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ABSTRACT

We are entering an era of medicine where increasingly
sophisticated data will be obtained from patients to
determine proper diagnosis, predict outcomes and
direct therapies. We predict that the most valuable data
will be produced by systems that are highly dynamic in
both time and space. Three-dimensional (3D) organoids
are poised to be such a highly valuable system for

a variety of gastrointestinal (Gl) diseases. In the lab,
organoids have emerged as powerful systems to model
molecular and cellular processes orchestrating natural
and pathophysiological human tissue formation in
remarkable detail. Preclinical studies have impressively
demonstrated that these organs-in-a-dish can be used to
model immunological, neoplastic, metabolic or infectious
Gl disorders by taking advantage of patient-derived
material. Technological breakthroughs now allow to
study cellular communication and molecular mechanisms
of interorgan cross-talk in health and disease including
communication along for example, the gut-brain

axis or gut-liver axis. Despite considerable success in
culturing classical 3D organoids from various parts of
the Gl tract, some challenges remain to develop these
systems to best help patients. Novel platforms such

as organ-on-a-chip, engineered biomimetic systems
including engineered organoids, micromanufacturing,
bioprinting and enhanced rigour and reproducibility
will open improved avenues for tissue engineering, as
well as regenerative and personalised medicine. This
review will highlight some of the established methods
and also some exciting novel perspectives on organoids
in the fields of gastroenterology. At present, this field

is poised to move forward and impact many currently
intractable Gl diseases in the form of novel diagnostics
and therapeutics.

INTRODUCTION

Organ cell cultures, also referred as organoids, are
a powerful experimental system that have enabled
important contributions to numerous disciplines of
basic biology and led to many medical applications
(figure 1). Examples abound in nearly every organ
system including the central/enteric nervous systems,
as well as respiratory, sensory, endocrine and repro-
ductive systems.'™ Researchers in these areas have
tailored experimental settings to use these organ-
oids to model numerous aspects of organ physiology
including cell-to-cell communication, host-microbe
interaction and interorgan cross-talk. Stemming
from these basic research questions, organoids have
been used to model human pathologies including
aspects of inflammatory, infectious, metabolic and

12 Beate Winner,>** Markus F Neurath @ "2

neoplastic diseases. These insights have opened new
avenues in regenerative and personalised medicine.
While the main area of today’s organoid technology
is mainly based on initial landmark publications in
the early 2000, the idea of stem-cell based organ
cultures is not new and goes back to the 1970/1980
(box 1).

Organoid technology in nearly all fields of gastro-
enterology has shown substantial growth over the
past decade. An increasing number of organoid
culture methods have been developed, including
protocols to culture human and murine adult stem
cells (ASCs) as well as human pluripotent stem cells
(PSC). Both of these systems can produce intestinal
organoids resembling the oesophagus, stomach or
small and large intestine (figure 2). Further modi-
fications of the established luminal organ protocols
enabled the expansion of organoid development
to include components of the hepato-pancreato-
biliary system: the liver (separated into organoids
containing hepatocytes or biliary epithelial cells),”®
gallbladder’” and pancreas.’” "' A common theme
across all these tissues is that ASCs are composed
only of epithelial cells and represent the tissue from
which they were isolated and PSCs are composed
of mixtures of epithelial and mesenchymal cells
(MSCs) and are manipulated experimentally to
undergo development and differentiation to mimic
a particular area of the GI tract.

In 2017, organoids were thus named ‘Method
of the year’ by Nature (Organoids. Nat Methods
2017), demonstrating their enormous potential
across all disciplines. Today, 3D organ cultures
represent a central experimental tool among clini-
cians as well as medical scientists in the field of GI
research, with the number of publications including
organoids constantly increasing. In this review, we
discuss GI organoids from experimental models
to clinical translation with potential applications
including state-of-the-art and current advances in
the field, such as novel complex culture systems,
and finally evaluate current challenges that have to
be overcome.

Gl organoids: a collection of different mucosal
epithelial cell cluster

ASCs are the initial source for all primary GI
organoid cultures. These stem cells are tissue resi-
dent and retain features of their site of origin in the
GI tract as well as any genetic or epigenetic muta-
tions that occur during their residence in the host.
These stem cells can be isolated from hosts of any
age including foetal stem cells.'”™"* In contrast PSCs
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Figure 1
resemble components of a complex tissue or organ.

are either of embryonic origin (embryonic stem cell (ESC)) or are
reprogrammed somatic cells to induce PSCs (iPSCs) (figure 3).
To produce organoids from PSCs, developmental programmes
of choice must be induced that in time will be permissive for
differentiation into tissue-specific organoids. ASCs and PSCs,
both display advantages and disadvantages depending on the
scientific question as well as their preclinical/clinical application
range. Beyond all doubt, the rapid rate and the genetic as well
as epigenetic stability reflect the major advantages of ASC, their
susceptibility to genetic manipulation, cellular composition and
availability for organs without direct access to ASCs clearly high-
light the benefits of PSC (box 2). Key limitations include the lack
of cellular components of the microenvironment particularly in
ASC-derived organoids, their heterogeneity driven by various
protocols particularly for differentiation of PSC. Accordingly,
researchers should consider this before starting to work with
organoids.

In the GI tract, epithelial ASCs are multipotent cells, modified
during development to continuously and perpetually produce
differentiated cells needed for the function of a particular loca-
tion of the gut. The stem cells are a mixed population of active
(ie, proliferative) and less-active cells that are interdependent
and can interconvert.”> These stem cells are housed in special-
ised locations: at the base of intestinal crypts, the middle portion
of gastric glands and in as yet undefined locations of the biliary
tract as examples.'®™ Depending on the tissue origin and modi-
fications of the defined culture medium, ASCs are capable of
differentiating into both two-dimensional (2D) and 3D struc-
tures that contain polarised, specialised epithelial cell types
highly similar to their counterparts from the tissue of isolation.
Initial high-resolution single-cell transcriptomics of mouse intes-
tinal organoids supported the claim that organoids reflect the in
vivo epithelium and include less abundant cell populations such
as enteroendocrine cells.”’* Early studies using patient-derived
organoids showed evidence of retention of their epithelial char-
acteristics in vivo and these features appear to be stable over
time.”**** A more recent study supported this by demonstrating
regional differences in the human biliary epithelium comparing
intrahepatic, gallbladder, common bile duct, pancreatic duct
sources; these regional differences were maintained in corre-
sponding in vitro-derived organoids.?® This feature is similar to
ASC-derived organoids along the intestine.”” Moreover, ASC-
derived organoids can preserve epigenetic modifications asso-
ciated with exposure to inflammation in vitro. Several studies
have demonstrated that organoids established from the inflamed
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Organoids

Organoids, assembly of single cells. The term organoid generally applies to three-dimensional cellular cultures derived from stem cells that

mucosal tissue of patients with IBD preserved differences in
gene expression and DNA methylation patterns compared
with organoids isolated from non-IBD subjects.”*=° Moreover
genome-wide DNA methylation profiling of intestinal epithelial
organoids derived either from foetal, paediatric or adult small
and large bowel showed stable gut segment-specific profiles
that closely mimicked the profiles from the corresponding
primary gut epithelial source.”’ In a similar fashion, promoter
hyper-methylation patterns were observed in gastric intestinal
metaplasia organoids similar to those observed in vivo.** Going
forward, these organoid systems will allow for functionally
testing such genetic/epigenetic patterns and their impact on
biology. In addition the use of intrapatient control organoids
will be a powerful method to develop personalised medicine
approaches for a variety of diseases.

