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Intestinal epithelial cells are segregated into proliferative crypts and differ-
entiated regions. This organization relies on specific signals, including Wnt3a,
which regulates cell proliferation within crypts, and Eph/Ephrin, which dictates
cell positioning along the crypt-villus axis. However, studying how the spatial
distributions of these signals influences crypt-villus organization is challenging
both in vitro and in vivo. Here we show that micropatterns of Wnt3a can
govern the size, shape and long-range organization of crypts in vitro. By
adjusting the spacing between Wnt3a ligand patterns at the microscale over
large surfaces, we override endogenous Wnt3a to precisely control the dis-
tribution and long-range order of crypt-like regions in primary epithelial
monolayers. Additionally, an agent-based model integrating Wnt3a/BMP
feedback and Eph/Ephrin repulsion effectively replicates experimental tissue
compartmentalization, crypt size, shape, and organization. This combined
experimental and computational approach offers a framework to study how
signaling pathways help organize intestinal epithelial tissue.

The small intestinal epithelium is organized in specialized structures:
evaginations called villi, populated by terminally differentiated cells,

dynamic process of cell proliferation, differentiation, and extrusion
relies on a set of signaling pathways along the crypt-villus axis,

and invaginations named crypts, populated by proliferative cells'.
Adult intestinal stem cells (ISCs) reside at the bottom of these crypts?,
interspersed between secretory Paneth cells’. In there, ISCs undergo
self-renewal, generating transit-amplifying (TA) cells. These TA cells
differentiate and migrate up towards the villus tips, where they are
extruded ensuring tissue renewal’. Changes in this compartmentali-
zation are associated to pathologies such as inflammatory bowel dis-
ease and cancer*’. Maintaining this cell compartmentalization amid

including the Wnt and Bone Morphogenetic Protein (BMP) pathways®
and the repulsive EphB2/EphrinB1 receptor/ligand interaction’®. Wnt
and Eph decrease in a gradient fashion from the bottom to the top of
the crypts. Conversely, BMP and Ephrin increase towards the villi"*™,

Understanding these signaling pathways is crucial to comprehend
intestinal epithelial organization, and often involves genetic approa-
ches conducted in vivo. However, these approaches have some lim-
itations. For example, while Paneth cells, located adjacent to Lgr5* ISCs
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in the crypts, are a major Wnt source within the intestinal epithelium, it
is known that other cell types such as intestinal fibroblasts also secrete
wnt*>'*3, This indicates that Paneth cells are not the only Wnt source in
the stem cell niche"*". Therefore, with redundant signaling
sources™", determining the specific role of each source in regulating
epithelial compartmentalization becomes a challenge. Hence, there is
a need for in vitro systems that allow for the controlled supply of
individual signaling factors and the precise control over their spatial
distribution. These systems would be instrumental in gaining insights
into how the various signal sources collectively influence the organi-
zation of crypt-villus structures.

In vitro, single cells derived from intestinal organoids form epi-
thelial monolayers that spontaneously self-organize in crypt- and
villus-like domains that retrieve in vivo compartmentalization®*". This
simplified system offers a simple and robust approach to gain valuable
insights into tissue organization and properties. The self-organization
and the maintenance of its homeostasis in these compartmentalized
intestinal monolayers are governed by a feedback loop involving
intrinsic Wnt and BMP signals within the epithelium®. However,
understanding how multiple sources of signals impact on the crypt-
villus organization requires in vitro systems where individual signaling
factors can be externally supplied, allowing the precise control over
their spatial distribution. Several in vitro models have been developed
to replicate the architecture and signaling gradients of the intestinal
epithelium, but controlling the spatial distribution of specific mole-
cules remains a challenge'® 2. Previous attempts to localize signaling
factors involved the culture of intestinal epithelial monolayers derived
from colon organoids (mouse® or human®) on impermeable collagen-
coated membranes patterned with microholes?. These studies
demonstrated that localized growth factors, such as Wnt, Noggin, and
R-Spondin (Rspo) from the basal compartment, concentrate pro-
liferative cells above the microholes, thereby localizing the crypt
domains**. However, the influence of the signal source size and
spacing on intestinal compartmentalization remains unclear. Addi-
tionally, exploring the impact of spatially distributed signaling factors
found in the villi, such as EphrinBl, has been challenging using this
approach. Here, we employ 2D intestinal epithelial monolayers'® and
micropatterning techniques*** to engineer a system that precisely
controls both the molecular signaling and its spatial localization
(Fig. 1a, b). This innovative approach allows us to investigate how
exogenously supplied Wnt3a and EphrinBl molecules pattern the
intestinal epithelium. Our experimental and computational models
reveal that circular patterns of Wnt3a effectively regulate the size,
shape, and long-range order of intestinal crypt-like compartments.

Results

Crypt-like regions are spatially controlled by Wnt3a and
EphrinB1 micropatterns

Microcontact printing has been successfully adapted to transfer pro-
teins onto soft and adhesive substrates like reconstituted basement
membranes (rBM)***. This involved a freeze-drying method applied to
rBM-coated substrates (Supplementary Fig. 1a). By using this
approach, we were able to produce designs featuring paracrine sig-
naling molecule Wnt3a and juxtracrine signaling molecules EphB2/
EphrinBl receptor/ligand pair in the form of dots and hole patterns
(Fig. 1c, d). Notably, these patterns were highly uniform and repro-
ducible over large substrate areas (~20 mm?) (Fig. 1d). This micro-
patterning process effectively preserved the integrity of the rBM
coatings, as evidenced by the even distribution of laminin (Fig. 1c and
Supplementary Fig. 1b). The positive staining for laminin indicates
stable adhesion of the rBM coating to the substrate after freeze-drying,
reconstitution (rehydration), and immunostaining procedures (Sup-
plementary Fig. 1b). The samples exhibited a punctate protein dis-
tribution, and there were no significant differences observed in terms
of both average intensities and thickness when comparing the freeze-

dried and reconstituted (treated) samples to the non-freeze-dried
(fresh) samples (Supplementary Fig. 1c, d). In addition, the fluores-
cence intensity of Wnt3a and the EphrinBl micropatterns demon-
strated dimensions consistent with those of the stamps employed, and
were unaffected by the reconstitution procedure (Supplemen-
tary Fig. le).

To ensure that the reconstituted freeze-dried rBM did not
adversely affect single cells derived from organoids, we thoroughly
examined the formation and self-organization of the intestinal epi-
thelial monolayers into crypt- and villus-like compartments using this
substrate. We first checked whether organoid-derived single cells
could form monolayers that expanded over time. By culturing these
single cells on both freeze-dried and fresh rBM-coated substrates
(Supplementary Fig. 1f), we observed the successful monolayer for-
mation and growth. The surface area covered by cells doubled from
day 1 (24 h) to day 5 (120 h) (Supplementary Fig. 1g, h). This growth
pattern remained consistent across both substrates, as indicated by
similar growth ratios. Next, we confirmed the spontaneous self-
organization of intestinal epithelial monolayers derived from orga-
noids into distinct crypt- and villus-like compartments, as previously
observed®’¢. The analysis of the distribution of ISCs and differentiated
cells within these monolayers revealed that Lgr5" stem cells formed
densely packed zones of actively dividing cells (Ki67 positive) (Fig. 1e),
which expressed EphB2 (Fig. 1f). Likewise, secretory Paneth cells
(Lysozyme, Lyz positive cells) were found within these proliferative
clusters (Fig. 1g). In contrast, differentiated cells (Ck20 positive) were
located in the surrounding regions, displaying clear spatial segregation
(Supplementary Fig. 1i). Notably, while a few non-proliferative cells
showed positive Ck20 staining at the 24 h mark, this proportion sub-
stantially increased over time (Supplementary Fig. 1j). Thus, in sum-
mary, primary intestinal epithelial monolayers on reconstituted freeze-
dried rBM substrates exhibited the ability to spontaneously self-
organize into crypt- and villus-like compartments, displaying a beha-
vior akin to homeostasis.

Subsequently, we seeded organoid-derived single cells onto
freeze-dried rBM that had been patterned with two distinct biomole-
cules: circular regions with Wnt3a or holes depleted of EphrinBl. These
biomolecules play critical roles in two primary signaling pathways
responsible for establishing crypt-villus compartmentalization
in vivo®%. Upon reconstitution, cells effectively adhered and formed a
monolayer. After immunostaining for Ki67, a marker indicative of cell
proliferation, we observed that crypt-like compartments were located
precisely on the exogenous Wnt3a regions and co-localized with the
EphrinBl holes, respectively (Fig. 1h). To quantify this phenomenon,
we computed the probability of finding areas containing crypts on
patterned regions if both events were independent and compared it to
the experimental probability of the presence of crypt areas on Wnt3a
patterned circles and EphrinB1 holes. Remarkably, we found that the
presence of Wnt3a significantly increased the probability of locating a
crypt by ~2.3 times, while regions depleted of EphrinB1 enhanced the
probability of hosting a crypt by ~1.3 times (Fig. 1i). These results
provide strong evidence that the spatial location of crypt-like com-
partments can be precisely controlled through micropatterns of
Wnt3a and EphrinBl biomolecules.

