution was characterized by its mean value, and its
second moment, defined as:

W = oy T — (D 2
Where fis the variable (n edge number, a area, § angle, s edge size), ... ) its mean
value, f; is the value of f for polygon i, and N the total number of polygons. We used
the second moment of the distribution of number of edges u} as a measure of the
disorder of the network. This value is zero in the absence of disorder (corresponding
to a purely deterministic motion), and it becomes non-zero in the presence of
perturbations. The second moment was employed to compare networks resulting
from different experimental systems>52138,

3.5.6  Time-lapse microscopy experiments and quantification of cell migration on
ECM-coated substrates

Organoid-derived single cells migration on ECM-coated substrates was monitored
by time-lapse microscopy experiments. Lgr5-EGFP-ires-CreERT2 mouse intestinal
organoids allowed the visualization of Lgr5+ stem cells thanks to a green fluorescent
protein (GFP) reporter. An epifluorescence inverted microscope (Axio Observer 7,
Zeiss) with a 10x dry objective (NA = 0.4) was used to collect phase-contrast and
GFP images of cells every 5-10 minutes for up to 24 hours. The microscope was
equipped with thermal, CO; and humidity controls. Sequential couples of phase
contrast and GFP images were acquired at a rate of 1 frame every 5-10 minutes
during the duration of the experiment (~ 16 hours). Three zones per condition, two
replicas per condition and two conditions were imaged in parallel using a motorized
stage.

The time-lapse fluorescence images of GFP+ signals were pre-processed using
Image] software. Their background noise was reduced with the subtract background
function by using a rolling ball radius of 10 pm. The resulting images were then
subjected to a mean filter with a radius of 1 pm to homogenize the staining. The pre-
processed images were then loaded to the TrackMate plugin139, which tracked the
trajectories of GFP* cells by treating the GFP signal as blobs and detecting their
centers. The GFP signal was detected using the following settings: DownSample Log
Detector and blob diameter 15 pum. Finally, we obtained data containing the time
and position for each GFP+ cell.

Data analysis was performed using two different custom-made codes in Matlab
(code available upon request). The function importTrackMateTracks was used in
both codes to import the data extracted from the TrackMate analysis. Each cell i’s
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trajectory (i = 1,2, ..., M), where M is the total number of cells, was obtained by
connecting the position of the cell in all the images (Figure 3.11 (a)). One code
allowed us to represent the cell trajectories. Using the other code, cell mean-square
displacement (MSD), which is a measure of the average distance that each cell
travelled, was computed as:

MSD(t) = (|r;(t + At) — r;(t)]?), (3]

where r;(t) (bold letters refers to a vector) denote cell i’s position in space at time
t, At is the time lag and the average (...) is taken over all GFP+ cells. In order to
describe the migratory characteristics of the GFP+ cells, the MSD of cell trajectories
were fitted using a single exponential time-dependent diffusion model described by:

a

where «a is a time-dependence coefficient that describes the type of migration
exhibited by the cells. For a~1, which represents MSD trajectories that increase
linearly with time, the cells undergo random movement (Brownian motion). A cell
with Brownian motion diffuses freely and explores all the available space with
equal probability (Figure 3.11 (b), right panel). In contrast, @ < 1 represents a
partially confined random movement. In a partially confined random movement,
a cell remains confined inside a sub-volume from which it cannot escape (Figure
3.11 (b), middle panel). Finally, a > 1 indicates that the particle is moving in a
directed manner. A cell with directed motion moves to a specific target (Figure
3.11 (b), left panel).

(a) (b)

n(t + At)
- T (l‘] .//_.---' \""‘x. ‘5:5 ‘Eé’l\) \‘:‘“H‘ Il-_.,.g-
— AR .
Trajectory of cell i Brownian confined directed

Figure 3.11. (a) Schematic trajectory of cell i (black point) conecting its position in space and time
r;(t) through different images. (b) Schematic trajectories representing the different modes of diffusion.
Brownian motion (light blue), partially confined random movement (pink), and directed motion (green).

We also computed the temporal correlation function (TCF), which is a measure of

the cell velocities and was defined as:
| ri(t+AL)—ri(t)|2

TCF(D) = (———), [5]

where T = At, 2A¢, . .. is the time evolution, and the average (... ) is taken over all cells.
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3.6 Substrate biochemical micropatterning

3.6.1  Micro-contact printing procedure

Micro-contact printing is a widely employed technique to transfer biomolecular
patterns to surfaces of usually hard materials!40.141, In here, we applied this
technique to transfer biomolecular patterns on top of the extracellular matrix (ECM)
(Matrigel mainly)-hydrogel films coating the substrates described in section 3.4.1.
Micro-contact printing was performed following the experimental set-up depicted
in Figure 3.12 (a). First, a silicon master, which contained the microfeatures of
interest (Figure 3.12 (b)), was fabricated. For this, high-quality acetate photomasks
(CAD/Art Services Inc.) were designed using CleWin Layout Editor software
(PhoeniX Technologies, Netherlands). Arrays of the different motifs were printed
over square areas of 12 x 12 mm. Design (1) consisted of lines of equal width and
pitch spacing (L). We chose to use linear patterns because they allow easy read-outs
of quantitative parameters characterizing cell phenotype such as cell alignment and
orientation25126, The dimensions of the lines (L = 10 or 20 um) were selected
according to the mean area of the NIH/3T3 fibroblast nuclei, which was measured
experimentally. Design (2) consisted of circles of 100 or 200 pm in diameter (&) with
a spacing (center-to-center) (a) increasing from 150 pm to 400 pm. We chose these
designs because of their similarity with the 2-dimensional (2D) organization of the
small intestine in crypt- and villus-like domains when cultured in monolayers (see
section 3.5)119.120, The dimensions were selected according to the mean diameter of
crypt-like domains and their mean interdomain distances, which were experimentally
determined. Design (2) was prepared as a positive and as a negative mold, meaning
ready to fabricate either holes or pillars to match the requirements of the different
biological experiments performed. The microfeatures obtained were characterized
using an optical microscope (Eclipse L150, Nikon) with 10x (NA = 0.3, WD = 6.5), 20x
(NA =0.45, WD = 3.0) or 50x (NA = 0.5, WD = 10.6) air objectives (Figure 3.12 (b)).

Silicon masters were fabricated onto silicon wafers by standard microfabrication
processes involving UV-photolithography and reactive ion etching (D+T
Microelectrénica AIE). The masters had a height of 1 um for the design (1) and 3 um
for the design (2). This ratio between the feature dimensions and height avoids the
collapse of the printed structures and facilitates the transfer of patterns over
relatively large areas. Then, masters were silanized to facilitate the demolding of
PDMS replicas that would be later used as stamps for the patterning process 42. To
that aim, the silicon masters were first cleaned with Milli-Q water, acetone (PanReac
Applichem), and isopropanol (PanReac Applichem) and dried using nitrogen.
Subsequently, their surface was activated via immersion in a piranha solution
(H2S04: H202; 7: 3; v/v) (PanReac Applichem) for 30 minutes, followed by washing
with Milli-Q water and drying using nitrogen. After activation, the silicon masters
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were placed into a desiccator with a small vial containing 1 or 2 drops of
trichloro(1H, 1H, 2H, 2H-perfluorooctyl) silane (Sigma-Aldrich) and kept under
vacuum for 1 hour. Thereafter, the silanized masters were placed in the oven at 80°C
for 30 minutes. Finally, they were washed with toluene (PanReac Applichem) and
isopropanol, and then dried using nitrogen.

(a)
1. Silicon master fabrication 2. PDMS replica preparation
PDMS replica
Si master
3. Protein incubation 4. Patterning
PDMS stamp
Absorbed protein Extracellular matrix
Substrate
(b)
design (1) design (2) inverted design (2)
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Figure 3.12. (a) Scheme depicting the micro-contact printing technique. First, silicon masters containing
the microfeatures of interest were fabricated (1). Second, we freshly prepared the PDMS replicas (2). Then
proteins were physically adsorbed to the surfaces (3). Finally, the PDMS replicas containing the proteins
were used as stamps to transfer proteins onto the surface of the substrates (4). (b) Representative
brightfield images of three silicon masters with different designs showing their characteristic dimension
parameters: ridge and pitch width (L); circle diameter (&), and interdomain spacing (a).

PDMS replicas were freshly prepared to be used as stamps and transfer
biomolecules to the substrates of interests. To that aim, a mixture of Sylgard 184
Silicon Elastomer and curing agent (DowCorning) at a ratio of 10:1 w/w was used.
For design (1), PDMS was spun-coated onto the silicon masters forming PDMS
replicas of 50 um in thickness. For design (2), the PDMS was directly casted on the
silicon master forming thick replicas (few mm). In both cases, replicas were then
cured for 3 hours at 65°C. After curing, PDMS microstructures were simply manually
demolded from the masters and cut into pieces of 5 mm in diameter.

Then, PDMS replicas were incubated with 20 pL of solutions containing different
proteins of interest and used as stamps to pattern the substrates used for cell
culture. PDMS replicas were incubated for 45 minutes at room temperature. To
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avoid evaporation of the protein solutions during the incubation, this was
performed under moisture. Once incubated, the PDMS stamps were washed with
PBS and Milli-Q water and air-dried. Finally, the PDMS stamps with the proteins on
their surfaces were put in contact with the substrates for 10 minutes to transfer
these proteins. The thinnest PDMS stamps (design (1)) self-provided conformal
contact with the substrate. However, in the case of the thickest PDMS stamps (design
(2)), low pressure was manually applied to ensure the conformal contact between
the stamps and the substrates.

3.6.2  Preparation and characterization of hydrogels for micro-contact printing

When the micro-contact printing process was applied onto hard surfaces, the PDMS
stamps were used directly on those surfaces. However, when the micro-contact
printing was performed onto soft hydrogels such as Matrigel, these were previously
subjected to a freeze-drying process to make them mechanically resistant to sustain
the PDMS stamp pressure, following a process developed by our research group
(Figure 3.13)125, In short, Ibidi plates were coated with 200 pL cm2 of Matrigel
solution (diluted at 0.25 mg mL-1) (see section 3.4). After gelation (1 hour at 37°C),
the excess of the solution was removed, and samples were carefully rinsed first with
PBS and then with Milli-Q water to avoid the presence of salts. Subsequently,
samples were freeze-dried by immersion in liquid nitrogen and vacuum dried for 24
hours at-50°C and 0.06 mbar of pressure (1-4 LD-2, Christ Alpha). Matrigel samples
prepared following this process were characterized by the immunostaining of
laminin. Their thickness and surface distribution were evaluated as described in
section 3.4.2. Diluted fresh Matrigel (non-freeze-dried) samples, which were used
as controls in cellular experiments, were also characterized this way.

1. Extracellular matrix 2. Freeze-dried
coating on substrates extracellular matrix
Extracellular matrix Freeze-dned extraceliular matrix
Substrate
3. Patterning 4. Reconstituted
extracellular matrix
PDMS stamp
Absorbed protein

Figure 3.13. Scheme depicting the preparation of ECM-coated substrates for the micro-contact printing
process. Diluted Matrigel was poured on substrate (1) and subsequently freeze-dried (2). Then, the micro-
contact printing procedure was performed onto the dried surfaces (3). Afterwards, samples were
reconstituted with PBS (4).
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Micro-contact printing was then carried out on the freeze-dried Matrigel. As no
chemical modification of the hydrogel surface was performed; the proteins were
immobilized by physical adsorption. Finally, Matrigel substrates were reconstituted
adding PBS at room temperature, incubating for at least 30 minutes at 37°C. Samples
were then stored under moisture at 4°C until cell seeding.

3.6.3  Generation and characterization of biochemical patterns

Matrigel was biochemically patterned through micro-contact printing following the
protocol described above. As proteins, we used recombinant mouse Wnt3a protein
(Abcam), recombinant mouse EphB2/Fc receptor (R&D Systems), recombinant
mouse ephrinB1/Fc ligand (R&D Systems) or recombinant Human IgG1 Fc (R&D
Systems). The protein concentrations were individually selected for each protein
and are listed in table 3.2.

Wnt3a EphB2/Fc ephrinB1/Fc Fc
pg mL-1 10 100 69.0 69.0

Table 3.2. List of micro-contact printed proteins and their selected concentrations.

Itis worth mentioning that Eph receptor activity requires stimulation not by a single
ligand, but by clusters of ephrinB1 ligand to initiate its downstream signaling43.
Moreover, the ligand itself is actually commercialized as a dimer, where two
ephrinB1 molecules are fused to immunoglobulin Fc molecules and form dimers
upon binding through the disulfide groups. Fc groups are then used to produce
ligand clusters through their binding using anti-Fc antibodies. Therefore, for the
patterning experiments, the oligomers were prepared conjugating ligand (ephrinB1
fused to Fc, named ephrinB1/Fc) and control (only Fc) dimers with anti-Fc
antibodies (Jackson ImmunoResearch) at 2:5 molar ratio for 30 min under constant
shaking. If not stated otherwise, in this thesis we will refer to ephrinB1 or Fc in this
clustered fashion.

The hydrodynamic diameters of the oligomers generated by antibody-conjugated
ephrinB1 were determined by dynamic light scattering (DLS) as we previously
published!44. The particle size distribution was computed from the intensity values
obtained at 25°C using a Mdébius instrument (Wyatt Technology Corp.) equipped
with a 532 nm laser and a 163.5° scattering angle. The samples were prepared as
we described above. As control, anti-Fc solution was measured. Measurements were
performed immediately after clustering using the Mobius dip cell. Three
independent samples were measured in triplicate. Dynamics software (Wyatt
Technology Corp.) was used for data acquisition and data treatment. The anti-Fc
antibody has an average size of 9+1 nm in diameter (Figure 3.14 (a)), correlating
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with the size reported. EphrinB1 oligomers exhibit a main peak of 72+4 nm in
diameter (Figure 3.14 (b)). This peak corresponds to tetramers (one anti-Fc
antibody complexing two ephrinB1 fused to Fc dimers) (Figure 3.14 (c)), in
agreement with measurements reported for the same crosslinking procedure43.

The micropatterns were then visualized by immunofluorescence following the protocol
described in section 3.4.2. The following antibodies were employed: as primary
antibodies anti-laminin (1:200, Abcam), anti-EphB2 (1:200, R&D Systems), anti-Wnt3a
(1:200, Abcam) and anti-Fc (560 pg mL?, Jackson ImmunoResearch). As secondary
antibodies, Alexa Fluor® 488 goat anti-goat, Alexa Fluor® 488 goat anti-mouse, Alexa
Fluor® 488 donkey anti-rabbit, and Alexa Fluor® 647 donkey anti-rabbit (all from Jackson
ImmunoResearch) diluted at 1:500 were employed. Finally, samples were mounted with
Fluoromount® (Thermo Fisher) for their observation under the microscope.

(a) (b) (e)
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Figure 3.14. Dynamic Light Scattering (DLS) measurements. Size distribution of (a) anti-Fc antibody and
(b) antibody-conjugated ephrinB1/Fc. The anti-Fc antibody has an average size of 9+1 nm in diameter,
correlating with the size reported. EphrinB1/Fc oligomers exhibit a main peak of 7244 nm in diameter. This
peak corresponds to tetramers (one anti-Fc antibody complexing two ephrinB1/Fc dimers), in agreement
with measurements reported for the same crosslinking procedure. Mean. N = 3. (c) Scheme depicting the
tetramer.

The success of the printing procedure (uniformity, reproducibility, and stability of
the biochemical micropatterns) was checked using an epifluorescence inverted
microscope (Axio Observer 7, Zeiss) with a 63x oil objective (NA = 1.4). Images were
analyzed using Image] software. The protein coverage was quantified by measuring
the fluorescence intensity of the antibodies. For comparison of the intensity
measurements, all images were acquired using the same microscope settings.

3.7 Cell culture on biochemically micropatterned substrates

3.7.1  Cell seeding and culture on the micropatterned substrates

NIH/3T3 fibroblasts were first used to check the role of micropatterned ephrinB1
ligands on cell organization and morphology, as they endogenously express the
EphB2 receptor24, For these experiments, we chose to pattern ephrinB1 molecules
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in lines of two different widths (L = 10 and 20 um) because they allow for easy read-
outs of the quantitative parameters of the cell phenotype in response to the patterns
(cell alignment and orientation). Briefly, 35 mm glass-bottom Petri dishes (Mattek)
were functionalized incubating 20 pg mL-! laminin solution following the steps
described in section 3.4.1. Then, ephrinB1 lines were micro-contact printed onto the
laminin-coated surfaces of glass-bottom Petri dishes. Once printed, samples were
stored in culture medium until cell seeding. NIH/3T3 fibroblasts were cultured at
densities of 105, 3 105 or 5 105 cell cm-2. These cell densities were selected to obtain
single cells or cells connecting with each other. Cells were then cultured for 24 hours
at 37°C in a humidified incubator under a 5% CO; atmosphere. Immunofluorescence
staining was used to reveal the NIH/3T3 fibroblast organization. When the
experiments were finished, NIH/3T3 fibroblasts were fixed with 10% neutralized
formalin (Sigma-Aldrich) for 40 min at 4°C, permeabilized with 0.5% Triton X-100
(Sigma-Aldrich) for 30 min at room temperature (RT) and blocked for at least 2
hours at RT with a blocking buffer containing 1% BSA (Sigma-Aldrich), 3% donkey
serum (Millipore) and 0.2% Triton X-100 in PBS. We used anti-Fc (1:100, Jackson
ImmunoResearch) as primary antibody and diluted it in 0.1% BSA, 0.3% donkey
serum and 0.2% Triton X-100 in PBS and incubated on cells overnight at 4°C.
Secondary antibody used was Alexa Fluor® 647 donkey anti-goat (1:500, Jackson
ImmunoResearch) and it was diluted in 0.1% BSA and 0.3% donkey serum in PBS
and incubated on cells 1 hour at RT. Alexa Fluor® 568 phalloidin was used to stain
filamentous actin (F-actin). Nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI) (1:1000) diluted in 0.1% BSA and 0.3% donkey serum in PBS and incubated
on cells for 40 min at RT. Finally, samples were mounted with Fluoromount®
(Thermo Fisher). Fluorescence images were acquired using an epifluorescence
inverted microscope (Axio Observer 7, Zeiss) with 10x air (NA = 0.30) or 20x air (NA
= 0.40) objectives. Images were acquired at randomly selected locations.

Organoid-derived single cells were then tested onto micropatterns of designs (2)
and inverted design (2) (Figure 3.12 (b)), where recombinant mouse Wnt3a protein
(Abcam) and recombinant mouse ephrinB1/Fc ligand (R&D Systems) conjugated
with anti-Fc antibodies (Jackson ImmunoResearch) were stamped on top of
Matrigel-coated surfaces. Cells were seeded at a density of 105 cells per drop (see
section 3.5.1). This cell density was selected to obtain a confluent monolayer after
24 hours of culture according to previous experiments. The cells were cultured for
different periods of time depending on the experiment. In all the cases, the medium
was changed at 24 hours, and then every 48 hours. Immunofluorescence staining
was used to reveal the epithelial cell organization following the procedure described
in section 3.5.1. Finally, samples were mounted with Fluoromount® (Thermo
Fisher). Images were acquired using an epifluorescence inverted microscope (Axio
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Observer 7, Zeiss) with 10x air (NA = 0.30) or 20x air (NA = 0.40) objectives. Images
were acquired at randomly selected locations.

3.7.2  Cell nucleus orientation and position with respect to the biochemical patterns

To define the orientation and position of cell nuclei with respect to the biochemical
patterns performed, fluorescence images showing both the cells and the linear
micropatterns were employed. On these images, the degree of colocalization
between the nuclei and the printed proteins was measured using an object-based
method (see Figure 3.15 (a-c)). To perform this procedure, the two fluorescence
images were segmented into objects (see section 3.5.4). Briefly, the images of cell
nuclei were subjected to a median filter with a radius of 1 um to remove the noise,
homogenize the staining, and prevent losing the edges. The protein patterning
images were subjected to a mean filter with a radius of 2 um to smoothen stamp
edges. Next, the filtered images were segmented using the default Image] threshold
function to obtain binary masks. To remove the background noise, the binary masks
were eroded twice and dilated twice. After threshold, fused single objects were
separated, performing a watershed segmentation, and single objects touching the
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Figure 3.15. Representative images of the analysis procedure followed to determine the position of cell
nuclei with respect to linear patterns. (a) Immunofluorescence image of ephrinB1/Fc and NIH/3T3 cells
stained for F-Actin and cell nuclei (DAPI). Scale bar: 100 uym. (b) Binary image from the thresholded
fluorescence image of F-Actin. Fused nuclei were separated performing a watershed segmentation. Scale
bar: 100 um. (c) Ellipse fitting of nuclei. Scale bar: 100 ym. (d) Schematic drawing showing the angle
between the major axis of the fitted ellipse with respect of the pattern (6), and the nucleus position with
respect to the pattern, which is performed quantifying the red area showed in the scheme.

ephrinB1/Fc F-Actin DAPI

The nuclei orientation was calculated as cos(26), where 6 is the angle between the
major axis of ellipses fitting the nuclei and the patterned lines. Thus, the nucleus
orientation index has a value between -1 and 1, as we previously described (section
3.5.4) (see Figure 3.15 (d) upper panel).

The nucleus position with respect to the pattern features (lines or circles) was
quantified using Image]. Using the redirect tool of this program we computed the
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correlation between the nuclei intensity images and the binary images of the
micropatterns. The result was the red area showed in the scheme of Figure 3.15 (d),
lower panel. The red area allowed us to define the nucleus position index between
0 and 1 quantifying how much the nucleus overlapped on the line. For a nucleus on
a non-patterned area, the nucleus position index is 0.

3.7.3  Analysis of crypt- and villus-like domains on the micropatterned substrates

2-dimensional (2D) monolayers of organoid-derived single cells were organized in
proliferative regions (crypt-like domains) and non-proliferative areas (villus-like
domains)119120, To define these domains, we developed a method to identify,
segment and characterize them on non-patterned and micropatterned substrates
based on the projected cell areas. Fluorescence images were employed.