Pluripotent stem cells (PSCs) include two different types,
ESCs and iPSCs. Both are characterised by their plasticity and
by their ability to self-renew. In general, PSC-derived organoid
models require a complex, time-consuming and highly specific
stepwise developmental protocol which starts with a guided
differentiation towards endoderm. This is followed by the
differentiation towards foregut, midgut or hindgut endoderm,
which can be further instructed towards defined tissues and
organs depending on the addition of permissive growth factors.
The addition of defined mitogens, morphogens and cytokines
at a precise dose and time point is absolutely crucial, not only
to successfully generate 3D structures but also to strongly influ-
ence tissue specificity of the developing organoids®*~*’. Human
PSCs are particularly interesting for modelling liver diseases
that involve hepatocytes as well as MSCs. For example, Ouchi
et al developed a reproducible method to generate multicellular
human liver organoids including hepatocyte-like cells, Kupffer-
like cells and stellate-like cells.** These organoids were able to
recapitulate progressive features of steatohepatitis, including
steatosis, inflammation and fibrosis.* Similarly patient-derived
iPSCs cultures on a microwell chip successfully differentiated
into the pancreatic ductal compartment including several mature
duct-like cell populations and a few non-ductal cell types.*' This
potential of PSCs to differentiate towards all lineages within a
tissue is a major advantage of this system. However there remain
challenges with PSC-derived organoids. They possess a limited
application for clinical use due to genomic instability caused by
the exposure of factors that induce reprogramming as well as
a rather premature phenotype. However, despite this, a recent
study identified that iPSC-derived human intestinal organoids
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Box 1

History of stem cell cultures and organoids

Preclinical model systems such as immortalised cell lines
and animal models have strongly contributed to improve
our understanding of cellular signalling pathways and to
identify novel therapeutic targets for pathologies including
Gl inflammation, infection and cancer. However, mouse
models, despite the genetic similarity to humans, display some
restrictions such as their failure to accurately mimic various
aspects of human disease phenotypes. Cell lines have often
been transformed or genetically immortalised. Thus they fail
to reflect for example important epithelial functions, such
as polarisation, barrier formation and cell differentiation.
However, beside these disadvantages, previous experimental
work on organ development and physiology has opened new
avenues for the evolution of more physiological and reliable
preclinical in vitro systems. Accordingly, research on stem cell
biology has uncovered improved methods on how to control
stemness, including processes that determine self-renewal and
differentiation along defined tissue lineages. Supported by this
work, scientific achievements from the field of regenerative
medicine have provided an understanding on how tissue
damage can be repaired by dissociated stem cells that
differentiate into one or more of the required mature cell types
within the affected organ.?™

The field of stem cell research has been inspired by the
formation of primitive tissues that form organs naturally
occurring during embryogenesis. These studies provided
the crucial information and tools to understand patterning
events and signalling during organogenesis. Investigators in
other fields, such as skin keratinocytes, had identified factors
required for in vitro culture decades ago.? In the field of
gastroenterology, this proved to be more challenging. For
decades the critical factors for in vitro culture were elusive. It
was in vivo work studying the role of R-spondin1 in 2005 that
suggested this might be the missing factor in vitro.'* In deed
it was the missing factor that Sato and Clevers established
in 2009.2" They demonstrated that mouse small intestinal
multipotent organ-specific adult stem cells (ASCs) have the
intrinsic ability to self-organise into epithelial 3D structures,
when cultured in an extracellular matrix covered by a medium
supplemented with combinations of different mitogens,
morphogens and cytokines that guide the self-renewal and
organised differentiation of somatic stem cells (multipotent, can
give rise to more than one cell type).?'%'® Pioneering work from
Thomson and colleagues established the derivation of embryonic
stem cells (ESCs). They isolated and cultured human embryonic
stem cells (hESC) by deriving them from blastocysts of donated
embryos originally produced for in vitro fertilisation.?'” At this
stage the cells are no longer totipotent (able to give rise to a
complete organism including the extraembryonic tissues), but
pluripotent (able to give rise to basically all tissues in the body).
Many of the hESC lines generated from these studies are still
available in the stem cell community (https://grants.nih.gov/
stem_cells/registry/current.htm). The first reprogrammed cells
termed induced pluripotent stem cells (iPSC) were generated
in the laboratory of Nobel prize winner Yamanaka by retroviral
expression of four transcription factors Oct3/4, Sox2, KIf4 and
c-myc (or alternatively Nanog) from adult fibroblasts, jump-
starting their continuous expression.*'® James Wells followed
the work by Sasai and colleagues on hESC*'® and showed that

Continued

Box 1 Continued

human-induced pluripotent stem cells could be differentiated
towards hindgut endoderm and further developed to mature
intestinal structures. Both ASC-derived and iPSC-derived 3D
structures were able to resemble the native organ in terms of
gene and protein expression, metabolic function, microscale
tissue architecture, as well as cellular composition. We nowadays
call these structures ‘organoids’, which defines 3D tissues or
structures that resemble an organ or components of an organ.
Organoids as such should match the following criteria: cultured
cells should (1) retain the identity of the organ being modelled,
(1) contain progenitor and terminal differentiated cell types
that are present in the organ itself, (Ill) imitate key functions

of the respective organ and (IV) self-organise according to

the same intrinsic organising principles as in the organ itself.
Interestingly, the emergence of submerged 2D cultures of ASC/
ESC goes back to the 1970/1980.2"> 2% However, until the early
2000s these stem cells had to be cultured on growth-inactivated
feeder cells.”?! The groundbreaking work from 2009 now allows
long-term, stem cell-based organotypic cultures, which have the
potential to overcome previous limitations and thus represent a
substantial advance over traditional in vitro cell culture systems.

display ASC properties similar to those of cultures obtained
from human biopsies.*” Another study demonstrated that
iPSCs-derived intestinal organoids derived from patients with
ulcerative colitis recapitulate features of colitic activity.* This
is rather surprising given that these fibroblasts used to produce
iPSCs undergo reprogramming which must affect the epigenetic
makeup of these cells. The combination of human iPSC tech-
nology with recent developments in gene editing makes iPSC-
based platforms a powerful novel tool for precision medicine.***

