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“What we know is a drop, what we do not know is an ocean.”

Isaac Newton






Summary

The last two decades have seen the development of organoid models for many different
tissues and organs. Organoids are three-dimensional organ-mimetics derived from stem or
progenitor cells comprising various specialized cell types, resembling the architecture of their
native organ on a smaller scale, and recapitulating some of its functions. They completely
changed the cell culture world, offering highly interesting insights into basic research and
beginning to demonstrate their potential for clinical applications. Despite all this, organoid
growth relies on poorly controllable stem cell self-organization, which limits their reproducibility
and size. Moreover, organoids often mimic only one compartment (e.g. the epithelium) of their

native counterparts, and for some organs organoid models do not yet exist.

In this thesis, | introduce several bioengineering approaches to help overcome some of these
limitations and obtain more robust and functional organoid models. Such engineering

approaches were applied at different biological scales.

In chapter I, we induced for the first time the formation pathophysiologically relevant tumors in
vitro in a highly observable setting based on cell responsiveness to light. With an optogenetic
system driving Cre recombinase expression, we controlled the induction of cancer driver
mutations in space and time in Apc™;Kras-S-612D*: Trp53" (AKP) colon organoids. A colon
organoid-on-a-chip platform was then used to obtain a defined topology compatible with long-
term studies and imaging. These bioengineering approaches provided us with insights into
tumor initiation and development processes that would not have been possible with

conventional cancer models.

In chapter Il, | developed a new functional organoid model by applying knowledge gained from
other organoids to the thymus, and, in particular, to thymic epithelial cells. The organoids were
characterized in detail to show that the newly established culture conditions have the potential
to preserve the functional ability of thymic epithelial cells to mediate thymopoiesis. | have
demonstrated this by reaggregating thymic epithelial cells cultured as organoids with T cell
progenitors and showing that T cell development in these reaggregates recapitulates to a large
extent the process that occurs in the native thymus. In addition, when transplanted into mice,
the reaggregates were capable of attracting new T cell progenitors, thus reproducing another
important feature of the thymus in vivo. In general, this part aimed to bring the fields of organoid

and immunology closer together.

In chapter Ill, we used bioprinting as a bioengineering strategy to create larger organoid
constructs with a shape and cell type composition resembling their native organ. Specifically,
centimeter-scale tissue constructs were printed that assembled different parts of the

gastrointestinal tract in one functional epithelial tube. This chapter illustrates the possibility of
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harnessing the native properties of cells, such as their self-organization capability, and of

leveraging bioengineering approaches to extrinsically guide them.

Taken together, this thesis demonstrates the potential of combining different fields, such as
biology and engineering, to advance basic research. It is hoped that the knowledge gained can
be applied to human organoids in the future to develop new functional models for translational

applications.
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Résumé

Les deux dernieres décennies ont vu l'arrivée des organoides pour modéliser différents tissus
et organes. Les organoides sont des structures tridimensionnelles formées a partir de cellules
souches ou progénitrices. lls comprennent différents types de cellules, ressemblent en
certains aspects a I'organe a partir duquel ils ont été dérivés et récapitulent méme une partie
de ses fonctions. Le monde de la culture cellulaire a été transformé par le développement des
organoides. lls ont amené un éclairage nouveau sur beaucoup de domaines de recherche
fondamentale et commencent a montrer leur potentiel pour les applications cliniques. Malgré
tout, le fait que la croissance des organoides soit basée sur la capacité des cellules souches
a s’autoorganiser limite leur taille et leur reproductibilité. De plus, les organoides ne
comprennent souvent qu’une partie des cellules d’'un organe, par exemple I'épithélium. Et pour

certains organes, il n’y a pas encore d’organoides qui ont pu étre développés.

Dans cette thése, je propose des approches de bioingénierie pour aider a surmonter certaines
des limitations mentionnées ci-dessus et obtenir des organoides servant de modéles plus
robustes et fonctionnels. Ces approches peuvent étre appliquées a différentes échelles

biologiques.

Au chapitre |, nous avons induit pour la premiére fois la formation des tumeurs reproduisant
certaines caractéristiques physiopathologiques essentielles in vitro. Plus spécifiquement, nous
avons modifiés les cellules pour qu’elles puissent répondre a des stimuli lumineux. Nous nous
sommes basés sur un systéme optogénétique pour contrdler I'expression de la recombinase
Cre et ainsi I'induction de mutations cancéreuses pilotes (Apc™:Kras-SL-C1204: Trp53" ou AKP)
dans le temps et 'espace dans des organoides de cblon. Nous avons aussi utilisé un modéle
d’organe sur puce pour obtenir une topologie compatible avec 'imagerie et les études a long
terme. Ensemble, ces approches de bioingénierie nous ont amené des connaissances
nouvelles sur les processus d’initiation et de développement des tumeurs qui n'auraient pas

pu étre obtenues avec les modéles traditionnels.

Au chapitre Il, en appliquant au thymus les connaissances acquises pour d’autres organes,
j’ai généré un nouveau type d’organoide fonctionnel avec les cellules épithéliales de thymus.
J’ai caractérisé en détails ces organoides et démontré le potentiel des conditions de culture
nouvellement établies a maintenir la fonctionnalité des cellules épithéliales de thymus, c’est-
a-dire leur capacité a éduquer les lymphocytes T. J’ai avons prouvé ceci en réagrégeant des
cellules épithéliales de thymus cultivées sous forme d'organoides avec des cellules
progénitrices de lymphocytes T. Par cette approche, jai pu démontrer que le développement
et la maturation des lymphocytes T médiés par les cellules épithéliales de thymus in vitro

ressemblaient a ce qu’il se passe dans le thymus in vivo. De plus, en transplantant ces



agrégats dans des souris, j’ai pu observer leur capacité a attirer de nouveaux progéniteurs de
lymphocytes T, une autre caractéristique importante du thymus. De maniére générale, cette

partie avait pour but de rapprocher les domaines de 'immunologie et des organoides.

Au chapitre Ill, nous avons tiré parti de la bioimpression comme stratégie de bioingénierie pour
générer des structures d’organoides plus grandes. Ces derniéres présentaient des
caractéristiques macroscopiques ressemblant aux organes a partir desquels les organoides
avaient été dérivés et comprenaient plusieurs types de cellules. De maniére plus spécifique,
nous avons imprimés des structures tissulaires a I'échelle du centimétre, avons été capable
de combiner différentes parties du tractus gastrointestinal en un tube, et avons démontré la
fonctionnalité des tissus imprimés en testant leur réponse a divers stimuli. Ce chapitre a illustré
la possibilité d’exploiter les propriétés des cellules, comme leur capacité a s’autoorganiser, et

a les guider avec des techniques de bioingénierie.

Dans son ensemble, cette thése démontre le potentiel de combiner différents domaines,
comme la biologie et I'ingénierie, pour faire avancer la recherche fondamentale. Dans le futur,
Nous avons espoir que les connaissances acquises pourront étre appliquées aux organoides

humains et aider a générer de nouveaux modeéles fonctionnels pour des applications cliniques.

Mots-clés:

Organoides, Bioingénierie, Cellules souches, Organoides sur puce, Colon, Cancer,
Optogénétique, Immunologie, Thymus, Cellules épithélial du thymus, Lymphocytes T,

Bioimpression, Autoorganisation, Echelle macroscopique, Multicellulaire



Zusammenfassung

Die letzten zwei Jahrzehnte erbrachten die Entwicklung von Organoidmodellen von vielen
verschiedenen Geweben und Organen. Organoide sind aus Stamm- oder Vorlauferzellen
gewonnene dreidimensionale Strukturen. Diese enthalten verschiedene Zelltypen, ahneln der
Architektur von ihrem urspriinglichen Organ in kleinerem Massstab und rekapitulieren sogar
einige seiner Funktionen. Diese Organoide haben die Welt der Zellkulturen weitgehend
verandert, ausserst interessante Erkenntnisse in der Grundlagenforschung gebracht und ihr
Potenzial fur klinische Anwendungen aufgezeigt. Nichtsdestotrotz, beruht das Wachstum der
Organoide auf dem Prinzip der Stammzellselbstorganisation, was sowohl ihre
Reproduzierbarkeit als auch ihre Grosse einschrankt. Zudem verfiigen Organoide vielfach
Uber Zellen von nur einem Kompartiment (z.B. Epithelialzellen) und fir einige Organe konnten

noch gar keine echten Organoide entwickelt werden.

In der vorliegenden Thesis bringe ich Ansatze von dem Bioingenieurwesen ein, um einige
dieser erwahnten Einschrankungen zu Uberwinden und robustere funktionelle
Organoidmodelle zu erhalten. Solche ingenieurwissenschaftlichen Ansatze wurden auf

verschiedenen biologischen Ebenen angewandt.