(a) (b)

F-Actin DAPI Cell segmentation

Figure 3.16. Representative images of organoid-derived single cell monolayer segmentation process. (a)
Immunofluorescence image of the epithelial monolayer stained for proliferative cells (Ki67), F-Actin and
cell nuclei (DAPI). Scale bar: 200 uym. (b) Representative figure of the cell segmentation process. Scale
bar: 200 um. (c) Each of the cells were labelled with a color code and overlayed with the F-Actin images.
Scale bar: 200 ym.

The area of each cell was first identified by the segmentation of the cell monolayers
(Figure 3.16). F-actin fluorescence images were pre-processed with Image], as
previously described45. Briefly, the background noise of the F-actin images was
reduced with the subtract background function by using a rolling ball radius of 10
pum. The resulting images were then subjected to a band-pass filter with upper and
lower limits of 15 um and 1 pm, respectively. The band-pass filter corrects for
uneven illumination by removing the high-frequency component from the image
and mitigates the effect of fibers, noise, and/or other features than cells by removing
low-frequency components. The background noise from this output was reduced by
using the subtract background command again with a rolling ball radius of 10 pm.
The F-actin pre-processed images from each experiment were then loaded to Tissue
analyzer146 for edge detection and 2D monolayer segmentation (Figure 3.16 (b-c)).
The segmented 2D monolayer images were then used to quantify various
parameters such as cell area, and cell centroid positions (x, y).
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2D cell area contour maps were performed using a custom-made code in Matlab
(code available upon request) using the cell area, and cell centroid positions
obtained from the segmented 2D monolayers (Figure 3.17 (a)). The contour map is
represented in logarithmic scale to enhance visualization. To identify crypt-like
domains, the cell area contour maps were correlated with the segmented epithelial
cell marker Ki67 images (Ki67 stains positive for proliferative cells) (Figure 3.17
(b)). For the Ki67 segmentation, we followed the protocol described in section 3.5.4.
To identify villus-like domains, the cell area contour maps were correlated with the
inverted of the segmented Ki67 images. From these two correlations, the
distributions of the crypt- and villus-like domains were plotted (Figure 3.17 (c)).
These distributions were fitted with two independent Gaussian functions (see
equation [1]) and were characterized by their mean values and standard deviations
(SD): mean_areag;q7, and SD_areag;q74, respectively.
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Figure 3.17. Representative images to describe the correlation between crypt- and villus-like domains with
cell areas. (a) Cell area contour map. Scale bar: 200 ym. (b) Binary image from the thresholded
fluorescence image of proliferative cells (Ki67). Scale bar: 200 uym. (c) Cell area distributions in the crypt-
and villus-like domains. The symbols correspond to the experimental measurements, and the solid lines
are the fitting of the data using a Gaussian function. Mean + SEM. N = 4 experiments.

Cells areas (mean_areag;¢7+ + SD_areag;q7+) below threshold were counted as
proliferative cells. These proliferative cells generate a binary image with
proliferative domains. In addition, we imposed that the area of a proliferative
domain should be above 10mean_area,;q;, threshold to be considered as a crypt-
like domain (Figure 3.18 (a)). Binary crypt-like domain images were treated as
single object images (Figure 3.18 (b)). So, from them, we extracted the area, (x,y)
centroid position, elongation index, orientation index and solidity of the crypt-like
domains to define their morphology (parameters described in section 3.5.4).

The organization of crypt-like domains with respect to the biochemical
micropatterns was analyzed with 2-dimensional (2D) Bravais lattice parameters.
These are defined in crystallography as lattices which fill all the space without gaps.
The parameters used to characterize the lattice were the primitive lattice vectors
first-neighbor (a) and second-neighbor (b), and the angle in between
(6 = cos™(a-b/|a| - |b|)). Binary images of crypt-like domains and the patterns
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were used for these analyses. These were processed using Image] to extract the
centroid position (x,y) of each crypt-like domain and each micropattern. These
coordinates were used to determine the distance between first- and second-
neighbors (a and b) and the angle in between (6) (Figure 3.18 (a-b)) by using a
custom-made code in Matlab (code available upon request). The angle was
represented as cos(2a), where « is the angle between first- and second-neighbors
minus the angle of the pattern (Figure 3.18 (c)). Thus, the orientation index has a
value between -1 and 1. The orientation index has a maximum value of 1 for crypt-
like domains perfectly aligned with the pattern, it has an average value of 0 if the
crypt-like domains are randomly oriented, and it has a minimum value of -1 for
crypt-like domains with their first- and second-neighbors forming a skinny triangle.

(a) (b) (c)

Crypt-like domain organization Protein pattern organization

rypt-like domain Crypt-like domain StrTx

ellipse fitting

Figure 3.18. Representative images to describe the analysis of the organization of crypt-like domains. (a)
Binary image from a thresholded cell area contour map. Scale bar: 200 ym. (b) Ellipse fitting of the crypt-
like domains and representative parameters to define their organization: interdomain spacing (a) and angle
(6). Scale bar: 200 ym. (c) Representative protein pattern from design (2). Streptavidin Texas Red (StrTx
Red) stamped on glass with their lattice (cyan). The protein pattern was organized in square Bravais lattice
and the representative parameters of the lattice were: interdomain space (a = 200, 300 or 400 ym) and
angle (8 = 90°). Scale bar: 500 pm.

3.8 Statistical Analysis

Statistical analysis was done using GraphPad Prism software (GraphPad Software
Inc.). Results are presented as mean * standard deviation (SD) or as mean *
standard error of the mean (SEM). The number of experiments from which data
were extracted is specified in each case. Normality of the datasets was tested by the
d’Agostino-Pearson normality test. Statistical differences were analyzed by t-test or
ANOVA test (Gaussian distribution) and Mann-Whitney test (non-Gaussian
distribution). A p-value smaller than 0.05 was considered as statistically significant:
(*) p<0.05, (**) p<0.01and (***) p<0.001.
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4 Results

4.1 Effects of cell-extracellular matrix interactions on the self-organization
of organoid-derived intestinal monolayers

Understanding epithelial cell organization is of fundamental importance for several
physiological and pathological processes such as tissue homeostasis, regeneration
and cancerl?. Intestinal epithelial cells self-organize into 3-dimensional (3D)
organoids that recapitulate the structural and functional characteristics of the tissue
in vivo when embedded within a 3D cell-derived protein mixture (Matrigel)3.
However, these very same cells self-organize into 2-dimensional (2D) intestinal
epithelial monolayers that also recapitulate the in vivo-like cell type composition
and organization when seeded on thin layers of the same cell-derived protein
mixture*S. In general, and as described in the introductory chapter of this thesis,
changes in epithelial cell organization are characterized by a cross-talk between
cell-extracellular matrix and cell-cell interactionsé. However, the dynamics of this
process and the role of the dimensionality imposed by the matrix, and its protein
composition and concentration in the cellular complex self-organization process is
not fully understood. To explore this subject constitutes one of the objectives of this
thesis, and the experiments and the results obtained toward this goal are described
in this section.

4.1.1 Intestinal organoid-derived single cells self-organize in 3D-tubular networks
that transit to 2D-monolayers on Matrigel thin films

It has been reported that intestinal organoid-derived crypts can form two-
dimensional (2D) epithelial monolayers when cultured on substrates coated with
Matrigel or collagen102.114116119,120_ On the other hand, it has been reported that
Lgr5+ single cells are able to form organoids with all intestinal epithelial cell types
when cultured within Matrigel dropsé¢. Therefore, we were wondering whether
organoid-derived single cells would also be able to form 2D monolayers or if crypt
pieces would be needed for that purpose. To answer this question, we cultured
intestinal organoid-derived single cells on Matrigel thin films. Intestinal organoids
derived from Lgr5-EGFP-IRES-creERTZ2 mice, which express GFP under the Lgr5
promoter, were digested using a harsh digestion protocol to obtain single cells.
These single cells were then seeded on top of Matrigel thin films at 10 mg mL-!
Matrigel concentration and we followed their culture over time.

We then observed that indeed single cells were able to form 2D epithelial
monolayers after 96 hours of cell culture. These results, that we have already
published, revealed the intrinsic capacity of the intestinal epithelium to self-
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organize and form monolayers with in vivo-like domains when grown on Matrigel
thin films119.120, However, we also observed that, before the monolayers were
formed, single cells were able to self-organize in transient structures which
resembled networks of 3D tubular-like structures at 24 hours of culture (Figure
4.1.1 (a and b)). At this time point, Lgr5+ intestinal stem cells (ISCs) (GFP+ cells)
appeared homogeneously distributed along these tubular-like structures (Figure
4.1.1 (b), upper left panel). Later (48 hours, Figure 4.1.1 (b), upper right panel), the
tubular structures appeared to flatten and Lgr5+* ISCs clustered and rearranged in
budding formations that are reminiscent of the 3D crypt-like domains observed in
organoids and that closely mimic the in vivo stem cell arrangement at the crypt bases
(Figure 4.1.1 (b), inset). At 72 and 96 hours of culture, GFP- cells spread out and
migrated, generating epithelial monolayers composed of crypt- and villus-like
domains (Figure 4.1.1 (b), lower panels). This process of monolayer formation and
the transient structures formed could be quantitatively followed over time by
evaluating the projected area effectively occupied by the cells, that we called surface
coverage. Surface coverage was obtained from the binary images of F-actin staining
(Figure 4.1.1 (c)). Our results show that surface coverage percentage increased
significantly with time until confluent monolayers were formed (surface coverage ~
100%) (Figure 4.1.1 (d)).
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Figure 4.1.1. (a) Scheme depicting the formation of epithelial monolayers and transient cellular network
structures from the culture of organoid-derived single cells on thin films of Matrigel deposited at a
concentration of 10 mg mL-1. (b) Representative snapshots of a 96 hours time-frame microscopy
experiment overlapping bright field and GFP fluorescence signals. The corresponding time for each
snapshot is shown in each panel. Black arrowheads indicate Lgr5-GFP+ cells. Scale bars: 200 ym. (c)
Representative binary images from thresholded fluorescence images of F-Actin for organoid-derived single
cell cultures after 24 or 96 hours on Matrigel at 10 mg mL-1. Scale bars: 1 mm. (c) Surface coverage
percentage (with respect to the total surface area) as a function of culture time for organoid-derived single
cell cultures. Values are reported as the mean + SEM. (*) p < 0.05, (***) p < 0.001, t-test. N > 3 experiments.

From these experiments, it was evident that, even when organoid-derived cells were
cultured as single cells and constrained to planar surfaces, they were able to
rearrange and generate 3D tubular network structures before transiting to 2D
monolayers. Remarkably, these 3D structures were formed when employing
substrates coated with thin layers of Matrigel at a high concentration (10 mg mL-1),
the same that is used when cultured these cells in Matrigel drops. Therefore, in our
system cells have the ability to generate 3D structures irrespective of the matrix
dimensionality (2D or 3D). We then took advantage of this property, which
facilitates the analysis, to investigate the role of cell-matrix interactions in the cell
self-organization process. As a first step, we explored how cells organized when
changing the concentration of the protein matrix.

4.1.2  Intestinal organoid-derived single cells organization presents a wetting phase
transition depending on Matrigel concentration

It is known that epithelial cells in vivo can form 3D complex structures such as
invaginations, evaginations, spherical cysts or tubules. To decouple the role of
dimensionality from other factors governing the complex process of cell self-
organization such as matrix composition and/or protein concentration is not an
easy task. In our system, due to the ability of organoid-derived single cells to
generate 3D structures on thin layers of Matrigel, we could remove the role of
dimensionality and at the same time, tune different parameters affecting the matrix.
Therefore, we decided to examine whether ECM-coating concentration would affect
intestinal epithelial cells organization. To investigate this, intestinal organoid-
derived single cells were cultured on deposited thin films of different concentrations
of Matrigel.

Fluorescence microscopy images showed that on low concentrated Matrigel thin
films (3 mg mL-1), single cells rapidly self-organized in 2D intestinal monolayers
only after 24 hours of culture, and this organization remained constant over the
culture time (Figure 4.1.2, left panels). This was a very different outcome that the
one previously described for these very same cells cultured on high concentrated
Matrigel thin films (10 mg mL-1) or on Matrigel drops. In both cases, 3D tubular-like
and 3D spherical aggregate structures, respectively, were formed after 24 hours of
culture (Figure 4.1.2, upper row, middle and right panels). Later on, these 3D
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structures transited to 2D monolayers or mature 3D organoids (Figure 4.1.2, lower
row, middle and right panels).

3 mg/mL 10 mg/mL
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F-Actin DAPI

Figure 4.1.2. Confocal representative sum intensity fluorescence images of F-Actin and cell nuclei (DAPI)
for organoid-derived single cells culture forming: monolayer on Matrigel thin films with 3 mg mL™" (left
panel), network on Matrigel thin films with 10 mg mL™" (middle panel), or organoid embedded on Matrigel
with 10 mg mL™ (left panel). After 24 hours (upper panel) or 96 hours (lower panel). Scale bars: 200 ym,
zoom 10 pym.

We then performed experiments screening for cell organization at 24 hours of
culture within a broad range (from 1 to 10 mg mL-1) of Matrigel concentrations. We
consistently observed the same result: depending on the matrix concentration, fully
packed monolayers or cellular networks were obtained (Figure 4.1.3 (a)). For a very
narrow concentration range (from 4 to 5 mg mL-1), both structures were coexisting
simultaneously (Figure 4.1.3 (b)). The projected area images of F-actin were
employed to evaluate the surface coverage, which is plotted as a percentage of the
total cell seeding area as a function of the concentration (Figure 4.1.3 (b-c)). The
experimental data, to which a sigmoidal function could be fitted, could be
interpreted as a transition between two clearly distinct phases, monolayers (surface
coverage ~ 100%) and networks (surface coverage ~ 45%). These two phases,
monolayers and networks, were observed to form below threshold concentrations
of 3 mg mL-! and above threshold concentrations of 6 mg mL-1, respectively. There
was also an intermediate state where both organizations coexist at the same time (4
and 5 mg mL-1). Given the behavior of cells as active soft matter, it has been proposed
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that their organization on a substrate could be studied using the same formalism as
in a fluid wetting problem5658-61.63, With this analogy, the so-called tissue spreading
parameter S could be determined by considering the balance between the energies
encoded for cell-cell (Wc) and cell-substrate (W) adhesion, in such a way that S =
Wes— Wee. This parameter changes its sign at the wetting transition that separates
tissue spreading (S > 0, wetting) from retraction (S < 0, de-wetting). In terms of this
wetting analogy, we propose to attribute the two phases found in the tissue
organization in our experiments to a complete-to-partial wetting transition from
monolayers (S > 0, Matrigel concentration < 3 mg mL-1) to 3D structures (S < 0,
Matrigel concentration > 5 mg mL-1) induced by Matrigel concentration.
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Figure 4.1.3. (a) Representative binary images from thresholded fluorescence microscopy pictures of F-
Actin for organoid-derived single cells cultured on substrates coated with Matrigel at different
concentrations after 24 hours of culture. Scale bar: 2 mm. (b) Representative fluorescence image of F-
Actin and cell nuclei (DAPI) for organoid-derived single cells forming co-existing monolayer and network
cultured on 4 mg mL-1 Matrigel thin films after 24 hours. Scale bar: 2 mm. (c) Surface coverage percentage
of the cultures (with respect to the total seeded surface area) as a function of Matrigel concentration. The
symbols correspond to the experimental measurements. The line represents the fitting performed using
a sigmoidal function. Values are plotted as the mean + SEM. (***) p < 0.001, t-test. N > 3 experiments.

At this point, we were wondering if by changing the Matrigel concentration we were
affecting the thickness of the thin film deposited on the substrate, therefore
introducing this variable in the system. To interrogate this issue, Matrigel thin films
produced at low and high concentrations were visualized by immunofluorescence
using laminin antibodies. We decided to use 3 mg mL-! of Matrigel concentration as
representative of low concentrations, where cells organize in monolayers, and 10
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mg mL-1 of Matrigel concentration as representative of high concentrations, where
cells organize in networks. Representative images, shown in Figure 4.1.4 (a)
revealed that protein surface density and distribution depend on Matrigel
concentration (Figure 4.1.4 (b)). However, image cross-sections showed that
thickness of the films was maintained regardless of Matrigel concentration (Figure
4.1.4 (c)). On the basis of these results, we attributed the wetting phase transition of
cells on Matrigel-coated surfaces to the differences in protein surface density.
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Figure 4.1.4. Characterization of Matrigel-coated substrates varying Matrigel concentration. (a)
Immunofluorescence confocal microscopy maximum intensity projections for laminin at Matrigel
concentrations of 3 and 10 mg mL™" (upper row) and corresponding cross-sections. Scale bars xy: 20 um.
Scalebars xz: 10 ym. (b) Average fluorescence intensity of laminin over the surfaces. Mean + SEM. (***)
p < 0.001, t-test. N = 3 experiments. (c) Matrigel thicknesses for the two concentrations tested. Mean +
SEM. N = 3 experiments.

4.1.3  Epithelial cell polarity depends on Matrigel concentration

A hallmark of epithelial cell organization is cell polarity*s. Apico-basal polarization
of epithelial cells involves cell morphological and functional changes, hence the
structural organization and orientation of the cytoskeleton!3. Accumulation of the
F-actin at the apical side can be used to define cell polarity for the cells cultured for
24 hours atlow (3 mg mL-1) and high (10 mg mL-1) Matrigel concentrations. For cells
forming monolayers onto Matrigel-coated substrates at low concentration, the actin
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intensity distribution demonstrated that cells were polarized with the apical surface
exposed to the medium (lumen) while the basal surface faced the Matrigel (ECM)
(Figure 4.1.5, left panels). However, when employing highly concentrated Matrigel,
regardless of as coatings (Figure 4.1.5, middle panels) or as drops (Figure 4.1.5, right
panels), the 3D structures formed exhibited a basal-out polarity. In agreement with
the literature, cell spheroids cultured within the 3D Matrigel drops developed inner
luminal cavities and faced their apical sides towards them, while their basal sides
were in contact with the extracellular matrix. Interestingly, cells organized in
tubular structures also formed an inner lumen and were polarized with the apical
side towards this lumen even though they were seeded on 2D Matrigel thin layers.
Overall, from these set of experiments we concluded that on Matrigel-coated
surfaces, Matrigel concentration induced a transient state in which a phase
transition in the intestinal epithelial phenotype was identified. Organoid-derived
single cells self-organized on monolayers or 3D-tubular networks with inner
lumens. Cells in monolayers showed luminal apical polarization, while this was
reverted in the tubules, with the cell apical side facing the newly created lumens
similar to cells embedded in 3D matrices.
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Figure 4.1.5. Confocal microscopy images of representative middle z-stacks (upper row) and orthogonal
cross-sections (lower row) of cells cultured on Matrigel-coated surfaces at 3 and 10 mg mL™" and Matrigel
drops at 10 mg mL", all stained for F-Actin and cell nuclei (DAPI). The graphs plot the F-Actin intensity
(arbitrary units) along the white dashed line of the orthogonal cross-sections. Scale bars: 20 ym.
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4.1.4  Epithelial tubular networks have well-defined geometrical properties

We have seen that Matrigel concentration induces a phenomenon that can be
described as a wetting phase transition in the intestinal epithelium organization. As
a next step, we were interested in exploring the organization of the tubular
networks formed on high concentrations of Matrigel, as those recapitulated some
features of 3D organoid structures such as the presence of an inner lumen and apical
cell polarity, but on 2D substrates. At a first glance, these structures are similar to
soap foams#950.138 de-wetted collagen networks52138, or de-wetted polystyrene
networkss1138, whose morphology has been extensively studied by applying
mathematical methods of stochastic geometry. To specifically evaluate whether
such tubular networks could also be described with well-defined properties, we
analyzed their geometrical properties following the wetting formalism described for
other systems.

(a) (b) . , , (c) _
F-Actin F-Actin / Voronoi Tessellation F-Actin

Figure 4.1.6. (a) Representative image overlaying the binary image of the projected surface intensity for
F-Actin (in grey) and its segmentation (in black) obtained by using the Voronoi function from ImageJ. Scale
bar: 2 mm. (b) Representative image overlaying the binary image of the projected surface intensity for F-
Actin (in black) and its segmentation (in blue) obtained by using the Voronoi function from Matlab. Scale
bar: 2 mm. (c) Representative image overlaying the binary image of the projected surface intensity for F-
Actin (in grey) with the resulting Voronoi polygons after filtering the Voronoi network. Scale bar: 2 mm.

We decided to work with the tubular networks formed on Matrigel when deposited
in concentrations ranging from 4 to 10 mg mL-l. By applying segmentation
processes to the projected surface images of F-actin, we could assess that the tubular
networks were forming polygons distributed according to a Voronoi tessellation
(Figures 4.1.6 and 3.16). Voronoi polygons were mostly composed by regular
hexagons, as demonstrated by the narrow distributions computed for their number
of edges (centered at 6, Figure 4.1.7 (a)) and their edge angles (centered at 120°,
Figure 4.1.7 (b)). The distributions of these two parameters were not statistically
significant different when varying the Matrigel concentration within the range
studied. Networks co-existing with monolayers were slightly different in area and
edge size of the polygons (Figure 4.1.7 (c-d)). However, in the network phase, we
found no differences. Interestingly, the mean edge size of the polygons of the
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network phase (~ 200 um) is comparable with the in vivo dimensions of intestinal
cryptst47. It has been reported that in de-wetted collagen networks, rod-collagen
monomers are aggregated at the rims of the polygons stabilizing their structure. The
length of the collagen monomers is comparable to the characteristic diameter of the
pores and it is assumed that the mechanical strength provided by the interaction of
the molecules compensates the capillary forces that want to break the rims52148, In
our system, we speculate that a similar phenomenon might be happening, and the
stability of the structures might be provided by the cell-cell interactions happening
at the 3D tubular structures forming the rims of the polygons.
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Figure 4.1.7. Frequency distributions of the parameters selected to describe the geometry of the Voronoi
polymers formed upon culturing organoid-derived single cells for 24 hours onto Matrigel-coated surfaces
with concentrations ranging from 4 to 10 mg mL"": (a) polymer edge number, (b) polymer edge angle, (c)
polymer area and (d) polymer edge size. The dots correspond to histograms of the experimental data. The
lines correspond to Gaussian fittings for (a) and (b) and Lognormal fittings for (c) and (d). N > 3 experiments
with n > 30 polygons each.