Multicellular organoids: modelling the tissue
microenvironment

Epithelial surfaces of the GI mucosa are highly dynamic struc-
tures that process bidirectional signals from the lumen (including
the microbiome and ingested substances) and underlying lamina
propria (including the enteric nervous, immune and vascular
systems). This bidirectional communication has profound effects
on organ physiology and is involved, but not limited to the patho-
physiology of intestinal and hepatic disorders. Chronic gut and
liver diseases are typically multifactorial, including a dysfunction
or dysregulated communication between different cell compart-
ments, in addition to the gut microbiome.® *® Thus the challenge
for GI organoid models is incorporating these other factors in
a fashion that will reveal new biology or new insights into a
particular disease. For ASCs, organoids completely lack the in
vivo microenvironment and PSCs contain MSCs but not luminal
factors. However, key communication occurs between epithelial
cells and fibroblasts (and their related lineages), a wide variety of
innate and adaptive immune cells as well as neural-system, glial-
system and vascular-/lymph-system cells. Moreover, exposure to
gut microbiota-derived products and metabolites are absent in
these ex vivo organoids. Accordingly, the field is beginning to
make initial attempts to integrate these factors and cell types
in PSC/ASC-derived epithelial organoids thus increasing the
complexity of these cultures (figure 4). Currently iPSC-derived
organoids allow addition of stromal cell types by using dedicated
differentiation protocols and therefore enable the investigation
of more complex relationships.*” We caution that this area
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Figure 2 The Gl organoid culture system. Gl organoids can be derived from PSCs and ASCs. PSC-derived organoids are established by directed
differentiation of either ESCs or iPSCs (generated from fibroblast of skin biopsies) towards the endoderm. ASCs of epithelial origin can be isolated
from tissue biopsies or surgical resections. They can be embedded in ECM and grown from either single cells or crypts that give rise to organoids that
contain crypt-like structures. Adaption of the culture medium can foster the development of spheroids that are enriched for stem cells.?2 Depending
on the culture condition both PSCs and ASCs can give rise to three-dimensional organ-like structures of the hepatic-biliary-pancreatic tract and
digestive tract containing gastric, small intestinal and colonic organoids. Representative pictures of organoid cultures are derived from the authors
(unpublished, scale bars: 50 pm). ASCs, adult stem cells; ESCs, embryonic stem cells; ECM, extracellular matrices; PSCs, pluripotent stem cells.

remains a work in progress. For now, modelling binary inter-
actions will be informative in many cases. Increased single cell
analysis technical capacities (flow sorting for labelled cells for
marker, protein and transcriptome) will be critical for proper
analysis. We expect these experimental systems to increase in
sophistication and the data from them will lead to new hypoth-
eses that can be further tested using in vivo systems.
Immune-epithelial cross-talk is an essential key factor for
organ functionality, since a direct and functional interaction
between these two cell compartments exists in vivo. This interac-
tion is important for maturation of the adaptive immune system
and activation of immune cells, while signals from the haema-
topoietic compartment influence epithelial function and turn-
over, particularly during the response to injury and infection.
To identify novel therapeutic targets and to better understand
the function of existing therapies directed against inflammation,
we require a more detailed understanding of the molecular and
cellular interactions of this interplay and their pathophysiolog-
ical consequences when this communication goes awry. Several
protocols have been established to coculture organoids with
various types of immune cells such as T lymphocytes, innate
lymphoid cells, macrophages, neutrophils, dendritic cells and
intraepithelial lymphocytes.’ "> *¢ For translational approaches,
researchers depend on autologous immune cells, which partially
limits these cocultures as organoids require a certain time
until cultures are established and expanded for experiments

or preclinical validation. Cryopreservation of peripheral blood
lymphocytes and further isolation and expansion of defined cell
lineages such as T cells or macrophages is a widely used solu-
tion to overcome these limitations. While most protocols include
3D cocultures, additional improved culture methods including
organoid-derived monolayer (taking advantage of an air-liquid
interface®® °7) have been developed. These monolayer cultures
contain a luminal as well as basal side that is normally exposed
to cells of the immune cell compartment. Thus specific scientific
questions such as studying host responses to enteric pathogens
or immune-epithelial communication ithelial communication
can be addressed.*”

Importantly, all cell types require specific culture media
containing defined growth factors, which makes it often a chal-
lenge to find a combination of factors that allows survival and
functionality of all populations in one experimental compart-
ment. We expect these technical hurdles to be overcome and for
a new wave of information to be generated.

Innervated organoids (epithelial-neural interaction)

The enteric nervous system (ENS) strongly influences mucosal
immunity and epithelial function and is currently suggested as an
important contributor to IBD development and progression.*® **
Moreover, disruption of ENS function may have bidirectional
consequences for the gut and the central nervous system (CNS)

Glnther C, et al. Gut 2022;71:1892-1908. doi: 10.1136/gutjnl-2021-326560
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Figure 3  Overview of organoid derivation. Gl organoids can be either derived from ASCs (left panel) or PSCs (right panel). Left panel: tissue-resident
stem cells can be isolated from Gl biopsies collected during colonoscopy, gastroscopy or surgery. Following an ethylenediaminetetraacetic acid

(EDTA) or enzymatic digestion, either single cells or tissue fragments (crypt structures or ductal fragments) are embedded into an ECM and covered
with a defined culture medium supplemented with a combination of different mitogens, morphogens and cytokines that guide the self-renewal and
organised differentiation of somatic stem cells. Beside ASCs, organoids can be generated from cancer stem cells (isolated from tumour biopsies) and
are referred to as tumouroids. Right panel: Gl organoids can be also derived from PSCs (ESCs and iPSCs) in a stepwise differentiation process that

recapitulates the signalling programme active during development. In an

initial step, PSCs follow a guided differentiation towards an endodermal fate

by exposure to Activin A. This is followed by the differentiation towards foregut, midgut/hindgut endoderm depending on the targeted tissue (foregut
for gastric, hepatic, biliary or pancreatic organoids; midgut/hindgut for intestinal organoids). These precursor spheroids can be further instructed
towards defined tissues and organs depending on different growth factors that allow proper terminal differentiation. ASCs, adult stem cells; CRC,
colorectal cancer; ECM, extracellular matrices; ESCs, embryonic stem cells; IBD, inflammatory bowel disease; iPSCs, induced pluripotent stem cells.

as various neurotransmitters are released from ENS neurons
that can also act on the intestinal epithelium (gut-brain axis).®
Although intestinal inflammation leads to ENS-associated alter-
ations in function (altered peristalsis, abdominal pain, cramping
and diarrhoea), the functional significance of the ENS for
chronic intestinal inflammatory disorders and the mechanism
for its impact on the intestinal epithelium remains poorly under-
stood. The emerging field of epithelial-neural communication
and its implication in GI disorders also fostered the development
of coculture models including intestinal organoids and cells of
the ENS.®! This has led to new insights into the innervation of
enterochromaffin cells by sensory neurons in the ENS.®? Current
models have also utilised the PSC system that can be differenti-
ated towards intestinal organoids, as well as cells of the ENS such
as neural crest cells (NCCs).**"** NCCs that were cocultured
with developing intestinal organoids migrated into the mesen-
chyme, differentiated into neurons and glial cells and showed
neuronal activity.”> ENS-containing intestinal organoids formed

neuroglial structures similar to a myenteric and submucosal
plexus in vivo. Similarly, another study developed an organoid
assembly approach including enteric neuroglial, mesenchymal
and epithelial precursors, all differentiated from iPSCs.®® These
organoids could be developed into a new section of intestine
that showed innervation.® iPSCs have also been used to success-
fully generate gastric tissue containing differentiated glands.®
These structures were surrounded by layers of smooth muscle
composed of functional enteric neurons.

Vascularised epithelial organoids

The vascular endothelium also represents an important barrier
in the GI system and varies in its permeability depending on the
organ. It is organised in vascular units formed of endothelial
cells, pericytes and enteric glial cells and regulates blood supply,
nutrient transport, tissue fluid homeostasis and immune cell trans-
migration.®”~*’ Previous studies showed a pathophysiological role
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Box 2 Gl organoids as model system for human biology

and medicine:

Key information and available techniques

Key factors

= ASC-derived organoids: can be derived from endoscopic
biopsies, surgical resection (gastric,’?? jegunal,198 ileal, 22
colonic,?? biliary*” 182 and pancreatic'® > organoids).

= iPSC-derived organoids (can be derived from any somatic cell
for example fibroblasts or blood cells) including patients with
familial or complex genetic diseases on ethics consent. They
can be differentiated towards intestinal, > pancreatic duct-
like, 2" liver® #® and gastric®® organoids).

