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SUMMARY

Although revolutionary and increasingly used, organoids
remain a challenging model for new users. In this review, we
provide a general introduction for improving the accessi-

bility to these models. We highlight areas for cross-

disciplinary  collaboration = with biomaterial, tissue
engineering, and nanofabrication sciences to broaden the
application of organoids.

Homeostatic functions of a living tissue, such as the
gastrointestinal tract, rely on highly sophisticated and
finely tuned cell-to-cell interactions. These crosstalks
evolve and continuously are refined as the tissue de-
velops and give rise to specialized cells performing
general and tissue-specific functions. To study these
systems, stem cell-based in vitro models, often called
organoids, and non-stem cell-based primary cell ag-
gregates (called spheroids) appeared just over a decade
ago. These models still are evolving and gaining
complexity, making them the state-of-the-art models for
studying cellular crosstalk in the gastrointestinal tract,
and to investigate digestive pathologies, such as in-
flammatory bowel disease, colorectal cancer, and liver
diseases. However, the use of organoid- or spheroid-
based models to recapitulate in vitro the highly com-
plex structure of in vivo tissue remains challenging, and
mainly restricted to expert developmental cell bi-
ologists. Here, we condense the founding knowledge
and Key literature information that scientists adopting
the organoid technology for the first time need to
consider when using these models for novel biological
questions. We also include information that current
organoid/spheroid users could use to add to increase
the complexity to their existing models. We highlight
the current and prospective evolution of these models
through bridging stem cell biology with biomaterial and
scaffold engineering research areas. Linking these
complementary fields will increase the in vitro mimicry
of in vivo tissue, and potentially lead to more successful
translational biomedical applications. Deepening our
understanding of the nature and dynamic fine-tuning of
intercellular crosstalks will enable identifying novel
signaling targets for new or repurposed therapeutics
used in many multifactorial diseases. (Cell Mol Gastro-
enterol Hepatol 2022;14:311-331;  https://doi.org/
10.1016/j.jcmgh.2022.04.012)
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he sophistication and functioning complexity of all

different organs in human beings are fascinating
and yet so challenging to accurately define and investigate.
Decoding the complex molecular and cellular interactions
taking place in each organ, and how they malfunction in
diseases, is instrumental to the progress of biomedical
research and eventually to personalized medicine. Previ-
ously established in vitro models (cell lines, primary cell
cultures) were either too simplified or not translatable to
human beings and had limitations in recapitulating the
different cell types and their interactions. Scientists have
had to re-explore embryology and tissue development to
devise and develop novel stem cell-based in vitro models
that allow studying the mechanism of the vast range of in-
teractions taking place within an organ in health and
disease.

The Beauty and Complexity of Tissues/

Organs

The complexity of a functional organ resides mainly in
the fact that all its cells sense, adapt, and respond to their
immediate and distant environments. In the gastrointestinal
tract (GIT), this includes not only external factors (eg, diet,
microbes’ ™) but also neighboring cells, cells from other
tissues within the same or from distant organs.”*® For
example, the different cell types of the intestinal epithelium
(eg, enterocytes, enteroendocrine cells, goblet cells)
communicate with luminal or mucosa-associated microbes
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from the resident gut microbiota or with pathogens during
infection.””*! Intestinal epithelial cells also interact with
each other and with tissue types from the intestine, such as
the underlying mesenchyme,’” ** the gut-associated innate
and adaptive immune system,'” '’ the enteric nervous
system,lg’m’20 or even distant organs such as the liver, the
lungs, or the brain.?t23

Accumulating evidence highlights the importance of
maintaining an equilibrium between the intercellular
crosstalks through intricate and dynamic regulatory
pathways.”*"*° Complex mechanisms ensure such biological
systems can cope with transient fluctuations in the envi-
ronment. Yet, alterations of key regulatory mechanisms
(including host genetics or environmental factors) dramat-
ically impact the growth, differentiation, maturation, and
functions of many cell types. Malfunction of specific or
multiple epithelial cell types consequently impairs inter-
cellular crosstalks and can lead to chronic diseases such as
Inflammatory bowel disease.?” 2’

This review focuses on how recently established stem
cell-based models recapitulate host cell-cell interactions.
We summarize the intrinsic limitations and complemen-
tarity of the different models that scientists should bear in
mind when developing novel experimental approaches. In
this review, we only briefly discuss the impact microbes
have on intestinal cells and how this can be studied with
stem cell-based models (for detailed descriptions, see re-

views published elsewhere?’ %),

Stem Cell-Based Models: The
Revolution for In Vitro Systems

Many factors and specific cell types are responsible for
the maintenance of the stem cell niche, and for the differ-
entiation of its progeny cells. Several of these molecules and
cells have been identified already, such as epidermal growth
factor, Wingless and Int-1 (WNT), R-spondin, bone
morphogenetic protein (BMP), as well as pericryptal myo-
fibroblasts, mesenchymal cells, and processes such as
autophagy.®*° However, their exact roles remain to be
mechanistically unraveled for each cell type of the tissue of
interest such as the intestinal epithelium. Filling these
knowledge gaps requires improving in vitro culture systems
of primary cells, particularly stem cells. Grown from stem
cells and necessitating extracellular matrix-like scaffolding
and specific niche factors, 3-dimensional (3D) cellular
structures, termed organoids, can be created. Organoids can
self-renew and generate in vitro functional structures con-
taining the cell types present in the tissue they model (eg,
mini-guts, mini-brains).**** These organoid models have
now widely revolutionized in vitro models to study health
and disease.

The Powerful yet Challenging Advances
Brought by Organoid Models
Two Main Classes of Stem Cells Can Be Used to

Grow Organoids
All differentiated cell types within an organ derive from
progenitor cells, themselves being progenies of stem cells.
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Stem cells play an essential role in embryonic development
and in the maintenance of most parts of an organ (eg, in the
GIT they are essential for rapid renewal of the epithelium).
Stem cells have been studied for decades and most recently
have been used to develop in vitro cultures of organoids
with cell types that to date could not be cultured in a dish.*’
There are 2 main routes to developing stem cell-based
in vitro models, relying on 2 main classes of stem cells:
adult stem cells (aSCs) that reside within certain fast
renewing tissues such as the GIT epithelium, the lung alveoli
cells or the skin epidermidis, and pluripotent stem cells
(either embryonic pluripotent stem cells [ePSCs] or induced
pluripotent stem cells [iPSCs]).