In Kapitel | haben wir zum ersten Mal pathophysiologisch relevante Tumore in vitro in einer
beobachtbaren Umgebung induzieren kdénnen, basierend auf der Kapazitat der Zellen auf
Lichtstimulus zu reagieren. Dank einem optogenetischen System, welches die Expression von
der Cre-Rekombinase anregt, kontrollierten wir die Induktion der Krebstreibermutationen in
Apc™:KrastSL-G120+ Trp 53" (AKP) Kolonorganoide zeitlich und raumlich. Wir nutzten zudem
eine Kolon-on-a-Chip Plattform, um einerseits Organoide mit einer definierten Topologie zu
erhalten und um andererseits Langzeitstudien zu ermdglichen, welche mit
Mikroskopietechniken kompatibel sind. Diese Ansatze des Bioingenieurwesen ermdglichten
uns Einblicke in die Tumorenentstehung und -entwicklung, die mit herkdmmlichen Modellen

nicht méglich gewesen waren.

In Kapitel Il habe ich ein neues funktionelles Organoidmodell entwickelt, indem ich die aus
anderen Organoiden gewonnenen Erkenntnisse auf den Thymus und insbesondere auf
Thymusepithelialzellen angewandt habe. Ich habe die neu geschaffenen Organoide
ausfiihrlich charakterisiert und gezeigt, dass die Kulturbedingungen das Potenzial haben, die
funktionelle Fahigkeiten der Thymusepithelialzellen zur Regulierung der Thymopoese in vitro
zu erhalten. Ich habe dies durch die Reaggregation von den Thymusepithelialzellen von den
kultivierten Organoiden mit T-Zell-Vorlaufern bewiesen und gezeigt, dass die T-Zell-
Entwicklung in diesen Reaggregaten den naturlichen Prozess, der im Thymus stattfindet,

weitgehend imitiert. DarUber hinaus konnten die Reaggregate bei der Transplantation in



Mause neue T-Zell-Vorlaufer anziehen und damit ein weiteres bedeutendes Merkmal des
Thymus reproduzieren. Im Allgemeinen zielte dieser Teil der Arbeit darauf ab, die Bereiche

Organoide und Immunologie einander naher zu bringen.

In Kapitel lll setzen wir das «Bioprinting» (Biodruckerei) als Strategie des Bioingenieurwesen
ein, um grossere Organoidkonstrukte mit einer makroskopisch relevanten Form sowie einer
gewissen Zelltypdiversitat zu erzeugen. Insbesondere haben wir zentimetergrosse
Gewebekonstrukte gedruckt und konnten verschiedene Teile des Magen-Darm-Trakts in einer
einzigen Rohre zusammenfligen. Wir haben die Funktionalitat dieser gedruckten Gewebe
demonstrieren kénnen, indem wir ihre Reaktion auf verschiedene Stimuli getestet haben.
Dieses Kapitel veranschaulichte die Madglichkeiten der Nutzung von den natilrlichen
Eigenschaften von Zellen, wie z.B. ihre Fahigkeit zur Selbstorganisation, in Kombination mit

der Regulierung durch Ansatze des Bioingenieurwesen.

Insgesamt demonstriert diese Arbeit das Potenzial der Kombinierung von verschiedenen
Bereichen wie die Biologie und das Ingenieurswesen, um die Grundlagenforschung
voranzutreiben. Es bleibt zu hoffen, dass die gewonnenen Erkenntnisse in Zukunft auf
menschliche Organoide Ubertragen werden kdnnen, um neue, funktionale Modelle fir klinische

Anwendungen zu entwickeln.

Schliisselworter:

Organoide, Bioingenieurwesen, Stammzellen, Organoid-on-a-Chip, Kolon, Krebs,
Optogenetik, Immunologie, Thymus, Thymusepithelzellen, T-Zellen, Bioprinting,

Selbstorganisation.
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Introduction






General introduction and objectives

The appearance of the term “stem cell” can be found already in the work of Ernst Haeckel in
1868'. However, the pivotal discovery of stem cells properties is then consensually dated back
to the 1960’s, when Ernest McCulloch and James Till demonstrated that a population of
hematopoietic cells could proliferate and form colonies upon transplantation into heavily
irradiated mice?. Stem cells are thus defined as cells that can proliferate (self-renew) and give
rise to specialized progeny (differentiate)'. Hematopoietic stem cells are an example of tissue-
resident (or adult) stem cells. In 1981, Martin Evans and Matt Kauffman identified and cultured
another type of stem cell, namely embryonic stem cells (ESCs) that they isolated from mouse
blastocysts3. The list of stem cell types was completed in 2006, when Kazutoshi Takahashi
and Shinya Yamanaka reprogrammed fibroblasts into so-called induced pluripotent stem cells
(iPSCs)*. These three stem cell types differ not only in their origin, but also in their potency.
Tissue-resident stem cells have the potential to give rise to multiple cell types, but within a
specific lineage (e.g. hematopoietic cells), while ESCs and IPSCs are pluripotent and can give

rise to all the cell types in the body.

Since the identification of stem cells, a lot of work has been undertaken to understand and
recapitulate the environment allowing them to maintain their properties®. For ESCs and IPSCs,
the main challenge consists in controlling their proper differentiation into the desired cell types.
On the contrary, tissue-resident stem cells have the tendency to differentiate in culture, and
identifying conditions maintaining their self-renewal capability remains an important goal today.
In the body, tissue-resident stem cells reside in so-called niches, which provide biophysical
and biochemical signals preserving their fate®. In 1975, James Rheinwald and Howard Green
achieved for the first time the long-term culture of untransformed human cells, more specifically
keratinocytes, by using fibroblasts as feeder layer. These cultures were organized in a way
reminiscent of the native epidermis, with dividing cell types in the lower layer, and more
differentiated cells in the superficial layers®. This works highlights the importance of supportive
cell signals for stem cell maintenance and differentiation. A substantial part of the niche signals
is also provided by the extracellular matrix (ECM), a complex assembly of proteins forming the
scaffold supporting tissue organization in vivo’. Interestingly, a better understanding of the
importance of the ECM was one of the key events leading from traditional two-dimensional

(2D) to tridimensional (3D) cultures?.

While 2D cultures use plastic or glass plates to grow cells, 3D cultures involve either
reaggregation techniques or a matrix such as scaffolds or hydrogels, which are often based
on ECM proteins. Compared to standard 2D cultures, 3D cultures more closely recapitulate
tissue properties such as stiffness and allow the formation of physiologically relevant

multicellular structures®. The advent of 3D culture methods played a key role in the
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development of organoids, which are defined as stem or progenitor cell-derived 3D structures
that, on much smaller scales, recreate important aspects of the 3D anatomy and multicellular
repertoire of their physiological counterparts and can recapitulate basic tissue-level functions?®.
Although mammary gland epithelium'® cultured in Matrigel, an ECM-based hydrogel, might be
considered the first organoid, the field underwent drastic development building on the work of
Hans Clevers and Yoshiki Sasai® laboratories in the early 2000. Since then, organoids enable
the modeling of many organs including optic cup and retina, brain (different cerebral
structures), esophagus, stomach, intestine, colon, liver, pancreas, upper airways and lung,

thyroid, prostate, kidney, mammary gland, heart, ear and skin (reviewed in 811.12),

These new models offer great opportunities for both fundamental and translational research.
For instance, organoids allow to study the processes by which cells self-organize and develop
into multicellular structures’. They also serve as intermediate between very simple and high-
throughput yet less physiologically relevant 2D cultures, and complex but relatively low-
throughput animal models'. Since animal models can only recapitulate human physiology to
a certain level, organoids derived from human cells present an interesting complementary axis
for clinical trials. Not only can organoids be derived from human cells, but this can also be
done in a patient-specific setting, opening many possibilities for personalized treatments. For
instance, a screening on organoids was recently used to guide therapeutic decision on a
patient with a rare cystic fibrosis-causing mutation’. Another focus area of today’s research is
cancer, and a link between organoid drug sensitivity and patient treatment response starts to

be established’®.

Despite the aforementioned great promises, organoids still present several limitations. Their
self-organization properties can also be a disadvantage as they lead to high heterogeneity in
terms of shape, size, and cell type composition'”. Furthermore, most organoids only mimic one
compartment of their native organ (e.g. the epithelium) and lack supportive stromal cells such
as fibroblasts or vasculature, as well as immune cells, which can all be of crucial importance
to organ development and function. Among other factors, the lack of vasculature and the fact
that they rely on self-organization for their development (and therefore might lack critical
external factors) limit the size of organoids to the millimeter scale as well as their full
maturation®. In addition, all organoid models are not at the same stage of development; while
for some organs, culture conditions are well-established and permit an accurate recapitulation
of the in vivo counterpart, for some others, organoids only start to be established or do not

even exist yet.

Overcoming these limitations and developing new, more robust and functional organoid
models will provide us with more insights into complex biological processes and be

transformative for the fields of tissue engineering and regenerative medicine®.
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In this work, | aimed at addressing some of the aforementioned limitations by leveraging
bioengineering approaches (Figure 1) to develop functional organoid models across different

biological scales.