Exogenous Wnt3a micropatterns regulate crypt-like domain
size and shape

We then hypothesized that exogenous Wnt3a micropatterned signal
could potentially modulate not only the spatial localization, but also
the size and shape of the crypt-like compartments, as it does in vivo®.
To investigate this, we designed an experiment to generate Wnt3a
micropatterns with varying sizes and evaluate their influence on the
size and shape of the crypt-like compartments. First, we compared
mRNA expression levels of typical crypt (Lgr5, stem cells, and Ki67,
proliferation) and villus (Ck20, epithelial differentiation, Muc2, goblet
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cells, Fabpl, absorptive enterocytes, and Anpep, epithelial brush bor-
der enzymes) markers”*® from monolayers grown on non-patterned
and patterned rBMs (Supplementary Fig. 2a-f). Notably, there were no
significant differences in the mRNA levels of these markers obtained by
reverse-transcription polymerase chain reaction (RT-qPCR), suggest-
ing that monolayers growing on non-patterned and patterned rBMs
are alike in terms of cell populations.

We then characterized the size and shape of these crypt-like
compartments on non-patterned reconstituted freeze-dried rBM, which
we called control samples. In these regions, characterized by cell pro-
liferation and the presence of ISCs, cell density was significantly higher
compared to the non-proliferative villus-like regions of the monolayers.
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Using custom image-processing algorithms (see methods section), we
quantified the individual cell areas and correlated them with their
proliferative status (Supplementary Fig. 3a-f). We found that cells
within the crypt-like compartments, which included Lgr5* cells and
Paneth cells, had significantly smaller areas compared to those in the
villus-like compartments (Fig. 2a, b). This approach allowed for the easy
identification of crypt- and villus-like compartments in cell area maps,
eliminating the need for immunostaining. We were then able to com-
pute shape descriptors for the crypt-like domains present on Wnt3a
patterns (Fig. 2c) and compare them with those observed in control
monolayers. To define the crypt-like compartment characteristics, we
measured their area and circularity on non-patterned surfaces, where
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Fig. 1| Crypt-like regions are spatially controlled by Wnt3a and EphrinB1
micropatterns. a Schematic of small intestine crypt, showing a decreasing Wnt3a
gradient toward the crypt top and increasing EphrinB1 expression toward the villus.
b Simplified model with on/off Wnt3a and EphrinB1 patterns in an intestinal
monolayer culture, top view and cross-section. Yellow cells indicate the area cov-
ered by Wnt3a patterns, green cells indicate the area covered with EphrinB1, and
stem cells are marked in light green. ¢ Representative fluorescence images of
micropatterns of EphB2 receptors and EphrinBl ligands printed on treated rBM-
coated substrates. Images were immunostained for EphB2, EphrinB1 and laminin
(Ln). Scale bars: 50 um. d Representative fluorescence images of micropatterns of
Wnt3a and EphrinBl printed on treated rBM-coated substrates. Images were
immunostained for Wnt3a, EphrinB1, and laminin. Scale bars: 2 mm (left-panels) and
50 um (right-panels). e Left-panel and middle-panel (zoom): Representative images
of organoid-derived single cells seeded on treated rBM at 24 h of culture. Cells were

immunostained for Ki67, GFP (Lgr5" stem cells), F-Actin and cell nuclei (DNA). Scale
bars: 50 pm. Right-Panel: Graph plotting the percentage of positive cells (from the
total cell number counted) for GFP at 24, 72 and 120 h. Mean + SEM. N =3 experi-
ments. f Representative images of monolayers of organoid-derived single cells
seeded on treated rBM. Cells were immunostained for Ki67, EphB2 receptor and
F-Actin. Scale bars: 50 um. g Left-panel and middle-panel (zoom): Representative
images of organoid-derived single cells seeded on treated rBM at 48 h. Cells were
immunostained for Ki67, Lysozyme (Lyz), F-Actin and DNA. Scale bars: 50 pm.
Right-panel: Graph plotting the number of Lysozyme® cells per crypt at 48 h of
culture. Mean + SEM. N =3 experiments. h Representative images of organoid-
derived single cells seeded on treated rBM at 48 h. Cells were immunostained for
Ki67, Wnt3a and EphrinBl1. Scale bars: 20 pm. i Graph plotting the probability of
hosting a crypt for Wnt3a and EphrinB1 patterns. Mean + SEM. Ny, =3 and
Nephring1 =4 experiments. Source data are provided as Source Data file.

the crypts exhibited a well-defined size of 3400 um? and a circularity
index of 0.73 (Supplementary Fig. 4). Interestingly, crypt-like com-
partments that formed on Wnt3a patterns with a diameter of 100 um
were more than two-fold larger than their counterparts on non-
patterned substrates (3400 um? for control crypts vs. 9000 um? for
crypts on Wnt3a patterns, which, in turn, were around 8000 um?,
Fig. 2d). We then fitted each crypt-like domain to an ellipse to quantify
its circularity. Crypts exhibited a relatively circular shape on non-
patterned substrates, with a circularity index of around 0.7. However,
on substrates with exogenous Wnt3a patterns, crypts displayed even
higher circularity values, approaching approximately 0.9 (Fig. 2e).
Remarkably, this increase in both area and circularity was converging
toward the dimensions and shape of the Wnt3a patterns themselves.

Next, considering that proliferative crypt cells express EphB2
receptors in a gradient fashion from the center to the periphery of the
crypts (Fig. 1f), we explored the possibility that creating EphrinB1-
depleted regions (holes) surrounded by EphrinBl ligands, could enable
control over the localization of crypt-like compartments through
repulsion (Fig. 1h, i). In particular, we wondered whether 100 um dia-
meter EphrinBl-depleted regions could influence the dimensions and
shape of crypt-like compartments. Using a procedure analogous to that
used for Wnt3a patterns, we confirmed that the repulsive effect
resulting from the interaction of EphB2/EphrinBl1 receptors and ligands
could indeed confine the crypt-like compartments within the EphrinB1-
free regions (Fig. 2f). In this scenario, the crypt areas were larger than
when patterns were absent (Fig. 2g), but the compartments did not
expand to the same extent as observed on Wnt3a patterns. Addition-
ally, the circularity of the crypts was less pronounced compared to
those cultured on Wnt3a patterns (Fig. 2h). This observation shed light
on the differing effects of Wnt3a and EphrinBl patterns on the
dimensions and shape of crypt-like compartments, providing insights
into how distinct signaling pathways influence their organization.

To investigate the influence of pattern size on crypt area, we
employed larger microcontact-printed Wnt3a patterns with a diameter
of 200 um. Following the formation of the monolayers, we conducted
immunostaining for Ki67, F-actin, cell nuclei (DNA), and Wnt3a (Fig. 2i).
Qualitatively, the crypt-like compartments on 200um patterns
appeared notably larger than those observed on non-patterned sur-
faces and on patterns with a diameter of 100 um. Crypt-like areas
increased according to the increasing size of the Wnt3a micropattern
features (Fig. 2j). Additionally, their shapes exhibited a slightly more
circular configuration compared to cases where patterns were absent
(Fig. 2k). In summary, we successfully controlled the size and shape of
the crypt-like domains through the simple microcontact printing of
exogenous Wnt3a ligands.

Exogenous Wnt3a micropatterns serve as the main source of
Wnt3a in the formation of crypt-like regions

Paneth cells are intermingled with Lgr5* stem cells within the crypt
regions of the small intestinal epithelium, both in vivo and in vitro®.

These Paneth cells secrete factors that promote growth and stem cell
maintenance, including epidermal growth factor (EGF), Notch, and
Whnt ligands. Therefore, the number of Paneth cells per crypt is a key
factor that regulates crypt homeostasis and consequently determines
crypt size?.

We quantified the number of lysozyme-positive cells per crypt in
control monolayers and observed that crypts with more Paneth cells
were larger (Fig. 3a). This suggests that crypt size may indeed be
regulated by the number of Paneth cells in our experimental model as
well. Next, we analyzed the number of lysozyme-positive cells in crypts
formed on exogenous Wnt3a micropatterns (Fig. 3b). We found a
reduction in the number of Paneth cells per crypt on Wnt3a micro-
patterns compared to those on control surfaces (Fig. 3c). Interestingly,
these crypts required fewer lysozyme-positive cells to reach larger
sizes (Fig. 3d). This indicates that the presence of exogenous Wnt3a
determines crypt size independently of the Wnt signals provided by
Paneth cells.