Next, we analyzed the order in the tubular networks by computing the second
moment of the distributions of the various geometrical parameters obtained for the
Voronoi pattern, following a procedure previously described>2138, [n particular, we
computed the second moment of the distribution of the number of polygon edges,
uy, for the structures formed at different Matrigel concentrations (Table 4.1.1). The
value of this parameter is 0 for a structure entirely formed by hexagons and
increases as the system escapes of this perfect structural arrangement. We can
observe that, on one side, values are higher than those expected for lattices only
composed by hexagons. On the other side, we can also see that 47 maximum occurs
for concentrations where both monolayer and tubular organizations coexist (4 and
5 mg mL-1). Then, networks present overall more geometrical disorder for these
intermediate states, while the order is increased for the single-phase samples.
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Concentration (mg/mL) 4 5 6 8 10

Ul 44 45 2.7 32 35

Table 4.1.1. Comparison of the second moments of the distributions obtained for the number of edges of
Voronoi polygons formed by organoid-derived single cells seeded on Matrigel thin films at 4, 5, 6, 8 and
10 mg mL™" Matrigel concentrations. u} values are provided as non-normalized parameters.

In addition, the second moment of the area (u5) and edge angle (,uf) distributions
provide information about the homogeneity in the size of the polygonal structures
formed and about their regular hexagonal shape. These parameters were computed
for the tubular networks formed onto Matrigel-coated surfaces taking into account
all the concentrations. The obtained results were compared with the same
parameters reported in literature for different experimental systems also yielding
similar geometrical structures (see Table 4.1.2).

Organoid-derived

single cells Collagen52138 Polystyrene138 Soap foams52.138
uy 3.7+03 2-5 ~2 ~1.4
us 0.15 + 0.02 0.4—-15 ~0.3 04-12
Mf 0.028 + 0.004 0.05—0.07 0.03 —0.05 ~0.015

Table 4.1.2. Comparison of the second moments of the distributions obtained for the number of edges,
area and edge angles of Voronoi polygons formed by of organoid-derived single cells seeded on Matrigel
thin films at a concentration of 10 mg mL" (Mean * SEM), de-wetted collagen networks, de-wetted
polystyrene networks and soap foams.

We can see that regarding the lattice of polygons formed, the order of our cellular
networks is close to the order shown by protein collagen networks, and both
systems are more disordered than synthetic polymer (polystyrene) networks or
soap foams. On the other hand, both the second moments of the area and edge angle
distributions are smaller for the tubular networks formed by organoid-derived
single cells than for any of the other systems listed in the table. It has been reported
that the formation of Voronoi tessellation-like networks is related to de-wetting
processes that occur almost simultaneously across large areas. In systems such as
soap foams or collagen networks, such process is driven by the evaporation rate of
the solvent, which drags the molecules in a passive manner. In our system, however,
we hypothesize that the formation of such tubular networks might be related to the
active migration of the cells that form the structures.
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4.1.5 Cell migration depends on Matrigel concentration and drives the formation of
tubular networks

With the results we obtained so far, we were wondering if (i) tubular networks were
only able to form on high Matrigel concentrations or if they were also formed at
earlier times on low Matrigel concentrations, and if (ii) the formation of tubular
networks was related to the active migration of cells resulting in these structures.
To gain insight into these questions, we performed time-lapse experiments
following the cell cultures from the moment of seeding (t = 0) until the moment
when network structures were observed (t = 840 min). For these experiments, we
used organoid-derived single cells seeded on Matrigel at 3 mg mL!, as
representative low Matrigel concentration, and at 10 mg mL-1, as representative of
high Matrigel concentration. We then took advantage of the genetically modified
mouse model to track the movement of Lgr5+ intestinal stem cells (ISCs) marked
with the green fluorescence signal (GFP+ cells).

@) 3 mg/mL

Figure 4.1.8. (a) Representative snapshots of time-lapse experiments performed with organoid-derive
single cells onto substrates coated with two representative Matrigel concentrations (3 and 10 mg mL™").
Images at the seeding time (t = 0) and after 840 min of culture are shown. Phase contrast images are
overlapped with the channel of GFP signal. Scale bars: 200 pm. (b) GFP+ cell initial positions (t = 0) and
trajectories for the time-lapse experiments depicted in (a). Scale bars: 200 ym.

We could notice that, immediately after seeding, stem cells showed a random
distribution on both low and high Matrigel concentration substrates (Figure 4.1.8).
However, after 14 hours of culture, cells formed a fully packed monolayer on the low
concentrated Matrigel coatings without going into any distinctive transient phase.
Meanwhile, by the same time, cells at high Matrigel concentrations self-arranged
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forming large circular holes surrounded by cells that were being accumulated at the
rims of the structures. When following the single stem cells trajectories along this
timeframe for the different conditions, we found remarkable differences. In
particular, stem cells trajectories were visibly much shorter for samples of low
Matrigel concentration than for samples of high Matrigel concentration (Figure 4.1.8

(b))

To get quantitative data about stem cells migration, their mean-square
displacements (MSDs) were computed and plotted against cell culture time (Figure
4.1.9 (a)). The values obtained for the MSDs on the high Matrigel concentration
samples almost doubled those obtained for the cells seeded on low Matrigel
concentrations, therefore confirming the dependence of cell mobility with surface
protein density. In addition, while cells’ displacement with cell culture time showed
a constant slope on low concentrations of Matrigel, a biphasic behavior could be
identified for the cells cultured on high ECM concentrations. Both curves were fitted
by single exponential functions with time (MSD o t%) and « fitting parameters were
obtained and compared. For the stem cells cultured on low Matrigel concentration
substrates, a value of ¢ ~ 0.8 was obtained, corresponding to cells remaining
confined inside a sub-volume from which they could not escape, performing a
partially confined random movement (see section 3.5.6) (Figure 4.1.9 (a)). For cells
cultured on high Matrigel concentrations, initially stem cells moved with a value of
a ~ 1.1, which corresponds to a directed motion towards a specific target. Later in
time, these stem cells migrated with a value of a ~ 0.6, performing a partially
confined random movement. We attributed this biphasic behavior to stem cells
becoming part of a cohesive cellular structure where cell-cell contacts might be
becoming predominant as a consequence of the formation of cell aggregates at the
rims of the holes formed. In these structures, cell movement would be restricted.

We analyzed the temporal correlation function (TCF) of stem cells velocities. For
both organization processes, the TCF gradually decreased over time, but quicker on
lower Matrigel concentration thin films (Figure 4.1.9 (b)). In this condition, cells lost
the correlation of velocities early on, whereas for the formation of networks, the
higher TCF values at the onset indicated that cell movements were persistent. Later,
as cell movement became more confined, time correlation decreased to values
similar to low Matrigel concentration thin films. As before, we attributed this
behavior to stem cells becoming part of a structure. The different TCFs on low and
high Matrigel concentration substrates suggest that cells on lower Matrigel
concentration thin films arrive earlier to the equilibrium, i.e. the monolayer was
formed faster than the network.
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Figure 4.1.9. (a) GFP* cell mean-square displacements (MSD) for organoid-derived single cells grown on
Matrigel at 3 and 10 mg mL™ concentrations as a function of the culture time. The values are plotted as
mean + SEM. N = 1 experiments, n = 3 different zones with > 250 stem cell trajectories analyzed per zone.
Schemes illustrating the regions of the curves corresponding to directed cell movement (in green) and
partially confined random movement (in pink). (b) Temporal correlation function (TCF) for the experiments
described in (a). Mean + SEM. N = 1 experiments, n = 3 different zones with > 250 stem cell trajectories
analyzed per zone.

4.1.6  Epithelial cell lines form transient 3D cell aggregates but not tubular networks
on Matrigel thin films

We have reported that intestinal organoid-derived single cells self-organize in 3D-
tubular networks that transit to 2D monolayers on Matrigel thin films at high
Matrigel concentrations (> 4 mg mL-1). Next, we were wondering whether the
formation of such transient 3D structures is an intrinsic property of primary
organoid-derived cells or if it is a feature shared with other epithelial cell types
when cultured on the same type of substrates. To answer this question, we selected
an intestinal epithelial cell line, Caco-2 cells, which form monolayers of mature
enterocytes, and a kidney cell line, MDCK cells, which in 3D environments are able
to self-organize forming 3D structures with inner lumens and tubular-like
structures reminiscent of kidney tubules38149-151,

Both cell lines were seeded on top of Matrigel-coated substrates with high
concentration (10 mg mL-1) and cultured for 96 hours. Time-lapse microscopy
experiments allowed to follow their growth over this time period. We found that,
already at 24 hours of culture, both cell lines self-organized to form 3D cell
aggregates that did not appear to significantly wet the substrate (Figure 4.1.10 (a)).
Then, at 48 hours, these structures were visibly larger, started to flatten in some
regions and cells started to sprout, partially wetting the surface and initiating the
growth of epithelial monolayers (Figure 4.1.10 (a)). As time went by, the 3D cell
aggregates were still distinguishable but flattened and surrounded by spreading
cells forming growing monolayers wetting the substrate. When evaluating the final
status of the epithelial monolayers by the surface coverage (projected surface area
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of the structures) we found that this parameter increased significantly with time,
reaching ~ 70% after 96 hours of culture (Figure 4.1.10 (b)). Noteworthy, at the
same culture time, the surface coverage for the monolayers formed by the organoid-
derived single cells was ~ 100%. Thus, from these experiments, we could conclude
that both the epithelial cell lines tested self-organized into transient 3D aggregates
at highly concentrated Matrigel films (10 mg mL-1) before progressing to epithelial
monolayers. Interestingly, we could also identify in these cultures a partial to total
wetting transition over the culture time, but not the formation of tubular networks,
which appears to be an intrinsic property of primary organoid-derived single cells.
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Figure 4.1.10. (a) Bright field snapshots of time-lapse microscopy experiments performed over 96 hours
of culture after seeding Caco-2 and MDCK cells on Matrigel thin films at a concentration of 10 mg mL"".
Black arrowheads indicate cells sprouting out from cellular aggregates. Scale bars: 200 ym. (b) Percentage
of surface coverage (with respect to the total surface area) as a function of the culture time for Caco-2,
MDCK and organoid-derived single cells. Values are plotted as mean + SEM. (*) p < 0.05, (**) p < 0.01,
(***) p < 0.001, t-test. N > 3 experiments.
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4.1.7  Wetting phase transition in epithelial cell lines also depends on Matrigel
concentration

Matrigel concentration induced a wetting phase transition in the organization of
primary intestinal epithelial cells when cultured on Matrigel-coated surfaces. We
also saw that epithelial cell lines could also form transient 3D structures when
cultured on Matrigel at high concentration (10 mg mL-1). Then, we investigated
whether the formation of such transient structures in cell lines also depends on
Matrigel concentration or if it is an intrinsic property of organoid-derived single
cells growth.

Caco-2 cells MDCK cells

3 mg/mL 10 mg/mlL 10 mg/mL

F-Actin DAPI F-Actin DAPI

Figure 4.1.11. Representative sum intensity projection images obtained for F-Actin and cell nuclei (DAPI)
after 24 hours of culture for Caco-2 cells (right panels) and MDCK cells (left panels). The corresponding
Matrigel concentration for each image is shown in each panel. Scale bar: 200 ym.

To investigate this, Caco-2 and MDCK cell lines were cultured on Matrigel thin films
at different concentrations ranging from 1 to 10 mg mL-! for 24 hours. Fluorescence
microscopy images of F-actin and nuclei immunostaining showed that both cell lines
at that time of culture self-organized in fully-grown monolayers when cultured onto
Matrigel thin films at low concentrations (Figure 4.1.11, representative pictures at
3 mg mL-1). However, these very same cells self-organized in 3D cellular aggregates
when cultured on Matrigel thin films at high concentrations (Figure 4.1.11,
representative pictures at 10 mg mL-1). Therefore, analogously to what we had
observed for the organoid-derived single cell cultures, cells organized as
monolayers or 3D aggregates depending on Matrigel concentration. Then, to get a
quantitative figure accounting for this effect, we evaluated the surface coverage as
the projected surface area occupied by the cells according to the F-actin images
(Figure 4.1.12 (a)). When plotting this parameter versus Matrigel concentration, we
could clearly observe for both cell lines a sigmoidal dependence and identify two
regions with an abrupt transition (Figure 4.1.12 (b)). Monolayers with surface
coverage > 80% were observed below a threshold of Matrigel concentration (< 3
mg mL-1) while cell aggregates with surface coverage < 20% were observed above
a threshold of Matrigel concentration (> 4 mg mL-1). For the intermediate Matrigel
concentration 4 mg mL-1, Caco-2 cells sometimes organized in monolayers and
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sometimes in aggregates, but we did not observe both organizations coexisting at
the same time, as it happened with organoid-derived single cells. Overall, although
the morphology of the 3D transient structures formed differ, our results point out
the existence of two phases in the epithelial organization at 24 hours of culture time
regardless of the epithelial cell type employed here. Both phases could be
interpreted as complete to partial wetting phases and their transition appears to be
triggered by a common threshold of Matrigel concentration (3 mg mL-1).
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Figure 4.1.12. (a) Representative binary images from thresholded fluorescence microscopy pictures of F-
Actin for Caco-2 cells (upper panel) and MDCK cells (lower panel) cultured on substrates coated with
Matrigel at different concentrations after 24 hours of culture. Scale bar: 2 mm. (b) Surface coverage
percentage of the cultures (with respect to the total seeded surface area) as a function of Matrigel
concentration for the different cell types. The symbols correspond to the experimental measurements. The
lines represent the fitting performed using a sigmoidal function. Values are plotted as the mean + SEM.
(*) p <0.05, (**) p <0.01, (***) p < 0.001, t-test. N > 3 experiments (except for MDCK cells at 5 and 6 mg
mL™" Matrigel concentrations with N=2).
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4.1.8  Epithelial monolayers formed at low Matrigel concentrations present an apico-
basal polarity regardless of the cell type

We saw in previous experiments that cell polarization of organoid-derived single
cells depends on their organization either as monolayers or as tubular networks.
Then, we were interested in exploring if, for each of these transient organizations,
cell polarization was present, and if it was dependent on the epithelial type tested.
To answer this question, we cultured the three different cell types on Matrigel-
coated substrates at low concentration (3 mg mL-1) for 24 hours to achieve epithelial
monolayers. Then, cell polarity was analyzed by checking the actin cytoskeleton
organization at different planes along the vertical matrix-cell axis (cell height)
through confocal images!52153, Specifically, we imaged F-actin organization at the
basal cell side (in contact with the Matrigel coating), at half-cell height and at the
apical cell side (in contact with the cell culture medium).

MDCK cells Caco-2 cells

Organoid-derived
single cells

F-Actin DAPI
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Figure 4.1.13. Representative images of maximum intensity Z projections for the three regions defined
across monolayer cross-sections: basal cell side, close to the substrate (left panels), half-cell height
(middle panels) and apical cell side, close to the cell culture medium (right panels), for Caco-2 cells, MDCK
cells and organoid-derived single cells after 24 hours of culture. Scale bars: 20 pm.

At their basal sides, Caco-2 and MDCK cell lines organized their actin filaments into
contractile bundles known as stress fibers (Figure 4.1.13, left panels). These stress
fibers have a nematic order, mostly aligned throughout the cells. Many epithelial cell
types throughout the kidney in vivo make basal actin stress fibers20-22, The main
physiological role of stress fibers in epithelial cells in vivo is to provide contractility
to regulate intraluminal pressure. Thus, Caco-2 and MDCK cells presented stress
fibers that are used not to power cell motility, but to provide a static, asymmetric
contraction to cells that are exposed to mechanical stress. In addition, stress fibers
may also be involved in cell-substrate adhesion. In contrast, organoid-derived single
cells showed small actin-rich basal aggregates and no stress fibers. Similar actin
aggregates at their basal planes have been recently reported in migrating
enterocytes (fully differentiated cells) in vivo?5. These actin aggregates are
protrusions at the basal level orientated in the direction of cell movement. Thus, we
suggested that cell migration in our in vitro system might be similar to cell migration
in vivo.

At half-cell height, actin appeared to be distributed contouring the cell borders,
which corresponds to cell-cell junctions (Figure 4.1.13, middle panels). Cell-cell
junctions couple the actomyosin cortex of neighboring epithelial cells together,
where the balance between cell-cell adhesion tension and cortical contraction
dictates tissue organization?!’. In our case, the typical polygonal shape organization
found naturally in epithelial8 was observed.

At the apical cell side, all the cell kinds tested presented a uniform dotted actin
staining that corresponds to actin located at the core of the microvilli, which form
the so-called brush-like borders (Figure 4.1.13, right panels). Microvilli are
microscopic cellular membrane protrusions typical of epithelial cells that possess
several functions such as absorption, secretion or assisting the cell in response to its
extracellular environment?5.

Overall, these experiments demonstrated that the three epithelial cell types tested
organized in highly packed monolayers with apico-basal polarity when grown onto
low concentrated Matrigel-coated substrates.
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4.1.9 3D epithelial transient structures formed at high Matrigel concentrations
present cell-dependent apico-basal polarization

We next examined the apico-basal polarity of the 3D transient structures formed by
the different epithelial cells when cultured on high concentrations of Matrigel (10
mg mL-1). To do this, Caco-2, MDCK and organoid-derived single cells were cultured
for 24 hours, stained for F-actin and imaged through confocal microscopy.
Representative pictures of F-actin and nuclei distribution for the cell aggregates and
the tubular networks at their half-height are shown in Figure 4.1.14. The intensity
profiles of F-actin fluorescence signal across the structures are also plotted as a
function of their horizontal position across the images.
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Figure 4.1.14. Representative z-stacks of 3D cellular structures at their half-heights (upper panels). Plots
of the fluorescence F-Actin intensity (arbitrary units) along the white dashed lines of the x-y planes shown
(lower panels). Scale bars: 20 uym.

We observed that Caco-2 cells in the aggregates exhibited an apical-out polarity,
which implies that there is an accumulation of F-actin at the external membrane
area that surrounds the aggregates and is in contact with the liquid medium (Figure
4.1.14, left panels). No inner lumens were identified in these structures. In contrast,
MDCK cell aggregates had a basal-out polarity, with accumulation of F-actin at the
cell membrane although without inner lumens, as in the case of Caco-2 cells (Figure
4.1.14, middle panels). Preliminary studies have reported that MDCK aggregates had
apical-out polarization cultured in suspension or soft agar, whereas these very same
aggregates in collagen had basal-out polarity38150.151, The epithelial organization
avoided the contact of the apical surface with the surrounding ECM. These studies
point to the importance of cell-cell and cell-ECM interactions in the epithelial
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organization. In the tubular structures formed by organoid-derived single cells, we
found out the formation of inner lumens. These cells, as MDCK ones, also presented
a basal-out polarity, with F-actin accumulated at the internal luminal surfaces of the
tubes (Figure 4.1.14, right panels).

Therefore, from these experiments, we could conclude that the polarity of the cells
forming the 3D transient structures onto Matrigel-coated surfaces with high protein
concentration depends on the epithelial cell type cultured. Noteworthy, after the
transient period, all these epithelial cell types formed epithelial monolayers with
apico-basal polarization along the luminal-matrix axis. This implies that MDCK cells
and organoid-derived single cells must revert their polarization status. If we assume
that cell-cell contacts have the potential of being similar for the cultures performed
atlow and high Matrigel concentrations, we then hypothesize that in these transient
structures, cell-matrix interactions might be highly relevant when dictating cell

polarity.

4.1.10 Epithelial cells redistribute the ECM of the coated substrates to form 3D
transient structures

The organization of epithelial cells depends on cell interaction with both the
extracellular matrix (ECM) and adjacent cells57. While for Caco-2 cells, cell polarity
was maintained both when cells were in monolayers and 3D structures, for MDCK
and organoid-derived single cells, cell polarity was reverted when cultured onto low
or high concentrations of Matrigel. Therefore, we wanted to assess if cell-ECM
interactions were behind these different epithelial cell organizations. As laminin is
one of the major components of Matrigel!33, we decided to analyze the localization
of laminin as a function of cell organization. For this purpose, the three different cell
types were cultured onto substrates coated with low (3 mg mL-1) and high (10 mg
mL-1) Matrigel concentrations for 24 hours to achieve monolayers and 3D
structures, respectively. To visualize the relative distribution of the ECM and the
epithelial cells, we performed immunostainings of F-actin and laminin and we
imaged the structures using confocal microscopy.

We observed that when cells formed monolayers, despite some protein aggregates
being observed, mostly laminin protein was homogeneously distributed over the
imaged areas for all cell types (Figure 4.1.15 (a)). This laminin organization
coincides with the homogeneity observed when imaging the Matrigel-coated
surfaces before cell culture (Figure 4.1.4), so, not obvious laminin redistribution was
observed as a consequence of cell growth. In contrast, when cells were organized in
3D structures, either cell aggregates or tubular structures, laminin was found
accumulated at their perimetries, surrounding the 3D cellular structures (Figure
4.1.15 (b)). In particular, laminin tracks were clearly visible on the substrate in some
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images (Figure 4.1.15 (b), left panel), as if the cells pulled and dragged the matrix
when partially de-wetting from the surface to form the 3D aggregates. Since, without
cells, laminin was homogeneously distributed over the surface (Figure 4.1.4), these
observations revealed that cells were able to redistribute the ECM of the substrate
when they were organized in 3D structures. Noteworthy, bringing together this
result with the polarization results of the previous section, we can conclude that
while MDCK and organoid-derived single cells have the correct apico-basal
polarization versus the matrix in the 3D structures, Caco-2 cells present an inverted
polarization when forming these aggregates. This inverted polarity was reported for
mutated Caco-2 cells to induce anoikis resistance when embedded in collagen-
Matrigel mixture*! and colorectal carcinomas during their dissemination!54. It is
worth noting that, this inverted polarity is in contrast with the correct apico-basal
polarization of Caco-2 cells embedded in Matrigel*?, where they form cysts with the
cell apical side facing the inner lumen. However, this was observed for cysts grown
from single cells for several days, which differs from the aggregates of our
experiments, which were formed by the aggregation of several cells in few hours.
Altogether, our results suggest that organoid-derived single cells rearrange the ECM
and self-organize the most efficient manner to balance cell-cell and cell-ECM
interactions.