Aim 1: To control oncogenic mutations at the cellular level through optogenetics for

studying tumor initiation and growth in a colon organoid-on-a-chip model

Organoids of the gastrointestinal tract are the canonical example of tissue-resident stem cell-
derived organoids'®. Their already well-established culture conditions permit the application of
bioengineering approaches to obtain a tighter control over the organoid formation processes'’.
One such example is use of organ-on-chip technologies, leading to the generation of

“organoid-on-a-chip'920”,

Here, we aimed at going one step further and engineering at the (single) cell level the response
of organoid-on-a-chip to certain stimuli. We took advantage of the inducible Apc”":KrastSt-
G120+ Trp53" (AKP) colon organoids and developed a doxycycline-sensitive blue-light-
regulated Cre system?:22 and Hibscher, Neumayer, Wermnig 2017, unpublished to direct their recombination. The
spatiotemporal control over the induction of oncogenic mutations obtained with this system
allowed us to recapitulate the process of tumor initiation. We were then able to study tumor
formation and growth in an unprecedented way, thanks to the possibility for live imaging and

long-term culture provided by the colon-on-a-chip.

Aim 2: To develop a new type of organoids, thymic epithelial organoids, with preserved

thymopoietic functionality ex vivo

For some organs, the mere development of organoids remains challenging. This is in particular
true forimmune system-related organs, despite their great importance for protecting us against
diseases. Indeed, organoids are mostly derived from one single cell type, and lymphoid organs
often rely on complicated interactions between immune and stromal cells for their development

and function?3, rendering their modelling challenging.

Here, taking the thymus as example, | aimed at generating a new type of organoids. The
endodermal origin of thymic epithelial cells?*, similar to the intestine, made them an excellent
candidate for the development of functional organoids from one of the few remaining organs
for which bona fide organoids do not yet exist. The thymus (and thymic epithelial cells) main
function is to educate T cells to provide effective immune defenses against pathogens, immune
surveillance of tumors, and also immune tolerance to self. Thus, | proved the functionality of

thymic epithelial cells cultured as organoids by reaggregating them with T cell progenitors. |
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then compared T cells that matured in vitro with T cells from the native thymus and show their
resemblance. Finally, | transplanted the reaggregates in mice and demonstrated their ability to
recruit new T cell progenitors, thereby recapitulating another important function of the native

thymus.

Aim 3: To leverage bioprinting for guiding organoid self-organization for the generation

of macroscale (multi)tissue constructs

Although some organoids already offer promising translational opportunities, they remain very

small, round, and mostly only mimic one compartment of their native organ.

Here, we aimed at generating larger tissue constructs with a macroscopic shape resembling
the native organ and integrating multiple cell types. We did that by exploring the possibility to
guide organoid self-organization using a novel and easily applicable bioprinting setup based
on a microscope with a motorized stage. We showed the potential of the approach mostly with
gastrointestinal tract organoids. For example, we combined stomach and intestine or intestine
and colon in one printed construct, and also demonstrated the functionality of the printed tubes

by testing their response to different stimuli.
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Aim-specific background

For aim 1: To control oncogenic mutations at the cellular level through optogenetics for

studying tumor initiation and growth in a colon organoid-on-a-chip model

Intestinal organoids were the first example of tissue-resident stem cell-derived organoids. Their
establishment was possible thanks to the understanding of the anatomy and physiology of the
intestine and to the identification of intestinal stem cells?>-?”. The intestine is organized into
crypt and villus structures, with stem cells located at the bottom of the crypts and more
differentiated cell types towards the top of the villi. Crypts form a niche environment were stem
cells are maintained thanks to different signals such as Wnt (or the Wnt agonist R-spondins),
Epidermal growth factor (EGF) and bone morphogenic protein (BMP) inhibition by Noggin.
Isolated crypts could be grown in medium containing these supplements when plated in
Matrigel, which mimics the extracellular matrix. Remarkably, single Lgr5-positive stem cells
could also be grown in the same culture conditions and formed small organoids with different
cell types organized in a way that resembles the native intestine. Similar culture conditions
were adopted to generate organoids from other parts of the gastrointestinal tract. Regarding
the colon, the main differences are the absence of villus structures in vivo and a higher

requirement for Wnt in the culture medium?2.

The relatively good understanding of mouse intestinal organoid culture requirements allowed
the application of bioengineering approaches to decrease organoid variability, to have access
to the apical side and to permit long-term culture without the need for passaging and with the
possibility for imaging over time. These bioengineering approaches included for example
patterned surfaces’”?°%0 or a chip with a laser-ablated hydrogel*' mimicking the intestinal
topology and developed in our lab™. The use of microfluidic chips with organoids instead of
standard cell lines opened up many opportunities to study physiologically relevant processes
in a controlled manner. Since then, our lab applied the same technology to generate organoid-

on-a-chip models of different organs, one of the most logical follow-ups being the colon.

The gastrointestinal tract can be affected by many different diseases and the features of this
new model make it applicable to study at least some of them'®. One of the most important
disease is cancer. Indeed, gastrointestinal tract cancers are cumulatively the most common
cancer types, and among them colorectal cancer has the highest prevalence®. Colorectal
cancers arise from a series of mutations in specific genes® such as APC, KRAS, SMAD4 and
TP53 (Figure 2), that actually affect mostly the same pathways as the ones implicated in

intestinal stem cell maintenance and organoid growth.
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Figure 2 Mutations involved in colorectal cancer development. Of note, the pathways affected by the
mutations are also the ones implicated in organoid growth. Adapted from'%®

Traditionally, cancer has been studied with animal models, where either tumors are chemically
induced, patient-derived cancer cells transplanted (xenograft), or cancer mutations genetically
engineered®*. Regarding the latter, many different models exist, with genetic modifications
allowing to investigate diverse aspects of the disease, such as tumor initiation and
progression34. However, once oncogenic mutations are induced, the tumor formation process
remains a black-box until actual tumors can be observed. Moreover, despite the obvious
advantage of modelling the disease at the organism level, animal studies are costly, relatively

low-throughput, raise ethical questions and are under constant pressure to being reduced?®.

For cancer as well, organoids present an interesting intermediate between animal models and
cell lines cultured in 2D. Two approaches allow to model cancer with organoids: deriving
organoids from existing tumors, or genetically engineering organoids with mutations leading to
tumor development3®¢. For the second approach, an alternative consists in isolating healthy
organoids from mice bearing inducible mutations such as Apc™";KrastSt-G120/*: Trp53%f (AKP),
and inducing the mutations in vitro. In both cases, compared to organoids derived from
established tumors, genetically engineered organoids present the advantage of allowing to
model oncogenic recombination, tumor initiation and evolution6. However, despite their higher
observability, organoids are also not a perfect model. They need to be passaged relatively
often due to the accumulation of shed dead cells, hence preventing their long-term monitoring.
Moreover, many organoids do not display obvious differences between healthy and mutated
tissue, and they do not form structures with pathophysiological resemblance to real tumors.
Some of these limitations can however be alleviated by the use of the colon-on-a-chip

introduced previously with cancer organoids.
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Different methods exist to control inducible mutations such as the ones carried by AKP
organoids/organoid-on-a-chip. The most common are based on chemically induced Cre
recombinase expression, or imply directly adding Cre protein to the culture medium. They
however present some drawbacks such as difficulties in removing the inducer and diffusion-
based transport, preventing precise time- and space-resolved activation®”. One alternative for
a more precise spatiotemporal control involves the use of optogenetic systems (i.e. genetically
encoded light-responsive tools®”). Several such systems are available and present different
characteristics in terms of gene expression (endogenous vs. exogenous), responding
wavelength, luminous intensity required for activation, induction level, rapidity of activation,
reversibility, need for an exogenous ligand, etc®3° Based on knowledge from previous
workHtbscher, Neumayer, Wernig 2017, unpublished - \ye focused on the system developed by Wang et al?'
and further used by Sokolik et al®? (Figure 3) due to its high induction of gene expression and

to the relatively low illumination intensity required for its activation compared to other
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Figure 3 Optogenetic system for gene expression developed by Wang et al?'. Blue light induces
homodimerization of a construct, allowing its binding to a specific sequence located upstream of a
minimal promoter. The construct acts as a transactivator and triggers expression of the downstream
gene. More specifically, the construct is based on the GAL4-UASG system from yeast. Gal4 was
modified to enable its binding to UASG only as a dimer, and fused to VVD, a protein that dimerizes in
the presence of blue light. Upon light induction, VVD dimerizes, triggering the dimerization of GAL4,
which binds to UASG. UASG is upstream of a minimal promoter and a transactivator (p65) has been
fused to the construct. Therefore, when Gal4 binds to UASG, the transactivator comes in close proximity
to the minimal promoter, which leads to the expression of the gene of interest (goi). Adapted from 3.

This system is composed of two different vectors, one containing a UASG sequence, a minimal
promoter and the gene of interest, and the other containing Gal4(65), VVD and p65 (so called
GAVPO). This optogenetic system being sensitive to ambient light?!, we previously modified it
to add another level of control by cloning the GAVPO part under the control of a doxycycline-
inducible promoter (TetQ)Htbscher, Neumayer, Wernig 2017, unpublished — For jnduction of oncogenic

recombination, we used the gene encoding Cre recombinase as gene of interest. This system
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thus can be applied to engineer organoids and organoid-on-a-chip at the cellular level to

respond to blue light.