= ESC-derived organoids are available, if the country-specific
regulations are followed (eg, Wicell Internations Stem Cell
Bank).

= ECM hydrogels: basement membrane secreted by Engelbreth-
Holm-Swarm mouse sarcoma cells (various trade names) or
other biological/synthetic matrices.

= Culture medium: basal medium + growth factors
(recombinant or cell lines (available for R-Spondin (family
members 1-3), Wnt-3a and Noggin), alternatively ready to
use products are available.

Translational benefits

= Genetic and epigenetic signatures of derived tissue are stable
in organoids (ASCs).?®2

= Easy access and rapid set up of cultures (ASC).

= Robustness: once established, expansion and long-term
culturing allows large-scale genomic screening and drug
screening.?29 232

= Several established cultures are available in biobanks (PSC/
ASC).

= ASC/PSC can be genetically modified using genome editing
(eg, CRISPR/Cas9),3’ 186 233-240

= Precision medicine (ASC, PSC).

Available techniques

= Apical-out (polarity inversion, allows access to the apical but
not basal site).'* 24

= Planar cultures: monolayer, cells adherent to plate (easy to
perform, allows access to the apical but not basal site),24'~**
air-liquid Interface (epithelial injury responses, host-microbe
interaction, allows access to both, the apical and basal
SitE).121 241 243

= Microinjection (technique equipment is needed, host—

microbe interaction).''® 120144

Gut-on-a-chip (more complex, comprise several specialised

cell types, enable integration of mechano-physiological

parameters and anaerobic bacteria).'>* 24424

Orthotopic organoid transplantation.

Microbe-organoid cocultures.®’ 118 242

Organoid-immune cell cocultures.

Innervated organoids.®’ >3

Vascularised organoids.”' ™

Organoids skewed to specific differentiation (enteroendocrine

cells,”* goblet cells,”>> wound associated epithelial cells,”*®

microfold cells?’).

U

234 248-250

548 49 251 252

L A

of the vasculature and lymphatics in the context of IBD.”® More-
over, transplantation of in vitro generated organoids is a prom-
ising approach towards regenerative medicine but requires blood
supply within the organoid in order to replace functional and
vascularised organs. Accordingly, in 2013, the group of Hideki

Taniguchi addressed this emerging field and demonstrated the
generation of a vascularised and functional human liver derived
from iPSC-derived organ bud transplants.”! They uncovered that
specific iPSC-derived liver precursors with a hepatic cell fate,
self-organised into 3D organoids, by recapitulating organoge-
netic interactions between endogenous vascular endothelial cells
(human umbilical vein endothelial cells; HUVECs) and MSCs.
Interestingly, the vasculature within the liver organoids became
functional after transplantation into mice. This proof-of-concept
study demonstrated that organ-bud transplantation provides a
promising new approach to study regenerative medicine. Using
a similar approach, vascularisation of pancreatic organoids not
only promoted functionalisation in culture but also substantially
improved tissue survival after transplantation.”” In this study,
the authors combined human isolated islets with HUVECs and
MSCs. This resulted in a complex organoid culture fostered
by ‘self-condensation’. In summary, these studies are particu-
larly important in the context of therapeutic tissue transplan-
tation as they clearly demonstrated that vascularisation prior to
engraftment offers a promising strategy of enhancing efficacy.
The opportunity to generate blood vessel organoids from iPSCs
allows to efficiently combine iPSC-derived cell lineages towards
vascularised organoids opening new avenues to work in an
autologous setting.”® Indeed, several attempts have been made to
introduce iPSC-derived endothelial cells into GI organoids.®* 7*7°
Interestingly, a recent study uncovered a population of endothe-
lial cells which are present early in iPSC differentiation towards
intestinal organoids that declines over time in culture. This study
further developed a method to expand and maintain this endo-
thelial cell popoulation within intestinal organoids as an alterna-
tive approach for classical vascularised organoid models.”

Organoids and the mesenchymal compartment
Intestinal stem and progenitor cells form within intestinal organ-
oids, replicate and differentiate into distinct compartments,
influenced by Wnt, Bmp and other cues, largely provided by
MSCs in the lamina propria (canonical Wnts are produced by
Paneth cells).”” ”® Accordingly, central factors for ASC-derived
mouse intestinal organoid culture medium include Wnt-3a and
R-Spondin3, which are both essential for canonical Wnt signal-
ling, as well as Noggin, a BMP agonist.”” Recently, some of the
cellular sources of these essential signals in the mesenchyme were
determined. Classical subepithelial myofibroblasts (SEMFs), also
known as telocytes, were found to be an important sources of
Wnt and R-Spondin ligands as well as diffusible BMP agonists/
antagonists.®’ 81 Accordingly, cocultures of ASC-organoids with
SEMFs permitted long-term culture of organoids in the absence
of growth factors that normally are essential to ensure survival
of organoids.®* Using coculture experiments, another group
phenotypically and functionally examined fibroblast populations
in the colon and found that CD90+ fibroblasts located in close
proximity to the stem cells in vivo expressed crucial stem cell
growth factors, such as Grem1, Wnt-2b and R-Spondin3.%¢ A
recent study showed that fibroblasts could secrete extracellular
vesicles with Wnt and EGF, thereby rescuing Wnt-deficient or
Egf-deficient organoid growth.®” Going forward, as populations
of fibroblasts and myofibroblasts are identified, their role in
providing essential factors for intestinal epithelial stem cells can
be in part assessed by coculture with ASC organoids.
Cancer-associated fibroblasts (CAFs) are mainly derived from
normal fibroblasts and play a key role in the progression of
cancer. However mechanistic understanding of cancer cell-CAF
interactions are limited due to the lack of preclinical cellular
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Figure 4 Organoid coculture applications to increase the complexity of Gl organoids, cellular and microbial components can be integrated into
organoid cultures. This can be achieved by several protocols. (A) Reversal of the polarity in combination with removal of the ECM results in organoid
cultures in which the apical/luminal surface faces towards the medium (Apical-out). (B) 3D-derived submerged monolayers can be grown as a thin
monolayer to study the interaction of epithelial cells with environmental factors. (C) This monolayer technique has been expanded to air-liquid
interface cultures in which monolayers are plated on transwells. This allows the investigation of the tissue microenvironment by adding defined cell
populations (eg, immune cells, fibroblasts, endothelial cells) to the basal side of the epithelium and environmental factors to the apical surface. (D)
Microinjections of luminal factors (eg, bacteria, viruses, dietary factors, metabolites) allow the investigation of the effect of environmental elements
on epithelial homeostasis without changing architecture or polarity of organoids. (E) The organoid-on-a-chip concept is a more complex culture
method in which self-organisation of stem cells can be extrinsically guided by a 3D microstructured scaffold. The advantage of this method is to
integrate several cell types and mechano-physiological parameters. Asterisks indicate crypt region; L: lumen; red arrows indicate luminal side; air—
liquid interface (C): pictures are derived from Wang et al,, Cell 2019,"?' Other representative pictures of organoid cultures are derived from the authors
(unpublished, scale bars: 50 pm). 3D, three-dimensional; ECM, extracellular matrices.