Adult stem cells. Adult stem cells are undifferentiated
cells naturally capable of self-regenerating asymmetrically.
They renew themselves and produce progenitor cells that
will proliferate and differentiate into all of the functional cell
types normally residing in the tissue from which they
derive.””"** aSCs can be cultured in vitro to generate het-
erotypic 3D organoid structures, containing all or most of
the different cell types normally present in the tissue of
origin. aSC-derived organoids can be generated from healthy
or diseased patient tissue samples,”*** and animal
models.***® Organoids can be maintained in culture for a
long time through repeated passaging, during which they
will maintain stable genetic and epigenetic signatures.
During life, organs such as the GIT are exposed to different
environmental signals (various microbes, food, antibiotics
and general medications, inflammatory events, surgery),
which will result in epigenetic modifications (eg, methyla-
tions, histone DNA packaging) within individual cells
including stem cells.*” Although nongenetic, these modifi-
cations will be heritable by the daughter cells during
mitosis, impacting gene expression in differentiated progeny
cells. Hence, organoids derived from tissue of the similar
organ or genetic background but carrying different epige-
netic profiles will behave differently, reflecting the differ-
ences in the original donors.””>' As a result, organoids
generated from different host backgrounds (eg, diseased vs
control patient-derived) will allow interrogating the role of
epigenetic signatures on cellular functions and, thus, on
cell-cell interactions taking place in these multicellular
structures in health and disease.” "

Depending on the source of stem cells used (adult, em-
bryonic, or induced pluripotent), organoids can contain 1 or
more tissue types. For instance, aSC-derived organoids
established from intestinal crypt-derived stem cells will
contain only epithelial cells. This type of organoid is ideal for
achieving a simplified system, yet these models often lack the
presence of underlying cells (eg, immune, mesenchyme,
enteric nervous systems) and therefore will only reflect a
limited part of the interactions staged in the whole intestinal
system. To overcome this limitation, scientists have
attempted growing cellular spheres derived from embedded
minced tissue in an air-liquid interface culture system, suc-
cessfully obtaining aSC-derived epithelial cells surrounded
by a robust mesenchyme and stromal environment.”*>* Yet,
this alternative culture method of aSCs requires a solid
expertise of ex vivo tissue culture methodologies and cannot
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be the primary choice for new users of organoid models. In
addition, aSCs are a scarce cell population in some tissues/
organs, which sometimes makes their harvest challenging or
impossible, and often necessitates the use of an alternative
source of stem cells such as PSCs.

Embryonic and induced PSCs. Tissues that either do not
contain easily culturable stem cells, or are not easily
accessible for stem cells to be collected (eg, brain), also can
be cultured as organoids from pluripotent stem cells (either
ePSCs or iPSCs).”*°° ePSCs are the naturally present stem
cells in an embryo, while iPSCs require first reprogramming
of existing cells such as fibroblasts into PSCs. All PSCs are
self-renewing cells that first derive into the 3 primary germ
layers: ectoderm, endoderm, and mesoderm germ. In a
second step, these germ layers will produce all cell types
existing in the body.””°? As a result, PSC-derived organoids
can include more than 1 tissue type and neighboring cells to
the tissue of interest (eg, the mesenchyme), opening the
door to in vitro reproduction of many more in vivo inter-
cellular interactions than aSC-derived organoids would
allow.””°” However, mastering the right time-dependent
modifications of the culture conditions of these cells to
obtain the correct germ layer, and subsequently guide its
evolution through all correct developmental stages to result
in the required organ-modeling organoids, is extremely
difficult, making these models accessible to only specialized
laboratories.®"%*

In addition, ePSCs or iPSCs present some caveats in their
accuracy to recapitulate important tissue traits in organoid
culture. First, PSC-derived organoids show more embryonic
features than aSC-derived organoids.’® Epigenetic signa-
tures of iPSCs differ enormously from ePSCs because they
can affect the reprogramming of fibroblasts into iPSCs.”®
Therefore, ePSC- and iPSC-derived organoids present some
distinctions in their potential use to model human genetic
disorders (Figure 1).°* Although presenting fetal features,
PSC-derived organoids can quickly gain adult maturation
when first transplanted for Kkidney organoids, for
example,65'66 as well as intestine, liver, pancreas, and retina
organoids, as recently discussed.®”

Finally, one major drawback of all stem cell- (aSC-, ePSC-,
or iPSC-) derived in vitro models is that they might not al-
ways represent the region/part of the organ investigated.
For example, PSC-derived intestinal organoid methods often
would lead to the culture of small intestinal organoids
instead of other intestinal regions (colon, cecum),’”“®
limiting the range of applications of this model. This prob-
lem mainly was owing to the lack of deep knowledge on
colonic tissue development until a few years ago.””®® In
recent years, the characterization of specific modulators of
colonic signaling pathways, such as BMP, has allowed the
development of iPSC-derived organoids into colonic tissue as
well.®® Despite the limitations or technical challenges asso-
ciated with all stem cell-derived in vitro models, organoids
remain the closest in vitro systems to in vivo conditions.
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Animal Model Vs Human Organoids, a Tricky
Choice

When selecting the best system to investigate the com-
plex crosstalk happening at the organ level, choosing the
right model organism is crucial. When studying the GIT,
murine intestinal organoids from small intestinal aSCs
represent the most documented organoid model, thanks to
its accessibility, the easiness of establishment starting from
a single intestinal crypt stem cell,*” and the availability of a
wide range of genetic backgrounds. These models have
allowed scientists to interrogate the role of particular genes,
signaling pathways, or processes in the epithelial homeo-
stasis,’”’° and how they are affected in particular.40’69’73
However, major immunologic, physiologic, and nutritional
differences exist in animal model-derived organoids
compared with human models, impeding the immediate
translation of the obtained findings to human beings.