Immunostaining for Lysozyme and Wnt3a in control monolayers
revealed a subset of cells positive for both markers, located adjacent to
Wnt3a-positive/Lysozyme-negative cells. This pattern likely reflects
the reported short-range Wnt3a gradient within crypts’ and suggests
that, in our model, the Wnt3a signal may similarly be transmitted from
Paneth cells to Lgr5" stem cells. However, crypts on Wnt3a micro-
patterns showed a reduction in the number of Lysozyme-positive/
Wnt3a-positive cells (Fig. 3f), and the Wnt3a signal appeared more
diffuse throughout the crypt (Fig. 3e). This suggests that the intestinal
epithelium may have the ability to respond to elevate Wnt con-
centration by downregulating the source of epithelial Wnt, as pre-
viously indicated®. In our case, Paneth cells may secrete less Wnt3a
when exposed to exogenous Wnt3a from the patterns. RT-qPCR ana-
lysis further supported this, showing a complete loss of Wnt3a mRNA
in crypts cultured on Wnt3a micropatterns, while LyzI mRNA levels
remained comparable to those of monolayers grown on control sur-
faces (Fig. 3g, h). These findings indicate that crypt-like regions formed
on exogenous Wnt3a micropatterns rely primarily on this external
Wnt3a signal, rather than on endogenous Wnt3a produced by
Paneth cells.

External control of the long-range organization of crypt-like
domains
In vivo, crypts are distributed in the space in between villi following a
honeycomb-like order®. This spatial arrangement implies that, beyond
the crypt-villus axis organization, there is an inherent long-range order
governing the distribution of crypts and villi. The capability of Wnt3a
patterns to confine crypt-like domains and regulate their size and
shape suggests that we could explore the long-range organization of
the epithelial compartmentalization using arrays of microcontact
printed patterns.

For this purpose, we first characterized the long-range organiza-
tion of intestinal epithelial monolayers as they grew on non-patterned
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Fig. 2 | Exogenous Wnt3a micropatterns regulate crypt-like domain size

and shape. a Representative images of cells immunostained for Lysozyme (Lyz),
GFP, F-Actin and nuclei (DNA) (upper panels), cell area segmentation and contour
map (lower panels). Scale bars: 50 um. b Cell area distributions in the crypt- and
villus-like domains. Symbols correspond to experimental measurements, and
solid lines are the Gaussian fits. Mean + SEM. N = 4 experiments. ¢ Representative
images of Wnt3a micropatterns after cell seeding and growth (upper panels), cell
area segmentation and cell area contour map (lower panels). Scale bars: 50 pm.
d Bars correspond to experimental measurements of crypts’ area on Wnt3a pat-
terns, and the dashed line corresponds to the distribution on control surfaces
(Lognormal fit). Mean + SEM. N =3 experiments. e Bars correspond to experi-
mental measurements of crypts’ circularity on Wnt3a patterns, and the dashed line
corresponds to the distribution on control surfaces (Gaussian fit). Mean + SEM.
N=3 experiments. f Representative images of EphrinB1 micropatterns after cell
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seeding and growth (left panels), cell area segmentation and area contour map
(right panels). Scale bars: 50 pm. g Bars correspond to experimental measure-
ments of crypts’ area on EphrinB1 patterns, and the dashed line corresponds to the
distribution on control surfaces (Lognormal fit). Mean + SEM. N = 3 experiments.
h Bars correspond to experimental measurements of crypts’ circularity on
EphrinBl patterns, and the dashed line corresponds to the distribution on control
surfaces (Gaussian fit). Mean + SEM. N = 3 experiments. i Organoid-derived single
cells were seeded on Wnt3a micropatterns of different sizes after 48 h of culture.
Representative fluorescence images of F-Actin, DNA and Wnt3a (upper panels).
Representative cell area contour maps (lower panels). The diameters of the Wnt3a
micropatterns are 100 pm (middle panel) and 200 pm (right panel). Scale bars:
100 pm. j Crypt-like domain areas. Mean + SEM. One-way ANOVA. N¢ontrol = 6,
Nio00 =3 and N,go = 3 experiments. k One-way ANOVA. Ncontrol = 6, Nigo =3 and
Naoo =3 experiments. Source data are provided as Source Data file.
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Fig. 3 | Exogenous Wnt3a micropatterns serve as the main source of Wnt3a in
the formation of crypt-like region. a Average crypt area as a function of the
number of Lysozyme" cells present in that crypt on freeze-dried rBM. Dots repre-
sent individual crypts and lines correspond to Mean + SEM. N =4 experiments.

b Representative image of a crypt growing on a microcontact-printed Wnt3a dot
immunostained for Lysozyme, Wnt3a, F-Actin and DNA. Scale bar 50 um. Inset
corresponds to the Lysozyme signal in the squared area. Scale bar 20 um. ¢ Number
of Lysozyme™ cells per crypt in monolayers grown on non-patterned (control) and
patterned (Wnt3a) freeze-dried rBM. Mean + SEM. Two-tailed Mann-Whitney test.
Neontrol = 4 and Nwnea =3 experiments. d Number of Lysozyme® cells per crypt as a
function of crypt area for monolayers grown on non-patterned (gray) and
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patterned (yellow) freeze-dried rBM. Dots represent individual crypts from
Neontrol = 4 and Nwnia = 3 experiments. e Representative image of Lysozyme® cells
stained also for Wnt3a in non-patterned (control) and patterned (Wnt3a) freeze-
dried rBM. Scale bar 20 um. f Percentage of Lysozyme® cells which are also Wnt3a*
in monolayers grown on non-patterned (control) and patterned (Wnt3a) freeze-
dried rBM. Mean + SEM. Unpaired two-tailed t-test. N = 3 experiments. g LyzI mRNA
relative expression in monolayers grown on non-patterned (control) and patterned
(Wnt3a) freeze-dried rBM. Mean + SEM. Paired two-tailed t-test N =3 experiments.
h Wnt3a mRNA relative expression in monolayers grown on non-patterned (con-
trol) and patterned (Wnt3a) freeze-dried rBM. Mean + SEM. Paired two-tailed t-test
N =3 experiments. Source data are provided as Source Data file.

substrates. By examining immunostaining results and cell area maps,
we could easily identify the spatial distribution of proliferative and
differentiated cells (Supplementary Fig. 3). We then used Delaunay
triangulation®** to establish crypt neighbor distances and the corre-
sponding angles between them for each crypt (Fig. 4a and Supple-
mentary Fig. 5). In the absence of microcontact printed patterns,
neighboring crypts were found to be, on average, approximately
225um apart (Fig. 4b). However, these values displayed significant
variability, spanning over one order of magnitude. In terms of the
Delaunay angles, no distinct order was observed, with an average angle
measuring approximately 55 degrees (Fig. 4c). This distribution closely
resembled what one would obtain from a random distribution of
points (Supplementary Fig. 5a, c). Hence, in the absence of external
signals, crypt-like domains exhibited a random spatial distribution but
with distances constrained within a specific range, typically ranging
from 50 to 500 um.

Next, we produced micropatterns consisting of dots of 100 um in
diameter of Wnt3a ligands, arranged in a squared lattice fashion with
200 pm center-to-center spacing across the entire surface of freeze-
dried rBM-coated substrates. Following reconstitution and cell seed-
ing, cells were cultured for 48 h and formed monolayers. These cells
were then subjected to immunostaining for F-actin, segmented, and
cell area contour maps were generated, as previously described
(Fig. 4d). In the resulting color-coded cell area contour maps, the
crypt-like domains appeared to align perfectly with the Wnt3a micro-
patterned regions. Differentiated cells, on the other hand, were pre-
dominantly situated in the regions between the Wnt3a patterns.

Employing Delaunay triangulation, we observed that the presence of
the Wnt3a micropattern had a significant impact on the distances
between neighboring crypts. In this case, the distances between
neighbors were less spread and their distribution was narrower than in
the absence of Wnt3a pattern (Fig. 4e). Two peaks appeared in the
distribution of neighbor distances: one around 210 ym and a second,
smaller peak around 270 um (Fig. 4e). These values corresponded to
the sides and diagonal of a 200 um square lattice, respectively. The
angular distribution of the Delaunay triangles also underwent sig-
nificant changes in response to the presence of Wnt3a patterns. They
triggered the appearance of one peak at 90° and a second peak at 45°,
twice as frequently (Fig. 4e). Thus, crypt-like domains exhibited long-
range organization following the characteristic parameters of a square
lattice as the one set by the micropattern (Fig. 4e and Supplementary
Fig. 5b, ¢).