models. Recently, an interesting study demonstrated the cocul-
turing of primary liver tumour-derived organoids with CAFs.*®
They found bidirectional signals via cell-cell contact and local
secreted factors: CAFs promoted tumour organoid growth and
cancer cells regulated CAF physiology. They further demon-
strated that the response of tumour organoids to anticancer
drugs was strongly dependent on CAFs. Similarly, a study by
Ohlund et al established cocultures of human pancreatic ductal
adenocarcinoma (PDAC) organoids and pancreatic stellate cells
(PaSCs), myofibroblast-like cells that are located in exocrine
regions of the pancreas. The authors recapitulated the desmo-
plastic reaction of PDAC with PaSCs converting from a resting
quiescent state to activated, stroma-producing fibroblasts.®
They further demonstrated that PaSCs secrete factors that

support growth of human PDAC organoids.*” *° Wnt was iden-
tified as the key element released by PaSCs that is essential to
drive organoid growth in Wnt-non-producing PDAC subtypes.
Using the same approach another study uncovered TGFB and
IL-1 as tumour-secreted ligands that promote myofibroblast
heterogeneity.”’ One step further Tsai et al established multicell
type organotypic coculture models of the tumour microenviron-
ment by coculturing human pancreatic cancer organoids with
matching stromal and immune cells.’* Activation of CAFs and
tumour-dependent lymphocyte infiltration were observed in
these models. This 3D tumour microenvironment model system
may be valuable for the assessment of immunotherapeutics such
as checkpoint inhibitors in the context of T-cell infiltration.
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The microbe-host interface

A highly important component of the mucosal microenvi-
ronment is the gut microbiota which can communicate with
epithelial cells directly in the intestine (by direct attachment
or infection), or indirectly with the gut and liver by secreting
metabolites as well as proteins and nucleic acids contained in
bacterial membrane vesicles.””® Accordingly, gut microbes as
well as their derived factors have been implicated in human
health and disease by regulating innate and adaptive immunity,
metabolism and tissue homeostasis.

There are several excellent examples of direct infection of
intestinal organoids which created essential models to determine
the mechanism of infection and to develop new therapies. These
examples include previously non-culturable viruses in the gut
(ie, norovirus) but also formed a system to produce the entire
life cycle of a parasite that could only be expanded experimen-
tally in bovine calves.”” *® Both ASC-derived and iPSC-derived
organoids have been cocultured with various commensal and
pathogenic bacteria,” parasites,'® as well as viruses including
SARS-CoV-2.'""1% Host-microbe communication was anal-
ysed via several approaches including microinjection of micro-
organisms into the lumen of organoids, by taking advantage of
monolayer or inverted organoids to mimic the physiological site
of interaction. In 2020, Hans Clevers demonstrated how organ-
oids can be used to better understand the role of the intestinal
microbiota in colorectal cancer (CRC).!** By exposing human
intestinal organoids to genotoxic pks™ Escherichia coli through
repeated luminal injection over 5months, they identified a
distinct mutational signature that was also present in CRC.
The organoid data generated within this study suggest that the
underlying mutational process results directly from past expo-
sure of the gut epithelium to bacteria carrying the pks pathoge-
nicity island. Beside bacteria, viruses entering the host via the
GI tract have been implicated in intestinal and extraintestinal
inflammation. In this line, it is now well established that the GI
route plays an essential role for SARS-CoV-2 infection. A study
by Zhou et al established, for the first time, bat intestinal organ-
oids to better understand the infection and transmission route
of SARS-CoV-2."> They could demonstrate that SARS-CoV-2
could efficiently infect not only bat organoids but also human
intestinal organoids. Moreover, they could observe a robust
SARS-CoV-2 replication in human intestinal organoids, demon-
strating that the human intestinal tract might be a transmission
route of SARS-CoV-2. In line with these results another study
demonstrated efficient infection of foetal, paediatric and adult
gastric organoids with SARS-CoV-2 further supporting faecal—
oral transmission of this novel virus.'” These are only exempli-
fied recent studies to visualise the power of microbe-organoid
cocultures to better understand how gut microorganisms can
cause intestinal inflammation. The broad spectrum on these
cocultures would go beyond the scope of this review but is in
depth described in specialised reviews.'*®

Fecal metabolite screens generated using untargeted metabo-
lomics of intestinal contents from humans and in vivo model
systems have been extensively performed and GI organoids do
define cell types that can respond to these microbial products.
A few recent examples (of many papers) include that succinate
promotes tuff cell differentiation, dipeptide aldehydes from
Clostridium sporogenes that can enhance endoplasmic reticulum
stress, and secondary bile acids that affect intestinal epithelial
stem cells to stimulate regeneration or negatively impact Paneth
cell function.'®” "% These screens have the potential to uncover
many new avenues of basic biology. The challenge will be to

determine which effects will translate to whole organisms in
vivo.

Towards next generation of intestinal organoids

Epithelial organoids provide a highly attractive platform to
study primary epithelial cells in settings that closely resemble
the in vivo situation. Based on their experimental success and
widespread distribution across the different preclinical and clin-
ical disciplines over the last years, several novel culture systems
have been developed. Accordingly, organoids may be integrated
into microfluidic devices (organ-on-a-chip systems), microen-
gineered systems that not only allow a more complex but also
fluidic culture system. To study the interaction with environ-
mental factors as well as the underlying mucosal immune system,
several attempts have been made to change the architecture of
these organoids, such as changing their morphology (inside-out)
or maintaining them as planar 2D cultures.

Epithelial polarity and its downside: two sides of the same
coin

The advantage of organoids to form normal apical junctional
complexes and maintain this epithelial polarity also creates
a disadvantage when it comes to specific scientific questions.
Organoids embedded in Matrigel display an apical (luminal)
surface facing inward enclosed within the organoids and a baso-
lateral surface facing the outside of the organoid interacting
with the extracellular matrix. Thus, factors that are added to
the culture medium predominantly interact with the basolat-
eral surface. However, many applications require access to the
apical/luminal surface, as this represents the mucosal surface
that is constantly exposed to environmental factors such as
dietary nutrients, bacterial metabolites and intestinal microbes.
This might be particularly relevant for nutritional studies, to
investigate the sites of invasion and cell tropism for viral and
bacterial pathogens and to conduct drug screening and toxicity
assays.'? 1117113 Several attempts have been made to face this
problem including methods to reverse the polarity or to gain
access to the luminal side (figure 4, box 2). Co et al developed a
protocol (organoid polarity reversal method) to control organoid
polarity in suspension culture, resulting in an organoid popula-
tion in which the apical surface faces outwards to the medium
(apical-out organoids).!™* Apical-out organoids (figure 4A) can
be used to better recapitulate host-microbe interaction (eg,
infection with SARS-CoV-2 or effects of probiotics), but might
be also useful for evaluating therapeutics as many therapeutics
are taken orally and thus have to enter the human body via
the apical surface of the epithelium.'>™” Besides changing the
polarity, microinjections of microbes, microbial metabolites or
other environmental factors into the lumen of organoids is a
widely used experimental setting'®* ''® % (figure 4B). In this
experimental setting, organoids maintain a cystic morphology
which allows bacterial species with low oxygen tolerance to
survive but at the same time prevent bacterial overgrowth. While
microinjection of microbes into the lumen of gastric/intestinal
organoids allows the investigation of host-microbe interaction
under the most physiological conditions, standardisation and
scalability of this protocol is difficult to achieve. A recent work
by Williamson et al developed an automated high-throughput
computer-driven microinjection system for cargo delivery to
the organoid lumen and high-content sampling.'*’ While this
clearly represents a next-generation in vitro approach to inves-
tigate GI luminal physiology, it also requires complex technical
equipment which is not widely available. Accordingly, several
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recent attempts have been made to investigate apical responses
by generating 3D-derived monolayer grown initially on a thin
Matrigel layer’” ''® ! (figure 4C). These methods has been
improved by growing monolayers on transwells to generate
air-liquid interfaces (ALI; figure 4D). Exposure of the apical
surface of 2D monolayer to air-liquid interface allows the estab-
lishment of long-term, self-organising 2D epithelial monolayers
with highly differentiated epithelial cells'*'. A huge advantage
of these monolayer protocols is the homogenous exposure of
epithelial cells to environmental factors as well as an enhanced
scalability. Of note, beside host-microbial communication,
this model can re-enact the ‘homeostasis-injury-regeneration’
cycles of epithelial alterations that occur in vivo and thus is also
feasible to investigate wound healing and mucosal healing.'*!
Additional alternatives to successfully address the problem of
lumen accessibility are more complex and require extensive
technical expertise and mainly include contribution of other
disciplines.