Organoid-derived
single cells

(a) Caco-2 cells MDCK cells

(b)
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Figure 4.1.15. (a) Confocal representative sum intensity projection fluorescence images of F-actin, cell
nuclei (DAPI) and laminin (Ln) for Caco-2 cells (left panel), MDCK cells (middle panel) and organoid-
derived single cells (right panel). Scale bar: 20 um. (b) Confocal representative sum intensity projection
(upper panels) and cross sections along the white dashed line (lower panels) of F-actin, cell nuclei (DAPI)
and laminin (Ln) for Caco-2 cells (left panel), MDCK cells (middle panel) and organoid-derived single cells
(right panel). Scale bar: 20 ym.

4.1.11 |Intestinal organoid-derived single cells redistribute the ECM as a function of
the stem cell distribution

Focusing our efforts on the cellular structures produced by organoid-derived single
cells, we could summarize our findings so far by stating that these cells, when coated
on highly concentrated Matrigel, are able to redistribute the matrix proteins to form
tubular structures with a lumen. In these structures, cells present the correct
epithelial apico-basal polarization. Later on, we know that such tubular structures
progress to form epithelial monolayers, which implies a change in cell organization
that might presumably be accompanied by a reorganization of the ECM. We were
then interested in investigating the dynamics of ECM distribution along this wetting
transition over time. For this purpose, organoid-derived single cells were cultured
on Matrigel-coated substrates at high concentration (10 mg mL-1). Then, laminin
distribution was analyzed over culture time (from 24 to 96 hours). For this purpose,
immunostainings of laminin, cell nuclei, F-actin and GFP+ cells were performed.

FP F-Actin DAPIH

F-Actin [N

Figure 4.1.16. Representative sum intensity projections of fluorescence images corresponding to organoid-
derived single cells cultured on Matrigel at 10 mg mL™ concentration from 24 to 96 hours (from the
formation of tubular networks till the formation of monolayers). Images are immunostained for GFP (GFP*
cells corresponding to Lgr5* intestinal stem cells), F-Actin, cell nuclei (DAPI) and laminin (Ln). White
arrowheads indicate domains of Lgr5-GFP” cells. Scale bars: 100 pm.
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Consistent with our previous experiments, single cells self-organized to form 3D-
tubular networks after 24 hours of culture. On these structures, GFP+ intestinal stem
cells (ISCs) (corresponding to Lgr5+ cells) were homogeneously distributed along
the formed tubes and laminin was also homogeneously distributed surrounding the
3D structures (Figure 4.1.16, left panels). Then, as the culture progressed, we
observed that laminin immunostaining was not uniform in intensity along the
tubular structures, but it was accumulated in certain regions. These regions were
protruding from the tubular shapes forming buds. Interestingly, Lgr5+ ISCs were not
uniformly distributed either but cells had the tendency to accumulate at certain
regions that overlapped with the enriched-laminin regions (Figure 4.1.16, middle
panels). After 96 hours of culture, cells completely wetted the surface forming
epithelial monolayers that covered the entire substrate. At that point, laminin
staining was difficult to observe, but Lgr5+ ISCs clearly formed clusters (Figure
4.1.16, right panels). Such crypt-like structures that cluster stem cells can also be
identified in the budding structures of intestinal organoids embedded in Matrigel
drops. Therefore, we hypothesize that the budding structures enriched in stem cells
and laminin that protrude from the tubular networks are crypt-like structures
formed upon the self-organization of the stem cells within the tubular structures. In
arecent publication, we demonstrated that both organoid-derived crypt pieces and
organoid-derived single cells formed functional epithelial monolayers when
cultured on Matrigel-coated substrates!1®. In here we prove that cell-ECM
interactions are key in this process: when ECM protein surface density is above a
well-defined threshold, cells increase their mobility, redistribute the ECM, form 3D-
tubular networks and then provide the stem cells with a favorable environment to
cluster around laminin accumulations forming primitive crypt-like structures that
later evolve in intestinal monolayers preserving the crypt-villus organization.
Therefore, there is a strong relationship between stem cell distribution and ECM
redistribution and, in particular, we hypothesize that laminin accumulations are
crucial in this process.

4.1.12 3D-tubular networks can form onto Matrigel-coated substrates but not onto
collagen I-coated substrates

Studies using MDCK aggregates38150 or intestinal human organoids!55 previously
demonstrated that epithelial organization can be regulated by manipulating the
extracellular matrix (ECM) proteins. Specifically, MDCK aggregates and human
organoids have been demonstrated to reverse their polarity upon varying the ECM
composition. On the one hand, MDCK aggregates exhibit apical-out polarity in liquid
suspension. In contrast, these aggregates embedded in collagen type I, thereby
providing a strong ECM cue on the outside of these structures, exhibit a basal-out
polarity. On the other hand, human organoids in a basement membrane extract
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(BME), which is comprised of ECM proteins, have a basal-out polarity, but these
organoids in suspension without BME exhibit apical-out polarity. Taking these
observations into account and, as in our previous results we were able to determine
the influence of laminin in the epithelial organization, we then wondered if other
ECM proteins that are also able to form gels were eliciting the same cell organization.
To test this, we decided to use collagen type I as ECM matrix and culture organoid-
derived single cells on collagen-coated substrates at low (3 mg mL-1) and high (8 mg
mL-1) concentrations for 24 hours. We used collagen type I because it was a major
ECM component in the repairing epithelium8? and it was employed in previous
reports that question the ECM regulation of the epithelial organization38150, In
addition, in a recent publication, researchers used collagen to culture intestinal
organoid derived crypts due to its similar chemical makeup and stiffness relative to
those of the basement membrane underlining the intestinal epithelium16. As controls,
cells were also cultured on Matrigel-coated surfaces at the same concentrations.

Collagen Matrigel

3 mg/mL 8 mg/mL 3 mg/mL 8 mg/mL

F-Actin DAPI F-Actin DAPI

Figure 4.1.17. Representative sum intensity projections of fluorescence images corresponding to organoid-
derived single cells seeded on collagen type | and on Matrigel. Images are immunostained for F-Actin and
cell nuclei (DAPI). The corresponding matrix concentration for each image is shown in each panel. Scale
bars: 100 um. N=2 experiments.

We found out that organoid-derived single cells were able to grow onto both
collagen and Matrigel matrices. However, when cultured on collagen type I, they
were not self-organized into the 3D structures that we observed on Matrigel for any
of the concentrations assayed (Figure 4.1.17). Within the studied protein density
range, cells seeded on collagen formed epithelial monolayers fully covering the
substrate. So, our results demonstrated that the growth of epithelial monolayers
was not impaired but transient 3D structures forming de novo crypt-like domains
were not formed. These findings are in agreement with a recent publication which
reported that collagen type I 3D matrices were not able to sustain the growth of
intestinal organoid-derived cells without the addition of Matrigel or Wnt
factorss87.102, Also, recent works link the maintenance of primary epithelial cells in
vitro to culture environments able to sustain the activation of the Yes-associated
protein 1 (YAP)104105, YAP activation is regulated by mechanical cues such as ECM
rigidity, strain, shear stress, or adhesive area and has been shown to be involved in
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cellular reprogramming during tissue repair87.196. As intestinal tissue repair is
influenced by the accumulation of collagen I fibers around the newly formed crypts,
both the matrix composition (rich in collagen IV in the homeostatic tissue) and the
mechanical properties are altered. In this scenario, it is not clear the influence of
these stimuli in the YAP activation process. Taking into account the literature and our
results, we then wondered if YAP activation is a key factor to consider in our system
and if its potential activation is sensitive to the matrix composition and density.

We therefore decided to analyze YAP activation in our cell culture system. YAP has
recently emerged as a primary sensor of the mechanical signals that cells receive
from epithelial cell organization and extracellular matrix (ECM)156. YAP activation
leads to its enhanced translocation from the cytoplasm into the cell nucleus. YAP
activation has been reported in response to increased mechanical tension (stiff
environments)1%4, during intestinal tissue regenerations”.157 and in the crypt
formation in organoid cultures8889. To analyze YAP activation in our system, we
cultured organoid-derived single cells on collagen I and Matrigel substrates for 24
hours and we analyzed YAP position with respect to the cell nuclei by
immunostaining and confocal microscopy.

First, we compared YAP activation on the monolayers formed by organoid-derived
single cells grown on collagen type I and Matrigel. We found that basically all the
cells forming monolayers onto the collagen-coated substrates displayed YAP signal
confined to their nuclei (Figure 4.1.18). In contrast, onto the Matrigel-coated
surfaces, cell monolayers displayed a heterogeneous activation of YAP, as we can
identify regions where the YAP signal is restricted to the cell nuclei and regions
where is both cytoplasmatic and nuclear (Figure 4.1.18). Proliferative cells
displayed YAP location both cytoplasmatic and nuclear (Figure 4.1.18), whereas
non-proliferative cells presented fully nuclear YAP showing that these two domains
where distinct both in proliferation and YAP localization. In contrast, proliferative
cells onto collagen-coated surfaces were scattered over the surface and all
presented YAP translocated into the nucleus. Therefore, in our system, YAP
translocation depended on the matrix composition. It was translocated into the
nucleus regardless of the proliferative state of the cells on collagen-coated surfaces,
whereas onto Matrigel-coated substrates YAP was not fully translocated for the cells
forming proliferative clusters or crypt-like domains.

Next, we compared YAP activation in the two types of 3D structures formed by
organoid-derived single cells, either when cultured onto Matrigel-coated surfaces at
high protein concentration forming tubular networks or when embedded within 3D
Matrigel drops forming organoids after 24 h of culture. We observed that cells
forming organoids displayed YAP signal mainly at the cytoplasm (Figure 4.1.18).
However, cells forming tubular networks showed both cytoplasmatic and nuclear YAP
localization. Note that cells forming these structures are mostly proliferative (Ki67+
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cells). In addition, the proliferative cells do not show any clustering but are scattered
over the structures (Figure 4.1.18). Therefore, the compartmentalization in YAP
signaling observed in monolayers cultured onto Matrigel thin films was not retrieved.

Thus, from these results, we could conclude that in our monolayers at 24 hours of
culture, YAP is activated in a different manner depending on the matrix composition
and on the cellular environment, as it is not fully translocated at proliferative foci
that we identified as crypt-like domains. On the other hand, in 3D structures, at this
early time point proliferative foci were not formed and differential YAP
translocation was not observed. At this point, and considering that YAP
translocation depends on the mechanical properties of the cell environment, we
were wondering if the different YAP translocation patterns found in cells cultured
on Matrigel-coated surfaces when forming either monolayers or 3D-structures
indicated that the cellular wetting transition observed by changing the protein
surface density could also be affected by the substrate stiffness.

Collagen Matrigel

coating
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Ki6
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Figure 4.1.18. Representative confocal microscopy images of fluorescently labelled organoid-derived
single cells seeded on collagen at 8 mg mL™" (sum intensity projection), on Matrigel at 3 mg mL™" (sum
intensity projection), on Matrigel at 10 mg mL™" (middle z-stack), and embedded in Matrigel at 10 mg mL"’
(middle z-stack). Cell cultures were immunostained for Ki67 (proliferative cells), YAP, F-Actin and cell
nuclei (DAPI). A median filter with a radius of 2 pixels was applied to Ki67 in order to remove background
noise. White arrowheads indicate proliferative cells (Ki67*) with nuclear YAP activation. Scale bars: 50 pm.
N=2 experiments.
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4.1.13 Intestinal epithelial monolayers present a wetting phase transition depending
on the substrate stiffness

It is known that epithelial cell organization is not only sensitive to the biochemical
properties of the substrate, but it also depends on its mechanical properties>6.59.60,63,
For example, when cell aggregates were placed on top of relatively stiff substrates,
they usually spread and formed an extended cell monolayer. In contrast, on soft
substrates, cell aggregates retained spheroidal shapes. For example, murine
sarcoma (S-180) spheroidal aggregates deposited on stiff (~1.8 MPa) fibronectin-
coated PDMS spread forming a cellular monolayer expanding from the aggregates°.
In contrast, these very same aggregates no longer spread on soft (< 8 kPa)
fibronectin-coated polyacrylamide (PA) hydrogels. In view of the differential YAP
activation observed for the cells cultured onto Matrigel-coated surfaces of different
concentrations, we hypothesized that maybe the wetting transition observed in this
system was sensitive to the mechanical cues of the substrate. To investigate this, we
fabricated PA hydrogels of three different stiffnesses (3, 37 and 145 kPa) that were
functionalized with representative low and high Matrigel concentrations (3 and 10
mg mL1) and we seeded organoid-derived single cells on them for 24 hours. We
performed time-lapse experiments and recorded bright-field videos of the epithelial
structures obtained. As controls, samples coated on Matrigel-coated polymer
substrates (stiffness of ~3 GPa) were also analyzed.

After 24 hours of culture, we observed that on low Matrigel concentration (3 mg mL-
1), organoid-derived single cells formed epithelial monolayers fully covering the
substrates regardless of the substrate stiffness tested (Figure 4.1.19 (a), upper row).
On the other hand, on high Matrigel concentration (10 mg mL-1), these very same
cells formed tubular networks on the stiffest substrates (37 and 145 kPa and 3 GPa)
and monolayers on the softest substrate (3 kPa) (Figure 4.1.19 (a), lower row).
Quantitative values of the surface coverage obtained for these samples revealed
that, while the two wetting phases were clearly observed depending on the Matrigel
concentration for the stiffest substrates, such phase transition was interrupted for
the softest substrate (Figure 4.1.19 (b)). On this softest substrate (3 kPa),
monolayers with surface coverage values close to 100% were formed irrespectively
on the Matrigel concentration employed (Figure 4.1.19 (c)). Therefore, in terms of
the wetting/de-wetting analogy, it appears that a phase diagram in which the
wetting phase transition depends on the substrate stiffness can also be established.
Altogether, it seems that, as YAP activation tests were pointing out, our system is
sensitive to the mechanical cues and, in particular, lowering substrate stiffness can
prevent the wetting phase transition triggered by Matrigel concentration.
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Figure 4.1.19. (a) Bright field images corresponding to snapshots of time-lapse experiments obtained 24
hours after seeding organoid-derived single cells on Matrigel-coated substrates at different concentrations
(10 or 3 mg mL"") and on substrates with different stiffness (3, 37, 145, 3-10° kPa). To improve visualization,
zones without cells were marked in dark blue. Scale bars: 100 um. (b) Surface coverage percentage (with
respect to the total surface area) as a function of substrate stiffness for Matrigel concentrations of 3 mg
mL" (light blue) and 10 mg mL"" (dark blue). Mean + SEM. (***) p < 0.001, t-test. N > 1 experiments. (c)
Representative sum intensity projections of fluorescence images of F-Actin and cell nuclei (DAPI) for single
cells from organoids forming monolayers on 3 kPa substrates with Matrigel concentrations of 3 mg mL"
(left panel) and 10 mg mL™" (right panel). Scale bars: 100 pym.

From these results, we could conclude that both Matrigel concentration and
substrate stiffness are key parameters in determining the intestinal epithelial cell
organization. In agreement with literature, organoid-derived epithelial cells seem to
be successfully cultured on substrates possessing a wide range of
stiffnesses119.121,126, However, in contrast with the wetting behavior often described
for other epithelial cells, the migration of organoid-derived single cells is not
impaired on the softest substrates. Remarkably, when cells are cultured onto
substrates with stiffness values higher than those attributed to the basement
membrane of the intestinal epithelium (~20 kPa)58, the formation of 3D-tubular
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networks promotes stem cells self-organization and enables the creation of crypt-
like structures.

4.1.14 Intrinsic self-organization properties of the intestinal organoid-derived
epithelial cells depend on the stem cell ratio

From the previous experiments, we could determine that matrix composition,
density and stiffness are key parameters in driving the growth of epithelial cells and
their transition to epithelial monolayers. Additionally, we determined that, for
Matrigel-coated substrates at high concentrations and substrate stiffness values >
37 kPa, intestinal organoid-derived single cells formed 3D-tubular networks that
later gave rise to crypt-like buds. Such structures were not found in other epithelial
cells tested, neither when organoid-derived single cells were cultured at lower
Matrigel concentrations or softer substrates. Therefore, as it seems that these
properties are related to the nature of the primary epithelial cells employed, we
decided to investigate further the cell types found in the monolayers and the tubular
networks. Specifically, we focused our attention on the number of proliferative cells
and Lgr5* stem cells found on both cultures. To do this, monolayers and tubular
networks obtained after 24 hours of culture were immunostained for Ki67 and GFP
and imaged through confocal microscopy (Figure 4.1.20 (a)).
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Figure 4.1.20. (a) Representative sum intensity projections of fluorescence images of proliferative cells
(Ki67* cells), F-Actin and cell nuclei (DAPI) (upper panels) and of Lgr5® ISCs (GFP* cells) and F-Actin
(lower panel) for organoid-derived single cells on Matrigel-coated substrates after 24 hours of culture. The
corresponding Matrigel concentration for each image is shown in each panel. Scale bars: 200 ym. (b)
Graph plotting the percentage of positive cells from the total cell number counted for proliferative cells
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(Ki67* cells) (upper panel) and Lgr5* ISCs (GFP” cells) (lower panel). Mean + SEM. (**) p < 0.01, t-test. N
= 3 experiments.

The results showed that a similar proportion of cells are expressing the proliferative
marker Ki67 for both monolayers and tubular networks (Figure 4.1.20 (b), upper
graph). However, the percentage of stem cells is statistically significantly lower for
the cells forming monolayers than for the cells on the tubular networks (Figure
4.1.20 (b)). As the cells are cultured using the same culture medium, it appears that
cell-matrix interactions and improved migration cell capabilities enhanced the
stemness potential of the culture and allowed the formation of 3D-tubular
structures. We then hypothesize that the formation of such 3D structures can be
modulated by regulating the ratio of the stem cells present in the cultures.

stem cell enrichment
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Figure 4.1.21. Brightfield microscopy images of representative morphologies of organoids at day 4 of
culture with different cell culture media: ENR_CV-medium (left panel), EN2R-medium (middle panel) and
ENR-medium (right panel). These three culture conditions yielded organoids with crypt-villus architectures,
but the crypt-length increases as a result of the stem cell enrichment due to the culture media. Scale bars:
200 pm.

To test our hypothesis, we cultured organoid-derived single cells with different
percentages of stem cells on Matrigel-coated substrates for 24 hours. As
representative values for low and high Matrigel concentrations, we used 3 and 10
mg mL-1, respectively. To vary the proportion of stem cells within the cultures,
intestinal organoids cultured within Matrigel drops were treated with three
different culture media, named ENR_CV-, EN2R- and ENR-medium. The ENR_CV
medium contains two small molecules, CHIR99021 and valproic acid, that are
known to boost the stem cell population of the organoids. Then, the EN2R-medium
doubles the normal concentration of R-spondin factor with respect to the basic
medium (ENR-medium), also enhancing its stemness capacity. We compared the
morphology of the obtained organoids by brightfield microscopy (Figure 4.1.21).
The three conditions yielded organoids with crypt-villus structures. Consistent with
the results of previous reports18, we found that organoids cultured under ENR_CV-
medium yielded increased length and size of the crypt-like domain buds compared
with those of organoids cultured under ENR-medium. Interestingly, we found that
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EN2R-medium promoted an intermediate length of the crypt-like domain buds
formed in the organoids. As budding structures are correlated with the presence of
stem cells, we assumed that their number was enriched, gradually diminishing from
ENR_CV-medium to ENR-medium.
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Figure 4.1.22. (a) Representative binary images from thresholded fluorescence images of F-Actin for
organoid-derived single cells on Matrigel-coated substrates with concentrations of 3 mg mL™ (upper panel)
and 10 mg mL" (lower panel) 24 hours after culture. Scale bar: 2 mm. (b) Surface coverage percentage
(with respect to the total surface area) as a function of the culture media composition for the cells cultured
at r 3 mg mL" (upper panel) and 10 mg mL" (lower panel). Mean + SEM. (**) p < 0.01, t-test. N > 1
experiments with n = 3 replicas each.

We then cultured onto Matrigel-coated substrates single cells obtained from
organoids grown with the different cell culture media. After 24 hours of culture, cells
were fixed and stained with F-actin and DAPI. F-actin fluorescence pictures of the
whole seeded area were converted into binary images, which are shown in Figure
4.1.22 (a). We can visually perceive that single cells cultured on Matrigel at 3 mg mL-
1 form monolayers with a gradual reduction in their confluency (Figure 4.1.22 (a),
upper panels). The confluency of the monolayers, quantified by surface coverage
(Figure 4.1.22 (b), upper graph), diminished significantly with the cell culture
composition, going from values ~ 100% for ENR_CV-medium to values ~ 50% for
ENR-medium. On the other hand, single cells cultured on Matrigel at high
concentration (10 mg mL-1) formed complete tubular networks using organoids
cultured with ENR_CV-medium, uncomplete tubular networks using organoids
cultured with EN2R-medium and cell aggregates using organoids cultured with
ENR-medium (Figure 4.1.22 (a), lower panels). Complete networks showed the
highest values for surface coverage. However, there were no significant differences
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in surface coverage between uncomplete networks and aggregates (Figure 4.1.22
(b), lower graph). Therefore, cell density is not the parameter determining the
formation of any of these last structures.
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Figure 4.1.23. (a) Representative middle z-stack of fluorescence confocal images of F-Actin and cell nuclei
(DAPI). Scale bars: 20 ym. (b) Solidity and elongation index for the aggregates formed by organoid-derived
single cells, Caco-2 cells and MDCK cells. Mean value + SEM. N > 3 experiments and n > 1400
aggregates. (c) Relative frequency for the diameter of cell aggregates formed by organoid-derived single
cells, Caco-2 and MDCK cells. The symbols correspond to histograms of the experimental measurements.
The lines are the diameter distributions fitted using Lognormal functions. N > 3 experiments and n > 1400
aggregates.