The development of human organoids from aSCs, ePSCs,
or iPSCs is addressing this gap, and facilitates the screening
of novel molecules before moving to clinical trials with
greater chance of success. Human organoids now are used
to study many diseases, from genetic, infectious, chronic, or
cancerous nature.’”’*”> Genetic engineering applied to the
organoid technology allows correcting genetic alterations
in vitro or screening for drugs that could revert a mutation
that plays a key role in disease pathogenicity.”®’” Patient-
derived organoid lines now are being generated locally
and are becoming accessible to more researchers through
designated biobanks (eg, the Hubrecht Organoid Technology
(HUB) Biobank, Utrecht, The Netherlands, https://
huborganoids.nl; UZ/KU Leuven Biobank, Leuven, Belgium;
Discover Together Biobank, Cincinnati Children’s Hospital,
Cincinnati, OH). Such biobanks are reducing the require-
ment for geographic proximity of clinical research in-
stitutions to organoid/stem cell-derived tissue research
laboratories. Through these biobanks/biorepositories the
correct ethical regulations are carefully defined and main-
tained.”®”? Organoid lines are very appealing models to
study intercellular crosstalk in health and disease, and can
be compared with respective data from stratified patient
cohorts.””*%40

Human in vivo data to compare data obtained from hu-
man organoids are very scarce and definitely not easy to
obtain without very invasive approaches, and the only
alternative for preliminary studies is based on mouse
organoid models. Mouse organoid models therefore still
present many advantages, and can complement what is
obtained on human organoids. In particular, mouse orga-
noids have allowed pioneering technological advances in the
field that then could be adapted to human organoid models
for several tissues such as the brain.?° Thus, both species’
organoids present important advantages and limitations and
it is essential that new users question which species they
should go for, when considering using organoid models for
their research.
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Organoids Can Be Used to Study Cell-Cell and

Cell-Microbe Interactions

Certain microbes or cell populations are critical to
modulating homeostatic functions of an organ of interest.
Enabling the in vitro co-culture of these different microbes
or cell types is an obvious approach to understand their role
within an organ. 3D organoids present an inward polarity,
with their luminal side trapped within the 3D structure,
making any apical challenge difficult or requiring microin-
jection. Recently, protocols have been developed to culture
3D organoids with a reverse polarity, making the apical side
accessible, thus enabling microbial challenge to be applied
as they would be encountered in vivo.”""** Yet, this organoid
model still requires further validation. Apical out organoids
tend to be skewed toward absorptive cell lineage and may
not fully recapitulate the epithelial cell type diversity pre-
sent in the gut. In addition, the yield of 3D organoid
reversion will not always be 100%, leading to variably
mixed organoid populations.®’

Adaptation of the 3D model sometimes is needed to
enable further development of organoid-based models.
Organoids can be grown as monolayers using extracellular
matrix (ECM) protein-coated transwell filter inserts on
which organoid fragments are seeded and allowed to form a
confluent monolayer and then differentiate.>*®® Such a
method is referred to as the mucosoid cultivation system,
which was first developed to model the human gastric
mucosa in vitro.2* In this model, the cells are cultured at the
air-liquid interface, which induces cellular polarization and
mucus production, while reserving their regenerative ca-
pacity.®* Furthermore, mucosoid cultures also allow study-
ing the behavior of cell types specific to the gastric
epithelium, such as chief cells, that was not possible in vitro
before.®> Monolayers subsequently can be challenged with
relevant signaling mediators (eg, microbial/dietary com-
pound), as recently reviewed.’”*° Culture of organoid cells
in monolayers has the advantage of giving access to both the
cell apical and basolateral sides.

Microbes (commensals, probiotics, or pathogens or their
products) can be applied to the apical chambers and interact
with the organoid-derived monolayers.'”*”"%° Qrganoid-
derived monolayers can be grown within microfluidics de-
vices that add shear forces associated with medium flow
and gut wall smooth muscle stretching to the epithelial
monolayer, reproducing many of the mechanical forces
found in vivo, resulting in better mimicking of the epithelial
monolayer differentiation.”’’ ”* Nevertheless, limitations of
these systems include their cost, the need for specific
handling skills, and their requirement of lots of starting
materials, making experiments not always affordable by
many scientists. In addition, they are not yet applicable to
the co-culture of tissue deriving from differing germ layers.
More technological development would be needed to cul-
ture thicker organoid-derived complex cellular structure
with the physical properties provided by microfluidics
systems.

Direct interaction with neighboring cells found in vivo
also can be recapitulated, at least partially, in vitro, involving
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co-culturing organoids as monolayers or 3D structures with
2 or more different cell types (Figure 1). Various examples
for such approaches are given in Table 1. Recently, co-
culture of murine aSC-derived or human iPSC-derived in-
testinal organoids with innate lymphoid cells from the
respective species showed the impact of immune cells on
the microenvironment of the epithelium, and how their
malfunction can contribute to disease development.”* Co-
culturing organoids with other key cell populations from
the same individual within patient cohorts therefore could
inform scientists and clinicians about the source of varia-
tions in the studied interactions between patients. This
could highlight signaling regulation differences between
individuals who otherwise show the same disease-
associated symptoms, allowing precision medicine by
stratification of patients and application of more appro-
priate therapies.

What to Consider When Adapting
Organoid-Based Models to Unexplored
Research Fields

Diverse environmental triggers are instrumental in
shaping the conditions required for multicellular structures
to grow in vitro. Self-organization of some organoids, such
as intestinal organoids, depends strongly on sensing
diffusible or cell surface-exposed signaling molecules from
surrounding cells. Other organ models require forced spe-
cific cell pattern/layering to mimic the organ of interest."*®
Mechanical shear forces from fluid passing over cells or
from pulling and pushing through muscle contraction (eg,
intestinal peristaltism) also influence the accuracy of the
model developed."'”""® It therefore is paramount for new
and existing organoid model users to choose a model based
on many known factors, such as the source and types of
cells to include, the level of simplification achievable, the
availability of growth condition reagents, the scale of the
planned experiments, and the different readouts applicable
to that model. Despite the clear overlap in many existing
protocols, there is no universal approach and many of the
following factors will need to be considered separately and
also in synergy for developing the appropriate model and
answer specific biological questions.