Engineering organoids
Microengineering and tissue engineering is currently a highly
fetching field to overcome key limitations of exciting organoid
techniques and are associated with increased reproducibility,
experimental control and higher throughput screens.'?*7'%
These modifications will be of high value for clinical translation
studies. Engineered biomimetic platforms will allow investiga-
tors to mimic features of in vivo cells that are not accessible by
the established static culture methods. Engineering techniques
include micromanufacturing, bioprinting and laser cutting. The
insertion of artificial boundaries by microengineered scaffolds,
may represent a substantial advantage over classical organoids
cultures as it is well known that shape-guided morphogenesis is
an essential step during development.'?”™'# In this case several
attempts have been made to use fabricated stamps to pattern
synthetic matrices or hydrogels resulting in highly organised
tubular backbones onto which organoid-derived cells can be
seeded, 123 127 130131

Importantly, these model systems allow exposure of the
apical surface while at the same time remain a 3D structure and
thus represent a highly attractive model for studying host—-mi-
crobe interaction. Additional upcoming technique to control
cell assembly and to overcome their stochastic development
includes bioprinting methods that are developed to pre-establish
their compatibility with microfluidic devices, often referred to
as organ-on-chip'* (figure 4E). These microfluidic cell devices
contain perfused chambers in which living cells are arranged in
such a manner that they reflect tissue-level and organ-level phys-
iology."* TInitially, they were developed to mimic gradients of
signalling molecules but subsequently they have been applied to
better control cell fate patterning during organoid development.
Accordingly, when tissue engineered intestines are connected to
an external pumping system, the resulting microfluidic mini-
guts allow the removal of dead cells comparable to the in vivo
situation. This is associated with prolonged survival by several
weeks, and also enables the interaction with microorganisms
for modelling host-microorganism interactions without micro-
bial overgrowth.”*® ** It may be possible, using control of the
upper chamber oxygen concentration, to flow through anaer-
obic bacteria. We anticipate that intestines-on-chip will facilitate
many preclinical and clinical studies in the future with regard to
reproducibility, experimental control and high throughput read
outs.

Basic research o o
) Precision medicine

Biobanking Disease

modeling

Figure 5 Applications of organoids from patients can be used for
basic research to better understand organ development and to dissect
the relevant intracellular pathways that control homeostasis and might
be altered during organ dysfunction. These patient-derived organoids
can be further used to preclinically screen for novel therapies and to
predict response to drugs as well as for regenerative medicine (precision
medicine). Another preclinical application includes disease modelling
to better understand the mechanisms underlying Gl diseases (including
inflammatory, infectious, metabolic, inheritable genetic and neoplastic
disorders) as well as the biobanking of patient-derived-organoids and
-tumouroids.

Gl organoids for disease modelling, drug discovery and
personalised medicine

As mentioned above, the organoid technologies, including the
classical organoid models and recent improvements, hold great
promise for use in medical research and the development of
new treatments (figure 5). Within the last 10 years, a wide-
range of organoid-based disease models have been developed.
This includes models to reproduce inflammatory and metabolic

diseases,'>* %7 infection and cancer.! 35 138-140

Disease modelling and drug discovery

In 2020, the group of Toshiro Sato utilised organoids to analyse
somatic mutations in the ulcerative colitis epithelium to deci-
pher how a chronic inflammatory microenvironment shapes the
genetic landscape.'*! They generated 76 clonal human colon
organoids including 55 cultures derived from patients with ulcer-
ative colitis, 26 of whom had colitis-associated neoplasia, and
16 non-IBD individuals. These organoid cohorts were subjected
to whole-genome sequencing to capture mutations at the clonal
level. They identified a unique pattern of somatic mutagenesis in
the inflamed epithelium, including somatic mutations in multiple
genes that are related to IL-17 signalling. The results of this study
were supported by another study published in the same year, also
in Nature,'** demonstrating that organoids are reliable disease
models for genomic and functional studies of human GI diseases.
The group of Gerald Schwank performed pooled-library CRISPR
screens by capturing sgRNA integrations in single wild-type and
APC (adenomatous-polyposis-coli)-mutant human intestinal
organoids."* By optimised conditions that enabled genome-wide
CRISPR screening in organoids, they identified and validated
tumour suppressor genes that mediate transforming growth factor
beta (TGFP) resistance. This proof-of-principle study highlighted
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the power of this system that can be applied to a variety of
assays including different organoid types to facilitate biological
discovery in primary 3D tissue models. Gastric organoids derived
from human or mouse antral or corpus glands or PSCs have been
established to not only shed light on processes involved in gastric
development but also to study the pathogenesis of several human
gastric disorders. Helicobacter pylori infection is associated with
a 10%-20% increased risk for developing peptic ulcer diseases
and a 1%-2%risk for gastric cancer. In contrast to previous in
vitro culture systems, gastric organoids now allow to study cell
type specific responses, including gastric epithelial cells such as
mucus gland cells or parietal cells, that could not be cultured
by classical protocols.'** ™ This allowed for the first time to
discriminate and compare gene signatures of individual cell popu-
lations following Helicobacter pylori infection. For example,
Sina Bartfeld could demonstrate that human gastric organoids
composed of mainly cell lineages of the gland, produce higher
levels of nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB) target genes compared with organoids that contain
predominantly cell lineages located in the pit."* Beside this initial
work by the Clevers lab, several additional studies could demon-
strate that characteristic hallmarks of H. pylori infection such as
attachment, colonisation, NF-kB activation, CagA-c-MET inter-
action and increased host cell proliferation can be recapitulated
in gastric organoids.®® *¢1*® Another recent study by Lo and
colleagues used CRISPR-based genome engineering to investigate
how common mutations, with so far unknown oncogenic conse-
quences, affects human cells.'* By taking advantage of CRISPR/
Cas9-mediated gene knockout, they could demonstrate that lack
of ARID1A, which ranks among the most common molecular
aberrations in human cancer, is not tolerated in human wild-type
gastric organoids, but in the context of TP53 loss. This study
showed in a very clever experimental approach the power of
organoids to better decipher the function of unknown genetic
mutations. Organoids can be further used to unravel the molec-
ular mechanisms underlying injury-associated epithelial regen-
eration.’*! 1%° Organoid based studies not only helped to better
capture injury-repair cycles, but further uncovered that small-
molecule epigenetic modulators promote regeneration of the
gut epithelium on damage in organoids comparable to in vivo.
Another recent study identified that lack of epithelial expres-
sion of the gasdermin family member gasdermin B (GSDMB)
in organoids is associated with disrupted epithelial restitution/
repair.”’! Gasdermins are mainly recognised for their key role
in pyroptosis through their function during pore formation. The
work by Rana et al now identified that in contrast to the other
gasdermins, GSDMB, does not intrinsically engage in pyroptosis,
but appears to plays a role in the restoration of epithelial barrier
function and the resolution of inflammation during IBD. Beside
these genetic studies, organoids could be used to gain insight into
cell type specific responses following exposure to define thera-
peutic. As an example, preclinical ex vivo experiments uncovered
that JAK inhibitors partially exert their anti-inflammatory func-
tion by inhibiting IFN-induced epithelial cell death.’* 153 Beside
this therapeutic approach, this study also demonstrated that
corticosteroids enhance epithelial barrier function, which was
supported by another translational study.’* '** Organoids can
also be further used to screen for drugs targeting viral infection,'*?
For instance related to the current pandemic situation drugs for
treating SARS-CoV-2 virus infections were recently pre clinically
evaluated in PSC-derived intestinal organoids.*® Specifically,
remdesivir effectively inhibited SARS-CoV-2 infection in organ-
oids and restored organoid viability."” Another recent study used
lung and colon organoids and identified imatinib, mycophenolic