We then tested whether the repulsive effects mediated by EphB2/
EphrinBl could also induce long-range organization of the crypt- and
villus-like compartments. Employing the same square lattice arrange-
ment as before, we seeded cells on EphrinBl1 patterned rBM, let them
form the monolayer, immunostained, and plotted the cell area maps
(Fig. 4f). Crypts displayed less uniformity in size compared to those on
Wnt3a patterns, yet they appeared to order following the square lattice
pattern established by the EphrinBl holes. Interestingly, the areas
positive for EphrinB1 were predominantly occupied by differentiated
cells (Fig. 4f). The EphB2/EphrinB1 repulsive effect led to a narrowing
of the distribution of neighbor distances, with a peak observed at
approximately 210 um (Fig. 4g). However, the frequency of this peak
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was lower compared to what was observed with Wnt3a patterns, and
the secondary peak at 270 um was less pronounced (Supplementary
Fig. 6a). Analysis of the angles derived from the Delaunay triangulation
indicated the presence of a peak around 45°, aligning with one of the
expected values for a square lattice (Fig. 4g). Nevertheless, the peak at
90° was less distinct (Supplementary Fig. 6b). Altogether, these find-
ings show that the long-range spatial distribution of ISCs and differ-
entiated cells could be engineered by patterning one of the signaling
pathways involved in setting the crypt-villus axis in vivo.

Effect of pattern dimensions on long-range epithelia
organization

To better understand the capability of micropatterns to dictate the
long-range distribution of crypt- and villus-like compartments, we
introduced variations in the distances between circular patterns (or
holes) while preserving the square lattice arrangement and the size of
these circular patterns (or holes). We first varied the distance between
Wnt3a patterns, resulting in dots spaced at distances of 150, 200, and
400 um apart (Fig. 5a). We observed that the probability of finding a
crypt on the pattern was increased compared to the expected occur-
rence, while the probability of finding differentiated cells on the pat-
tern was decreased, irrespective of the spacing between Wnt3a
patterns (Fig. 5b). This shows the capacity of localized exogenous
Wnt3a to induce the presence of proliferative cells. Interestingly,
Wnt3a patterns spaced 200 um decreased the probability of finding
proliferative clusters outside them. However, this probability was less
altered when the distance between dots was decreased to 150 um or
increased to 400 um. This distance-dependent effect was also reflected
in the size and shape of the crypts: patterns spaced 200 um apart
triggered the development of larger crypts (Fig. 2d), while patterns
that were more closely spaced (150 um) or farther apart (400 um)
resulted in average crypt areas similar to those observed on non-
patterned substrates (Supplementary Fig. 7a, b).

In terms of long-range order, when the distance between Wnt3a
dots was decreased to 150 um, the distribution of distances and angles
between neighboring crypts closely resembled that of non-patterned
surfaces (Fig. 5c, d). On the contrary, when the distance between
Wnt3a dots was increased to 400 um, the distribution of distances and
angles between neighboring crypts showed a convoluted behavior. On
one hand, peaks at 300 um and 450 um, along with an angle of 45°,
suggested the existence of some degree of square-lattice order
(Fig. 5¢, d). However, we also observed the presence of neighboring
distances falling below the range imposed by the Wnt3a pattern, cor-
responding to crypts that formed in the spaces between Wnt3a circular
patterns (Fig. 5a, ¢, d). Thus, when the imposed distance between
circular patterns fell within the range of neighboring crypts on non-
patterned surfaces, crypts enlarged reaching the Wnt3a pattern size
and shape. However, when Wnt3a dots were spaced large distances,
crypts were growing in between Wnt3a patterns analogously to the
crypts on non-patterned surfaces (Supplementary Fig. 7a, b).

Next, we used holes in EphrinB1 surfaces at varying distances, with
the aim of inhibiting the formation of crypts in the spaces between
these holes. We incrementally increased the distance between the
holes from 200 um to 300 um and 400 um (Fig. 5d). The presence of
EphrinB1 on the surface did not significantly reduce the probability of
finding EphB2-positive proliferative compartments, nor increased the
probability of finding differentiated cells, at any of the tested distances
(Fig. 5e). Likewise, the probability of a proliferative compartment
locating itself inside the EphrinBl1 holes exhibited a slight enhance-
ment, but this was independent of the distance between the holes.
Moreover, crypt size and shape closely resembled that of non-
patterned crypts in both the 300 um and 400 um cases (Supplemen-
tary Fig. 7c, d). In both scenarios, the distributions of neighbor dis-
tances resembled those observed on non-patterned substrates
(Fig. 5g). Notably, long-range order was entirely absent, and angular

distributions mirrored those observed on non-patterned substrates
(Fig. 5h). These findings suggest that the repulsion effect exerted by
EphrinBl on EphB2-expressing crypts was not potent enough to pre-
vent the appearance of crypts on EphrinBl-coated regions. These
results show that, in this configuration, Wnt3a is more efficient than
EphrinBl/EphB2 interaction in controlling (i) the position, (ii) size, and
(iii) long-range order of 2D intestinal epithelial crypts in vitro.

ya | |a modelling framework recapitulates epithelial compart-
mentalization, dimensions and long-range order

To investigate the relationship between arrays of exogenous Wnt3a
and long-range spatial distribution of ISCs and differentiated cells, we
developed a particle-based model of the intestinal epithelia using the
ya||a modelling framework>* (Fig. 6a and Supplementary Notes). We
considered individual cells (particles) seeded on a high-friction sur-
face. Cell-cell forces were modeled by exclusion and adhesion as a
function of cell-cell distance. We incorporated Eph/Ephrin interaction
by introducing differential repulsion forces between cells based on

whether their interactions were homotypic or heterotypic
repulsion repulsion 33 B Fp] .
(Fy Omotipic<Fhetemﬁpic) . The model considered three distinct cell types:

proliferative cells, Wnt3a-secreting Paneth cells and BMP-secreting
differentiated cells®. The capacity of proliferative cells to undergo
differentiation was regulated by an internal variable, diff;, within each
cell, which evolved following the equation:

d(diff)) _ Kgi[BMP); — Kgem[Wnt3a],

1
dt Laifr (

Here, ¢4 sets the time scale of cell differentiation, [BMP]; and
[Wnt3a]; are the local concentrations of these signals, and kg, Kgrem
determine the magnitude of their effect on the differentiation
dynamics. Thus, cells located close to a Wnt3a source would keep low
values of diff; and remain undifferentiated, while cells that move away
from the Wnt3a source and into the high BMP regions would increase
diff; over time. Once diff; is equal to one, the cell would differentiate
and stop proliferating. Cell motility was modeled by a constant trac-
tion force (F™%°") oriented along a 2D vector that randomly changed
direction at intervals of f,ieence- Cells were initially distributed ran-
domly within a circle with an average separation of r..4, and the initial
quantity of Paneth cells and proliferative cells corresponded to
experimental conditions (Fig. 1). The system evolved until reaching
confluency (Fig. 6b). Proliferative cells divided at a constant rate;
however, cell proliferation ceased if the average distance between a
cell and its nearest neighbors fell below 30% of the resting cell radius
(req)- This feature emulated the global reduction in cell proliferation
observed in monolayers after confluence*.

The confluent monolayer exhibited a segregated distribution of
proliferative and differentiated cells such as the one observed in the
experiments (Supplementary Movie 1). After optimizing the para-
meters (Supplementary Notes), the model successfully replicated the
size of the proliferative regions, as well as the distances and angles
between them (Fig. 6b, ¢ and Supplementary Fig. 8a). Since the max-
imum cell size was set to be 10 um in diameter in the simulations,
comparisons with experimental data can be directly derived. The dis-
tances between neighboring crypts, obtained from Delaunay triangu-
lation in the simulations, followed a distribution similar to that
observed in vitro experiments (Fig. 6¢), with values ranging from O to
600 um and centered around the average values seen in the experi-
ments (300 um for simulations and 225 um for experiments). Likewise,
the angular distribution resulting from the Delaunay triangulation
closely matched that of a random distribution, mirroring the experi-
mental finding (Fig. 6¢). Thus, our particle-based model featuring
segregated populations of proliferative and differentiated cells, reca-
pitulates key characteristics of our in vitro intestinal epithelial model,
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including compartmentalization into crypt- and villus-like domains,
crypt size, inter-crypt distances, and spatial distribution of the crypts.