In the work presented in Chapter |, we therefore aimed at combining inducible Apc™:Kras-St-
G120+ Trp53" (AKP) colorectal cancer organoids with 1) an optogenetic system to control
oncogenic recombination at the cellular level in space and time 2) a microfluidic chip with apical
side accessibility and allowing long-term observable culture. This model allowing for the first
time the formation of pathophysiologically relevant tumors in vitro in an observable setting, we
applied it to gain insights into tumor initiation and development. We additionally probed its
applicability to functional studies, more specifically by testing the effects of environmental
factors (such as bacterial metabolites, etc.) on tumor growth and its potential to predict the

efficacy of new tumor-suppressive drugs.
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For aim 2: To develop a new type of organoids, thymic epithelial organoids, with

preserved thymopoietic functionality ex vivo

Perhaps because its location does not give many indications about its role, it took until 1961
for the thymus to be identified as the site of T cell development*?. As T cells are an essential
cellular component of the adaptive immune system, thymic education of T cells plays a crucial
role in protecting us against pathogens, in preventing tumor development and in avoiding

autoimmune disorders.

At the gross anatomy level, the thymus is formed by two lobes, each divided into lobules. The
lobules are further organized into a cortical (outer) and a medullary (inner) regions*'.
Histologically, the internal structure of the thymus is an intricate tridimensional meshwork of
different microenvironments through which T cell progenitors undergo maturation by
interacting with thymic stromal cells*2. Among them, thymic epithelial cells (TECs) play the
major role in mediating T cell development (Figure 4). Based on their anatomical location and
on their molecular and functional characteristics, TECs are divided into cortical and medullary
lineages (cTECs and mTECs, respectively)*3. cTECs are responsible for the first part of T cell
development. They promote the homing of lymphoid progenitors into the thymus and commit
them to the T cell lineage. After commitment, progenitors undergo T cell receptor (TCR)
recombination, B-selection, a subsequent proliferation phase and recombination of the second
TCR chain. During that time, they receive proliferation and survival signals from cTECs. cTECs
then mediate the positive selection of developing T cells (so called thymocytes) expressing a
functional TCR which binds with the right affinity to peptides presented on the major
histocompatibility complex (MHC). After that, thymocytes migrate to the medulla, where
mTECs mediate their terminal differentiation, including negative selection, which is important
for the establishment of immunological self-tolerance and achieved through promiscuous
expression of tissue-restricted antigens (TRAs). T cells that passed all the thymic selection
processes fully mature and exit to the periphery to perform their function (as helper or cytotoxic
T cells). In addition to the development of classical ap-T cells described here, alternative T cell
lineages also arise in the thymus*45. These include yd T cells, innate natural killer T cells,
mucosal-associated invariant T cells, intraepithelial lymphocytes, H2-M3-restricted T cells,
CD1a, b or c-restricted T cells, MHC class Ib-restricted T cells and perhaps innate lymphoid

cells*s.
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Figure 4 Classical (af) T cell developmental stages (in mice) and the role of thymic epithelial cells.
Lymphoid progenitors entering the thymus are called thymus-settling progenitors (TSPs). The first
stages of T cell development take place in the cortex. Early T cell precursors (ETPs) and the subsequent
first stages of developing T cells do not express the CD4 and CD8 coreceptors (and thus are termed
double negative, DN). T lineage commitment happens by interacting with cTECs, which express Notch
ligands. After that, a first round of TCR recombination targeting the variable-diversity-joining (VDJ)
regions of the (-chain takes place. Thymocytes experiencing signaling through a TCR complex
containing TCRP are selected (B-selection) and undergo proliferation. Thymocytes then transiently
upregulate CD8, and become CD4 and CD8 double positive (DP). A second round of VJ recombination
targeting the TCR a-chain takes place at this stage. The fate of DP thymocytes is driven by their
interactions with cTECs, which have a specific machinery to process peptides and present self-antigens
on the MHC. If their TCR fails to interact with a peptide-MHC complex, thymocytes die by neglect. Too
strong activation of their TCR (mainly by binding to peptides presented on the MHC of dendritic cells)
can also lead to death through negative selection. Thymocytes bearing a TCR interacting with the right
affinity with peptide-MHC (I or Il) complexes are positively selected and directed to the CD8 or CD4
lineage, respectively. Positively selected thymocytes then migrate to the medulla and interact with
mTECs. Specialized mTECs have the unique capacity to express many genes from which the
expression is usually restricted to specific tissues. Thymocytes with strong TCR binding to self-antigens
presented on the MHC of mTECs or of dendritic cells are either negatively selected or redirected to the
regulatory T cell lineage, while thymocytes that escape negative selection can complete their
maturation*’. Modified from 4348,

T cells require thymic epithelial cells to mature, but the opposite is equally true, as signals from
thymocytes are also necessary for TEC development, differentiation (in particular of the
medulla) and maintenance®. In addition to this set of reciprocal interactions termed crosstalk,

both thymocytes and TECs interact with other thymic stromal cells such as thymic
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mesenchyme (cortical and medullary fibroblasts) and vasculature (endothelial cells and
pericytes). These non-epithelial stromal cells are increasingly recognized as playing an
important role in thymus organogenesis and T cell development®®. For instance, although the
role of fibroblasts for TEC differentiation and expansion during organogenesis as well as for
early T cell development were known for some time®'%2, their contribution to the induction of
self-tolerance was only discovered recently®. Finally, other immune cells including B cells,
natural Killer cells, macrophages, monocytes, and dendritic cells are also present in the

thymus®4.

Recent sequencing efforts broadened our understanding of the thymus cellular composition
and of the relationships between the different cell types®*%°. For TECs in particular, sequencing
helped identifying many subpopulations that could not be differentiated by classical flow
cytometry approaches (Figure 5)%45-61_ An alignment of the cell types between the different

studies and a nomenclature consensus are however currently still lacking in the field.

Historical view Givony et al. 2023
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Figure 5 TEC subtypes, historically and based on a scRNAseq dataset published in 2023. By flow
cytometry, TECs are isolated as EpCAM positive cells and divided into cTECs and mTECs based on
their expression of Ly51 and their reactivity to UEA1. Subdivision between high and low phenotypes is
based on MHCII and/or CD80/CD86 expression. Different studies involving scRNAseq permitted the
identification of a broader diversity of TECs, especially of mTECs, with some subtypes specifically
mimicking peripheral cell types within the thymus to induce self-tolerance. Modified from43.69,

Specific single-cell RNA sequencing (scRNAseq) studies have also focused on thymus and
TEC development®283, as well as on TEC deterioration in ageing®#®. The thymus indeed
undergoes large changes in cell type composition throughout the lifespan of an individual.
During embryonic development, thymus organogenesis (reviewed in 4166-68) occurs in the
pharyngeal region®. The thymic epithelial compartment is derived from the third pouch
endoderm, which separates into a thymus and a parathyroid domains. At around E11.25 in
mice, the thymic domain starts to express Foxn1, a transcription factor considered as master

regulator of the TEC lineage’. The third pharyngeal pouch is surrounded by neural crest cell-
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derived mesenchymal cells that will then both form the thymic capsule and colonize the thymic
epithelium, where they will become pericytes and medullary fibroblasts. Mesoderm-derived
endothelial cells later also surround the thymic rudiment, and migrate into the epithelium to
contribute to the vasculature®®7'.72, The entry of the first hematopoietic progenitors constituting
the first wave of thymopoiesis is independent of the vasculature, which is only established
around E15.5. After that, progenitors colonize the thymus from blood vessels located at the
cortico-medullary junction. Different transcription factor networks such as Eyal, Hoxa3,
Pax1/9, Six1/4 and Tbx1 and pathways families including Sonic hedgehog, Retinoic acid, BMP,
Wnt and Fibroblast growth factor (FGF) are implicated in thymus organogenesis*'-¢°. However,
despite many efforts and although Six7 and Foxn1 itself have been shown to regulate Foxn1

expression’3, how to precisely interfere with the TEC master regulator remains unknown.

During development, both c- and mTECs differentiate from a bipotent progenitor with cTEC
traits*®* and, as already mentioned, require crosstalk with thymocytes to complete their
maturation. cTEC differentiation and heterogeneity are only beginning to be understood*3.74.75,
However, cTECs subtypes are generally more similar to each other than in the case of mTECs,
as scRNAseq studies keep identifying new mTEC subtypes and maturation trajectories. It is
nonetheless admitted that Notch signaling promotes progenitor commitment to the mTEC
lineage’®’” and that the differentiation of MTECs expressing TRAs is mediated by receptor
activator of nuclear factor-kB (RANK) signaling*®78. Conversely, the existence and identity of
a bipotent progenitor in the adult thymus remains debated*37%-81  although recent scRNAseq
studies have tried to solve this question®38283_ In particular, whether the putative progenitor
can differentiate into functional TECs and why there seem to be an increase in cells with

progenitor-like characteristics in aged mice remain to be understood®483,

Changes in cell type composition later in life are linked to thymic involution, a process in which
the epithelial compartment is gradually replaced by adipose tissue and leading to a decrease
in thymus size and in naive T cell output®*-®’. In addition to ageing, acute injuries such as
radiation, chemotherapy, graft-versus-host disease, corticosteroids, sex hormones and
infections also affect the thymus®38. Since impaired thymic function increases the risk of
diseases, understanding and promoting thymic regeneration capabilities is of major interest.
Current strategies are often based on recapitulating endogenous regenerative pathways® and
imply IL79192 |L229%, 239394 |L33%, RANKL®%, BMP4%, VEGF® and FGF7 (KGF)%*. Sex
hormone inhibition'% and administration of growth hormone and ghrelin have also been shown

to boost thymic function®.