acid and quinacrine dihydrochloride as efficient therapeutics
to block entry of SARS-CoV-2."% Beside preclinical evaluation
and identification of drugs, there is increasing interest in using
organoids as novel tools for preclinical testing of probiotics.'*” ¢
Preincubation of organoids with the probiotic E. coli strain Nissle
prevented toxicity of epithelial cells induced by pathogenic E.
coli strains.'®

Cancer research and precision medicine

Cancer is a major health problem and a leading cause of death
worldwide. Novel therapeutic strategies such as targeted drugs
offer improved opportunities to not only improve overall patient
survival, but also offer new approaches for personalised cancer
treatment. Precision medicine of course requires ex vivo model
systems that can predict the response of individual patients.
Cancer stem cells are a subpopulation of cells within tumours
with capabilities of self-renewal, differentiation, and thus also
can give rise to organoids, the so called patient-derived organ-
oids (PDOs) or tumouroids. In 2015, Hans Clevers performed
a proof-of-principle study using an organoid biobank of patients
with CRC (including organoids derived from the tumour and
from adjacent normal tissue) and screened for cancer treatments
currently used in the clinic or in clinical trials.’®" He could show
that this technique is suitable to detect gene-drug associations
that matched prior clinical observations and thus may fill the gap
for personalised therapy design. In-depth OMIC analysis further
demonstrated that PDOs not only recapitulated the somatic
copy number alterations, but also the mutation spectra found
in CRC including mutations in the typical suppressor genes as
well as activating mutations. Personalised proteome profiles of
healthy and tumour PDOs later confirmed these results on a
post-translational level.'®* One year later, the group of Toshiro
Sato expanded this initial study and published a colorectal
tumour organoid library including 55 different tumour organoid
clones including rare subtypes and matched pairs of primary
and metastatic organoids.'® He could demonstrate that niche-
independent growth is predominantly associated with the
adenoma-carcinoma transition. In a more recent study, authors
established a biobank of PDOs from patients with metastatic
GI cancer, who had previously been enrolled in phase I or II
clinical trials.'®* This allowed the authors to compare clinical
responses of patients with organoid drug responses. Indeed, they
could demonstrate examples of how drug responses of cancer
organoids matched with those observed in the clinic, reinforcing
their value as a platform for drug screening.'®® Based on the
success of these initial studies and scope of application in person-
alised medicine, several additional studies, focusing on various
different tumour entities, soon followed. All studies impressively
demonstrated that PDOs recapitulate the mutational landscape
of their primary tumours and can be generated from the respec-
tive GI cancer entity including colorectal cancer,'®! 163 1667170
gastric cancer,’> '®* 177175 gesophageal cancer,'*"”? pancre-
atic cancer,'? 7* 180 181 gastroenteropancreatic neuroendocrine
neoplasms,'®* and liver cancer.'®™' Of particular interest for
precision medicine, the molecular subtypes of cancers are main-
tained during PDO cultures, indicating that the culture condi-
tions do not foster outgrowth of certain subtypes. Several clinical
studies could further demonstrate that PDOs can be derived from
needle biopsy, demonstrating that a few single cells are sufficient
to allow extended ex vivo analyses.'** Finally, the opportunity to
culture 3D multicellular structures from GI tissue, can be used to
grow and compare side-by-side pre-cancerous and tumour cells
from human patients.'3! 1%
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Previous studies have impressively demonstrated that PDOs
derived from patient tumour material have not only extended
our molecular understanding of human cancer but also hold
great potential for personalised medicine."®” *® Accordingly the
number of organoid biobanks is rapidly increasing including a
variety of GI cancers (colorectal cancer, advanced rectal cancer,
metastatic colorectal and oesophageal cancer, gastric cancer
including oesophageal adenocarcinoma and oesophageal squa-
mous cell carcinoma, PDAC, gastroenteropancreatic neuroendo-
crine neoplasms, and liver cancer including hepatocellular cancer,
and cholangiocellular carcinoma). 13250 161 16-166 171173 183 185-192
These biobanks include a detailed characterisation and molec-
ular profiling of both the tissue of origin and the corresponding
organoid line, a description of clinical phenotype and patient
records. Since PDOs recapitulated patient- and disease-specific
features, several drug-screening approaches on such biobanks
have been reported.'® In a very recent study by the group
of Gerald Schwank, they used PDOs from pancreatic cancer
(PDAC) patients to demonstrate that organoids can be used for
precision oncology, not only to allow drug screening, but also for
the identification of novel candidates for drug repurposing via
genome editing.®® In line with previous studies they observed
a high diversity in PDOs phenotypes, which correlated strongly
with in vivo morphology of primary PDAC tumours. To enable
high-throughput compound screening in these organoid lines,
they established a fully automated drug screening platform and
compared different approaches that have been used in previous
drug screening assays. Similar as previously observed they high-
lighted that Matrigel domes were not required to achieve drug
sensitivity and finally used a Matrigel-supplemented media
protocol. This liquid-overlay culture system is more scalable to
screen a larger number of compounds and thus might be an easy
associable and cost-effective alternative to classical Matrigel-
dome cultures. With this protocol they conducted an automated
drug-repurposing screen with 1,172 FDA-approved compounds
and identified 26 compounds that effectively killed PDAC organ-
oids, including 19 chemotherapy drugs currently approved for
other cancer types. While this is only one example, several other
studies have used PDO biobanks for drug screening approaches
with slight variants in the experimental design,'”* 183 1%