As this was the first time that we obtained cell aggregates when culturing organoid-
derived single cells, we decided to investigate these structures in more depth. Such
aggregates reminded us of the structures formed by the two epithelial cell lines
tested, Caco-2 and MDCK cells (Figure 4.1.23 (a)). Two shape descriptors were
analyzed for all the aggregates: the elongation index and the solidity. For all of them,
the elongation index is ~ 0 and the solidity is ~ 1 (Figure 4.1.23 (b)). This indicates
that aggregates tend to have a spherical shape with minimal irregularities. Because
of this, we could compute their diameters (Figure 4.1.23 (c)). The cell lines employed
have narrower diameter distributions than organoid-derived single cells. The mean
diameter values obtained were: (94.8 £ 1.6) um for organoid-derived single cells,
(43.3 £ 0.6) um for Caco-2 cells, and (62.0 + 1.2) um for MDCK cells. Compared to
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the typical size of organoids (~ 300 pm) the cell aggregates obtained were
considerably smaller.
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Figure 4.1.24. (a) Representative confocal fluorescence images of proliferative cells (Ki67* cells), F-Actin
and cell nuclei (DAPI) (upper panels) and of F-Actin and Lgr5* ISCs (GFP” cells) (lower panel) for organoid-
derived single cells after 24 hours of culture. Scale bars: 200 uym. (b) Graphs plotting the percentage of
positive cells from the total cell number counted for proliferative cells (Ki67* cells) (upper panel) and Lgr5*
ISCs (GFP* cells) (lower panel). Mean + SEM. (**) p < 0.01, t-test. N > 1 experiments with n = 2 replicas
each. (c) Representative confocal fluorescence images of proliferative cells (Ki67* cells), F-Actin and cell
nuclei (DAPI) (upper panels) and of F-Actin and Lgr5* ISCs (GFP~ cells) (lower panel) for organoid-derived
single cells after 24 hours of culture. Scale bars: 200 um. (d) Graph plotting the percentage of positive cells
from the total cell number counted for proliferative cells (Ki67* cells) (upper panel) and Lgr5* ISCs (GFP*
cells) (lower panel). Mean + SEM. (**) p < 0.01, t-test. N > 1 experiments.
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We next characterized the cell types obtained from the different cell culture
conditions and substrates, focusing our attention on the proliferative cells (Ki67+)
and the stem cells (GFP*). On the one hand, monolayers obtained on Matrigel at low
concentration (3 mg mL-1) showed higher percentages of both proliferative and
stem cell positive cells for cells derived from organoids cultured with ENR_CV-
medium than for those cultured with EN2R- and ENR-media (Figure 4.1.24 (a-b)).
Between EN2R- and ENR-media we did not see any statistically significant
difference but there was a decreasing trend. Therefore, the differences in the
stemness potential of the cells that were seen in the organoids were also translated
to the monolayer cultures and were probably the reason of gradual decrease in
surface coverage reported in Figure 4.1.22. On the other hand, 3D structures
obtained on Matrigel at 10 mg mL-! displayed similar percentages of proliferative
cells, but a remarkable enhancement of stem cells in the complete networks
compared to the uncomplete networks and, specially, to the cellular aggregates
(Figure 4.1.24 (c-d)). These results clearly indicate that the formation of the tubular
network structures is an intrinsic property of organoid-derived cells linked to the
presence of stem cells. Combined with the other results obtained, it appears that the
presence of such stem cells in high enough numbers drives the formation of tubular
structures by triggering the proper redistribution of the laminin-rich matrix and, in
a later stage, also drives stem cell clustering in laminin-enriched areas forming buds
that are reminiscent of the crypts found in the tissue in vivo.
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4.2 Effects of cell-cell and cell-secreted biomolecular signals on the self-
organization of organoid-derived intestinal monolayers

In vivo, the organization of the epithelium of the small intestine is regulated by cell-
cell and cell-substrate interactions. The effects of cell-substrate interaction have
been investigated in deep in the first part of this thesis. Cell-dependent signaling
molecules impacting on the organization of the epithelium will be addressed next.
These cell-dependent signaling molecules may be secreted by epithelial or stromal
cells and diffuse over a short distance to influence cells nearby (paracrine signaling)
or may be expressed as membrane proteins to produce interactions at the cell-cell
level (juxtracrine signaling). For example, at the cell membrane, Eph/ephrin
repulsive interactions control cell positioning along the crypt-villus axis mediating
the communication signaling between cells8+. Proliferative crypt cells express EphB
receptors in a decreasing gradient fashion from the bottom to the top of the crypts,
whereas ephrinB ligands form a complementary gradient with the highest
concentration present at the villi tips (Figure 4.2.1 (a))8485. On the other hand,
biochemical factors such as Wnt, Notch and bone morphogenetic protein (BMP)
among others9! are secreted by epithelial and non-epithelial (stromal) cells into the
extracellular space. In particular, Wnt plays a crucial role in regulating the
proliferation and organization of epithelial cells92-94. It arises from multiple sources
in the intestinal tissue such as the Paneth cells and the intestinal sub-epithelial
myofibroblasts4-96. Wnt exerts a supporting role for the intestinal stem cells (ISCs),
itis present at the crypts bottoms and its expression decreases toward the top of the
crypts (Figure 4.2.1 (a))81. Given the different sources of signaling, it is unclear what
role each source plays in regulating the epithelium. Recently, organoid-derived
monolayers with in vivo-like domains were exposed to the perturbation of some of
these molecular signals by supplementing or inhibiting Wnt and BMP120, These
experiments revealed the importance of these signals in controlling the proliferation
and the compartmentalization of the intestinal epithelia. However, the effects of the
in vivo spatial distribution of these factors could not be challenged in this work.

Here, taking advantage of our knowledge to form 2D epithelial monolayers, we
systematically studied the role of localized signals in the self-organization of
organoid-derived intestinal epithelial monolayers into crypt- and villus-like
domains. Particularly, we examined the role of ephrinB1, a juxtracrine signal, and
Wnt3a, the major paracrine signal secreted specifically by Paneth cells®. To reach
this goal, we employed a bioengineering approach that allowed us to precisely tune
both the molecular signaling and their localization. For the sake of simplification,
the in vivo gradients were simplified using an on/off signal (Figure 4.2.1 (b)). Thus,
we explored if localized external signal molecules could provide positional cues that
target the spatial localization of crypt-like domains on epithelial monolayers
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constitutes the second objective of this thesis. The experiments performed and
results found toward this aim are reported in this section.

(b)

Wnit3a

Figure 4.2.1. (a) Schematic representation of the crypt in the small intestine. EphrinB1 ligands form a
gradient of which the highest concentration is present at the villus tips, while Wnt3a is present at the crypt
bottoms and its expression decreases in a gradient fashion toward the top of the crypts. Thus, ephrinB1
and Wnt3a are expressed in a complementary pattern. (b) Scheme depicting the system with both ephrinB1
and Wnt3a patterns, where the in vivo gradient signaling is simplified using an on/off signal and the
intestinal epithelial monolayer cultured on top. Top view (upper panels) and cross section (lower panels).
The stem cells are marked in light green.

4.2.1  Micropatterns of ephrinB1 retain the biological activity of the ligand

In previous works, we had established a protocol to anchor ephrinB1 ligands to glass
surfaces coated with Poly-L-lysine through micro-contact printing technique and we
had verified that the printed ligands were effective in stimulating the clustering and
activation of EphB2 receptors in human epithelial kidney cells (HEK293T)144159, On
the basis of this previous experience, and considering the fact that ephrinB1 ligand
is spatio-gradually expressed by intestinal epithelial cells (reaching the lowest
concentration at the crypts), we decided to study the effects of ephrinB1 on our
primary intestinal cultures by employing the micro-contact printing technique.
However, as organoid-derived cells could not be successfully cultured onto Poly-L-
lysine surfaces, we first determined whether ephrinB1 micropatterns could be
produced on top of laminin-coated surfaces through micro-contact printing and if
these ligands retained their biological activity after the printing procedure.

Figure 4.2.2 (a) outlines the sequential steps for the micro-contact printing
technique of ephrinB1 ligands onto laminin-coated surfaces. The procedure involves
the use of a PDMS stamp where the ephrinB1 molecules are adsorbed before being
transferred to the substrate upon the conformal contact of both surfaces while
manually applying pressure. EphrinB1 ligands need to be dimerized to activate their
membrane EphB2 receptors. Actually, effective receptor activation requires the
ephrinB1 ligands to be presented in clusters, and the activation level is highly
sensitive to ligand cluster size143.144, To produce such clusters, ephrinB1 ligands are
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commercialized as dimers fused to Fc groups and linked through disulfide bridges,
named as ephrinB1/Fc ligands. These Fc groups are used to link dimers together by
incubating them in a solution containing anti-Fc antibodies (Figure 4.2.2 (b)). We
had previously determined that upon 30 min of incubation with anti-Fc antibodies,
mostly tetramers (dimers of ephrinB1/Fc dimers) of hydrodynamic diameters of ~
70 nm are obtained!44. These clusters are the species that we employed to “ink” the
PDMS stamps and are transferred to the surfaces. In this thesis we will refer to
ephrinB1 as ligands in this clustered fashion. On the other hand, as controls, only Fc
molecules clusterized through anti-Fc antibodies are used. Those will be referred in
what it comes as Fc molecules.

(a) (b) (c) (d)
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Figure 4.2.2. (a) Scheme depicting the micro-contact printing procedure followed to transfer ephrinB1 and
Fc species onto laminin-coated substrates. First, the substrate was incubated with a laminin solution. Then,
the micro-contact printing procedure was performed onto the surface. (b) Schematic diagram showing the
strategy to form clusters of ephrinB1 and Fc dimers (in blue and grey, respectively) through conjugation
via anti-Fc antibodies (in red). (c) Representative fluorescence microscopy images of micropatterns
fabricated by micro-contact printing. For visualization, ephrinB1 and Fc were immunostained. Scale bars:
100 pym. (d) Fluorescence intensity profiles corresponding to the dash lines depicted in (c), showing the
uniformity of the micropatterns for ephrinB1 (upper panel) and Fc (lower panel).

Micropatterns of ephrinB1 and Fc in the shape of 20 pm wide lines with a pitch of
also 20 um were then performed on top of the laminin-coated surfaces. To check for
the success of the micro-contact printing process, the micropatterns produced were
visualized by immunofluorescence. It could be then assessed that the printed lines
had very good uniformity, high contrast and nice edge definition (Figure 4.2.2 (c)).
The coverage of ephrinBl and Fc species was investigated by plotting the
fluorescence intensity of the images along the axis perpendicular to the lines (Figure
4.2.2 (d)). For both micropatterns, there were abrupt changes in the fluorescence
intensity that matched in their dimensions with the theoretical width and
separation of the lines. Therefore, we could conclude that the micro-contact printing
technique employed was successful in creating micropatterns of ephinB1 and Fc
onto laminin-coated substrates.
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Once the patterns were produced, we wanted to check if the printed ligands retained
their biological function and, in particular, if they were able to be recognized by
EphB2 cell receptors. Upon ligand recognition, activated Eph receptors are known
to act as positional cues in tissue patterning by regulating cell adhesion and
repulsion60.161, [t has been reported that cells expressing Eph receptors show
strong morphological responses when exposed to linear micropatterns of ephrin
ligands!62. In here, we decided to present our ephrinB1 micropatterns to embryonic-
derived fibroblasts (NIH/3T3), which express EphB2 receptors endogenously2+.
NIH/3T3 fibroblasts were cultured onto these micropatterns for 24 hours. After this
time, cells were fixed, immunostained for F-actin, cell nuclei (DAPI) and ephrinB1
(to localize the micropatterns) and imaged through fluorescence microscopy. Cell
response was evaluated screening for several cell seeding densities (105, 3:105 or
5:105 cells cm2) and two line widths (10 and 20 pum), and measured by the
orientation and position of cell nuclei with respect to the micropatterned lines.
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Figure 4.2.3. (a) Representative fluorescence images of NIH/3T3 fibroblasts cultured onto ephrinB1
micropatterns produced on laminin-coated substrates. Images were obtained upon immunostaining of
ephrinB1, F-actin and cell nuclei (DAPI). Experiments of two different cell densities and two pattern sizes
are shown. As control, laminin substrates were employed. Scale bars: 100 um. (b) Nucleus orientation
index for three different cell densities. (***) p < 0.001, t-test. Median. N = 3 experiments. (c) Normalized
histograms of the cell nuclei number as a function of the nucleus position index for three different cell
densities. (*) p < 0.01, (**) p < 0.005, (***) p < 0.001, t-test. Mean + SEM. N = 3 experiments.
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Representative images showed that indeed NIH/3T3 fibroblasts morphology,
orientation and position were strongly influenced by the presence of the ephrinB1
micropatterns with respect to the controls (Figure 4.2.3 (a)). In general, for all the
cell seeding densities tested, cell nuclei were aligned with the micropattern axis
(nucleus orientation index > 0.5) for both line sizes tested (Figure 4.2.3 (b)).
However, the highest degree of alignment was obtained for cells seeded at the
lowest density of 105 cell cm2 on the lines of 20 um in width (orientation index ~
1). Then, the analysis of the nucleus position with respect to the pattern (nuclei on
top of the ephrinB1 lines, in between lines or without a preferred position) revealed
that NIH/3T3 fibroblasts positioning strongly depended on the pattern size and the
cell seeding density (Figure 4.2.3 (c)). For lines of 10 pm in width, cell nuclei did not
position preferentially with respect to the micropatterns (position index values
were homogeneously distributed), probably because the line width was not large
enough. On the other hand, at high cell seeding densities, cell nuclei were also not
showing any preferential position with respect to the patterns, probably because
cells established cell-cell contacts that were indeed dictating their location. For the
lowest cell seeding density of 105 cells cm2 and micropatterns of 20 um width,
almost all nuclei were fully positioned in between the ephrinB1 lines. Therefore, for
the ephrinB1 concentration tested, the ephrinB1 micropatterns seemed to induce
cell repulsive effects for NIH/3T3 fibroblasts.
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Figure 4.2.4. (a) Representative fluorescence images of NIH/3T3 cells cultured at a cell seeding density of
10° cells cm on micropatterns of Fc and ephrinB1 species (lines of 20 um in size) produced on laminin-
coated substrates. Images are immunostained for ephrinB1, Fc, F-actin and cell nuclei (DAPI). Scale bars:
100 um. (c) Nucleus orientation index. Median. (***) p < 0.001, t-test. N = 2 experiments. (b) Normalized
histograms of the cell nuclei number as a function of the nucleus position index. Mean + SEM. (***) p <
0.001, t-test. N = 2 experiments.

At this point, we were wondering if these strong cell repulsive effects observed were
really due to EphB2-ephrinB1 interactions or were due to an increased affinity of
the cells to adhere onto the laminin regions in between the ephrinB1 lines. To tackle
this question, a set of experiments were performed seeding cells at a cell density of
105 cells cm2 on micropatterns of 20 um in size printed with ephrinB1 or with Fc
species (Figure 4.2.4 (a)). As controls, laminin-coated substrates were used. As
shown in Figure 4.2.4 (b-c), ephrinB1 strongly influenced cell nuclei orientation
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(orientation index ~ 1), while Fc micropatterns and control substrates showed no
preferred orientation (orientation index ~ 0). Also, despite the presence of laminin
lines per se produced some confinement of the cell nuclei, this effect was
significantly enhanced when ephrinB1 was present in the system (Figure 4.2.4 (d)).
These results confirmed that ephrinB1 micropatterns trigger a cell repulsive effect
and therefore, the ligand retains its biological activity after the printing procedure.

4.2.2 EphrinBl1 signaling strength can be effectively controlled through
micropatterns

In vivo, cells of the small intestine crypts are subjected to complementary gradients
of ephrin/Eph ligand-receptor signals, which indicates that ephrin signaling
depends on the ligand concentration8485. Indeed, it has also been reported in
experiments in vitro that ephrin might allow cell adhesion or trigger cell repulsion
depending on the ligand concentration160.161, Therefore, once we knew that
ephrinB1 micropatterns were biologically active, we investigated whether the
biological activity of the ligand could be regulated by this technique. To explore this
issue, we fabricated a set of ephrinB1 micropatterns of lines of 20 um in size on
laminin-coated substrates where we varied the ephrinB1 concentration of the
solutions used to “ink” the PDMS stamps. A broad range of ephrinB1 concentrations
ranging from 1 to 10 dilutions from the stock concentration (69.0 pg mL-!
ephrinB1/Fc + 0.559 mg mL-! anti-Fc antibodies) were tested. On the micropatterns
produced, NIH/3T3 fibroblasts were seeded at a density of 105 cells cm2 and
cultured for 24 hours. After this time, samples were fixed, immunostained for F-
actin, cell nuclei (DAPI) and ephrinB1, and imaged with a fluorescence microscope.
Then, we quantified cell nuclei orientation with respect to the line direction, and cell
nuclei position with respect to the patterns for the different ephrinB1 dilutions
tested.

We observed that the dilution of the ephrinB1 ligand produced micropatterns with
gradient ephrinB1 fluorescence intensities (Figure 4.2.5 (a)). We could also visually
assess that, when decreasing ephrinB1 concentration, its effects on directing cell
orientation and position in between lines were progressively lost. This was
quantitatively assessed for the cell nuclei orientation, where we found a transition
triggered by the ephrinB1 dilution (Figure 4.2.5 (b)). For the highest ephrin
concentrations, cells showed strongly elongated morphologies and were almost
fully aligned parallel to the lines (orientation index ~ 1). In addition, they were
strongly confined in between the ephrinB1 lines (position index distribution
centered at ~ 0) (Figure 4.2.5 (c)). When reducing the ephrin concentration, cells
showed an increasingly spread morphology, a random orientation (orientation
index ~ 0), and a random distribution over all the cell culture area (position index
homogeneously distributed). In particular, for the lowest dilution, ephrinB1 cell

105



Results

repulsive effects completely disappeared. Taken these results together, we can
conclude that ephrinB1 ligands presented as micropatterns elicit a cellular response
that can be modulated by changing the ligand concentration printed.
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Figure 4.2.5. (a) Representative fluorescence images for NIH/3T3 cells cultured on ephrinB1 micropatterns
of lines of 20 ym in size printed on laminin-coated substrates. The micropatterns have been produced
using ephrinB1 solutions at several dilutions. Images were generated upon immunostaining of ephrinB1,
F-actin and cell nuclei (DAPI). Scale bars: 100 um. (b) Nucleus orientation index as a function of the
ephrinB1 concentration. The symbols correspond to the experimental measurements, and the solid line is
a fitting of the data using an allosteric modulator (logeC50). Data are plotted as mean + SEM. N = 3
experiments. (c) Normalized histograms of the cell nuclei number as a function of the nucleus position
index for different ephrinB1 concentrations. Mean + SEM. N = 3 experiments.

4.2.3  Biochemical micropatterns can be successfully transferred on Matrigel-coated
surfaces

While through the previous experiments we proved that we could successfully
transfer biomolecular patterns on top of laminin-coated surfaces, we failed in
growing our intestinal organoid-derived single cells on top of these substrates.
Therefore, on the basis of the results presented in section 3.1, we decided to use as
cell culture substrates Matrigel-coated surfaces. However, micro-contact printing is
not a well-suited technique to be employed with soft, sticky materials. Thus, we
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decided to pursue a strategy developed in our lab a few years ago based on
performing the micro-contact printing procedure on Matrigel-coated substrates
previously subjected to a freeze-drying process!25. Through this process, the soft
hydrogel becomes mechanically resistant enough to sustain the PDMS stamp
pressure (Figure 4.2.6 (a)). After printing, the Matrigel substrates were
reconstituted by adding PBS at room temperature. As this procedure might modify
the Matrigel and organoid-derived single cells have proven to be very sensitive to
the matrix employed, freeze-dried Matrigel coatings prepared this way were first
characterized in terms of protein distribution (focusing on laminin distribution) and
thickness. As controls, fresh Matrigel (non-freeze-dried) samples were used. Freeze-
dried and fresh Matrigel coatings were produced employing diluted Matrigel
solutions (0.25 mg mL-1), were visualized by immunofluorescence using laminin
antibodies and imaged using confocal microscopy.

Images in Figure 4.2.6 (b) are representative of the laminin distribution in the
treated and fresh Matrigel samples. The positive staining for laminin demonstrated
a stable adhesion of Matrigel coatings after freeze-drying, reconstitution, and
immunostaining processes. As shown here, both samples presented a punctate
protein distribution with non-significant differences in terms of the average
intensities measured (Figure 4.2.6 (c)). On the other hand, non-significant
differences in thickness between the freeze-dried and the fresh samples were
measured (Figure 4.2.6 (d)). In light of these results, we considered that the freeze-
dried and reconstitution process did not modify significantly the Matrigel.

Next, we proceeded to use the micro-contact printing process to create ephrinB1
patterns on the freeze-dried Matrigel-coated substrates. PDMS stamps with features
of different shapes (lines, squares, circles, and more complex structures) with sizes
covering three orders of magnitude (from 1 um to 0.1 mm) were successfully
printed onto the freeze-dried Matrigel surfaces (Figure 4.2.6 (e)). The ephrinB1
ligands were clearly shown upon immunostaining, as well as the laminin of the
underlying Matrigel. The micropatterns showed an excellent homogeneity across
the printed surface areas, and faithfully reproduced the features of the PDMS stamps
employed. Noteworthy, not only positive stamps (those with protruding features)
were successfully printed but also negative stamps (with holes, as the circular
example in Figure 4.2.6 (e)) could be reproduced. We also assessed that this
technique was not only successful with ephrinB1 ligands, but that it could transfer
other relevant biomolecules for the organization of the small intestinal epithelium
such as the EphB2 receptor (Figure 4.2.6 (f)) or Wnt3a ligands (not shown in this
section).