Alternative strategies to regenerate or enhance thymic function rely on in vitro systems
producing T cells and TECs. These systems are also important to model diverse aspects of

thymus biology and are complementary to animal models which, despite their importance,
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present ethical concerns and only partially recapitulate human immune system physiology'®'.
As highlighted again recently, thymus models should recreate the native features necessary
to support the development of mature T cells with a functional, diverse and self-tolerant
repertoire'®!. Since they are the main responsible for T cell maturation, TECs should be an
integral part of such models. However, TECs quickly lose Foxn1 expression and their
thymopoietic ability in vitro if cultured independently of a complex 3D environment and of other
cell types'®2. Therefore, the prevalent in vitro models remain fetal thymic organ cultures
(FTOCs)'031%4 or reaggregate fetal thymic organ cultures (RFTOCs)'%5.1%  approaches where
either the full thymic lobe is cultured, or it is dissociated and diverse thymic populations are

combined and cultured as aggregate.

Since the exact mechanisms involved in TEC functionality loss are not fully understood, diverse
alternative strategies have been developed to circumvent their use and engineer an in vitro
thymus (Figure 6). Some employ OP9 or MS5 cell lines modified to express Notch ligands, in
2D and 3D culture settings, and allow to recapitulate T cell development to a certain extent'’-
109 Instead of cells, other approaches use beads functionalized with Notch ligands™°.
However, in both cases, the absence of TECs prevents fully physiological T cell selection
processes. Other efforts focused on obtaining TECs from embryonic and induced pluripotent
stem cells''-""% or through direct reprogramming'?°, but these cells largely rely on in vivo
transplantation to reveal thymopoietic functionality. A recent study seems however to have
succeeded in generating thymic reaggregates comprising mesenchyme, TECs and T cell
progenitors all derived from pluripotent stem cells and capable of mediating T cell
development'?'. Other approaches capitalize on bioengineering to help preserve TEC
functionality'??. These include decellularized native ECM'?3-126 other ECM'27-12%/synthetic
hydrogel'3°-132 or inert scaffolds'33. However, here again the reconstituted thymi often need to
be grafted in vivo to be able to mediate T cell maturation. Matrigel, the main ECM used for
organoids, has also been applied to the thymus and was shown to support TEC colony
formation®0.134-136 However, these cultures still required feeder layers (a method used to
culture TECs in the long term inspired from keratinocyte cultures) and TEC functionality was

not demonstrated.
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Figure 6 Strategies to engineer a thymus. One research axis leverages cell engineering to differentiate
thymic epithelial progenitor cells (TEPCs) from pluripotent stem cells (PSCs) or via direct reprogramming
approaches. Scaffold-based systems can be used to culture TEPCs, hematopoietic stem and progenitor
cells (HSPCs) and mesenchymal stem cells (MSCs) in tissue-engineering approaches aiming at
reconstituting thymic function. Ligands important for T cell development can also be presented either by
cell lines or by functionalized substrates such as beads, plates, or scaffolds. Adapted from'?2,

In the work presented in Chapter Il, | aimed at creating a new thymus model overcoming some
of the aforementioned limitations. | leveraged the knowledge gained from other endoderm-
derived organoid culture methods and develop thymic epithelial organoids. | started with
embryonic TECs given their higher progenitor potential, and cultured them independently of
other cell types in a defined medium supplemented with growth factors previously highlighted
as important for TEC development and/or regeneration. In these conditions, | showed that the
3D structure provided by Matrigel was sufficient to maintain the functional ability of thymic
epithelial organoids to mediate thymopoiesis. To do so, | reaggregated thymic epithelial cells
cultured as organoids with T cell progenitors. | then compared T cell maturation processes
happening in vitro and in the native thymus and showed their similarity. Finally, | demonstrated
the ability of organoid-based thymic reaggregates to attract new T cell progenitors when

transplanted under the kidney capsule of mice.
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For aim 3: To leverage bioprinting for guiding organoid self-organization for the

generation of macroscale (multi)tissue constructs

(Partially contributed to a publication in Nature Review Methods Primers [2021]
https://doi.org/10.1038/s43586-021-0007 3-8)

Although organoids are already applicable to basic and translational research, one of the long-
term goals of the field is to generate transplantable tissue or organs. However, as previously

mentioned, current organoid models are limited in terms of size and cell type composition.

Typical tissue engineering strategies rely on scaffolds, hydrogels and bioprinting approaches
to generate larger tissue constructs and integrate multiple cell types. Bioprinting, “the use of
computer-aided transfer processes for patterning and assembling living and non-living
materials with a prescribed 2D or 3D organization in order to produce bioengineered
structures'¥-13°_in particular gained substantial interest in the past few years. It presents
several attractive features such as the possibility to print anatomical structures based on
imaging data and the advantage to improve the construction of heterogeneous tissue
structures with complex volume compared to other biofabrication techniques'®. Common
bioprinting strategies are categorized as (micro)extrusion, laser-assisted, inkjet-based, light-
based vat-polymerization and microfluidic bioprinting'%'4!. Among those, the most popular is
extrusion bioprinting, which relies on bioinks composed of cells and/or biomaterials mimicking
the extracellular matrix'#2. These bioinks are then loaded into a printhead and extruded
mechanically or pneumatically from a nozzle'°. However, classical application of extrusion
bioprinting to cells still suffers compromises in terms of viability, complexity and functionality

of the printed tissues™3.

Compared to trying to print high resolution tissue constructs, one interesting alternative
consists in leveraging the ability of cells, and in particular of stem cells, to self-organize in
presence of the correct environmental cues®'44. Despite the seemingly low initial resolution of
such printed constructs, their viability is indeed improved and overtime they approach the
architecture of native tissues. Among the first examples applying this strategy was the
bioprinting of multicellular spheroids. They were deposited onto/into different supports and
matrices'#5-1%0 with methods also applicable to organoids (Figure 7). The printed
spheroids/organoids thereafter fused into larger constructs, but these were highly variable, just
as standard organoids'®'. To overcome this issue, a solution consists in using a single cell
suspension as bioink'%21%3, for example of organoid-forming stem cells. This allows to print

highly reproducible tissues'.
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Figure 7 Bioprinting strategies using bioinks composed solely of cells. Left: printing of entire spheroids
or organoids. Right: printing of single cells that can be obtained from organoids, and that fuse into
homogeneous larger tissue constructs overtime. Adapted from3°

The formulation of such high-density cell-only bioinks is simplified compared to the use of
biomaterials were rheological, biological, chemical, and mechanical characteristics can be
tuned. However, the properties of the matrices where cells are deposited, and which act as
physical and chemical support, play an important role in the development of the tissues'5-1%8,
Moreover, the use of permissive matrices allows remodeling by the cells upon tissue growth.
Matrices with self-healing properties also permits to modulate morphogenesis in space and

time, for instance by depositing other cell types or signaling cues after the initial printing.

In the work presented in Chapter IIl, we combined a custom-built microscope-based extrusion
bioprinting setup with organoid-forming single cells and organoid-supporting permissive
matrices. This method was used to 1) generate reproducible centimeter-scale tissues, 2) add
supporting cells to the main tissue, and 3) sequentially print different cells to mimic tissue/organ
boundaries, here exemplified with the gastrointestinal tract. Thus, this novel bioprinting
approach allowed us to combine different cell types to generate more complex and larger
tissue constructs compared to standard organoids. We also demonstrated the physiological

relevance of the printed tissues by testing their response to different chemical stimuli.
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Abstract

Three-dimensional organoid culture technologies have revolutionized cancer research
by allowing more realistic and scalable reproductions of both tumor and
microenvironmental structures'3. This has enabled better modelling of low-complexity
cancer cell behaviors that occur over relatively short periods of time*. However,
available organoid systems do not capture the intricate evolutionary process of cancer
development in terms of tissue architecture, cell diversity, homeostasis, and lifespan.
Consequently, oncogenesis and tumor formation studies are not possible in vitro and
instead require the extensive use of animal models, which provide limited
spatiotemporal resolution of cellular dynamics and come at a heavy cost in resources
and animal lives. Here we developed topobiologically complex mini-colons able to
undergo tumorigenesis ex vivo by integrating microfabrication, optogenetic, and tissue
engineering approaches. With this system, tumorigenic transformation can be
spatiotemporally controlled by directing oncogenic activation through blue-light
exposure, and emergent colon tumors can be tracked in real-time with single-cell
resolution for several weeks without breaking the culture. These induced mini-colons
display rich intra- and inter-tumoral diversity and recapitulate key pathophysiological
hallmarks displayed by colorectal tumors in vivo. By fine-tuning cell-intrinsic
and -extrinsic parameters, mini-colons can be leveraged to unveil tumorigenic
determinants, including dietary patterns, microbiota-derived metabolites, and
pharmacological therapies. As a whole, our work paves the way for animal-free cancer

initiation research.
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Article

Cancer arises through the accumulation of genetic lesions that confer unrestrained cell growth
potential. Over the past 70 years, both two- (2D) and three-dimensional (3D) in vitro culture
models have been developed to make simplified, animal-free versions of cancers readily
available for research*. These models successfully portray and dissect a wide range of
relatively simple cancer cell behaviors, such as proliferation, motility, invasiveness, survival,
cell-cell and cell-stroma interactions, and drug responses, among others'?*. However,
modelling more complex processes that involve multiple cell (sub)types and tissue-level

organization remains a challenge, as is the case for cancer initiation.