Regenerative medicine and organoid transplantation

Organoids are not only an emerging tool for preclinical drug
screening, they further hold great potential as a source of
transplantable tissues and organ therapy in regenerative medi-
cine. Generation of autologous ex vivo tissue generated from
patient-derived ASC or iPSCs offers advantages over conven-
tional organ transplants, which are limited in availability and
require immunosuppression. Recent advances in stem cell
technology, including genetic engineering, now also offers the
opportunity to transdifferentiate organoids into other cell types.
For example, type 1 diabetes is an autoimmune disease char-
acterised by destruction of insulin-producing pancreatic B-cells
by the immune system and thus requires replacement of this
cell type in particular. Interestingly, inhibition of the transcrip-
tion factor Foxol in gut organoids promoted the generation of
insulin-positive cells that express all markers of mature pancre-
atic B-cells, producing what could be a rich source of cells for
transplantation studies and development.'”® Similarly, creating
complex structures in the liver, ultimately for transplantation,
will require multiple epithelial cell types. One step here was
the transdifferentiation of organoids containing hepatocytes in
a cholangiocyte fate.'* These are only two Gl-centric examples

demonstrating the wide range of different organoid populations
that can be used as organ/cell transplant. Already in 2012, ASC-
derived colonic organoids were orthotopically transplanted into
the mouse colon, where they were able to regenerate damaged
epithelium.'* These transplanted donor cells formed function-
ally and histologically normal crypts that were able to self-renew.
Similarly, foetal enterospheres contributed to epithelial regen-
eration in vivo.'? Later also human intestinal organoids were
transplanted and repopulated the rectal epithelium. Interest-
ingly, these cells retained self-renewal and multi differentiation
capacities over months."”® In line with that, a study by the group
of Toshiro Sato xenotransplanted human ileum organoids in
the mouse colon and thus replaced the native colonic epithe-
lium with small intestinal epithelial cells. As expected, based
on previously developmental studies, these organoids main-
tained their regional identity and generated a functional small
intestinalised colon."”® 7 In a more translational approach, a
proof-of-concept study constructed autologous jejunal mucosal
grafts using biomaterials from paediatric patients.'”® Seeding of
small intestinal organoids onto decellularised human intestinal
matrices (as biological scaffold) reliably reconstructed grafts.
These engraftments displayed several aspects of physiological
jejunal function and survived up to 2 weeks after transplanta-
tion into the kidney capsule. As an alternative, organoids were
implanted into the mesentery."”’

Beside intestinal organoids, several previous studies showed
that human liver organoids functionally colonise the damaged
mouse liver.” ' A study by Sampaziotis and Vallier could further
demonstrate that human bile duct organoids self-organise into
bile duct-like tubes, expressing biliary markers, following trans-
plantation under the kidney capsule of immunocompromised
mice.”” When embedded within a collagen tube scaffold, they
could stably bridge the surgical defect in the mouse biliary tract.
In a translational approach, they further confirmed that these
cholangiocyte organoids were able to repair bile ducts after
transplantation in the human liver.”*! In summary, these data
provide proof-of-principle for the use of GI organoids for regen-
erative purposes, and offer a feasible strategy for treatment of
various diseases such as short bowel syndrome'*® or other intes-
tinal failures.'”®

Current limitations and future direction

GI epithelial organoids and their related platforms have the
capacity to mimic specific aspects of the three-dimensional
architecture, cell type composition and functionality of different
regions of the digestive tract, while at the same time main-
taining the advantages of a simplified and easily accessible
cell culture model. This makes organoids highly attractive for
both basic tissue/organ biology, as well as disease modelling
and clinical application. Despite the high level of enthusiasm
and the seeming in exponential phase of growth for this field,
organoids remain a potential revolutionising model system.
Challenges remain with their future development (figure 6).
One of the most important challenges, particularly for ASC-
derived organoids, is the inability to easily model multiorgan
pathologies. Organoids can impressively mimic key features of
certain tissue or organ, but cannot replace the cellular diversity
present in vivo and thus are unable to reflect the complexity
of a human tissue organism. Accordingly, several attempts have
been made to address these restrictions including coculturing
and mixed cultures of iPSC.* 2°* 2% For example Takeishi et
al biofabricated human livers using a mixture of iPSC-derived
hepatocytes, biliary epithelial cells and vascular endothelial
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Figure 6 Current limitations and future perspective of Gl organoids. Current limitations of Gl organoids include their inability to model multiorgan
pathologies and their limited cellular diversity. Assembloids (organoids derived from spatially organising multiple cell types) will partially address
these limitations and allow us in the future to better understand cell-to-cell communication and organ-cross-talk. Finally the mechanistic impact

of the EMC on organoids and the batch-to-batch variations are limiting factors for translational approaches. Several attempts have been made to
replace the current ECM by natural or synthetic ECMs. Organoids were derived from the small intestine (intestinal organoids) or biliary system (biliary
organoids) of Rosa26.tdTomatoxVillinCre reporter mice. Organoids were either cultures alone, or as assembloids (middle panel). Representative
pictures of organoid cultures are derived from the authors (unpublished, scale bars: 50 pm). ECM, extracellular matrix.

cells.*® They engineered human hepato-biliary-pancreatic

organoids by fusing iPSC-derived anterior and posterior gut
spheroids. This fostered the differentiation of the domains into
segregated organs completed with developmentally relevant
invagination and epithelial branching.® ** These assembloids
(organoids that have been generated by spatially organising
multiple cell types) will potentially provide new insights into
tissue function and will allow us to study the communication
between the liver, pancreas and GI tract in a reductionist system.
Again, engineering solutions here will be a critical component
of these systems. The collaboration across diverse fields will
likely be the key ingredient to overcome this hurdle. Another
limitation is the undefined effect of the sometimes extremely
complex extracellular matrices (ECM) that are purchased for
organoid growth. The batch-to-batch variations as well as the
differences between commercial available matrices need to be
better controlled. Particularly for translational approaches it is
unknown how and if these ECMs and variations in ECMs will
influence preclinical drug or genetic screening and thus repre-
sent a major challenge for producing clinical-grade organoids.
This is particularly relevant since the current gold standard for
organoid culture is the basement membrane matrix (BMM)
purified from Engelbreth-Holm-Swarm mouse sarcoma. Accord-
ingly, diverse efforts have been made to replace this BMM for
GI organoids. This includes natural ECMs derived from decel-
lularised gut or liver tissue,”*>2°” hyaluronan elastin-like protein
materials,”®® collagen-nanocellulose hydrogel,*’ alginate,”!’ as
well as synthetic hydrogels for iPSC-derived organoids.*’' For
all these different systems, it will be extremely important to eval-
uate over time how they affect organoid cultures and to include
‘good manufacturing practice’ to allow translation into the

clinic. Another source of variation is the media that is used for
individual experiments. We have no method currently to rapidly
and sensitively standardise the potency (ie, Wnt signalling) of
media (either produced in the lab or purchased from a vendor)
for each experiment. This lack of rigour will bring challenges in
comparing experiments both within and from different labs. One
can envision in the future, a rigorous approach similar to what
was developed for cDNA microarrays to make them reproduc-
ible applied to the organoid system. Another interesting perspec-
tive for translation into the clinic includes gene-editing in iPSC.
Tissue replacement using gene-corrected organoids would open
a completely new avenue for precision medicine. Just recently,
CRISPR-based adenine editors corrected nonsense mutations in
a cystic fibrosis intestinal organoid biobank.' Another study
supported these results by demonstrating that restoration of
a specific cystic fibrosis associated mutation in iPSCs restored
intestinal organoid function.?”* Widespread application of this
technology is critical for the field to move forward.

Despite the remaining challenges, the rapid technical
improvements in the field of human organoids will provide
unprecedented avenues to improve human health. Within the
past 10 years, organoids have evolved from basic 3D cell cluster
systems with an expanded laboratory life cycle, to improved
highly complex multidisciplinary translational model systems
including recent advances such as forward genetic modelling,
mechano-physiological stimulation by microfluidics as well as
microengineered platforms to allow automated and continuous
monitoring of physical and biological parameter. Thus, technol-
ogies and experimental protocols that were developed in other
disciplines for different model systems can now be applied to
human organoid systems, which will increase reproducibility,
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improve functional readouts and provide enhanced experi-
mental control.
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