The Wnt3a gradient was critical in setting the spatial distribution
of proliferative and differentiated cells (see Supplementary Notes). So,
we sought to study whether exogenous Wnt3a signals could govern
crypt distribution in our computational model similarly to experi-
ments. We generated a Wnt3a pattern in our in silico model to simulate

Angle (degrees) Angle (degrees)

the microcontact-printing experiments, aligning its dimensions with
those employed in the actual experiments. Upon reaching confluency,
we observed the formation of regions containing proliferative cells
encircled by differentiated cells in locations corresponding to the
defined Wnt3a regions (Fig. 6d). We then analyzed the sizes and dis-
tribution of these proliferative regions using Delaunay triangulation.
Similar to the in vitro findings, the introduction of Wnt3a dots in silico
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Fig. 5 | Effect of pattern dimensions on long-range epithelia organization.

a Organoid-derived single cells seeded on treated rBM with the Wnt3a micro-
pattern spaced 150 um, 200 um and 400 um respectively at 48 h of culture.
Representative fluorescence images of F-Actin, cell nuclei (DNA) and Wnt3a (upper
panels). Representative cell area contour map (lower panel). Scale bars: 200 pm.
b Graph plotting the probability of Wnt3a dots of hosting crypt and villus as a
function of dots distance. Mean + SEM. N =3 experiments. ¢ Distribution of the
distance between crypts on Wnt3a patterns, dashed line corresponds to the
Gaussian fit of the control distribution. Mean + SEM. N =3 experiments.

d Distribution of the angles between crypts on Wnt3a patterns, dashed line cor-
responds to the Gaussian fit of the control distribution. Mean + SEM. N=3

experiments. e Organoid-derived single cells seeded on treated rBM with the
EphrinB1 micropattern spaced 150 um, 200 um and 400 um respectively at 48 h of
culture. Representative fluorescence images of F-Actin, cell nuclei (DNA) and
EphrinB1 (upper panels). Representative cell area contour map (lower panel). Scale
bars: 200 pm. f Graph plotting the probability of EphrinB1 holes of hosting crypt
and villus as a function of holes distance. Mean + SEM. N =3 experiments.

g Distribution of the distance between crypts on EphrinB1 patterns, dashed line
corresponds to the Gaussian fit of the control distribution. Mean + SEM. N=3
experiments. h Distribution of the angle between crypts on EphrinB1 patterns,
dashed line corresponds to the Gaussian fit of the control distribution. Mean + SEM.
N=3 experiments. Source data are provided as Source Data file.
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Fig. 6 | ya | |a model recapitulates epithelial compartmentalization, dimensions
and long-range order. a Schematic description of the particle-based model.

b Monolayer forming a segregated distribution of proliferative and differentiated
cells. ¢ Upper panel. Distance between crypts. Experimental in vitro distribution
and fitting of the in silico results using a Gaussian distribution function in red.
Lower panel. Angles between crypts. Experimental in vitro distribution and fitting
of the in silico results using a Gaussian distribution function in red. Mean + SEM for
experimental data and Mean + 95% confidence interval for the simulation. N=6
experiments and N =10 simulations. d Monolayer forming a squared lattice dis-
tribution of proliferative and differentiated cells on Wnt3a micropatterns in silico.
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e Left panel. Distribution of the in vitro experimental distance between crypts and
fitting of the in silico results using a sum of two Gaussian distribution functions in
red, in the presence of Wnt3a pattern. Right panel. Distribution of the in vitro
experimental angles between crypts and fitting of the in silico results using a sum of
two Gaussian distribution functions in red, in the presence of Wnt3a pattern.
Mean + SEM for experimental data and Mean+95% confidence interval for the
simulation. N =3 experiments and N =10 simulations. Note that experimental data
(in grey or orange) is compared to the best fitting of distributions obtained from
10 simulations performed for each condition (in red). Source data are provided as
Source Data file.

resulted in an enlargement of crypts (Supplementary Fig. 8b). Dis-
tances and angles between proliferative regions closely resembled
those observed in the experimental data, the distribution of distances
and angles showed two peaks in both cases (Fig. 6e), corresponding to
a square lattice organization. Thus, our particle-based computational
model successfully replicated the distributions of both distances and
angles characterizing the long-range order of proliferative regions
established by the Wnt3a microcontact-printed patterns in vitro.

By varying the spacing between Wnt3a dots, we managed to
reproduce the crypt distribution observed in the experiments (Supple-
mentary Fig. 8c, d). When Wnt3a dots were spaced 150 um, we observed
fewer crypts than the number of Wnt3a dots printed, both in vitro and in
silico (Supplementary Fig. 8c), thus the monolayer was not able to follow
the organization imposed by the dots. At 200 um distance between dots,
we found a one-to-one correspondence between Wnt3a dots and crypts
(Supplementary Fig. 8c), resulting in the long-range order of the com-
partmentalized monolayer in simulations and experiments (Fig. 6d, e).

Finally, increasing the distance between Wnt3a dots up to 400 um led to
the formation of more crypts than the number of Wnt3a dots (Supple-
mentary Fig. 8c). While proliferative crypts primarily localized on the
Wnt3a dots, they also appeared in the spaces between (Supplementary
Fig. 8d). Altogether, the particle-based model was able to capture the
main features of the experimental system, including (i) the generation of
compartmentalized monolayers with well-defined crypt size and spatial
distribution, (ii) the establishment of a long-range order through a spa-
tial pattern of exogenous Wnt3a signal, and (iii) the effects of pattern
dimension on crypt distribution.

Exogenous Wnt3a patterns reduce the size of proliferative
crypts in Apc’” monolayers

Loss of Apc in intestinal stem cells drives adenoma formation in mice
through enhanced Wnt signaling, which leads to hypertrophic crypt
formation and increased cellular proliferation®. Our results show that
exogenous Wnt3a patterns can modulate the size, shape, and
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Fig. 7 | Wnt3a patterns reduce the size of proliferative crypts in Apc-/- mono-
layers. a Immunofluorescence images of Apc’” monolayers cultured with and
without Rspo. Cells were stained for F-actin, cell nuclei (DNA), and Ki67. Scale bars:
50 um. b Quantification of Ki67" cells in Apc” monolayers. Mean + SEM. Unpaired
two tailed t-test with Welch'’s correction. N=3 experiments. ¢ Crypt area distribu-
tion of Apc” crypt-like monolayers + Rspo. Black line corresponds to a Lorentzian
fit. Mean £ SEM. N = 3 experiments. d Delaunay triangulation measuring the dis-
tance between crypt-like regions in Apc” monolayers + Rspo. Black line corre-
sponds to a Gaussian fit. Mean + SEM. N = 3 experiments. e Angular distribution of
crypt-like regions in Apc” monolayers + Rspo. Black line corresponds to a Gaussian
fit. Mean + SEM. N = 3 experiments. f Inmunofluorescence images of Apc-/- mono-
layers cultured with Rspo on freeze-dried rBM substrates micropatterned with
Wnt3a (100 um diameter dots spaced 200 um apart in a square arrangement). Cells

were stained for Wnt3a, F-actin, and cell nuclei (DNA) on the left panel, and for
Wnt3a and Ki67 on the right panel. Dashed circles highlight Wnt3a patterns. Scale
bars: 100 um. g Characterization of crypt-like regions area in Apc” monolayers
cultured with Rspo on Wnt3a micropatterns. Dashed black line corresponds to the
Lorentzian fit of the Apc” crypts on non-patterned substrates. Mean + SEM. N=3
experiments. h Angular distribution of Delaunay triangles between crypt-like
regions in Apc” monolayers cultured with Rspo on Wnt3a micropatterns. Dashed
black line corresponds to the Gausian fit of the monolayers on non-patterned
substrates. Mean + SEM. N = 3 experiments. i Distribution of the distances between
crypt-like regions in Apc” monolayers cultured with Rspo on Wnt3a micropatterns.
Dashed black line corresponds to the Gausian fit of the monolayers on non-
patterned substrates. Mean + SEM. N = 3 experiments. Source data are provided as
Source Data file.

organization of intestinal crypts in 2D monolayers by overriding
endogenous Wnt3a signals from Paneth cells. This raised the question
of how intestinal epithelia with an altered Wnt pathway -characterized
by enlarged crypts***” -would respond to these Wnt3a patterns.