Cell Proliferation, Differentiation, and Maturation
Are Influenced by the Surrounding ECM and
Cells

In living tissues, mesenchymal and epithelial cells pro-
duce different components of the ECM, generating a
gradient of signaling mediators important for tuning
different pathways involved in tissue assembly, wound
healing, and tissue regeneration."'? These include molecules
such as integrins, laminin, collagen, fibronectin, entactin,
and glycosaminoglycans.**'?° These components or their
concentrations are unique to the different organs'*' or
specific tissue region (upper or bottom parts of intestinal
crypts).' %
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Patient cohorts

Control
patients

Diseased
patients

Reprogramming *
KLF4, MYC, OCT4, SOX2 O
Adult Adult
D fibroblast tissue
Figure 1. Example of different Somatic
formats of stem cell-derived cell
intestinal organoid cultures. *
Stem cells can be obtained \J
from embryonic blastocysts or
generated from adult tissue
(biopsy specimens of diseased
or healthy patients). aSCs (or-
ange) can be used immediately Embryonic Induced Adult
to grow ftissue-specific orga-  plyripotent pluripotent stem cell
noids. Embryonic or reprog- stem cell stem cell
rammed induced stem cells first | |
need to develop into somatic +
cells (darker blue) and then the
relevant germ layer (endoderm, Germ Iayers
mesoderm, or ectoderm; green) specific PSC
before being grown in tissue- Endoderm, mesoderm,
specific organoids. Organoids
then can be used directly to * BHSCoxem!
screen drugs or microbial me- \4

tabolites in a patient-specific
manner, or co-cultured with
nonepithelial cells thought to
interact with epithelial cells
in vivo, either as 3D structures
or as monolayers. To test the
role of specific genetic de-
terminants, organoids also can
be genetically edited first and

3D organoids
(containing stromal cells)

3D organoids

then used for compound
screening or co-cultured with
other cells containing different
cell types (eg, secretory cells in

green, yellow, and magenta, or Organoids-
absorptive in pink). KLF4, :
Kruppel-like factor 4; MYC, Pro- del’IIV ed
tooncogene MYC protein; OCT4, monolayers

(octamer-binding  transcription
factor 4; SOX2, SRY (sex deter-
mining region Y)-box 2.

+ Co-culture with cells
from other cellular
compartments

* Drug screening
applications

+ Gene editing screening

ECM-like products derived from living tissue (ie, Engel-
breth-Holm-Swarm mouse sarcoma) such as Matrigel
(Corning, Flintshire, UK) or Cultrex (Trevigen, Gaithersburg,
MD) promote cell adhesion with high efficiency and have
become the by-default material scientists use for most
organoid cultures. However, these products are very
expensive and are derived from natural extracts, preventing

researchers from labeling organoid experiments as animal-
free. Matrigel usually contains fewer proteins (7-12 mg/
mL) than Cultrex (12-17 mg/mL), restricting its use to self-
organizing multicellular structures such as organoids, while
Cultrex also can be used for culturing spheroids composed
of cells of different sources.'** Each of these ECM products
presents high batch-to-batch variability, especially in their
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Table 1.Examples of Culture Approaches From Organoids

Based on
Isolated
eSCs/ primary  Cell
Organ modeled aSCs iPSCs cells line Complexity Field of research References
3D apical-in organoids in Matrigel or 2-dimensional monolayers
Mouse intestine Y Y 3D intestinal enteroids with Temporal and spatial 94a
separately isolated interaction of intraepithelial
intraepithelial lymphocytes lymphocytes with the
intestinal epithelium
Human colorectal Y 3D grown enteroids of CRC ~ Tumor-specific T-cell-based 9
and lung and lung tumors were used targeting at the level of the
tissue to stimulate PBMC derived individual patient, as a way
from the same patients forward to personalized
medicine
Mouse intestine Y Y 3D intestinal enteroids Probiotic influence on the 96a
embedded with isolated lamina propria
lamina propria lymphocyte-mediated
lymphocytes stem cell repair and
epithelial barrier integrity
Y Y Small intestinal crypts, Role of stromal cells such as 9ra
myofibroblasts, and fibroblasts and neurons in
myoplexus-derived the development of the
neuronal cells mixed and intestinal stem cell niche

embedded in ECM
Synthetic hydrogels

Mouse intestine Y Hydrogel-embedded 3D Cell differentiation and 98
enteroids influence of ECM stiffness
Y Collagen-soaked foam Stem cell biology, drug, 99

screening, tissue
engineering, as well as
regenerative therapies

Human intestinal Y Degradable and Effect of dynamic matrices on 100
epithelial nondegradable hydrogels neutrophil infiltration into
cells, in high-throughput format organoids
monocyte cell
lines, and
primary
neutrophils
Human intestine Y ECMs with tunable Effect of ECM on ISC 101
and biomolecular and expansion
endometrium biophysical properties
Human small and Y Synthetic hydrogels cross- New highly reproducible 102
large linked by thiol-Michael material for expanding
intestines addition reactions intestinal organoids
consistently
Human intestine Synthetic hydrogels allowing New highly reproducible 108
3D human intestinal material allowing direct
organoid culture without exposure of cultured 3D
encapsulation organoids to a stimulus of
interest

Highly relevant for
regenerative and
translational medicine

Human and Y Y Y Co-culture of primary ILC1s Intestinal epithelial cell-ILC1 98
mouse with intestinal organoids in interactions and impact of
intestines and various low-polymer ILC1 on the extracellular
innate concentration hydrogels matrix of the organoid stem
lymphoid cell niche

cells 1
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Based on

Isolated
primary Cell
cells line

eSCs/

Organ modeled aSCs iPSCs

Complexity
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Table 1.Continued

Field of research

References

Transwell filters
Mouse intestine, Y Y
stomach

Human intestine Y Y

Mouse and Y Y Y
human
intestine

Heterotypic spheroids/aggregates
Rat liver Y

Human intestine Y

Mouse and Y Y
human
intestine

Mouse immune Y Y
organoid (B-
cell germinal
center)