Overall, these results demonstrated that we successfully designed a simple method
to produce biochemical micropatterns on top of Matrigel-coated substrates in a
highly reproducible manner.
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Figure 4.2.6. (a) Scheme depicting the micro-contact printing procedure to transfer biomolecules onto
Matrigel-coated substrates. First, Matrigel-coated substrates were freeze-dried (Matrigel was diluted at
0.25 mg mL™). Then, the micro-contact printing procedure was performed onto the dried surfaces and
afterwards, samples were reconstituted with PBS. (b) Representative fluorescence images of treated
(freeze-dried and reconstituted) Matrigel-coated substrates and fresh Matrigel. Samples were
immunostained for laminin. Scale bars: 20 um. (c) Graph plotting the average fluorescence intensity of
immunostained laminin measured from treated and fresh Matrigel-coated substrates. Mean + SEM. N = 3
experiments. (d) Graph plotting the thickness of the treated and fresh Matrigel coatings. Mean + SEM. N
= 3 experiments. (e) Representative fluorescence images of micropatterns of ephrinB1 ligands printed on
treated Matrigel-coated substrates. Images were immunostained for ephrinB1 and laminin. Scale bars: 50
um. (f) Representative fluorescence images of micropattern of EphB2 receptors printed on treated
Matrigel-coated substrates. Images were immunostained for EphB2 and for laminin. Scale bar: 50 ym.

4.2.4  Matrigel-coated substrates support the growth of intestinal organoid-derived
single cells after being freeze-dried and reconstituted

Once we knew that we could successfully produce biomolecular patterns on
Matrigel-coated substrates, we proceeded to check whether organoid-derived single
cells could grow on these treated (freeze-dried and reconstituted) Matrigel surfaces.
For that purpose, intestinal organoid-derived single cells (see section 3.2) were
seeded on top of treated and fresh Matrigel-coated substrates and cultured for 5 days.

Figure 4.2.7 (a) demonstrates that organoid-derived single cells were able to form
growing monolayers that over the culture time increased in size, doubling the

108



Results

surface area covered by the cells from day 1 (24 h) till day 5 (120 h) (Figure 4.2.7
(b))- As we were using Matrigel-coated substrates at very low concentrations (0.25
mg mL-1), these results agree with those reported in the first part of this thesis. Over
time, monolayers showed a morphology that also agrees with our previously
published datall9, as we observed the appearance of zones densely packed with cells
surrounded by less compact regions.
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Figure 4.2.7. (a) Confocal representative fluorescence images of F-Actin and cell nuclei (DAPI) for
organoid-derived single cells seeded on diluted Matrigel treated (freeze-dried and reconstituted) at 24, 72
and 120 hours of culture. Scale bars: 50 ym. (b) Graph plotting the surface coverage at 24, 72 and 120
hours of culture. Mean + SEM. (***) p < 0.001, t-test. N > 3 experiments.

We then compared cell performance on these substrates versus the very same cells
grown onto fresh Matrigel-coated substrates at the same low Matrigel concentration
(0.25 mg mL-1). To do that, we quantified the area projections of the F-actin images
obtained from the cultures at days 1, 3 and 5 (Figure 4.2.8 (a), black and green
boxes). The fold change in these surface areas, which we called surface coverage,
was plotted as a function of the culture time in Figure 4.2.8 (b), upper graph. This
graph showed non-significant differences for the first 3 days of culture, and that by
a slightly better performance of the treated samples by day 5. On the other hand, if
we compared the performance of the treated Matrigel in diluted (0.25 mg mL-1) and
non-diluted (10 mg mL-1) concentrations (Figure 4.2.8 (a), black and yellow boxes)
we did not observe any significant differences in surface coverage (Figure 4.2.8 (b),
middle graph). We also observed that, in these conditions, we partially recovered
the tubular network structures reported in previous sections of this thesis, now
modulated by the treatment of the Matrigel. Finally, we also checked if our
monolayers grown in these conditions were also sensitive to the cell culture medium
employed, as we previously reported for fresh Matrigel. To do that, cells seeded on
treated Matrigel-coated substrates were cultured with ENR_CV-medium and with
ENR-medium (Figure 4.2.8 (a), black and pink boxes). The surface coverage
measurements revealed significant differences in the surface coverage after 5 days
of culture, so the use of ENR_CV-medium is essential to maintain the integrity of the
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monolayers over time also for the monolayers grown onto the treated Matrigel
(Figure 4.2.8 (b), lower graph).
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Figure 4.2.8. (a) Representative binary images from thresholded fluorescence images of F-Actin for
organoid-derived single cells seeded on Matrigel-coated substrates. Color code: black box: Matrigel-
coated substrates diluted at 0.25 mg mL™" and treated by freeze-drying and reconstitution with PBS; green
box: fresh Matrigel-coated substrates non-diluted (concentration at 10 mg mL™"); yellow box: Matrigel-
coated substrates non-diluted (concentration at 10 mg mL") and treated; pink box: Matrigel-coated
substrates diluted at 0.25 mg mL™ and treated, where cells cultured with ENR-medium (for the other three
conditions was ENR_CV medium). Scale bar: 3 mm. (b) Surface coverage fold change (with respect to the
surface coverage of the Matrigel-coated substrate diluted at 0.25 mg mL™, treated and cell cultured with
ENR_CV-medium at 24 h. The color code is the same as in (a). Mean + SEM. (*) p < 0.01, (***) p < 0.001,

t-test. N > 2 experiments.

Taken together, with these experiments we demonstrated that freeze-dried and
reconstituted Matrigel-coated substrates allow the formation of intestinal epithelial
monolayers and their maintenance over time.

4.2.5  Epithelial monolayers maintain in vivo-like cell type composition and spatial
organization on freeze-dried and reconstituted Matrigel

Next, we assessed the potential effects of using treated Matrigel (freeze-dried and
reconstituted) on the cell composition and spatial organization of the grown
monolayers. To that aim, we cultured organoid-derived single cells on treated
Matrigel for 5 days and we investigated the presence and spatial arrangement of two
cell populations, proliferative and differentiated cells, at different time points. This
was performed upon immunostaining of F-actin, nuclei (DAPI), Ki67 (positive for
proliferative cells) and Ck20 (positive for differentiated cells).
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Figure 4.2.9. (a) Representative confocal fluorescence images of organoid-derived single cells seeded on
freeze-dried and reconstituted Matrigel at 24, 72 and 120 hours of culture. The images are immunostained
for the Ki67 (proliferative cells), Ck20 (differentiated cells), F-Actin and cell nuclei (DAPI). White
arrowheads indicate the proliferative cell domains. Scale bars: 50 um. (b) Graph plotting the percentage
of positive cells (from the total cell number counted) for Ki67 and Ck20 at 24, 72 and 120 hours of culture.
Mean + SEM. N > 2 experiments. (c) Representative confocal fluorescence images of organoid-derived
single cells seeded on diluted and treated Matrigel at 24 hours of culture. Images were immunostained for
GFP* cells (corresponding to Lgr5* stem cells), Ki67* cells, F-Actin and cell nuclei (DAPI). A median filter
with a radius of 0.5 ym was applied to Ki67 fluorescence images and a mean filter with a radius of 0.5 ym
was applied to GFP fluorescence images in order to remove background noise. Scale bars: 50 ym. (d)
Representative confocal fluorescence images of cells as in (¢) immunostained for GFP, F-Actin, cell nuclei
(DAPI) and Lysozyme (Lyz) (a marker for Paneth cells). Scale bars: 50 pm.

We found that for all the time points tested, intestinal epithelial monolayers
displayed clusters of proliferative (Ki67+) cells self-organized into densely packed
zones (Figure 4.2.9 (a)). On the other hand, at 24 hours few non-proliferative cells
showed positive staining for Ck20, but this proportion greatly increased over time.
By day 5 of culture, populations of proliferative and differentiated cells were
distributed in a clear spatially segregated fashion. Quantification of the Ki67+ and
Ck20+ cell populations as a function of the culture time was performed based on
these immunostainings and it is plotted in Figure 4.2.9 (b). We found that at 24 h of
culture, the percentage of proliferative Ki67+ cells in the monolayer was very high
(~55%) and decreased abruptly to ~20% by day 3. Noteworthy, this decrease
correlated with an evident increase in the percentage in the differentiated Ck20+
cells, suggesting that when growing, the epithelial monolayers are evolving to a
homeostatic stage. These results agree with our previous observations of
monolayers growing onto fresh Matrigel-coated substrates!l®. Additional
immunostainings demonstrated that the proliferative clusters were formed by a
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pool of cells that stained double-positive for GFP, a marker of Lgr5+ intestinal stem
cells (ISCs), and Ki67 (Figure 4.2.9 (c)). The stem cells formed a compartment that
was surrounded by a ring of Ki67* proliferative cells. Furthermore, Lgr5+ ISCs and
Paneth cells (Lysozyme, Lyz+ cells) were found to be located adjacent one to each
other (Figure 4.2.9 (d)), indicating that Paneth cells are forming part of the stem cell
niches. Thus, these proliferative clusters resemble in their cell composition to the
intestinal crypts found in the tissue in vivo and hereafter we will refer to them as
crypt-like domains.

F-Actin

Figure 4.2.10. Representative confocal images of organoids cultured within Matrigel drops (middle z-stack)
(upper panels) and monolayers of organoid-derived single cells seeded on diluted and treated Matrigel
(max intensity projection) (lower panels). Fluorescence images correspond to the immunostaining of F-
Actin, cell nuclei (DAPI), Ki67, and EphB2 receptor. Scale bars: 50 pm.

F-Actin DAPI F-Actin

To gain insight into the actual resemblance of these crypt-like domains to the in vivo
crypt compartments, we also checked if cells were able to express EphB2 receptors
in a gradient fashion. In the small intestinal tissue, it has been reported that crypt
compartmentalization is associated to the ephrin-Eph ligand-receptor interactions,
with ephrinB1 concentrations setting the boundaries of the compartment by
triggering cell repulsion upon EphB2 receptor activation84163, Then, we performed
immunostainings for EphB2 receptor for both organoids cultured on Matrigel drops
and organoid-derived single cell monolayers (Figure 4.2.10). These experiments
showed clearly distinguishable proliferative domains (Ki67+ cells) for both
intestinal organoids and monolayers. Such regions were overlapping those
expressing the EphB2 receptor at its highest levels, gradually fading away of the
contours limited by the proliferative domains. For the non-proliferative cells, no
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expression of EphB2 was observed neither for the intestinal organoids nor for the
monolayers. Remarkably, this localization and gradual silence of EphB2 coincides
with the one observed in vivo8+12,

Overall, we could observe that the intestinal epithelial monolayers grown from
organoid-derived single cells cultured on freeze-dried and reconstituted Matrigel
preserved the ability to self-organize in proliferative crypt-like domains and non-
proliferative regions. Moreover, the proliferative crypt-like domains contained the
cells populations characteristic from the intestinal stem cell niche, as Lgr5+
intestinal stem cells and Paneth cells could be identified. Last, we also found out that
the expression of the EphB2 cell membrane receptor is confined to the crypt-like
domains and fades when there are non-proliferative cells. Therefore, in the light of
these results and taking into account our ability to produce ephrinB1 ligands
presented as micropatterns that trigger cellular positioning on substrates suitable
for the culture of organoid-derived cells, we were wondering if these cells would
also respond to micropatterns of these or other relevant ligands that might affect
the intrinsic morphology and distribution of crypts-like domains in organoid-
derived epithelial monolayers.

Previous studies have shown that intestinal epithelial monolayers possess an
intrinsic organization where crypt-villus domains are self-regulated by molecular
pathways with Wnt and Bone Morphogenetic Proteins (BMP) as key regulators?29,
Those are intrinsic signals that are derived from the different cell types composing
the intestinal epithelium and the stroma. Thus, the epithelial organization is
orchestrated by molecules of both epithelial and non-epithelial origin. This became
evident through a study where the Paneth cells were depleted. In vivo, removingthe
Wnt signal coming from the Paneth cells did not alter the normal intestine
homeostasis, while in vitro, intestinal organoids development was dependent on
Paneth cells as a source of Wnt signaling97-99. Thus, establishing a system able to
expose the intestinal epithelium to epithelial and non-epithelial factors in a simple
manner could be a way to disentangle these complex molecular pathways. As we
proved that we could generate biomolecular patterns onto substrates amenable for
the culture of organoid-derived single cells, our next step involved the study of the
effect of such micropatterns to act on the epithelial composition and organization.
We decided to focus on ephrinB1-EphB2 ligand-receptor interactions because of their
cell-repulsive action triggers an easy read-out, but we also explored Wnt3a ligand.

However, before moving on to study the behavior of the monolayers on the
micropatterned surfaces, we decided to better characterize the morphology and
distribution of the crypt-like domains without such patterns. To do that, we cultured
organoid-derived single cells on diluted and treated Matrigel-coated substrates to
form epithelial monolayers (which we called control samples). After 48 hours of
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culture, we fixed the samples, performed immunostainings of Ki67, F-actin and DAPI
and imaged them with fluorescence microscopy. Fluorescence images obtained
were analyzed through custom-made image-processing algorithms to identify the
crypt-like domains of the monolayers (Figure 3.16). Once identified we computed
the crypt-like domains areas, their elongation index, the distance to their first
neighbors and the angle between one crypt and their two first neighbors, which we
called the orientation index (Figure 4.2.11). Crypt-like domains presented areas
with mean values of (4.3+0.4)x103 um?2 (mean *+ SEM). The domains are quite
circular (elongation index ~ 0.3). Thus, we calculated the crypt-like domain diameter
as 74+11 um (2V(area/m) + Aarea/V(area /), where Aarea is the SEM error of
the area). The mean interdomain distance a is 160£10 um (mean £+ SEM) and they
are randomly distributed across the surface of the sample (orientation index ~ 0).
These values were consistent along the experiments performed, so we decided to
take these dimensions into account to design micropatterns of biomolecular signals.
As the order of the distribution was zero, we decided to use this parameter as an
easy read-out of any effect of the micropatterns on the monolayer cell organization.
Therefore, we designed and fabricated biomolecular micropatterns with regular
geometries to check for any ordering effect.
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Figure 4.2.11. Analysis of the morphology and distribution of crypt-like domains in organoid-derived
epithelial monolayers. The parameters plotted are; the crypt-like domain areas (mean + SEM); the crypt-
like domain elongation indexes (mean + SEM); the distance between the first neighbours (mean + SD) and
the angle between the first neighbours or orientation index ( median). N = 5 experiments.

4.2.6  Design and fabrication of micropatterns with regular geometry and crypt-like
domains morphology and dimensions

On the basis of the previous section, we designed and fabricated a set of photomasks,
silicon-based molds and, finally, PDMS stamps that had circular features (such as the
crypt-like domains) of diameters ranging of 100 and 200 um and spaced (center-to-
center) distances ranging from 150 to 400 pm. The features were disposed forming
square arrays. We fabricated both holes and posts because, while some ligands such

114



Results

as ephrinB1 have their highest expression outside of the crypts, other ligands such
as Wnt3a have their highest expression within the crypts.
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Figure 4.2.12. (a) Representative fluorescence images for ephrinB1 and Wnt3a micropatterns produced
by micro-contact printing on freeze-dried Matrigel-coated substrates. Images have been obtained after
reconstitution with PBS and immunostaining. PDMS stamps bearing holes were used to produce the
ephrinB1 micropatterns while PDMS stamps with posts were used to produce the Wnt3a micropatterns.
Scale bars: 2 mm. (b) High-magnification images of ephrinB1 and Wnt3a micropatterns. For ephrinB1,
micropatterns of holes of 100 ym in diameter with a spacing (center-to-center) of 200 um (right panel) or
400 um (left panel) were produced (laminin was also immunostained). For Wnt3a, posts of equivalent
dimensions were produced. Scale bars: 50 pm. (c) Fluorescence intensity profiles corresponding to the
dash lines in (b), showing the uniformity of the Matrigel layer (upper graph) and the good contrast and
proper dimensions of the ephrinB1 and Wnt3s micropatterns (middle and lower graphs).

Micropatterns of ephrinB1 and Wnt3a ligands were then produced by micro-contact
printing on top of freeze-dried Matrigel substrates. After reconstitution with PBS,
the micropatterns were visualized by immunofluorescence upon staining ephrinB1,
laminin and Wnt3a. As shown in (Figure 4.2.12 (a)), we were able to produce highly
uniform patterns in a reproducible manner over large areas (~ 20 mm?) of both
holes and posts designs. The distance between holes and posts could also be
successfully varied (Figure 4.2.12 (b)). Moreover, the positive laminin staining
(Figure 4.2.12 (b), upper panel) showed that the Matrigel coatings were preserved
after the micropatterning and reconstitution process. Actually, laminin intensity
was found to be uniformly distributed across the micropatterned areas (Figure
4.2.12 (c), upper graph), indicating that Matrigel integrity had not been substantially
compromised. In addition, the fluorescence intensity of the ephrinB1 and Wnt3a
micropatterns showed that their dimensions were consistent with those of the
PDMS stamps and were not altered by the reconstitution procedure (Figure 4.2.12
(c), middle and lower graphs). Both graphs evidenced abrupt changes in the
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fluorescence intensities of patterned and non-patterned regions, therefore
suggesting a successful biomolecular transfer.

4.2.7  Micropatterns of ephrinB1 and Wnt3a ligands are able to guide the
distribution of crypt-like domains in organoid-derived epithelial monolayers

Intestinal epithelial cells are self-organized in crypt- and villus-like domains in vivo
but also in vitro in organoids and monolayers format. This process is driven by
complex and interdependent biochemical signals, so it is difficult to disentangle the
effects of individual factors. Thus, we examined whether our technological approach
could be suitable to study the effects of such individual factors in a controlled
environment. As stated above, ephrinB1 and Wnt3a ligands are shown to control the
cellular compartmentalization found in the intestinal crypts both in vivo and in
organoids848592-94, Therefore, we decided to test if micropatterns of ephrinB1 and
Wnt3a ligands could guide the organization of organoid-derived intestinal epithelial
monolayers. In particular, as a read-out parameters, we tested the size, morphology
and distribution of the crypt-like domains and we compared them with the
monolayers grown onto non-patterned surfaces (see section 3.5). For this purpose,
we produced micropatterns of ephrinB1 ligands all over the surface except on
circular holes of 100 pm in diameter and spaced (center-to-center) 200 pum; and
micropatterns of Wnt3a ligands forming circles of the same dimensions and spacing
onto freeze-dried Matrigel-coated surfaces. Then, we reconstituted Matrigel with
PBS, we seeded organoid-derived single cells on top of the micropatterned surfaces
and we cultured them for 48 hours. As controls, organoid-derived single cells cultured
on freeze-dried but non-patterned Matrigel-coated surfaces were employed. After the
48 h of culture, cells were fixed, immunostained for F-actin, cell nuclei (DAPI), Ki67,
ephrinB1 and Wnt3a and imaged through a confocal fluorescent microscope.

First, the effect of the micropatterns was qualitatively assessed by processing the
fluorescence microscopy images obtained (Figure 4.2.13 (a), left panels). From these
pictures, individual cells were segmented, and cell area contour maps were
produced as explained in section 3.7.3 (Figure 4.2.13 (a), middle and right panels).
As we had previously identified in organoid-derived monolayers, cell proliferative
domains thatinclude Ki67 cells and stem cells are characterized by an increased cell
density compared to non-proliferative domains, thus implying considerably smaller
cell areas (Figure 4.2.9). These regions of smaller cells are clearly identified in the
cell area contour maps (in yellow) and their corresponding histograms (Figure
3.17). From such histograms, we defined cell area threshold values to identify cell
proliferative clusters that we attribute to crypt-like domains. To account for cell
clusters and not only individual proliferative cells, a minimum area for the crypt-
like domains was also introduced, as detailed in section 3.7.3. By doing this image
processing, we could observe that those crypt-like domains identified in the color-
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coded cell area contour maps were clearly different for the micropatterned samples
and the control monolayers. In particular, while crypt-like domains appeared
visually randomly distributed in the control samples, they were quite ordered on
the ephrinB1 micropatterned samples and almost perfectly matching the Wnt3a
micropatterned regions.
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Figure 4.2.13. (a) Organoid-derived single cells seeded on diluted and treated Matrigel without pattern
(upper panel), with the ephrinB1 micropatterns (middle panel) and with the Wnt3a micropattern (lower
panels) at 48 hours of culture. Representative fluorescence images of F-Actin and cell nuclei (DAPI),
ephrinB1 oligomers (just middle panel) and Wnt3a (just lower panel) (left panels). Representative cell area
segmentation (middle panels). Representative cell area contour map (right panels). Scale bars: 200 ym.
(b) Crypt-like domain area. Mean + SEM. Crypt-like domain normalized elongation index. Mean + SEM.
(c) Distance between crypts (a). Mean + SD. Orientation index. Median. (*) p < 0.05, (**) p < 0.01, (***) p
< 0.001, t-test. N = 3 experiments.

To quantitatively evaluate the effects of the micropatterns on the crypt-like
domains, we further analyzed their morphology by computing their areas and their
shape through their elongation indexes (Figure 4.2.13 (b)). On the one hand, crypt-
like domain areas significantly increased with respect to the control for both
ephrinB1 and Wnt3a micropatterns. In addition, the area values obtained nicely
matched those imposed by the micropatterns, which surpass the areas found in the
non-patterned monolayers. Therefore, by submitting the cells to ephrinB1 or Wnt3a
ligands, the size of the proliferative domains could be tuned. On the other hand, we
computed the circularity of the crypt-villus domains formed on the micropatterned
and control samples. Since the micropatterns were not perfectly circular when
produced, due to slight pressure variations during the stamping process, we
introduced this effect by calculating the normalized elongation index. This
parameter was obtained upon subtracting the elongation index of the micropatterns
to the elongation index of the crypt-like domains. What we found was that, compared
to the control, the ephrinB1 micropatterns did not significantly alter the elongation of
the crypt-like domains.