To investigate this, we stablished an in vitro epithelial monolayer
model using single cells derived from intestinal organoids of Apc”
mice. Because the binding of Wnt3a to the surface of Apc” cells
depends on Rspo’, we cultured organoids and generated monolayers
on non-patterned rBM substrates, both with and without Rspo (Sup-
plementary Fig. 9a). Indeed, Rspo had a significant effect on Wnt3a
binding in Apc’” monolayers, with increased Wnt3a signal when Rspo
was added to the culture medium (Supplementary Fig. 9b-d). We next
examined the proliferative state of these Apc’” monolayers. In the
absence of Rspo, a high proportion of Ki67 positive cells was observed,
and the crypt-villus compartmentalization typical of wild-type (WT)

monolayers was lost (Fig. 7a, b). In contrast, Apc” monolayers cultured
with Rspo were less proliferative, with fewer Ki67 positive cells that
clustered together, resembling the crypt-like regions of WT mono-
layers (Fig. 7a, b). Thus, we successfully generated Apc’ intestinal
epithelial monolayers, which showed increased proliferation and
altered compartmentalization compared to WT, consistent with in vivo
observations**%,

Next, we characterized the crypt-like domains of Apc’” monolayers
cultured with Rspo on non-patterned rBM substrates by measuring
their area and applying Delaunay triangulation. Consistent with in vivo
findings® >, Apc” crypt-like regions were larger than those in WT
monolayers (Fig. 7c). Furthermore, the distance between crypt-like
regions was significantly increased compared to WT (Fig. 7d), and the
angular distribution followed that of randomly distributed crypts
(Fig. 7e). We then cultured Apc” monolayers with Rspo on rBM
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substrates micropatterned with Wnt3a (100 um diameter dots, spaced
200 um and following a square arrangement) (Fig. 7). Analysis of crypt
area and Delaunay triangulation revealed that exogenous Wnt3a
micropatterns impacted Apc” crypt-like regions. The crypts were
smaller than those on non-patterned substrates (Fig. 7g), and although
the crypts remained randomly distributed (Fig. 7h), the distance
between them was reduced compared to their non-patterned coun-
terparts (Fig. 7i). Therefore, in Apc” monolayers, where increased
endogenous Wnt signaling leads to enlarged crypt-like regions, the
exogenous Wnt3a signal from micropatterns effectively reduced crypt
size and influenced their distribution by decreasing the distance
between them.

Discussion

We have introduced a method to induce the long-range organization
of crypt-like compartments of 2D primary intestinal epithelial mono-
layers, which would otherwise randomly self-organize in vitro. In vivo,
epithelial and stromal cell-derived signals exert their effects through
paracrine mechanisms involving the diffusion of cell-secreted mole-
cules through the tissue’s extracellular matrix, as well as through direct
cell-cell contacts (juxtracrine signals). Instead, our approach involved
the immobilization of paracrine signaling molecules such as Wnt3a and
juxtracrine signals like EphrinB1 on rBM coatings to guide the spon-
taneous compartmentalization of 2D intestinal epithelial monolayers.
We showed that the use of immobilized micropatterns of these sig-
naling factors can effectively govern the size, shape, and long-range
arrangement of crypt-like compartments.

In vivo, these signals orchestrate tissue development, maintain
homeostasis, and induce regeneration after damage by a set of com-
plex inter-dependent mechanisms such as feedback loops® or repul-
sive interactions along the crypt-villus axis’®. Here, we propose an
approach utilizing spatially localized surface-bound ligands created via
micropatterning techniques to simulate in vivo signaling. Although the
in vivo Wnt3a and EphrinB1 gradients were simplified in here using an
on/off signal, micropatterns were able to clearly impact on crypt size,
shape and organization. It is worth considering the use of other pat-
terning technologies such as microfabricated scaffolds'?, inkjet
printing or microfluidics*®*, or photopatterning (PRIMO)* to obtain
more in vivo-like complex shapes of micropatterned proteins. These
methodologies could also be adapted to allow to precisely control and
manipulate these gradients. However, their compatibility with soft and
sticky rBM layers can be challenging. Alternatively, the use of soft
collagen coatings on photoresist films containing arrays of microholes
was successfully used to position intestinal crypts””. But, this
approach was limited to growth factors located in the crypt regions
and could not address the role of signals specific to the villus region. In
contrast, our technique allows the easy transfer of relevant biomole-
cules to organize the small intestinal epithelium, whether in crypts or
villi regions, such as Wnt3a or EphrinB1 ligands and their EphB2
receptors, at precise locations on thin rBM coatings.

This simple approach allowed us to study the impact of Wnt3a and
EphrinBl ligands in dictating epithelial compartmentalization archi-
tecture. We showed that both signals increased the probability of
guiding the position of a crypt. However, when it came to changing the
size and shape of crypt-like domains, this could only be achieved by
manipulating the size of exogenous Wnt3a patterns, not by using
EphrinB1 micropatterns. These differences could be related to the fact
that both ligand concentration and cellular density can impact the
strength of the repulsive effect triggered by microcontact printed Eph-
Ephrin signaling®. But also, because the observed expansion in the
area of crypt-like compartments seems linked to an increase in the
proliferative capacity of the cells, caused by the role of Wnt3a in the
regulation of the intestinal proliferation. This appears to occur at the
expense of endogenous Wnt3a secretion, likely through the down-
regulation of the Paneth cell population under Wnt conditions®. On

one hand, while the crypts were enlarged by the Wnt3a patterns, the
number of Paneth cells per crypt was slightly reduced. And in the other
hand, the levels of endogenous Wnt3a expression were decreased
when the cells were exposed to the exogenous Wnt3a. Moreover, we
demonstrated the potential to further enlarge the size of proliferative
crypts by expanding the area of Wnt3a patterns, effectively controlling
the spatial distribution of Wnt3a while keeping its concentration
constant. Our approach thus provides control of the local concentra-
tion of ligand (short-range diffusion), which has been shown critical in
the growth of organoids®*.

In addition to determining the size and shape of crypt-like com-
partments, Wnt3a micropatterns were effectively guiding the long-
range localization of crypts onto these patterns. Interestingly, this
effect could also be achieved by using similar templates of EphrinB1. In
this case, the use of micropatterns featuring EphrinBl1 ligands across
the entire surface except within circular holes demonstrated that the
EphB2/EphrinB1 receptor/ligand interaction could confine the crypt-
like domains inside the regions devoid of EphrinBl. Indeed, when the
dimensions of the EphrinB1 or Wnt3a arrays fell within a range close to
the spontaneous crypt-crypt distances, proliferative compartments
were redistributed following the signals imposed by the micro-
patterned template. Both signals acted at the crypt level, either by
affinity or repulsion, essentially creating niche-like regions. Remark-
ably, their confining effect weakened when the spacing between
domains was decreased or increased. This suggests that the size of the
villus-like compartment also played a role in the organization of the
monolayer. It is reasonable to assume that the villus compartment,
predominantly composed of differentiated cells, has a defined size
that cannot expand unlimitedly. Since cells proliferate in the crypt-like
regions and are pulled towards the villus-like domain while
differentiating”, larger villus-like regions should be achieved by
boosting proliferation. Therefore, it is not surprising that when dis-
tance between domains is expanded above a given length, villus-like
regions drag crypt-like domains out of the patterned niche-like regions
in order to maintain the structural integrity of the epithelium. In this
case, it is worth considering that the behavior observed is the con-
volution of the micropatterns localizing large crypts on Wnt3a dots
together with the endogenous Wnt3a signal driving the formation of
crypts in the regions in between dots. This behavior was indeed
observed experimentally and by a particle-based model that we
implemented. By using the Wnt3a/BMP pathway to control prolifera-
tion and differentiation® and the Eph/Ephrin signaling to account for
heterotypic cell-cell repulsion®, our theoretical model was capable of
generating compartmentalized monolayers in silico that replicated the
primary experimental characteristics, including the distribution of
sizes and distances, as well as the long-range order induced by exo-
genous Wnt3a patterns. Moreover, our theoretical model also cap-
tured that by increasing the distance between the exogenous Wnt3a
compartments, the distances between crypts could be similarly
expanded, ultimately causing crypts to emerge in between the Wnt3a
patterns.

Finally, we demonstrated the applicability of our method to
clinically relevant models, specifically intestinal epithelia with Apc
gene mutations. We successfully established in vitro 2D monolayers
from single cells derived from Apc” mouse organoids. This Apc
mutation leads to increased Wnt signaling, resulting in altered crypt-
villus architecture, enhanced cellular proliferation, and changes in
epithelial cell differentiation®*’. In vitro, this mutation produced a
monolayer phenotype that was dependent on Rspo, consistent with
prior reports for organoids’. In the absence of Rspo, Wnt3a signaling
was reduced, most cells were Ki67-positive, and the typical crypt-villus
organization was lost. However, upon adding Rspo, both Wnt3a sig-
naling and the proportion of Ki67-positive cells decreased, and the
monolayers became compartmentalized, with large, proliferative,
crypt-like regions. This enabled us to examine the effect of exogenous
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Wnt3a patterns on these enlarged crypts. Wnt3a patterns successfully
reduced both the size of the proliferative crypt-like regions and the
distance between them in Apc” monolayers, although they did not
establish long-range order. In WT epithelia, long-range order was
typically achieved when the dimensions of the micropatterns matched
the intrinsic size and spacing of the monolayer. Therefore, further
optimization of the pattern dimensions may be necessary to induce
long-range organization in the Apc” model. Nevertheless, these results
highlight the suitability and potential of our method for studying
disease mechanisms.