Scaffolds, patterned surface, microfluidic systems
Mouse intestine Y

Human intestine Y

ECM embedded
myofibroblasts or

myenteric plexus ENS cells
underlying ECM embedded

intestine or stomach
enteroids on Transwell
filters

Small and large intestinal
enteroid monolayers on

collagen-coated Transwell
filters preseeded under the

filter with PBMC-derived
macrophages

Interactions of epithelium with

myofibroblasts and nerves
(identification of stem cell
niche factors)

Intestinal epithelial cell-

macrophage interactions
and innate immune
responses to infection of
enteroids by bacterial
pathogens

Monolayer enteroid grown on Proinflammatory signaling

Transwell filter until

confluency and transferred

to well containing
adipocytes

Isolated rat hepatocytes

cultured as microspheres
first and then coated with

fibroblasts (cell line)
Human iPSCs endoderm-
derived intestinal
organoids and ectoderm
neural crest cell-derived
neurospheres, grown
separately first and then
co-cultured as 3D

between IECs and
adipocytes independently
of immune cells

Influence of surrounding

fibroblasts to the
maintenance of hepatocyte
function

Recapitulation of the

architecture,
vascularization, and
function of the intestine
including the myenteric
and submucosal ENS and
functions (gut motility)

spheroids encapsulated in Model development for gut

ECM for up to 4 weeks

For longer culture, graft of the
spheroids in mouse kidney
subcapsular space for up

to 10 weeks

U-shaped microwell made of
defined hydrogels formed

as arrays in plates and
seeded with mouse or

human intestinal organoid-

derived single cells

motility defect-associated
diseases (eg, Hirschsprung
disease)

Provides homogeneous,

reproducible organoid
arrays in less time than
normal culture methods for
testing various treatments/
exposures and application
to high-throughput
readouts

Mouse primary B cells and 3T3 Novel model for B-cell

fibroblast cell line

separately grown and then

mixed encapsulated in
ECM 3D structure

germinal center

Monolayer on scaffold support Organization, cell

Tubular perfusable

microfluidic and scaffold-

guided system using a
mixture of collagen (for
stiffness) and Matrigel

differentiation, gut
physiology

Physiological recapitulation of

tissue architecture to
investigate gut infection
disease

97a

104a

17a

105a

106

107

108

109

110
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Table 1.Continued

Based on
Isolated
eSCs/ primary  Cell
Organ modeled aSCs iPSCs cells line Complexity Field of research References
Y Scaffold and chemical Architectural development of B
gradients the intestinal stem cell
niche
Y Y 3D silk tubular scaffold with ~ New experimental scaffold to 2
intestinal enteroids seeded support, in vitro, intestinal
in the luminal compartment epithelial cell growth,
of a tubular silk scaffold polarization, and
and myofibroblasts seeded differentiation from
within the silk scaffold intestinal aSCs
Human liver, Y Organ-on-a-chip (microfluidic Organ-specific physiology s
kidney system)
Y Y Degradable layered hydrogel Model development for long 4
microfibers in a microfluidic culture maintenance of
system of fibroblast cell hepatic functions
line and primary
hepatocytes
Human Y Microfluidic for high-density =~ Development of patterned s
hepatocytes 3D striped co-culture in culture system in
and hydrogel with varying controllable and
fibroblasts physicochemical heterogeneous hydrogel

properties

sheets for several cell
types

CRC, colorectal cancer; ENS, enteric nervous system; eSC, embryonic stem cell; IEC, intestinal epitehlial cell; ILC, innate]
lymphoid cell; ISC, intestinal stem cell; PBMC, peripheral blood mononuclear cell; 3T3, fibroblasts.

@Studies in which intercellular interactions were addressed at least superficially.

protein content, causing reproducibility issues in organoid
culture if not monitored."** '2°

Several research groups have developed a wide assort-
ment of basal cell-matrix protein-containing hydrogels,
reproducing certain tissue-specific properties (different
protein isoforms for different parts of a tissue).'*#*%7128
Initially for organoid model experts, these alternative
ECMs, of more defined compositions, offer much-improved
reproducibility and versatility than animal-derived ma-
trixes to accommodate diverse organ-mimicking organoid
cultures (see Table 1 for examples).'’*'?° Some allow the
ECM to evolve/degrade dynamically as the epithelial
structures grow,100 some offer reduced stiffness,'°? while
others have tunable biomolecular and biophysical
properties.lzz’m1

These technical advances enable optimizing the organoid
cell size and differentiation, thus broadening the range of
readout approaches that can be applied to organoids, for
example, testing drugs or other host cell-derived secreted
factors on disease-modeling organoids (eg, immune media-
tors)."*%"3! It therefore is primordial to gather as much
information as possible about the ECM biochemical (eg,
composition, protein isoforms, signaling growth factors) and
physical properties (eg, stiffness) appropriate for the tissue
to be modeled. A few recent reviews have compiled ad-
vantageous characteristics about currently available animal

tissue-derived, or synthetic hydrogels, in their ability to
promote and sustain organoid culture,"*?7*3*

Neighboring cells also will be the source of regulatory
compounds of stem cell progenies’ fate. These cells will be
more diverse in PSC-derived organoid cultures, and there-
fore will provide many more of these compounds than when
aSC-derived organoids are used, in which case those regu-
latory molecules have to be added to the culture medium.
Paneth cells, located at the bottom of the small intestinal
crypts, contribute to the provision of several factors such as
WNTS3, necessary for cell proliferation and maintaining the
stem cell niche, transforming growth factor-3, TNF-8, to
favor the development of secretory cells such as enter-
oendocrine cells, or epidermal growth factor receptor, EGFR,
which influences the transit-amplifying cell pop-
ulation.”®*"*” In the colon, where typical Paneth cells are
not present, intestinal mesenchymal cells and Reg4+ deep
crypt secretory cells are alternative sources of stem cell
niche factors.*®*3° The combined and tightly regulated ef-
fect of these compounds modulate key pathways such as the
WNT, Notch, Hedgehog, BMP, and ephrinB pathways. Acting
on these pathways regulation maintains the stem cell niche,
and permits progenitor cells to differentiate into their
functional form.>* The surrounding cellular environment of
intestinal stem cells also comprises cells such as myofibro-
blasts, fibroblasts, endothelial cells, neural cells, smooth
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muscle cells,>* and resident immune cells (eg, macrophages,
dendritic cells, regulatory T cells) that overall modulate
ECM composition and host epithelial responses.®>***!*!
Alongside neighboring cells, deeper tissue cells such as the
enteric nervous neurons/glial cells will secrete factors such
as transforming growth factor-8, 15-deoxy-A12,14-
prostaglandin ]2, glial cell-derived neurotrophic factor, or
S-nitrosoglutathione essential not only for gut motility but
also for the survival of stem cells, differentiation of their
progenies, and maintenance of the epithelial barrier func-
tions.'*>'*3 All of these interactions in organoid cultures
will have to be taken into account when interpreting
organoid-based generated data because some will not be
reproduced in the model.