The cellular transition from healthy to cancerous is an intricate evolutionary process that is still
largely obscure due to the insufficient topobiological complexity of the available in vitro cell
culture systems, which precludes de novo tumor generation and the establishment of
pathophysiologically relevant tumorigenic models®8. Even the current “gold standard”
organoid-based 3D models, which are often postulated as a bridge between in vitro and in
vivo'37, are too simplified for modeling cancer development ex vivo. This is mostly due to their
i) closed cystic structure instead of an in vivo-like apically open architecture?, ii) short lifespan
that requires breaking up the culture every few days for passaging®, iij) lack of topobiological
stability and consistency because of their stochastic growth in 3D matrices?®, and iv) inability to
generate hybrid tissues composed of healthy and cancer cells in a balanced and integrated
manner'®. Various “next generation” approaches such as bioprinting and microfabrication
technologies have been recently implemented to partially address some of these issues''?,
however, none have been able to fully recreate intra- and inter-tumor complexity.
Consequently, cancer research is still inevitably bound to animal experimentation, which
provides a pathophysiologically relevant setting, but forbids high-resolution and real-time
analyses of cellular dynamics during oncogenesis. In addition, these models are economically
and ethically costly. Therefore, while there is the widespread consensus that animal usage in
research should be reduced, replaced, and refined (the 3Rs'3), this commitment is severely

hindered by the insufficient physiological complexity displayed by classical in vitro systems.

Here, we postulated that a 3D system able to solve the existing limitations of in vitro cultures
could be engineered by leveraging scaffold-guided organoid morphogenesis and optogenetics.
Specifically, we developed miniature colon tissues where cells could j) be cultured for long
durations (several weeks) without the need for breaking the culture through passaging, ii)
reproduce the stem-differentiated cell patterning axis in a stable and anatomically relevant
topology, iii) be easily mutated and tracked in a spatiotemporally controlled manner, and iv)

create a biomechanically dynamic system that allows for tumor emergence while preserving
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the integrity of the surrounding healthy tissue. These features permit the development of
biologically-complex tumors ex vivo, bridging the gap between in vitro and in vivo models by
providing a high-resolution animal-free system able to dissect the molecular factors

orchestrating cancer initiation.

Spatiotemporally regulated de novo tumorigenesis in mini-colons

We focused on colorectal cancer (CRC) since it is one of the most prominent cancer types
worldwide and its malignant transformation can be readily engineered genetically''5. To first
achieve spatiotemporal control of oncogenic DNA recombination, we developed a doxycycline-
sensitive blue—light-regulated Cre system (referred to as “OptoCre”), which we then introduced
into inducible Apc™;Kras-St-G120*: Trp53"" (“AKP”) healthy colon organoids (Fig. S1a-c). A
fluorescent Cre reporter was also incorporated to track cells that have undergone oncogenic
recombination (Fig. S1b,c). We initially tested the system in conventional organoid cultures,
where OptoCre efficiently induced recombination in the presence of blue light and doxycycline
(Fig. S1d,e). Dosage optimization prevented unwanted activation by coupling high efficiency
with low leakiness (~1.6%) (Fig. S1d,e). To confirm successful oncogenic transformation, we
removed growth factors (EGF, Noggin, R-spondin, Wnt3a) from the organoid medium and
observed that only cells with an activated OptoCre were able to grow, a well-known hallmark
of mutated AKP colon organoids’® (Fig. S1f). The presence of the expected mutations in the
Apc, Kras and Trpb3 loci was confirmed by PCR and exome sequencing (see below, Fig.
S2g,h).

Based on previous evidence that small intestine cells can form stable tube-shaped epithelia
through scaffold-guided organoid morphogenesis in microfluidic devices®, we next aimed at
establishing a “mini-colon” constituted by OptoCre-AKP cells. By seeding colon cell
suspensions in hydrogel-patterned microfluidic devices, we generated single-layered colonic
epithelia spatially arranged into crypt- and lumen-like domains (Fig. S2a). This spatial
arrangement recapitulated the spatial distribution found in vivo, with stem and progenitor
(Sox9*) cells located at the bottom of the crypt domains and more differentiated colonocytes
(Fabp1*) located in the upper crypt and lumen areas (Fig. S2b)'"'8. Unlike conventional colon
organoids, the lumen of these mini-colons was readily perfusable with fresh medium, allowing
the removal of cell debris and extending their lifespan to several weeks without the need for

passaging or tissue disruption (Fig. S2a).

Once the healthy mini-colon system was established, we explored its potential to capture tumor
biology by inducing oncogenic recombination through blue-light illumination (Fig. 1a). To mimic

the scenario found in vivo, we fine-tuned OptoCre activation to mutate only a small number of
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cells (<0.5% of the total population). Because of the stability and defined topology of the mini-
colon, we easily detected the acquisition of AKP mutations at the single-cell level (GFP* cells)
and tracked their evolution over time (Fig. S2c,d). This revealed that cell death is one of the
earliest responses to oncogenic recombination, as around ~60% of the mutated colon cells
underwent apoptosis in the following 48 hours (Supplementary Video 1). This response is a
well-described “fail-safe” mechanism that protects healthy epithelia from tumor development'®,
thus showing that homeostatic responses are preserved in the mini-colon. Nevertheless, some
mutated cells escaped apoptosis and, after a quiescent period (24—72 hours), started dividing
at an accelerated pace (Fig. S2d). In conventional organoid cultures, these fast-proliferating
mutated cells did not lead to any overt cellular rearrangements (Fig. 1b), whereas in the mini-
colon system they developed neoplastic structures over 5-10 days (Fig. 1b). Furthermore,
these mini-colon neoplasias evolved from polyp-like to full-blown tumors, recapitulating in vivo
tumor development (Fig. 1b,c, Supplementary Videos 2,3). Histopathological analyses
revealed that mini-colon tumors were not formed by the stochastic aggregation of
undifferentiated cells, but rather displayed the histological organization characteristic of tubular
adenomas (Fig. S2e). More importantly, immunostaining showed that these tumors stemmed
from CD44"id" cells — a bona fide marker for cancer stem cells in vivo?° — at the base of the
epithelium (Figs. 1d, S2f; Supplementary Video 4). Additionally, the bulk of the tumors was
composed of cells with different degrees of differentiation, as revealed by the down- and
upregulation of CD44 and Fabp1, respectively (Fig. 1d, Supplementary Video 5). This indicated
the existence of intratumor heterogeneity in the mini-colon, further resembling the in vivo

scenario?!.

We confirmed through PCR and exome sequencing that tumor development in the mini-colon
was directly associated with the expected mutations in Apc, Kras, and Trp53 loci (Fig. S2g,h).
In line with this, using an organoid line with reduced mutational burden (Apc™;Krast-S--G12D/+)
produced longer latencies in tumor development (Fig. 1e), demonstrating that mini-colon
tumorigenesis can be modulated by the number of oncogenic driver mutations. Collectively,
these data show that the mini-colon system allows spatiotemporally controlled in vitro

modelling of CRC tumorigenesis with an unprecedented degree of topobiological complexity.
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Figure 1 Spatiotemporally regulated de novo tumorigenesis in mini-colons. a, Schematic of the
experimental workflow followed to induce tumorigenesis in mini-colons. b, Brightfield and fluorescence
images of time-course tumorigenesis experiments in conventional organoids and mini-colons.
Fluorescence signal indicates oncogenic recombination. Scale bars, 200 ym (organoids) and 75 um
(mini-colons). ¢, Brightfield and fluorescence close-up images of a mini-colon tumor. Red and green
signals correspond to healthy and mutated cells, respectively. Scale bar, 25 ym. d, Immunofluorescence
images of a mini-colon tumor showing the presence of CD44 (top, magenta), Fabp1 (top, red), and
nuclei (bottom). Scale bar, 35 ym. e, Multiplicity of tumors emerged in mini-colons of the indicated
genotypes upon light-mediated oncogenic induction. P < 0.0001 (two-way ANOVA and Sidak's multiple
comparisons test; n = 5, 3, and 10 for control, light-induced AK, and light-induced AKP mini-colons,
respectively). Data represent mean + SEM. ISC, intestinal stem cell; TA, transit-amplifying cell; CC,
colonocyte.
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Mini-colons display context-dependent tumorigenic plasticity