In summary, we have used a modified version of microcontact
printing to investigate the self-organization of intestinal epithelial cells
derived from organoids. This approach allowed us to systematically
examine the effects of individual Wnt3a and EphrinBl ligands on this
process. We successfully controlled the position, size, and shape of
crypt-like domains by microcontact printing exogenous Wnt3a, which
in turn downregulated Paneth cells’ production of endogenous Wnt3a.
Furthermore, we showed that, within an optimal range of pattern
dimensions, ordered arrays of crypt-like regions could be established
through exogenous signals. Notably, we extended this method to
clinically relevant models, including Apc” intestinal epithelial mono-
layers, where increased Wnt signaling disrupts crypt-villus architecture
and cell proliferation. Our approach effectively reduced crypt-like
domain size and modified their distribution in these mutant mono-
layers, showcasing its broad applicability. Finally, we replicated the key
experimental outcomes using a particle-based model that incorpo-
rated the Wnt3a-BMP signaling feedback loop and Eph/Ephrin-medi-
ated heterotypic repulsion. In the long term, this system holds
significant potential for providing insights into individual signaling
pathways involved in intestinal epithelium organization, which could
enhance our understanding of both physiological and pathological
processes within this tissue in vivo.

Methods

Ethical statement

The research performed in this study complies with all relevant ethical
regulations. The use of animals for the obtention of intestinal crypts
from Lgr5-EGFP-IRES-creERT2 mice was approved by the Animal care
and Use Committee of Barcelona Science Park (CEEA-PCB) and the
Catalan government and performed by their relevant guidelines and
regulations.

Intestinal crypt isolation and organoid culture

Intestinal crypts from Lgr5-EGFP-IRES-creERT2 male and female mice
(3-6 month old) (WT) and from Apc™-Villin-CreERT2 male and female
mice (3-6 month old) (Apc”) from E. Batlle lab were isolated as pre-
viously described***. 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 min at 4 °C. The diges-
ted 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 reconstituted
basement membrane 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) (100ngmL™, Gibco), recombinant
murine Noggin (100 ngmL™, Peprotech), and recombinant human
R-Spondin 1 (200 ng mL™, R&D Biosystems) to obtain what we called
ENR-medium or EN if R-Spondin was not added*®. For the experiments,
WT organoid cultures were enriched in their stem cell amount by
supplementing the ENR-medium with two small molecules, CHIR99021
(3uM) and valproic acid (1 mM), leading to ENR_CV-medium*, while

Apc’ organoids were maintained and passaged with EN or ENR med-
ium alone. For the maintenance of the organoid culture, outgrowing
crypts were passaged twice a week. To obtain crypt pieces homo-
geneous in size, full-grown organoids were subjected to a mild diges-
tion protocol as previously described. Briefly, Matrigel drops
containing organoids were mechanically disrupted using a syringe
with a 23 G 1” needle (BD Microlance 3). The resulting solution was
centrifuged at 70 g for 3 min. 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% CO, atmosphere.

Preparation and characterization of micropatterns on soft
substrates

Microcontact printing was performed following standard procedures.
First, silicon masters fabricated by UV-photolithography and reactive
ion etching (D + T Microelectrénica AIE) were silanized to facilitate the
demolding of PDMS replicas*’. PDMS replicas were freshly prepared
mixing Sylgard 184 Silicon Elastomer and curing agent (DowCorning)
at a ratio of 10:1 w/w. PDMS was directly casted on the silicon master
forming thick replicas (~ 3 mm) and cured for 3 h at 65 °C. Then, PDMS
replicas were incubated with 10 ug mL™ Wnt3a (Abcam), 100 pg mL™
recombinant mouse EphB2/Fc receptor (R&D Systems) or 69 ug mL™
recombinant mouse EphrinBl/Fc ligand (R&D Systems) in a cluster
fashion for 45 min at room temperature. Clusters were prepared con-
jugating ligand (EphrinBl fused to Fc, named EphrinB1/Fc) at 2:5 molar
ratio for 30 min under constant shaking. The EphrinB1 concentration
for stamping was optimized based on prior work®, and the Wnt3a
concentration was initially set according to previously reported
values*’, and then progressively increased until the patterns were
transferred satisfactorily.

Matrigel was previously subjected to a freeze-drying process to
make it mechanically resistant to sustain the PDMS stamp pressure,
following a process developed by our research group*?. In short,
polymer well plates (Ibidi p-Slide 8 Well, Ibidi GmbH) with an area of
1cm%well and stiffness of 3 GPa were coated with 200 uL cm? of
Matrigel diluted at 0.25 mg mL™. After gelation (1 h 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 h at —50 °C and 0.06 mbar of pres-
sure (1-4 LD-2, Christ Alpha) and sterilized with 10 min of ultraviolet
(LV) light.

Matrigel thin films were characterized by immunofluorescence
using antibodies against laminin, as this is its major component®. To
minimize losing Matrigel material in 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 min. 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 min 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 min 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 micro-
scope (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 0.1ym was used. To characterize the
surface protein distribution, projection images of the confocal z-stack
were obtained by adding the intensities of each z-slice. Then, average
intensities of the resulting projection images were measured as fol-
lows: 10 x10um ROIs (regions of interest) were defined and their
average intensity was obtained. Finally, the average intensity of each
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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, 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®. Briefly, we extracted all the ortho-
gonal 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 um width
regions. The obtained profiles x were fitted by a Gaussian distribution:

Yo=a+b- e (&

where the coefficient a sets the Gaussian baseline, (b — a) is the Gaussian
amplitude, c sets the peak position, and ¢ is the Gaussian width para-
meter. Then, for each profile the full width at half maximum (FWHM) of
the peak was calculated as 2 J(ZInZ)o, and this value was attributed to
the Matrigel layer thickness. The measurements were conducted using a
custom-made ImageJ macro (http://rsb.info.nih.gov/ij, NIH).

The micropatterns were visualized by immunofluorescence fol-
lowing the protocol described above. 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 ugmL™, Jackson ImmunoResearch). As secondary antibodies,
Alexa Fluor® 488 donkey anti-goat, Alexa Fluor® 488 donkey 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. The
success of the printing procedure (uniformity, reproducibility, and
stability of the biochemical micropatterns) was checked using an epi-
fluorescence inverted microscope (Axio Observer 7, Zeiss) with a 63x
oil objective (NA=1.4). Images were analyzed using ImageJ software.
The protein coverage was quantified by measuring the fluorescence
intensity of the antibodies. For comparison of the intensity measure-
ments, all images were acquired using the same microscope settings.

Cell culture
To obtain organoid-derived single cells, full-grown WT or Apc” orga-
noids were enzymatically and mechanical disrupted. When seeded in
culture for our experiments, these organoid-derived single cells were
cultured with ENR_CV-medium (WT organoids) or with EN o ENR
medium (Apc” organoids) plus ROCK inhibitor Y-27632 (10 uM, Sigma-
Aldrich) to prevent anoikis®. Organoid-derived single cells were then
seeded onto micropatterns at a density of 10° cells per drop. The cells
were cultured for different periods of time depending on the experi-
ment. In all the cases, the medium was changed at 24 h after seeding,
and then every 48 h.

Cells were fixed with 10% neutralized formalin (Sigma-Aldrich) for
40 mins at 4 °C, permeabilized with 0.5% Triton X-100 (Sigma-Aldrich)
for 30 min at room temperature (RT) and blocked for 2 h 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. 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
(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). Secondary antibodies were diluted in 0.1% BSA and
0.3% donkey serum in PBS and incubated on cells 1 h at RT. Secondary
antibodies used were: Alexa Fluor® 488 donkey anti-goat, Alexa Fluor®
488 donkey anti-mouse, Alexa Fluor® 488 donkey anti-rabbit, Alexa
Fluor® 647 donkey anti-goat, Alexa Fluor® 647 donkey anti-mouse, Alexa

Fluor® 647 donkey anti-rabbit (all from Jackson ImmunoResearch)
diluted at 1:500. Alexa Fluor® 568 phalloidin was used to stain 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 incu-
bated on cells 40 min at RT. Finally, samples were mounted with
Fluoromount® (Thermo Fisher). Fluorescence images (or tiles) were
acquired using an epifluorescence inverted microscope (Axio Obser-
ver 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
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 cover-
age and cell morphology, among others.