Intestinal organoids can self-organize independently of
other cells. Yet, their maturation more accurately resembles
that of in vivo tissue when different surrounding cell types
are present. To achieve this, co-culturing organoids in the
presence of other cells is necessary. Co-culture of organoids
with nonepithelial cells such as peripheral blood mono-
nuclear cell-derived dendritic cells, intestinal intraepithelial
lymphocytes, or endothelial cells already has been per-
formed by using existing systems that originally permit
direct or indirect contact between different cell
types.®> 74144145 Eor that, cells derived from organoids can
be grown as monolayers on filter Transwell devices and
exposed to signaling molecules secreted by other cells or
directly to those cells (Figure 1). Alternatively, culture of
organoids with other cell types into 150- to 400-um diam-
eter heterotypic 3D structures has proven useful in the case
of hair follicle, intestinal, or kidney organoids.m7‘14("148 Co-
culture systems reproducing in vitro the tissue-specific cell
movement and migration within organoids also have been
developed successfully.”* These co-culture systems are
highly relevant to investigate the interactions of infiltrating
cell types with organoid cells **'*’ (eg, proinflammatory
cells and homeostatic cells) (Figure 1).

Tissue Topology, Cell Positioning, and
Mechanical Forces Impact on Cell Differentiation
and Maturation

Among the factors influencing the development and ho-
meostasis of an organ, the organ 3D architecture increas-
ingly is recognized as important. The 3D architecture
encompasses the respective positioning and the distribution
of the different cell types within the tissue.'”” Little is fully
understood about what regulates the spatial resolution of
what makes an organ a functional organ. This highlights
how useful it is to recapitulate at least part of this 3D
landscape in an in vitro model to understand how it con-
tributes to regulating cell functions. Attention to the tissue
topology, cell positioning, and the shear forces applied to
them therefore has gained importance as a valuable strategy
in the development of more accurate organoid models.

Successful strategies to co-culture different cell types
have included aggregating cells on coated surfaces or,
conversely, in rotating vessels to prevent their adherence to
the vessel itself. In parallel, using special scaffold coating or
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co-encapsulating the cells into defined ECM-mimicking
hydrogels remains a preferred and more controllable
approach. These options allow studying the different factors
that influence cell survival in 3D cellular structures,
including organoids.”*'°"*°?

The stem cell niche maintenance and development is
influenced strongly by the tissue topology (eg, curvature of
the underlying tissue), the biomechanics (eg, shear forces
from smooth muscle contractions of the digestive tract), and
the permanent circulation of luminal flow. In vitro control of
these additional factors strongly strongly impact the degree
of proliferation, polarization, and differentiation of the
pluripotent stem cell-derived structures,'”® and it is clear
that simplification of such variables is inevitable in mecha-
nistic studies. Recently, intestinal aSC-derived organoid
models were used to show the regulatory roles that intra-
cellular crowding of macromolecules and volumetric
compression of the cells have on stem cells and progeny
growth, in particular on key cellular pathways such as
WNT/B-catenin signaling pathways, and therefore on the
organoid growth.'”* Spatiotemporal control of the micro-
cellular environment therefore is important when studying
the cell type-specific function homeostasis and the involved
intercellular crosstalks.*”'*1°

Possible Adaptation of Novel Hydrogels and
Scaffolds to Organoids and Other Cell Co-culture

Considering the high level of versatility of classic co-
culture systems, similar strategies are being adapted to
organoid culture systems. Cells interacting in vivo can be
first cultured separately in vitro before being seeded
together (Figure 24). Either Transwell filters or patterning
scaffolds can be used for this purpose, the latter shows se-
lective affinity toward specific cell types (Figure 2,
Table 1).1%¢

For instance, an interlocking comb-like silicon system
was developed that already allows direct contact between 2
cell types in co-culture, as well as testing sustained short-
diffusion range between cell types.'®” Such an approach
could facilitate studying contact-mediated or diffusible
signaling taking place between cell types of interest in
health and disease using diseased and control
patient-derived organoids. For longer diffusion range,
traditional Transwell co-culture of 3D organoids or
organoid-derived monolayers with predicted interacting
cells or their culture medium can help understand the role
of secreted signaling factors in cell-cell crosstalk
(Figure 2B).

Similarly, the pattern and layering of different cell types
is of prime importance to better recapitulate cell-cell in-
teractions, offering more control of the proliferation rate
and differentiation state of the resulting organoid cells
(Figure 2C). These microenvironmental signals will dictate
how well the culture of organoids reflect the cell assembly
and organization observed in the tissue of origin."*® Some
technologies use magnetic nanoparticles and micromagnetic
forces to help position different cell types, obtaining a more
accurate cellular arrangement when studying their
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Figure 2. Possible options for studying cell-cell communication. (A) Mimicking tissue curvature and fluid circulation found
in the organ will help generate organoids in open and perfusable systems. These setups could provide access to apical and
basolateral sides for much longer periods of time than Transwells. This last yet promising option is still under development and
will see the emergence of finely tunable model systems in the very near future. (B) Co-culture of organoids of interest within
hydrogel domes that will self-organize allows investigation of contact-mediated interactions. (C) Cultures of organoids (in
separate dishes or separated by Transwell filters as 3D or monolayers exposed to signaling compounds released in the culture
medium. (D) In models in which cell differentiation into the mature cell type investigated depends on specific cell types
alternating positions, microfluidics and gelation of organoid cells facilitates studying cell-cell interactions between matured

cell types.