Careful examination of induced mini-colons revealed consistent morphological differences
among tumors according to their initiation site, with prominent dense or cystic internal
structures arising from the crypt and the luminal epithelium, respectively (see below, Fig. 2b,
top panel). Since mini-colons comprise different types of cells along the crypt-lumen axis (Fig.
S2b), we leveraged the spatial resolution provided by OptoCre to investigate whether the
initiating cell niche conditioned the morphological and functional features of nascent tumors.
To spatially control AKP mutagenesis, we coupled the mini-colon to a photomask restricting
blue-light exposure to specific regions of the colonic epithelium (Fig. 2a), which provided low
off-target recombination rates (~8.5%) (Figs. 2b,c, S3a). Here again, dense and cystic tumors
developed when crypt and lumen epithelia, respectively, were mutationally targeted by blue
light (Fig. 2b). To confirm this was associated with the differentiation status of the tumor-
initiating cell, we cultured mini-colons in either low- or high-differentiation medium before
oncogenic induction to shift the proportions of (un)differentiated cells. Low-differentiation
conditions produced mini-colons with thicker epithelia, early tumor development, and a
reduced fraction of cystic tumors (Fig. 2d, Fig. S3b,c). Conversely, high-differentiation
conditions produced mini-colons with thinner epithelia, delayed tumor formation, and increased
cystic tumor frequency (Fig. 2d, Fig. S3b,c). These results indicate that the different

environments of the mini-colon can shape tumor fate.

To evaluate the functional repercussions of the tumor-initiating niche, we isolated cancer cells
from mini-colons enriched in either crypt- or lumen-derived tumors and established organoid
cell lines (termed “mini-colon AKP”) (Fig. 2e). As a control, we generated AKP mutant
organoids by shining blue light on inducible organoids and kept these mutants in parallel with
their mini-colon equivalents, doing the required passages upon confluency (termed “organoid
AKP”) (Fig. 2e). We also established organoid cultures from AKP colon tumors extracted from
tamoxifen-treated Cdx2-CreERT2 AKP mice (termed “in vivo AKP”) (Fig. 2e). Notably, unlike
in mini-colons, none of these three types of mutant AKP lines were morphological
distinguishable from healthy non-mutated cells when cultured as organoids (Figs. 1b and S3d).
When we cultured these organoids in basal medium depleted of growth factors (BM, see
Methods), both “in vivo” and crypt tumor-derived “mini-colon AKP” organoids preserved their
proliferative potential (Fig. 2f,g). Conversely, “organoid” and lumen tumor-enriched “mini-colon
AKP” lines displayed significantly reduced proliferation rates (Fig. 2f,g). This was not due to
intrinsic cycling defects in any of the organoid lines tested, as these differences were not
observed in standard cancer organoid medium (BMGF, see Methods) (Fig. S3e). As expected,
healthy organoids did not grow in any of these conditions (Figs. 2f,g, S3e). Collectively, these

results show that there are context-dependent factors aside from the founding AKP mutations
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that condition the growth potential of AKP cells. They also indicate that the cells derived from
mini-colon crypt tumors recapitulate the behavior of in vivo CRC cells more faithfully than

conventional organoids.

To investigate the molecular programs underpinning these observations, we profiled the
transcriptome of the different AKP lines by RNA sequencing. We first characterized the
differences between the two AKP lines derived from conventional systems, “in vivo” and
“organoid AKP” cells, which also had the biggest disparity in growth potential (Fig. 2g). Similarly
to our previous experiments, “in vivo AKP” cells upregulated many genes involved in canonical
cancer pathways and the promotion of cell growth (Fig. S3f,g). Conversely, these cells
downregulated genes associated with cell differentiation, patterning, and transcription
regulation (Fig. S3f,g). To evaluate whether “mini-colon AKP” cells recapitulated this “in vivo
AKP” transcriptional signature, we performed single-sample GSEA across all cell lines. Here,
most “mini-colon AKP” lines outscored their “organoid AKP” counterparts, especially those
derived from crypt tumors (Fig. S3h). To investigate the transcriptional divergence between
crypt- and lumen-enriched “mini-colon AKP” cells, we compared the lines with the highest (#v,
crypt-enriched) and lowest (#i, lumen-enriched) “in vivo AKP” signature score (Fig. S3h).
These analyses revealed that crypt-derived “mini-colon AKP” cells upregulated genes involved
in Wnt signaling, stem cell pluripotency, lipid metabolism, and other pathways involved in
cancer (Fig. S3i). These findings are well aligned with the growth potential of these cells upon
growth factor deprivation (Fig. 2g). Taken together, these data indicate that the mini-colon is a
plastic system where context-dependent factors can drive different functional features in CRC

cells.
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Figure 2 Mini-colons display context-dependent tumorigenic plasticity. a, Schematic of the
experimental workflow followed to spatiotemporally target tumorigenesis in mini-colons. b, Brightfield
images of mini-colons that have undergone untargeted (top), crypt-targeted (middle), and lumen-
targeted (bottom) tumorigenesis. Targeted areas are delimited with a dashed blue line. Black and white
arrowheads indicate tumors with compact and cystic morphologies, respectively. Scale bar, 75 um. ¢,
Oncogenic recombination efficiency in targeted and off-target areas in mini-colons. ***P < 0.001 (two-
tailed t-test; n = 6 per condition). Each point represents one mini-colon. d, Brightfield images of induced
mini-colons cultured in low- (top, WENRN:I) and high-differentiation (bottom, ENR) conditions. Black and
white arrowheads indicate tumors with compact and cystic morphologies, respectively. Scale bar, 75
um. e, Schematic of the different colon organoid lines generated in this work. f, Brightfield images of the
indicated colon organoid lines cultured for 2 days in basal medium. Scale bar, 200 ym. g, Metabolic
activity (measured using resazurin) of the indicated colon organoid lines cultured in basal medium for
the indicated time. Numeric labeling (1-8) is used to facilitate cell line identification. ***P < 0.001 (two-
way ANOVA and Sidak's multiple comparisons test; n = 3 for each line). In ¢ and g, data represent mean
+ SEM.
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Mini-colons support intra- and inter-tumor heterogeneity

We hypothesized that the diversity observed in tumor morphology and growth potential
reflected clonally and molecularly distinct tumor types formed within the mini-colon. To validate
this idea, we performed single-cell transcriptomic profiling of tumor-bearing mini-colons
incorporating a genetic cell barcoding system?? to preserve clonal information (Fig. 3a). Based
on bona fide transcriptional markers, mini-colons comprised eight major cell types that were
segregated into undifferentiated, absorptive, and secretory lineages (Fig. 3b). Undifferentiated
(Krt207) cells included stem (Lgr5*), actively proliferating (Mki67*), and progenitor (Sox9*,
Cd44*) cells (Figs. 3b,c, S4a). Mature (Krt20*) absorptive colonocytes constituted the largest
fraction of the mini-colon, and included bottom, middle, and top colonocytes based on zonation
markers?® (Aldob, Iqgap2, Clca4a, etc.) (Figs. 3b,c, S4a). Mucus-producing goblet cells
(Muc2*) and hormone-releasing enteroendocrine cells (Neurod1*) constituted the secretory
compartment (Figs. 3b,c, S4a). Collectively, this diverse in vivo-like cell composition indicates

that mini-colons provide a physiologically relevant context for conducting oncogenesis studies.

To unveil the clonal identities across the mini-colon, we compared the genetic barcodes among
cells and detected 83 clonal populations. We then discarded small (<5 cells) clones and
identified cells containing reads corresponding to the mutated versions of Apc and Trp53 (Fig.
S4b,c). These bona fide tumor cells distinguished tumor clonal populations (18 classified) from
healthy counterparts (16 classified) (see Methods for details) (Fig. S4d). On average, healthy
clonal populations consisted of ~18% undifferentiated cells, which gave rise to the remaining
~82% of absorptive colonocytes and secretory cells (Fig. 3d,e). Conversely, mini-colon tumors
were mostly formed by undifferentiated cells (~92%), with sparsely present colonocytes and
secretory cells (Fig. 3d,e). Tumor cells also formed larger clonal populations than healthy
counterparts (Fig. 3f). These cell proportions are well aligned with the ones commonly

observed in vivo?425,

Analyses of the internal structure of single clonal tumors showed that they comprised a non-
homogeneous collection of cells with different proliferation, differentiation, and stemness
markers (Fig. S5a). Such intra-tumor heterogeneity reflects the complexity of mini-colon
tumors, in line with our immunostaining data (Fig. 1d). To investigate the mechanisms
orchestrating cancer stemness and tumor development, we analyzed the transcriptional
differences between differentiated (Krt20*, Apoc2*, Fabp2*) and stem (Lgr5*, Cd44*, Sox9*)
cancer cells within tumors. We found that Gpx2, a glutathione peroxidase recently linked to
CRC malignant transformation?*, strongly correlates with the stemness potential of mini-colon

cancer cells (Fig. 3g).