Last, we quantitatively evaluated the crypt-like domain distribution found in the
micropatterned surfaces and we compared it with the random distribution found
for the control samples (Figure 4.2.11). As parameters, we computed the distance
between first neighbors a and the angle formed between the two first neighbors and
a given crypt-like domains (orientation index). The results obtained showed that
crypt-like domains are further apart in the micropattern samples than in the control
samples (Figure 4.2.13 (c), left graph). Thus, this parameter illustrates that the
organization of crypt-like domains is altered by the micropatterns. Intestinal
epithelial monolayers cultured on ephrinB1 micropatterns showed an increment in
the interdomain distance with respect to the control but without any statistically
significant differences. The average value of this interdomain distance is slightly
smaller than the dimensions imposed by the micropattern features. However, for
some domains this parameter is significantly smaller, thus indicating that the cell
repulsive effects of ephrinB1 ligands on proliferative cell clusters do not impose
sharp boundaries, but gradual signaling. Conversely, for Wnt3a micropatterns, the
interdomain distance did not show a high dispersion and its average value matched
that imposed by the micropattern features, therefore accounting for the good
regularity of the crypt-like domains observed in Figure 4.2.13 (a), left panels. In
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agreement with the graphs of Figure 4.2.13 (b), it seems that Wnt3a ligands
presented on surfaces are very effective in confining the position and extension of
crypt-like domains. When checking the orientation index, we could see that both
micropatterns have a much more regular distribution of the crypt-like domains than
the control samples, which was basically random. However, ephrinB1
micropatterns do not show statistically significant values with respect to the control
samples. In contrast, crypt-like domains formed on the Wnt3a micropatterns
showed an obvious order (orientation index ~ 1 for most of the domains), with
statistically significant differences with respect to the control (Figure 4.2.13 (c),
right graph).

An interesting observation in this respect that might require further attention is the
molecular mechanism behind the strong action of Wnt3a ligands. Despite being out
of the scope of this thesis, fluorescence microscopy pictures of the printed Wnt3a
before and after cell growth clearly show what appears as a clustering effect of the
cells on these substrate-presented ligands (Figure 4.2.14). We recently
demonstrated that clustering ephrinB1 ligands through nanopatterned surfaces
results in faster and more efficient signaling by speeding up the clustering of EphB2
receptors144159,

Whnt3a domain Whnt3a domain
wi/o cells w cells ontop

F-Actin Dapi

Figure 4.2.14. Representative fluorescence images of Wnt3a micropatterns before and after cell seeding
and growth. The images show the clustering of the Wnt3a ligands upon the action of the cells. Scale bars:
50 ym.

Overall, these results suggest that the morphology and distribution of crypt-like
domains formed in organoid-derived intestinal epithelial monolayers can respond
to the presentation of surface-bound ligands in a micropatterned fashion. EphrinB1
micropatterns significantly altered their size and spatial distribution in response to
the presence of the ligands, but the cell repulsive effects was not very efficient in
confining the shape of the crypt-like domains to that imposed by the circular holes
in the micropattern. In contrast, Wnt3a micropatterns significantly determined the
size, shape and spatial distribution of the crypt-like domains in response to the
surface-bound ligands. Thus, this ligand was very efficient in confining the size and
the shape of the proliferative domains to the size imposed by the pattern features.
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The different responses of the monolayers to these ligands might stem from their
different expression patterns in vivo. While ephrinB1 ligands are expressed in a
gradient manner along the crypt-villus axis8485, the Wnt3a signal is mainly
restricted to the bottom of the crypts where the stem cells reside, as their main
source in the absence of non-epithelial tissue compartments, is the Paneth cells94.95.
Thus, the strong confinement evidenced here by the Wnt3a ligand versus the not so
strong confinement produced by the ephrinB1 ligands suggests that our system,
despite its simplicity, is able to reproduce the signaling patterns found in the tissue
in vivo. Through these experiments, though, we can conclude that we have designed
and produced a tool to systematically investigate the effects of individual ligands on
the self-organization of organoid-derived intestinal epithelial cells. One might then
speculate that such a system could be employed in gathering some information that
could be useful as an input to predict the behavior of more complex systems such as
organoids or tissues in vivo.

4.2.8  The characteristic dimensions of ephrinB1 and Wnt3a micropatterns might be
counterbalanced by the intrinsic self-organization properties of the organoid-
derived intestinal epithelial monolayers.

To further examine the potential of our technological tool in testing the effects of
individual ligands on the cellular self-organization abilities of organoid-derived cell
monolayers, we varied the design of the micropatterns. In a first set of experiments,
we maintained the size of the holes or posts in 100 pm of diameter, but we increased
the interdomain spacing (center-to-center) to 400 pm. We then produced
micropatterns of ephrinB1 and Wnt3a ligands onto freeze-dried Matrigel-coated
surfaces by micro-contact printing. Equivalent freeze-dried Matrigel surfaces
without patterns were used as controls. After Matrigel reconstitution, we seeded
organoid-derived single cells and we cultured them for 48 hours. After this time, we
fixed the cells, immunostained the monolayers for F-actin, cell nuclei (DAPI), Ki67,
ephrinB1 and Wnt3a, and we imaged the samples in the confocal fluorescence
microscope.

As hereinbefore, we first qualitatively evaluated the effects of the micropatterned
ligands by processing the fluorescence images (Figure 4.2.15 (a), left panels). Upon
individual cell area segmentation, cell area contour maps were produced (Figure
4.2.15 (a), middle and right panels). Contrary to what was seen in the previous
section, no obvious order could be visually identified upon performing the
thresholds imposed for the cell area and minimum size of the crypt-like domains.
We then decided to quantitatively evaluate the effects of the micropatterns on the
size and the shape of the crypt-like domains formed in these monolayers. We
observed that for none of the tested ligands the crypt-like domains showed sizes
significantly different than those measured on the control samples (Figure 4.2.15
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(b), left graph). Moreover, on these samples, the proliferative domains were smaller
that the theoretical dimensions imposed by the micropatterned features. There
were, however, significant effects on the elongation indexes, which were found to be
more circular on the micropatterns than on the control samples (Figure 4.2.15 (b),
right graph). On the other hand, regarding the organization parameters, intestinal
epithelial monolayers cultured on ephrinB1 or Wnt3a micropatterns did not show
interdomain distances close to those imposed by the micropattern features. On the
contrary, these distances were indistinguishable from the ones found in the non-
patterned control samples (Figure 4.2.15 (c), left graph). A similar trend was
observed for the orientation index, which was in all the cases not showing any evident
order, as it was seen for the controls (Figure 4.2.15 (c), right graph). Taken together,
these experiments indicate that intestinal organoid-derived monolayers not change
their intrinsic self-organization properties when they are exposed to micropatterns of
ephrinB1 and Wnt3a ligands if the interdomain distance between features is
increased by 2.5-fold with respect to their natural value (400 pm vs. 160 * 10 um).
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Figure 4.2.15. (a) Organoid-derived single cells seeded on diluted and treated Matrigel with the ephrinB1
micropatterns (upper panel) and with the Wnt3a micropattern (lower panels) at 48 hours of culture.
Representative fluorescence images of F-Actin, cell nuclei (DAPI), ephrinB1 oligomers (just upper panel)
and Wnt3a (just lower panel) (left panels). Representative cell area segmentation (middle panels).
Representative cell area contour map (right panels). Scale bars: 200 ym. (d) Crypt-like domain area. Mean
+ SEM. Crypt-like domain normalized elongation index. Mean + SEM. Distance between crypts (a). Mean
+ SD. Orientation index. Median. (*) p < 0.05, (**) p < 0.01, t-test. N = 3 experiments.

Then, in a second set of experiments, we designed micropatterns maintaining the
dimensions of the holes and posts features to 100 pm in diameter and decreasing
their interdomain spacing to 150 um, which is a slightly smaller value than the
natural one measured on monolayers grown onto non-patterned substrates. In this
case, and due to the not so sharp confinement effects observed for the ephrinB1
ligands, we decided to first perform these experiments with Wnt3a ligands. After
printing, we proceeded as before in terms of cell culture, immunostaining, and image
processing.
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Figure 4.2.16. (a) Organoid-derived single cells seeded on diluted and treated Matrigel with the Wnt3a
micropattern at 48 hours of culture. Representative fluorescence images of F-Actin, cell nuclei (DAPI) and
Whnt3a (left panel). Representative cell area segmentation (middle panel). Representative cell area contour
map (right panel). Scale bars: 200 uym. (d) Crypt-like domain area. Mean + SEM. Crypt-like domain
normalized elongation index. Mean + SEM. Distance between crypts (a). Mean + SD. Orientation index.
Median. (*) p < 0.05, (**) p < 0.01, t-test. N = 3 experiments.

The fluorescence pictures and cell area contour maps allowed us to identify the
regions attributed to the crypt-like domains (Figure 4.2.16 (a)), where not a very
clear order could be seen. The quantification of the morphological parameters
revealed that the crypt-like domains showed an increase in their area with respect
to the control (Figure 4.2.16 (b), left graph). In addition, the mean value of crypt-like
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domain areas obtained matched with the area stipulated by the micropatterns.
Furthermore, the Wnt3a micropattern triggered more circular crypt-like domains
with respect to the control (Figure 4.2.16 (b), right graph). Regarding the
interdomain spacing, it matched the distance imposed by the micropattern and
coincided with the interdomain distance showed by the controls although the crypt-
like domains were randomly oriented (orientation index ~ 0). Taken together,
approaching the distance between the centers of Wnt3a micropatterns increases the
cell confinement within the dimensions of the micropatterns, maintains the crypt-
like domains apart the distance imposed by the pattern design and increases the
circularity of crypt-like domains. On the other hand, the crypt-like domains were
found to be randomly oriented.

4.2.9  Micropatterns of different biomolecules modulate the crypt-like domain
morphology and distribution in epithelial monolayers according to their
biological role

Finally, we systematically performed the experiments presented in the previous
section for ephrinB1 and Wnt3a micropatterns of circles of 100 um in diameter and
varying spacings between 150 and 400 pm. We then quantified the same parameters
as before and we compiled the results as a function of the micropattern spacing
(crypt-like domain spacing) in the graphs shown in Figure 4.2.17. On the one hand,
crypt-like domain area showed the same tendency for both ephrinB1 and Wnt3a
micropatterns: they were close to the area imposed by the micropatterns for
spacings between 150 and 200 um (Figure 4.2.17 (a)). These interspacing values
were close to the one found for spontaneously assembled crypt domains (~ 160 pm).
For values higher than 200 pm, the areas of the crypt-like domains decreased and
no longer matched those imposed by the patterns for any of the ligands. In addition,
for the largest distances of 400 um, the cells seeded on the micropatterned surfaces
self-assembled in crypt-like domains of areas approaching the intrinsic size of the
cultures, as if the intrinsic signaling that regulates the crypt-like domains!20 was
overcoming the signaling imposed by the micropatterns (Figure 4.2.17 (b)). Thus,
for relatively large distances between exogenous signals, the epithelium stops
responding to the exogenous signals and recover their intrinsic
compartmentalization.

The evaluation of the crypt-like domains elongation for the ephrinB1 micropatterns
showed close-to-circular domains such as those generated on non-patterned
substrates (Figure 4.2.17 (c)). Moreover, there were not showing significant
differences with the distances between the micropatterns, probably because this
was close to the intrinsic values displayed by the self-assembled system. On the
other hand, the Wnt3a micropatterns imposed a more circular morphology for the
crypt-like domains, following the shape template provided by the micropatterns. In
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addition, micropatterns that were ~ 200 um apart showed an almost perfect circular
shape. This correlates well with the previous observations on the strong
confinement effect produced by the Wnt3 factors in vivost.
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Figure 4.2.17. Summary of the morphological and order parameters related to the organization of crypt-
like domains of organoid-derived intestinal monolayers cultured onto micropatterns with different pitch
distances. The control refers to the same cells cultured onto non-patterned surfaces. (a) Crypt-like domain
areas. Mean + SEM. (b) Distance between crypt-like domains. Mean +. SEM. (c) Crypt-like domain
elongation index. Mean % SD. (d) Orientation index. Median. N = 3 experiments.

Finally, the distribution of the crypt-like domains across the surface was a
parameter quite sensitive to the presence of the micropatterns. Despite no
statistically significant differences could be accounted for, the orientation index of
the crypt-like domains on ephrinB1 micropatterns tended to be higher than that
measured for the control samples, indicating a certain order in the system attributed
to the spatial disposition of the micropatterns. This degree of order did not depend
on the distance between the micropatterns (Figure 4.2.17 (d)). On the contrary,
Wnt3a micropatterns strongly ordered the crypt-like domains when they were 200
um apart. For interdomain distances smaller (150 um) or larger than this one (400
um), the crypt-like domains were randomly oriented. Thus, patterns of Wnt3a
ligands, mainly expressed by Paneth cells located within the crypts in the in vivo tissue,
also demonstrated their ability to highly confine the crypt-like domains in vitro.

Overall, the response landscape of organoid-derived intestinal cells to ephrinB1 and
Wnt3a ligands suggests a specific balance for the pitch distance of the features of the
micropatterns and the organization of the crypt-like domains. Noteworthy, our
results also reveal that the response to ephrinB1 and Wnt3a signals is differential.
While in general ephrinB1 does produce more shallow confinement effects, the
confinement effects of Wnt3a are very strong. This might be related to the
differential expression of these ligands in the tissue in vivo. The Wnt3a is a factor
mostly compartmentalized at the bottom of the crypts, while ephrinB1 forms
gradients along the whole crypt-villus axis.
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4.2.10 Crypt-like domain areas depend on the size of the micropatterned features

To gain insights into how individual signals regulate the size of the proliferative cell
clusters in our organoid-derived intestinal monolayers, we did perform
experiments analogous to those reported in the previous section but changing the
area of Wnt3a micropatterns while keeping the ratio between their diameter and
the interdomain spacing. Therefore, we cultured the cells onto micropatterns of
circles of 200 pm in diameter with a spacing (center-to-center) of 400 pm and
micropatterns of circles of 100 pum in diameter with a spacing (center-to-center) of
200 pm. Through this design, we could decouple the strong effect caused by the
interdomain distance observed before.

We first qualitatively evaluated the effects of the micropatterns on the crypt-like
regions by fluorescence microscopy images and their corresponding cell area
contour maps (Figure 4.2.18 (a)). Quantitative measurements on these samples
showed that the crypt-like domain areas were increasing according to the increasing
size of the Wnt3a micropattern features. (Figure 4.2.18 (b)). Through these
experiments, we could then demonstrate that by adding Wnt3a ligands in an
exogenous manner, the size of the crypt-like domain areas could be tuned, and, in
consequence, this suggests that the proliferative capacity of the monolayer could be
altered.
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Figure 4.2.18. (a) Organoid-derived single cells seeded on diluted and treated Matrigel with Wnt3a
micropatterns after 48 hours of culture. Representative fluorescence images of F-Actin, cell nuclei (DAPI)
and Wnt3a (left panels). Representative cell area contour maps (right panels). The diameters of the Wnt3a
micropatterns are: 100 ym (upper panel) and 200 ym (lower panel). Scale bars: 200 ym. (d) Crypt-like
domain areas. Mean + SEM. (***) p < 0.001, t-test. N > 1 experiments.

Overall, the experiments presented in this section demonstrate the success of our
bioengineering approach based on micropatterning to study the effects of cell-cell
and cell-secreted biochemical factors on the self-organization of organoid-derived
intestinal epithelial monolayers.
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5 Discussion

The culture of intestinal organoids has opened unprecedent opportunities for
studying epithelial tissue organization by providing systems that recapitulate in
vitro the in vivo physiology of the tissuestt. By employing organoids, much has been
discovered about the biology of complex 3D epithelial tissues, and it is now widely
recognized the key role of the interplay between substrate-derived cues and cell-
dependent signaling molecules for tissue development, homeostasis, and
regeneration. However, disentangling the role of individual components cannot be
efficiently studied in vitro even when employing organoids. Limitations arise from
the fact that organoids are normally embedded in 3D cell-derived protein mixtures
where the spatial distribution of ECM proteins and cell-derived signaling molecules
that orchestrate the tissue organization in vivo cannot be easily retrieved. Recent
studies report that organoid-derived cells are able to self-organize into 2D intestinal
epithelial monolayers that also recapitulate the in vivo-like cell type composition
and organization when seeded on thin layers of the same cell-derived protein
mixturel19120, The formation of these intestinal monolayers provides a cell culture
system easier to probe and analyze to gain a better understanding of the tissue
organization and its properties. The experiments and results presented in this thesis
aim to make use of this biological in vitro model and bioengineering tools to
investigate the impact of substrate-derived cues in the self-organization process of
organoid-derived intestinal epithelial cells.

The first part of this thesis deals with the role of ECM cues in guiding intestinal
epithelial self-organization. We focused our attention on the role that ECM density
and composition has in the formation of self-organized 2D intestinal monolayers
and, in particular, in the transition from scattered organoid-derived single cells to
the growth of compartmentalized intestinal monolayers fully covering the culture
surface. Our main finding is that although self-organized epithelial monolayers are
always achieved, the dynamics of this process are not unique, but they depend on
the protein surface density and the proportion of stem cells in the cultures. These
two factors regulate the direct formation of monolayers or the formation of
transient 3D structures, namely 3D-tubular networks or 3D-aggregates (Figure 5.1),
that eventually evolve into monolayers. Noteworthy, these factors and the observed
cellular outcomes define a phase diagram in which the different phases are clearly
distinguishable and phase boundaries are quite sharply defined. While protein
surface density dictates the formation of monolayers or transient 3D structures, the
stemness of the culture dictates the shape of the 3D structures.
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Figure 5.1. Phase diagram of the intestinal epithelial organization as a function of Matrigel concentration
and stem cells in the culture. The three top images are representative binary images from thresholded
fluorescence images of F-Actin for organoid-derived single cells on Matrigel thin films with different
concentrations after 24h.

Prior research on epithelial tissues employing in vitro models has explored the
impact of cell-ECM interactions on the tissue organization by two different
approaches. In one of them, epithelial cells such as MDCK, Caco-2 or breast cells are
embedded within 3D matrices, mainly Matrigel or collagen with protein
concentrations > 1 mg mL-, in a range similar to the one found in tissues37-4143.44,
Through this strategy, cells proliferate and self-organize into 3D structures that
retain some of the features of their tissues of origin such as the presence of a lumen
and cell polarization. In the other approach, epithelial cells are cultured onto 2D
substrates coated with protein surface densities in the range of 1 - 80 pg mL-148
concentrations or protein surface densities of 0.01-1 pg cm-247. These are typically
several orders of magnitude below those found in the 3D matrices. On substrates
coated with protein surface densities within this range, cells such as MDCK*8 or
primary hepatocytes*? organize in monolayers for the highest concentrations and
on 3D aggregates for the lowest concentrations (very far away from the
physiological values of tissue matrices). By employing a hybrid strategy that used
protein concentrations typical from 3D matrices but distributed on 2D surfaces we
were able to retrieve the formation of 3D epithelial structures such as tubular
networks or cell aggregates on top of 2D substrates. In addition, the 3D-tubular
networks formed when employing organoid-derived intestinal epithelial cells had
basal-out polarity like intestinal organoids embedded in 3D matrices with this very
same protein concentrations. Therefore, although we fixed the substrate 2D
dimensionality, the ECM density could trigger cell organizations typical of 3D
environments, suggesting that protein concentration (or density if we deal with
surfaces) drives culture dimensionality in the epithelial cells tested. Even though the
relevance of the protein density for cell adhesion in 2D cultures is widely
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recognized, our results point out that it is also a key parameter in guiding the
architecture of the cultures obtained.
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Figure 5.2. (a) Scanning Tunneling Microscopy images of polystyrene network on a silicon surface. Scale
bar: 1um. Reproduced with modifications by permission of Stange et al. 1992. (b) Scanning Force
Microscopy micrographs of collagen network on a mica surface. Scale bar: 1um. Reproduced with
modifications by permission of Mertig et al. 1997. (c) Representative detail photograph of 2D soap foams.
Reproduced with modifications by permission of Glazier et al. 1987. (d) Representative binary image from
thresholded fluorescence microscopy picture of F-Actin for organoid-derived single cells cultured on
substrates coated with Matrigel at 10 mg/mL after 24 hours of culture. Scale bar: 2 mm.

Although the formation of tubular structures in vitro is commonly reported for
vascular cells, to our best knowledge, the transient 3D tubular networks shown in
this thesis for intestinal epithelial cells have not been previously reported. These
3D-tubular networks are similar to soap foams%950138 de-wetted collagen
networks>s2.138, or de-wetted polystyrene networkss1.138 (Figure 5.2). In spite of their
different nature, all these systems are distributed according to a polygonal Voronoi
tessellation. The well-defined topological and metrical properties of these networks
indicate that they have a homogeneous order in space. If we consider the second
moment of the distribution of the edge number of the polygons as a measure of
disorder52138, we find out that the order of our intestinal epithelial networks is close
to the order shown by protein collagen networks, and both systems are more
disordered than polystyrene networks or soap foams. In these two last cases, their
order is achieved during their temporal evolution38. For instance, the rupture of the
thinnest rims between holes of very different sizes in the polystyrene networks
leads to the coalescence of holes. Similarly, the diffusion of gas through the cell walls
due to pressure differences of holes with different sizes leads to coalescence in soap
foams. We hypothesize that neither coalescence nor diffusion takes place during the
evolution of our networks, because as reported to happen in collagen networks138,
we did not observe a temporal evolution of the polygon sizes. In systems such as
collagen networks, it has been reported that the formation of Voronoi tessellation-
like structures is related to processes that occur almost simultaneously across large
areas®l. In this case, network emergence is driven by the evaporation rate of the
solvent, which drags the collagen molecules in a passive manner in what is called a
de-wetting process. It is therefore appealing to think that the organization evolution
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observed in our cultures due to the ECM protein surface density might be
interpreted as a transition into different wetting states. Actually, we attributed the
two phases found in tissue organization to a complete-to-partial wetting transition
from 2D-monolayers to 3D-structures induced by Matrigel concentration.