interactions.’®” Similarly, different materials such as syn-
thetic polymers can be used as scaffolds to control the levels
of homotypic or heterotypic cell interactions in in vitro
models.'®""'°* These materials first are modified and
necessitate conjugation with bioactive molecules to permit
their interactions with living cells.'’*

Engineering biomaterials can involve, for example: (1)
scaffolds with in vivo-mimicking curvature (Figure 2D),'°
(2) perfusable systems for supplying nutrients and oxy-
gens to the complex 3D cell structures,’” and (3) defined
hydrogels and relevant cell layering/positioning for
mimicking in vivo intercellular crosstalks."**'* Degradable
hydrogel microfibers have been developed for layering and
co-culturing mouse primary hepatocytes with fibroblasts,
but could be adapted to stem cell-derived organoids too.""*
Such structured hydrogels are particularly relevant in case
of tissues, the functions of which cannot be recapitulated
easily in vitro without specific layering or patterning (eg,
tubular) architecture. Often, the self-organization conditions
necessary for in vivo mimicking of that tissue have not been
fully identified yet, impeding further advances in the
translational fields of tissue bioengineering, repair, and/or
replacement. Recent progress in biomaterial sciences offers
in vitro systems that help specify the geometry of organoid-
generating structures of defined shape, size, and cell dis-
tributions. Localized softening of hydrogels helps predict
and control the geometry of murine intestinal organoids.'®”

Technical limitations, however, still are restricting the
possibility to conduct longitudinal studies and explore the
full differentiation of these heterotypic and quite large
cellular structures. For example, classic ECM-embedded in-
testinal organoid cultures do not include a functional
vascularization system. The larger the 3D structure is, the
more limited oxygen supply becomes in the central part of

the organoids, leading to hypoxia and exacerbated cell ne-
crosis. To date, one possible way to culture organoids for a
prolonged length of time is their xenograft to a living animal
model tissue. This allows vascularization, that is, oxygena-
tion of the organoids from the animal circulation system (eg,
in the kidney subcapsular space,'’® or peritoneal cavity in
the mouse model,"®® or the chicken chorioallantoic mem-
brane'®”). Recently, an in vitro method was proposed using
a patterned tubular matrix to grow organoids that self-
arrange into an epithelial monolayer with crypt and villi
regions (Figure 2D)."'%'°® This system allows perfusion of
primary cell monolayers and culture of them for several
weeks without hypoxia-induced damages.''° In the future,
additional cell types could be included in the hydrogel
scaffold of such models to investigate, for example, epithe-
lial/immune cell interactions.

Time: An Overlooked Parameter to Consider in
Organoid-Based Models

One major breakthrough associated with organoid-based
models is the ability to culture them over time. The gener-
ation of well-defined culture conditions for aSCs, ePSCs, and
iPSCs has permitted organoids to be expanded indefinitely
and to cryopreserve these organoid lines for future
use.'®”'”% Organoid cultures were shown to maintain a high
in vitro stability over time compared with the biopsy or
tissue sample of origin,*®**®'”1'72 revolutionizing the use
of in vitro primary cell-based models,"”" and allowing us to
move away from mouse models. The ability to expand
organoid lines to relatively high passage numbers has
enabled their use for high-throughput multi-omics technol-
ogies, producing transcriptomics, proteomics, metab-
olomics, and lipidomics data sets that can be explored to
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better unravel the various interactions taking place in a
tissue. 69,173-176

Outlook and Perspectives

Current Challenges

Despite the great advances made in reproducing in vitro
the in vivo chemical and cellular microenvironment, very
few studies have produced mechanistic explanations of how
organoids can mimic maturation, differentiation, and func-
tion of the different cell types found in vivo. As stem
cell-based models, organoids have originated from embry-
ology and developmental biology research, most progress is
restricted to these research areas,'”” 17° leaving adult tissue
function, repair, and homeostasis lagging behind. Further-
more, advanced understanding of fully formed and func-
tioning organs is slowed down by the lack of native stromal
cells, muscle cells, neurons and glial cells, blood vessels, and
immune cells in organoid models, limiting the translation of
organoid models to biomedical applications.

Equally important, applying organoid culture protocols
to samples that originated from diseased tissue to recapit-
ulate a disease phenotype is much more challenging than for
healthy tissue (eg, tissue too damaged or containing high
levels of apoptosis-triggering compounds).”® Access to
improved reagents such as defined hydrogels is not yet
widely accessible and remains the privilege of expert
groups. Finally, the high financial cost associated with the
development of sophisticated models is holding back the
adoption of these models by many research groups. As a
result, most detailed intercellular interaction studies still
are based on simple models (Table 1). Still, a lot remains to
be exploited from these evolving model systems for the
generalized use of these models and the validation of
mechanistic studies.

At last, choosing a relevant model strictly depends on the
exact scientific question asked, hence, all different possible
approaches should be considered while having that in
mind."®® For example, is the studied disease monogenic or
are there many genetic factors to control?'®' Although
mechanistic studies might require highly complex models,
the screening of drugs or microbial products may be best
performed in simpler models compatible with high-
throughput formats.

Scientists embarking on the use of these promising
models should acknowledge that the organoid technology is
still in its infancy. Different ways to improve controllability
and reproducibility of this technology should be pursued
based on the specific scientific question asked. Additional
parameters will need adding subsequently to control the
cellular complexity,®’ tissue geometry,'®” and cellular
patterning and layering of the modeled tissue/organ.?®”%183

Novel Directions for Organoid Models

Currently, improved models are emerging from bridging
stem cell research with biomaterial and bioengineering
research fields in an attempt to replicate cellular pattern,
tissue curvature, heterotypic diversity, shear forces from
fluid flux, and neighboring cell movements. The next
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generation of organoid models are likely to contain most of
the essential cell types present in an organ (eg, nerves,
stroma, immune cells). They also will be developed
following the concept of narrative engineering,'®* that is,
recapitulate the chronological changes (biochemical, me-
chanical, and physiological environment) as they would
occur in vivo.