To explore whether mini-colons could produce different types of tumors, we then compared

the transcriptional profiles of the different tumor clones. Even though all tumor-initiating cells
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carried the same founding AKP mutations and shared many molecular features, we found clear
diversity across mini-colon tumors (Fig. S5b). For instance, the expression of the interleukin
II1a and leukocyte peptidase inhibitor Sipi revealed the presence of tumors with an
inflammatory-like profile (Figs. 3h,i, S5¢). Cdkn2a (coding for tumor suppressors p14 and p16)
and Prdm16 were exclusively expressed by actively proliferating tumors able to escape the
cell cycle arrest mediated by these genes (Figs. 3h,i, S5c). Agp5, an aquaporin inductor of
gastric and colon carcinogenesis?®, marked specific tumors able to produce the oncogenesis-
promoting fibroblast growth factor Fgf13 (Fig. S5b,c). Together with other markers (Fig. S5b,c),
these data indicate that a variety of tumor subtypes can be generated in the mini-colon,
arguably due to tumor niche-intrinsic and/or environmental factors. This likely accounts for the
observed differences among “mini-colon AKP” cell lines (Figs. 2g, S3h,i), since they show
uneven enrichments in signatures from different types of tumors (Fig. S5d). Collectively, these
findings demonstrate that the mini-colon is a complex cellular ecosystem that recreates both

healthy and cancer cell diversity.
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Figure 3 Mini-colons support intra- and inter-tumor heterogeneity. a, Schematic of the experimental
workflow followed for single-cell and lineage tracing analysis of mini-colons. b, Unsupervised UMAP
clustering of the main cell types in mini-colons 7 days after tumorigenic induction. ¢, Expression of
representative cell-type specific markers in the different cell populations comprising mini-colons. d,
Unsupervised clustering (UMAP) of healthy (top) and tumor (bottom) clonal populations in mini-colons.
The cell type (left, legend as panel b) and clonal identity (right) are indicated. e, Relative cell-type
abundance in healthy and tumor mini-colon clonal populations. Data represent mean + SEM. n =16 and
18 for healthy and tumor clones, respectively. f, Healthy and tumor mini-colon clonal population sizes.
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**P < 0.01 (two-tailed Mann Whitney test; n = 16 and 18 for healthy and tumor clones, respectively).
Boxes indicate the median and the first and third quartiles. Each point represents one clonal population.
g, Correlation between Gpx2 expression and cancer stem cell transcriptional signature enrichment
(CD44, Lgr5, Sox9). P < 107° (Pearson correlation coefficient test; n = 540). Each point represents one
cell. h, UMAP plot showing the distribution of cells belonging to different types of tumors. i, Expression
of the indicated genes in the indicated tumor clones. ***P < 0.001 (Wilcoxon rank-sum test; n = 540).
Each point represents one cell. CSC, cancer stem cell; ES, enrichment score.

Mini-colons allow physiologically relevant screening of tumorigenic factors

The longevity, experimental flexibility, and tumor formation dynamics of mini-colons provides
an unparalleled in vitro setup for conducting tumorigenesis assays. We thus next used mini-
colons as screening tools for identifying molecules with a prominent role in tumor development.
Since our scRNAseq analyses revealed Gpx2 overexpression in cancer stem cells (Fig. 3g),
we validated its functional relevance by adding the glutathione peroxidase inhibitor tiopronin?’
to the basal medium reservoirs of mini-colons right after blue—light-induced AKP mutagenesis
(Fig. 4a). Basal application of the drug provides ubiquitous exposure on the mini-colon
basolateral domain, mimicking a systemic therapy model (Fig. 4a). By the time control mini-
colons developed full-blown tumors, tiopronin-treated counterparts were largely tumor-free
with a healthy colonic epithelium (Fig. 4b,c). Together with reduced tumor development
kinetics, tiopronin also decreased tumor burden in the longer term (Fig. 4c). These experiments
suggest that Gpx2 activity is exploited by cancer stem cells to drive tumor initiation, shedding
light on some questions concerning this protein recently raised by a large-scale single-cell
RNA-Seq characterization of human CRC tumors?4. Importantly, mini-colons were instrumental
for this finding, since conventional organoid cultures could not reveal differences in tumor-

forming capabilities, only in proliferation rates (Fig. S6a).

Colon tumorigenesis in vivo is heavily modulated by a myriad of environmental molecules,
such as the metabolites produced by colon-residing microbiota??, that continuously contact the
luminal side of colonocytes. The impact of these molecules cannot be faithfully evaluated in
conventional organoid cultures, as their lumen is not accessible. Since mini-colons address
this limitation, we validated whether they could model the role of bacterial metabolites whose
tumorigenic function has been corroborated in vivo. To that end, we administered specific
metabolites exclusively in the luminal side of healthy mini-colons and, after a conditioning
period of 2 days, induced oncogenic recombination (Fig. 4d). When luminally exposed to
deoxycholic acid, a bona fide tumor-promoting metabolite?®2°, mini-colons developed tumors
with fast kinetics and high multiplicity (Fig. 4e,f). Conversely, both tumor-suppressive
butyrate?®30 and B-hydroxybutyrate?' slowed tumor development and reduced multiplicity (Fig.

4e,f). These results demonstrate that mini-colons faithfully recapitulate the in vivo
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pathophysiological responses to bacterial metabolites, whereas conventional organoid

cultures did not provide informative data on the tumorigenic relevance (Fig. 4e).

Dietary components also constitute a relevant source of luminal factors conditioning colon
tumorigenesis®. Therefore, we performed analogous experiments modeling diets with different
caloric contents (Fig. 4d). These revealed that calorie restriction in the luminal space effectively
reduced tumor burden when compared to calorie-enriched medium (Figs. 4g, S6b), in line with
in vivo evidence?®:. To show the relevance of luminal accessibility, we placed the same amount
of dietary medium in the basal medium reservoirs instead of the luminal space (Fig. S6¢). Here,
no differences were observed between the two dietary patterns (Fig. S6d,e), thus indicating
that an accessible lumen — a forbidden feature in conventional organoids — is decisive for the
physiologically relevant modelling of colon biology. Collectively, these findings demonstrate
that the mini-colon is a versatile tool that allows faithful in vitro recapitulation of CRC

tumorigenesis and its environmental determinants.
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Figure 4 Mini-colons allow physiologically relevant screening of tumorigenic factors. a,
Schematic of the experimental workflow followed for systemic therapy modeling in mini-colons. b,
Brightfield images of mini-colons treated with vehicle (left) or tiopronin (right) after tumorigenic
recombination. Images correspond to 6 days after induction. Scale bar, 75 um. ¢, Multiplicity of tumors
emerged in mini-colons treated with the indicated compound upon oncogenic induction. ***P < 0.001
(two-way ANOVA and Sidak’s multiple comparisons test; n = 6 for each condition). d, Schematic of the
experimental workflow followed for microbiota and dietary pattern modeling in mini-colons. e, Brightfield
images of mini-colons (left) and conventional organoids (right) treated with the indicated microbiota-
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derived metabolites. Images correspond to 7 days after tumorigenic induction. Scale bars, 75 pym (mini-
colons), 200 ym (organoids). f, Multiplicity of tumors emerged in mini-colons treated with the indicated
microbiota-derived metabolites. *P < 0.05, ***P < 0.001 (two-way ANOVA and Sidak’s multiple
comparisons test; n = 4, 3, and 3 for deoxycholate, butyrate, and p-hydroxybutyrate, respectively). g,
Multiplicity of tumors emerged in mini-colons treated with the indicated dietary patterns. ***P < 0.001
(two-way ANOVA and Sidak’s multiple comparisons test; n = 4 and 3 for calorie-restricted and -enriched
diets, respectively). In ¢, f and g, data represent mean + SEM. BL, blue light.
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Here we show that the mini-colon model shifts the paradigm of cancer initiation research,
allowing ex vivo tumorigenesis with unparalleled pathophysiological intricacy. Coupled with
spatiotemporal control of oncogenesis, real-time single cell resolution, and broad experimental
flexibility, this system opens new perspectives for animal-free screening of cellular and
molecular determinants of cancer development. Supporting this, mini-colons faithfully reflect
in vivo-like responses to microbiota-derived metabolites, whereas conventional organoids
provide much coarser data3'. Likewise, our model can help predict the efficacy of tumor-
suppressive drugs not yet validated in vivo, as illustrated by the finding that glutathione
peroxidase inhibition abrogates tumor development, in line with existing evidence on the
implication of Gpx2 in CRC?*3*. Importantly, mini-colon complexity can be readily enhanced
by including stromal and immune cells in the surrounding biomimetic extracellular matrix.
Current lines of work have also proved that this model can be applied to patient-derived
colorectal cancer specimens. Lastly, we anticipate that by adapting its biomechanical
properties, topology, and culture conditions, it will be possible to expand the system to other
prominent epithelial cancer types, such as lung, breast, or prostate, bringing a groundbreaking

experimental resource to multiple fields.
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