Quantification of cell markers

Monolayers were characterized for proliferative cells through Ki67
marker (nuclear marker), for Paneth cells through Lysozyme marker,
the presence of Lgr5* ISC by positive GFP signal and epithelial markers
such as Cytokeratin 20 (Ck20) (cytoskeleton marker for terminally
differentiated enterocytes and goblet cells). To allow quantifications,
cell contour was defined through F-Actin and cell nuclei were located
through DNA identification. To quantify the different cell markers, a
semi-automatize routine implemented in the Imaris software (version
9.1.0; Bitplane) was used. First, cell nuclei were detected as spots using
the smallest values of their diameters previously measured for repre-
sentative images. Spot number detection was adjusted based on the
signal 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 Ki67, Ck20,
Lysozyme and GFP markers. Alternatively, a Fiji/ImageJ custom-made
macro can be used to perform this quantification.

Quantification of cell surface coverage

To quantify the cell surface coverage from immunostained images, the
fluorescence image tiles of F-Actin were used. The tiles were pre-
processed and analyzed using Image) software. First, we applied a
mean filter with a radius of 15 pm 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. Then, from the binary image, the area occupied by the cell
monolayer (including holes) and cell aggregates were determined and,
by inverting the binary image, the areas of the holes (cell-free areas)
were obtained. Subtracting both, the projected area effectively occu-
pied by cell structures was evaluated. This area was then normalized by
the seeding area. Also, in some experiments, cell surface coverage over
culture time was alternatively quantified by analyzing brightfield
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images with ImageJ software. Briefly, the projected area occupied by
cellular structures was measured by outlining its shape and normal-
izing it to the total area of the image.

Quantitative reverse-transcription polymerase chain reaction
(RT-qPCR)

Total RNA was extracted from 4 wells of a Ibidi®u-Slide 8 Well plate for
each condition with 800 L of TRI Reagent Solution® (Invitrogen™).
The RNA extraction was achieved following the manufacturer’s
instructions of the reagent, and the RNA was resuspended in DEPC
treated water. The concentration and purity of the extracted RNA was
measured using the Nanodrop 1000 (Thermo Scientific). For RNA-
complementary DNA (cDNA) synthesis, 200 ng of total RNA were first
treated with DNAse | Amplification Grade® (Invitrogen™) to remove all
genomic DNA. The reverse transcription of the RNA was performed
using the iScript™ cDNA first-strand Synthesis kit (BioRad) following
the manufacturer’s protocol.

The mRNA transcript levels of the genes of interest were analysed
by real-time quantitative PCR using the StepOne Plus real time PCR
system (Applied Biosystems). The primers used for each gene are
shown in Supplementary Table 1. The specificity of the primers to
recognize correctly the gene sequence, and the absence of non-specific
primer bindings were tested in silico. For each sample and gene stu-
died, the analyses were performed in triplicate wells in a 96-well plate.
The PCR reactions were carried out in a final volume of 10 uL containing
5uL of Fast SYBR™ Green Master Mix (ThermoFisher), 0.5 uL of a mix-
ture of forward and reverse primers (250 nM), 3.5 uL of DEPC water plus
1uL of diluted cDNA. In addition, three negative controls, a non-
template control, a non-reverse transcriptase control and a PCR control
(water control), were included and ran in duplicate. The expression
level of each gene was calculated with the AACt method and was
analysed relative to the reference genes gapdh and rpsi8.

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

2D monolayers of organoid-derived single cells were organized in
crypt- and villus-like domains®'. To define the crypt- and villus-like
domains, we developed a method to identify, segment and char-
acterize these domains on non-patterned and micropatterned sub-
strates based on the cell areas. Fluorescence images were employed.
The area of each cell was first identified by the segmentation of the cell
monolayers. F-Actin fluorescence images were pre-processed with
ImageJ, as previously described™. Briefly, the background noise of the
F-Actin image was reduced with the subtract background function by
using a rolling ball radius of 10 pm. The resulting image was then
subjected to band-pass filter with upper and lower limits of 15 um and
1um, respectively. The background noise from this output was
reduced by using the subtract background command again with a
rolling ball radius of 10 um. The F-Actin pre-processed images from
each experiment were then loaded to Tissue analyzer® for edge
detection and 2D monolayer segmentation. The segmented 2D
monolayer was used to quantify various parameters such as cell area,
and cell centroid positions (x,y). 2D cell area contour maps were
performed using a custom-made code in Matlab using the cell area,
and cell centroid positions obtained from the segmented 2D mono-
layers. The contour map is represented in logarithmic scale to enhance
the 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). For the
Ki67 segmentation, we followed the protocol described above. To
identify villus-like domains, the cell area contour maps were correlated
with the inverted of the segmented Ki67 images. From these two

Gaussian functions and were characterized by their mean value and the
standard deviation (SD): mean, .7+ aNd SD,eqkie7+ » F€SPECtively.
Cell areas below threshold were counted as proliferative cells.
These proliferative cells generate a binary image with proliferative
domains. In addition, the area of a proliferative domain should be above
10mean,, .. threshold to be consider a crypt-like domain. Binary
crypt-like domains images were treated as single object images. So, from
them, we extracted the area, (x, y) centroid position and circularity index

major axis — minor axis
major axis + minor axis

€)

Circularity index=1—

from the crypt-like domains to define their morphology.

The organization of crypt-like domains was analyzed by Delaunay
triangulation®**", Binary images of crypt-like domains and the patterns
were used for these analyses. These were processed using ImageJ to
extract the center position (x,y) of each crypt-like domain and each
pattern. These center coordinates were used to determine the sides
(distances between crypts defining a triangle) and the angles in
between by using a custom-made code in Matlab.

Quantification of the impact of Wnt3a and EphrinB1 on crypt
positioning
To determine the impact of Wnt3a and EphrinB1 on crypt positioning,
we evaluated the experimental conditional probability of finding a
pixel with both crypt and pattern signals, P(crypt|pattern),,,, in a
given area A. We compared this with the expected conditional prob-
ability assuming the two events are independent, P(crypt|pattern);q-
The experimental conditional probability of finding a pixel with
both crypt and pattern signals can be expressed as:

P(crypt | pattern)e,, = W “
where:
P(crypt N pattern) = 2(pixels with boﬁl‘crypt and pattern) )
and
P(pattern) = 2=PIXels “jth pattern) ©
Thus,

ixels with both crypt and pattern
Plerypt| pattern)ey, = 2 S (pixels with}g:lttern)p : @

In contrast, the conditional probability assuming independence is
given by:

P(crypt | pattern);, = P(crypt) ®)

where

>~ (pixels with crypt) )

P(crypt)= y

We can then define a preference parameter as:

P(crypt | pattern).,,  P(crypt N pattern)

correlations, the distributions of the crypt- and villus-like domains P(crypt | pattern),,  P(crypt) - P(pattern) 10)
were plotted. These distributions were fitted with two independent yptip Jind ypy - Hp
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When this parameter is close to 1, the positioning of patterns and
crypts appears independent. If it is greater than 1, the presence of a
pattern signal increases the likelihood of finding a crypt signal at that
location.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism software
(GraphPad Software Inc.). Results are expressed as meanzerror, either
standard deviation (SD), confidence interval (CI) or standard error of
the mean (SEM), as noted in the figure captions. The number of
experiments used for data extraction is specified for each quantitative
analysis. Normality of the datasets was tested by the d’Agostino-Pearson
normality test. Statistical comparisons were performed using para-
metric (e.g., t-test, ANOVA) or non-parametric tests (e.g., Mann-Whit-
ney), depending on data distribution, as indicated in the corresponding
figure legends. Exact p-values are provided in the plots when applicable.
Images shown are representative of multiple independent experiments
conducted by different researchers, consistently yielding similar results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data are available within the Article, Supplementary Information or
Source Data file. The source data underlying Figs. 1e, g,i,2b,d, e, g, h,j,
k, 3a, c, f-h, 4b, c, e, g, 5b-d, f-h, 6¢, e, 7b-e, g-i and Supplementary
Figs. 1c-e, h, j, 2a-f, 3f, 4, 5¢, 6a, b, 7a-d, 8a-c, 9c, d are provided as a
Source Data file. Source data are provided with this paper.

Code availability

Custom-made Fiji/lmage macros and MATLAB scripts generated for
this study can be found at: https://github.com/BiomimeticsLab/
Larranaga_et_al 2024. The source code used to run the ABM simula-
tions of this paper can be found at: https://github.com/mmarinriera/
crypt_patterning_simulation.
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