Previous studies have shown that cells and cellular monolayers placed on non-
adhesive substrates (e.g. agarose gels, PEG-PLL) form 3D aggregates by a de-wetting
process62164, These studies did not observe, however, networks distributed
according to a Voronoi tessellation. As we previously hypothesized that the cellular
organization of intestinal epithelial organoid-derived cells in networks might
similarly occur as in collagen networks, we did proceed to study their process of
formation. As opposed to collagen monolayers, where the molecules are passively
dragged by the liquid evaporation, our system is composed of cells able to actively
migrate. Indeed, our experiments demonstrated that in our system, the intestinal
stem cells (ISCs) motility depends on the ECM concentration. On the one hand, the
increased motility could have arisen from their reduced adhesion to the ECM, as cell
motility and cell-ECM adhesion are in general related by a bi-phasic curvelés,
Usually, cell adhesion is linked to the protein amount present in the matrix.
However, the data gathered in our experiments pointed out that ISCs have increased
motility on the substrates with the highest protein concentration. Although the
mechanism of this enhancement of the active ISCs migration has not been explained
yet, our results agree with a recent paper that studied the formation of large-scale
structures of HeLa cancer cells in Matrigel with different thickness166,

Moving further in investigating the formation of the tubular networks, we found out
that these were not formed when we changed the Matrigel matrices to collagen type
[ matrices. On these substrates, 2D epithelial monolayers were formed regardless of
the protein concentration employed. Therefore, we speculated that the two phases
of tissue organization observed could be attributed to cues provided by Matrigel
composition. At this point and given the accumulated evidence of the impact of ECM
protein concentration and composition on the intestinal epithelial self-organization,
we used Yes-associated protein 1 (YAP) to investigate how these two different
matrix compositions, i.e. Matrigel and collagen type I, influence cell mechano-
responses. We showed that YAP is activated in a different manner depending on the
matrix composition, the cellular environment and the substrate dimensionality8s.
Therefore, the activation of YAP could provide critical information about the
mechanical signals needed for more physiological maintenance of intestinal
organoid-derived cells. Our results indeed indicate that substrate stiffness is a key
parameter in determining the self-organization properties of intestinal epithelial
cells. When cells are cultured onto substrates with stiffness values higher than those
attributed to the basement membrane of the intestinal epithelium (~20 kPa)158, 3D-
tubular networks are formed. On the softest substrates, however, organoid-derived
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single cells form 2D monolayers in a fast and efficient manner regardless of the ECM
concentration. The successful formation of these monolayers is in contrast with the
wetting behavior often described in the literature for other epithelial cells cultured
on soft substrates, where cell migration is impaired at relatively low stiffness
values56,59,60,63,

Cell-ECM interaction is reciprocal: while cells interface with their ECM through focal
adhesions, ECM directs their organization167. Besides this, the optimal substrate for
organoid formation is mechanically dynamic and constantly remodeled by cell-ECM
interactions!04. OQur experiments indicate that when Matrigel concentration is above
a well-defined threshold, organoid-derived intestinal epithelial cells can
redistribute the ECM to form 3D-tubular networks. The identification of this ECM
redistribution provides a basis on which to further explore the mechanism that
controls epithelial organization.

Finally, not only cell-ECM interactions seem to be key for the formation of the 3D
tubular networks observed. On the contrary, such tubular structures are not
observed when culturing other epithelial cell types such as Caco-2 or MDCK cells.
Therefore, taking into consideration the multicellular character of the organoid-
derived intestinal epithelial cells, we hypothesized that cell-derived signals were
also needed for the tubular networks to form. When analyzing the cell population in
detail, we did observe that there was a similar percentage of proliferative cells in
both monolayers and tubular networks. However, the percentage of stem cells was
statistically significantly lower in the monolayers than in the networks. Since all the
cells used for biological replicates were coming from the same organoid pool and
were cultured using the same culture medium, we attributed the differences in the
stem cell population to an increased stemness potential fueled by the presence of
the 3D tubular structures. Due to ISCs proliferative capacity, we speculate that cell-
ECM interactions and cell migration enhancement promoted the formation of ISCs
clusters formed around laminin accumulations. These regions might provide ISCs
with a favorable environment for their symmetric division and formation of crypt-
like structures enriched in stem cells. To test this hypothesis, we reduced the
proportion of intestinal stem cells (ISCs) in the culture. Our findings reveal that
there is a strong correlation between the stem cell proportion and the formation of
the tubular structures. Indeed, this is impaired when the ISCs population decreases
below a certain threshold. In such conditions, organoid-derived intestinal epithelial
cells will behave similarly than cell lines and will form 3D cellular aggregates. In this
regard, one has to consider that in vivo intestinal crypts are formed by a certain
number of stem cells to guarantee cell renewal and tissue homeostasis68. This
intrinsic property of the tissue is, till some extend, mimicked by our in vitro model.

Actually, in vivo intestinal crypts not only allocate a certain number of ISCs, but also
have pre-defined dimensions. Interestingly, in the 3D-tubular networks found here,
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the mean edge length of the polygons (~ 200 um) is comparable with the in vivo
dimensions of intestinal crypts147. While in de-wetted collagen networks, the length
of the collagen monomers is comparable to the characteristic diameter of the
pores!48, analogously in here we can speculate that the emerging tubular structures
might be the equivalent to collagen monomers. These emergent structures appear
via cell-cell crosstalk facilitated by cell-ECM interactions and triggered by
characteristic lengths of the in vivo tissue and depend on the ISC number. Thus,
primary intestinal epithelial cells have the capability to form structures with
physiological dimensions independently on the dimensionality of the culture or
external signaling gradients, at least temporarily.

Indeed, while passive building elements like collagen molecules may generate very
stable networks52.138, our results demonstrate that intestinal epithelial networks are
transient structures. On the other hand, polystyrene networks or soap foams, which
are built from elements that are much smaller than the polygon edges of the network
formed, decay into droplets via Rayleigh instabilitys2. We have to consider that this
is also the case in our networks, as the building elements, which are the organoid-
derived single cells, are also much smaller than the polygons forming the network
structures. In addition, as intestinal epithelial cells proliferate and therefore
consume energy, the intestinal epithelial network is out of equilibrium. Overall,
these factors might explain the partial-to-complete wetting transition happening
when the network undergoes the transition and becomes a monolayer.

In the second part of this thesis, we explored the effects of cell-derived signals on
the self-organization of organoid-derived intestinal epithelial monolayers.
Epithelial or stromal cell-derived signals might exert their effects through cell-cell
contacts (juxtracrine signals) or through paracrine action via cell-secreted
molecules that diffuse through the ECM of the tissue. In vivo, these signals regulate
tissue development, maintain homeostasis, and induce regeneration upon damage
by a set of complex inter-dependent mechanisms. Regulation might involve the
establishment of gradients along the crypt-villus axis such as the case of
ephrinB1/EphB2 ligand/receptor pair8+85 or feedback loops such as the regulation
of proliferation and differentiation via Wnt and BMP pathways!20, respectively.
Usually, these complex signaling pathways are studied by genetic approaches,
blocking with antibodies or by tuning the composition of the cell culture medium. In
our studies, as an alternative we decided to propose the use of surface-bound
ligands spatially located through micropatterning techniques.

We first determined that micro-contact printing technique can be successfully
adapted to transfer both cell-membrane and soluble molecules onto soft, sticky
substrates such as Matrigel. Not only the transfer was successfully achieved with
features such as lines but also more challenging structures such as circles of
hundreds of microns in diameters could be patterned with high fidelity when
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employing PDMS stamps with the proper aspect ratio between the feature size and
height (close to 10:1). The molecules transferred were active and the strength of
their activity could be controlled by tuning their concentration when “inking” the
stamp. Altogether, the system designed demonstrated a high versatility and was
amenable for the culture of organoid-derived intestinal epithelial cells.

We then used the above-mentioned system to mimic the in vivo spatial distribution
of ephrinB1, a juxtracrine signal involved in the compartmentalization of the
intestinal epithelial cells, and Wnt3a, the major paracrine signal involved in this
process. They were transferred to specific sites and at physiologically relevant
densities. Although the in vivo gradients were simplified in here using an on/off
signal, one might think on using a similar approach by employing other
micropatterning technologies such as inkjet printing or microfluidics, previously
used at the laboratory169170 or photopatterning (PRIMO)171. The use of inkjet
printing using piezoelectric pipettes able to dispense nanoliter volumes of solutions,
enables the creation of arrays of biochemical molecules by non-contact protein
deposition directly on top of the surface!®9. The microfluidic device allows the
formation of biochemical molecular gradients with customizable length and slope at
the micrometer scalel70. The PRIMO is an optical setup that enables protein
photopatterning by UV-light through the objective of a conventional inverted
microscopel’t. These methodologies are useful because they allow us to precisely
control and manipulate these gradients. However, their compatibility with soft and
sticky Matrigel layers is not straightforward. On the contrary, our technique allows
the easy transfer of relevant biomolecules for the organization of the small intestinal
epithelium such as ephrinB1 ligands and their EphB2 receptor o Wnt3a to specific
sites on thin Matrigel coatings.

First, we investigated the crypt-like domain distribution spontaneously generated
on our non-patterned substrates by defining customized algorithms based on cell
area. Through this analysis, we found that the non-patterned substrates had crypt-
like domains with mean diameters ~ 70 pm, while the interdomain distance was ~
160 um. Then, using our micropatterning platform we evaluated the effects on this
intrinsic crypt-like domain distribution induced by either ephrinB1 or Wnt3a
ligands. To do that, we challenged the response of the system to several
micropattern sizes and interdomain spacing. Overall, we found that when using
micropatterning dimensions close to the ones displayed by the self-organized
monolayers, both ephrinB1 and Wnt3a ligands redistributed the crypt-like domains
following the signals imposed by the micropatterned template. This means that,
through the exogenous signals, we imposed the endogenous dimensions of the
crypt- and villus-like domains. However, Wnt3a micropatterns were much more
efficient in confining the distribution on the crypt-like domains than ephrinB1
ligands. We suggest that this might be related to the differential expression of these
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ligands in the tissue in vivo. Wnt3a of epithelial origin is produced by Paneth cells,
which sit within the crypts between the stem cells. Therefore, their signaling is
mostly confined at the bottom of the crypts. Meanwhile, ephrinB1 forms gradients
along all over the length of the crypt-villus axis. Crypt-like domains are composed of
ISCs, Paneth cells and transit-amplifying (TA) cells, particularly stem cells form a
compartment that is surrounded by a ring of TA cells. Thus, differences in size
between the micropatterned features and the proliferative crypt-like domains
observed may arise from the fact that while Wnt3a signals for the location of a
specific and steady subset of cells (stem cells), ephrinB1 defines the boundaries of a
more heterogeneous and dynamic group of cells (TA cells), which could be more
sensitive to fluctuations and therefore translate into less order.

An additional effect derived from imposing certain dimensions to the crypt-like
domains is that, as the micropattern size is slightly larger (100 pum in diameter) than
the natural size of the crypt-like domains formed spontaneously on the monolayers,
the area of the crypt-like domains is also increased. This is even more evident when
increasing the area of the exogenous signals and maintaining the area in between,
thereby tunning the proliferative domains. If by increasing the crypt-like domain
area the proliferative capacity of these monolayers may have been enhanced is a
question yet to be solved. The tuning of the proliferative capacity could be studied
either by verifying the proportion of Ki67+ cells per crypt-like domain or by
verifying if there are changes in the number and positioning of ISCs or Paneth cells
in the crypt-like domains, since the monolayer may regulate their proliferation
through downregulation of the Paneth cell population under high Wnt condition29.
If indeed the increase in crypt-like domains area translated into an increase in the
proliferative capacity, this would confirm the role of Wnt3a in the regulation of the
intestinal proliferation, but would also suggest a role for ephrinB1 in this process.
This effect might be used in practice to mimic the over-growth observed in intestinal
tissues of colorectal cancer mutations such as Adenomatous polyposis coli (Apc)
mutations?72. Inactivation of Apc in the intestinal stem cells stops their migration
and differentiation, and efficiently drives intestinal cancer formation. In contrast,
inactivation of Apc in differentiated cells does not induce sustained tumors172,

Interestingly, through these micropatterning experiments we also discovered that
by increasing the interdomain distance, meaning decreasing the exogenous
signaling associated to crypt-like domains in favor of differentiated villus-like
domains, the epithelium stopped responding to the exogenous signals imposed. For
both ephrinB1l and Wnt3a signals, the monolayers recovered their intrinsic
compartmentalization properties (crypt-like domain size, first neighbor distance
and orientation). It has been previously reported that these monolayers have an
intrinsic feedback loop120 that sets the formation of the crypt-like domains. We have
shown in this thesis that their size and order may be tuned by spatially localizing

133



one of the signals involved in this feedback loop (Wnt3a). However, the distance
between crypt-like domains (i.e. the villus-like domains) is insensitive to these
patterns. Whether this is due to biochemical signaling, mechanical forces that
ensure the monolayer integrity or other causes, we can not foresee and should be
addressed in future projects.

Finally, we could unveil the clustering of Wnt3a proteins during the process of crypt-
like domain formation. To the best of our knowledge, this is the first time that such
type of Wnt3a clustering is reported. Earlier work highlighted ephrinB1
oligomerization as a requirement to activate EphB receptor. Recently, we reported
that clusters of ephrinB1 are critical determinants of targeting responsel44159, We
speculate that Wnt3a aggregates could be functionally comparable with the ephrin
ones. However, future experiments should clarify if oligomerization of Wnt3a
transmembrane receptors!’3 is also involved in the signal transduction process.

Altogether, we believe that these experiments suggest that we have designed and
set up a tool to effectively address such type of questions: investigate the self-
organization of organoid-derived intestinal epithelial cells and systematically study
the effects and mechanisms of individual ligands on this process. On the long run,
one might then speculate that such a system could be employed in gathering
relevant information that could be useful as an input to predict the behavior of more
complex systems such as organoids or tissues in vivo.



Conclusions

6 Conclusions

¢ On the epithelial cellular systems studied in this work, which include both primary
organoid-derived cells and cell lines, the density of the extracellular matrix was able
to trigger a sharp transition between two binary cell organizations: monolayers and
3D structures (tubular networks and cellular aggregates). Despite the role of surface
protein density in cell adhesion has been extensively described, our results identify
a key role for this parameter in guiding cellular self-organization. Above a threshold
protein density value, 3D structures with epithelial tissue-like features were able to
form on 2D substrates. By using the wetting analogy, these binary cellular
organizations might be interpreted as a complete-to-partial wetting transition
induced by the substrate protein concentration. These two phases could be
attributed to cues provided by a specific matrix composition, in which laminin
content appears as relevant. Additionally, this wetting phase transition is prevented
when cells are cultured on substrates of stiffness values lower than their ECM in vivo
(~20 kPa). In this case, the low substrate stiffness prevents the formation of 3D
tissue-like structures.

e  When referring to organoid-derived intestinal epithelial monolayers formed upon
the culture of single cells, the dynamics of the formation process of monolayers or
transient tubular networks revealed that the intestinal stem cells present in the
culture have a motility that depends on the protein substrate concentration. The
highest protein concentrations, which usually promote higher adhesion to matrices,
increase cell motility. Likewise, we also found that above a well-defined protein
concentration threshold, epithelial cells can redistribute the extracellular matrix to
form 3D structures. The identification of this protein redistribution process sets the
basis to further investigate the mechanistic insights of cell-extracellular matrix
signals that control epithelial organization.

e Despite the transition between monolayers and 3D structures was observed for all
the cells tested here, only the organoid-derived intestinal cells displayed the
formation of tubular networks, suggesting that this is an intrinsic property of these
cultures. We found that the tubular networks displayed a higher percentage of stem
cells than monolayers, so we attributed the ability of organoid-derived intestinal
cells to self-assemble in tubular structures to the presence of intestinal stem cells.
We then demonstrated that by reducing the proportion of stem cells in the culture
the formation of such tubular networks was impaired and cells self-assembled in 3D
aggregates similar to the ones formed by the cell lines. Actually, we suggest that the
tubular networks of our cultures were the precursors of primitive crypt-like
structures, as they have dimensions comparable with the in vivo intestinal crypts,
and display clusters of stem cells surrounded by laminin. As in vivo crypts are
formed by a specific number of stem cells, our results suggest that the stemness of
the culture is a relevant parameter in the self-organization process of the intestinal
epithelial monolayers and that the dimensions of the crypt-like domains formed do
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not depend on the dimensionality of the culture or external signaling gradients, at
least for a period of time.

A variation of the micro-contact printing technique was successfully applied to
transfer epithelial or stromal cell-derived signals relevant for the organization of the
small intestinal epithelium onto Matrigel-coated substrates. The transfer of large
(ephrinB1 clusters) and small (Wnt3a) molecules could be performed in a precise
way over large printing areas for structures of a large variety of dimensions (from 2
to 200 um). Moreover, the strength of the signals can be easily tuned by changing
the concentration of the solutions used to print the substrates. We proved that the
micropatterned technique designed is versatile and suitable for the culture of
organoid-derived intestinal epithelial cells, which were able to form monolayers
with compartmentalized crypt- and villus-like domains on these micropatterned
surfaces.

The micropatterning technique described above was successfully employed to study
the effects of cell-derived cues upon their binding to specific locations on a
substrate. By mimicking the in vivo spatial distribution of ephrinB1 and Wnt3a
ligands, we evaluated their effects on the intrinsic crypt-like domain distribution
found in monolayers grown on non-patterned substrates. When the dimensions
imposed by the micropattern template were similar to the ones intrinsically
displayed by the self-organized monolayers, both ephrinB1 and Wnt3a ligands
redistributed the crypt-like domains according to the micropatterns. Therefore, in
this scenario, the effects of exogenous signals on the dimensions of the crypt- and
villus-like domains were visible. By slightly increasing the diameter of the patterns,
the proliferative capacity of these monolayers might be tuned and by slightly
increasing in their interdomain distance, the size of the differentiated domains
might also be tuned. However, we also discovered that when the dimensions of the
micropatterns and, in particular, their center-to-center distances were far away
from the intrinsic values of the monolayers, cells stopped responding to the
exogenous signals imposed. For both ephrinB1 and Wnt3a signals, the monolayers
recovered their intrinsic proliferation and compartmentalization status.
Additionally, we found that Wnt3a micropatterns were much more efficient in
confining the distribution on the crypt-like domains than ephrinB1 ligands. We
suggest that this might be explained by the different confinement effect that these
molecules have in the tissue in vivo. Altogether, we conclude that these results
validate our tool to systematically investigate the effects of cell-derived individual
signals on the self-organization of organoid-derived intestinal epithelial cells.

Together, this thesis analyzes the impact of substrate-derived cues on the self-
organization of organoid-derived intestinal epithelial cells. Therefore, it can have a
wide range of applications reaching from basic research about cell-cell and cell-ECM
interactions, to the improvement of studies of tissue development, homeostasis and
regeneration.
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8 Resumen en castellano

Efectos de sefializaciones derivadas del sustrato sobre la auto-organizacion del epitelio
intestinal derivado de organoides

El cultivo de organoides intestinales ha generado nuevas oportunidades para estudiar la
organizacion del tejido epitelial, ya que proporciona sistemas que recapitulan in vitro la
fisiologia del tejido in vivo. El uso de organoides ha permitido grandes avances en la
biologia de los tejidos epiteliales tridimensionales (3D) complejos, reconociendo
ampliamente el papel vital de la interaccion entre las sefales derivadas del sustrato y las
moléculas de sefializacion dependientes de las células, para el desarrollo, la homeostasis
y la regeneracion de los tejidos. Sin embargo, el papel que ejercen cada uno de los
componentes de manera individual no se puede estudiar de manera eficiente in vitro,
incluso cuando se emplean organoides. Las limitaciones surgen del hecho de que los
organoides estan cultivados en matrices 3D (normalmente de Matrigel) que no permiten
estudiar facilmente la distribucion espacial de proteinas de la matriz extracelular y las
moléculas de sefializacion derivadas de células que orquestan la organizacion del tejido
in vivo. Estudios recientes sefialan que las células derivadas de organoides son capaces
de auto-organizarse en monocapas epiteliales intestinales bidimensionales (2D) que
también recapitulan la compartimentalizacion celular del tejido in vivo cuando se
siembran en capas delgadas de Matrigel. La formacién de estas monocapas intestinales
proporciona un sistema de cultivo celular mas facil de explorar y analizar para
comprender mejor la organizacion de los tejidos y sus propiedades. Los experimentos y
resultados presentados en esta tesis tienen como objetivo usar este modelo biolédgico in
vitro asi como herramientas de bioingenieria, para investigar el impacto de las sefales
derivadas del sustrato en el proceso de auto-organizacién de las células epiteliales
intestinales derivadas de organoides.

En esta tesis, se analiza la organizacion de células epiteliales en monocapas 2D o redes
tubulares 3D en funcion de la adhesion célula-sustrato. De esta manera, se ilustra la
organizacion en estructuras con tamafos y formas bien definidas independientemente
de la dimensionalidad o sefializaciones externas. Ademas, la proporciéon de células
madre regula la geometria de dichas estructuras. Por otro lado, en contraste con lo que
se observa in vivo, los dominios de cripta de las monocapas estan desordenados y su
forma no es uniforme. Mediante una plataforma que localiza micropatrones de
proteinas, controlamos el posicionamiento de los dominios de cripta-vellosidad. Para
concluir, nuestro trabajo proporciona informacidn sobre como influencia la composiciéon
y la distribucion de la ECM y las células madre en la morfologia del tejido in vivo, como
la dimension de las criptas. Ademas, la plataforma desarrollada permite analizar el
efecto de diferentes proteinas en la compartimentacion de las células y en otros procesos
epiteliales como proliferacion, migracion o diferenciacion celular, tanto en homeostasis
como en proceso patoldgicos.
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