Once the various factors mentioned earlier become
controllable, harmonized and standardized organoid-based
models will be used by a larger part of the scientific com-
munity, providing the costs are reduced as well. Several
studies already have provided lists of markers to check for a
differentiation state of epithelial organoid cells co-cultured
with nonepithelial cells (eg, intestinal organoids with cells
from the enteric nervous system).*"*”'% Selected differ-
entiation factors can be added to the culture to promote
growth of specific cells that have not been cultured suc-
cessfully in vitro from stem cells (eg, Receptor activator of
nuclear factor kappa-B ligand, RANKL for generating
microfold cells in intestinal organoids'®®). iPSC aggregates
were shown to grow differently in the presence of different
factors, other cells, or scaffolds; the core region of such
structures remains very stable, while the peripheral parts
respond more strongly to environmental changes."®’

Standardization of organoid expansion alongside gener-
ation of stable organoid lines will form reliable tools for
drug screening using high-throughput readouts (eg, single-
cell RNA sequencing [RNAseq], Assay for Transposase-
Accessible Chromatin using sequencing, ATAC sequencing,
bisulfite sequencing, spatially resolved RNAseq, proteomics,
and bioimaging).*>**?"1?° Recently, a multiplex single-cell
analysis pipeline was developed on organoids co-cultured
with fibroblast and leukocytes to establish post-
translational modification signaling networks that can be
altered in diseases.'”’ For example, growing organoids from
patient-derived stem cell aggregates in preformed U-shaped
microcavities imprinted in the hydrogel achieves highly
homogenous cultures, both in size and maturation level. In
addition, in this high-throughput single organoid model,
cells will be positioned on the same Z plane, thus facilitating
the automated live bioimaging screening of various drugs
for the development of personalized medicine.**'°” These
recent advances are instrumental for the reproducibility of
experiments among different research laboratories across
the world. Harmonizing these approaches at an interna-
tional level will enable the successful translational
biomedical applications for global pharmaceutical and
biomedical companies/hospitals.'

Structural and mechanical scaffolds mimicking the
microenvironment of the epithelial cells now are being
developed,'** and will increase the capability of organoid
cells to self-organize following layering or pattern that is
important for those cells to fully mature and function as
they would in vivo (Table 1, Figures 2 ). It now is foreseeable
to combine organoid models of different organs into
assembloids to study further intracellular interactions be-
tween different body systems such as the lungs, heart, gut,
and nervous system.'”*'?* The tissue engineering research
field has been a great source of innovation for developing
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improved organoid models dedicated to basic or trans-
lational research.'” Recently, a human brain organoid
model was developed that also harbors optic vesicles reca-
pitulating key cell types involved in vision (eg, corneal
epithelial and lens-like cells, retinal pigment epithelia'”®).
Combining these advanced models as a multi-organ system
could be the strategy to fully comprehend homeostatic or
diseased living biosystems."?”"*?% It still remains challenging
to reproduce in vitro different communication axes such as
gut-brain and gut-lung because of the simplified architec-
ture of organoids, and more complex models still are
required.’””

What microfluidics systems (eg, gut-on-a-chip; Emulate,
Boston, MA; Mimetas, organoplate, Oegstgeest, The
Netherlands; organ-on-a-chip; Harvard Wyss Institute, Bos-
ton, MA) have enabled more recently was to recreate
separated compartments, with the nutrient-containing me-
dium side (on the basolateral side of epithelial surfaces) and
the apical side of the epithelial barrier (luminal side of
epithelial surfaces).””'®*''® These systems still are under
improvement, but already can be exploited to recreate
in vitro organ-specific features such as epithelium exposure
to circulating fluid and flow-associated shear forces.”’%?"*
An increasing number of organs have been modeled using
these systems as reviewed by Huh et al,"*® suggesting that
such microfluidic systems could integrate several inter-
connected devices, each modeling a different organ (human-
on-chip concept). This not only can permit cultures to be
maintained for a length of time during experimentation, but
also has been shown to lead to better maturation of the
different cell types (co-)cultured.”®?°? These platforms,
although still expensive, offer great reproducible perfor-
mance conditions that are incredibly useful for bioimaging,
particularly live imaging of structures such as organo-
ids??*2%% (Table 1).

In addition to the multiple platforms emerging for using
organoid-based models, the increasing accessibility to gene
editing technology (eg, clustered regularly interspaced short
palindromic repeats associated protein 9, CRISPR-Cas9) will
bring forward more advanced regenerative and personal-
ized medicine.?®?°” It now is possible to confirm the ge-
netic association of a mutation with a disease phenotype
and to bring back functioning gene alleles, thus homeostatic
functions in defective tissue.””?°*?°? In parallel, assay for-
mats and readout technologies also have evolved and now
have become applicable to organoid-based approaches (eg,
single-cell RNAseq, in situ RNAseq, and high-content live
bioimaging), enabling high-resolution and longitudinal
studies. Such technologies definitely will complement the
development of better disease organoid models, as well as
the understanding of the different levels of interaction that
regulate tissue homeostasis, fostering future therapeutic
approaches in human and animal health.

Conclusions

In the past 10 years, stem cell-based research has made
a huge leap forward, benefiting a myriad of other sectors,
creating unforeseen collaborations between research fields
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such as biomaterials, microfluidics, high-throughput live
bioimaging, mathematical modeling, data sciences, cellular
biology, and multi-omics. Several biotechnology companies
now offer already-made reagents/media to grow organoids,
or alternative compounds to make growth medium from
individual components, allowing creating diverse culture
conditions for expansion, differentiation, or screening of
organoids. Different already-made hydrogels and scaffolds
also can be purchased (eg, Stemcell Technologies, https://
www.stemcell.com; Corning and Amsbio extracellular
matrices, https://www.corning.com/emea/en.html  and
https://www.amsbio.com; Biotechne and Peprotech culture
supplements, https://www.bio-techne.com and https://
www.peprotech.com/gh*®®).  Various microfluidic plat-
forms already are available to grow cell monolayers from
organoids and offer accessibility to both apical and baso-
lateral sides of epithelial cell layers (eg, Emulate, https://
emulatebio.com; the HUMIX system”’’). Nowadays, pro-
tocols and training courses on how to establish organoid
cultures from tissue samples or pluripotent stem cells are
available (eg,  https://www.cambioscience.com/2020/
08/24 /on-demand-3d-cell-models-course; https://
www.stemcell.com/products/product-types/training-and-
education/intestinal-organoid-training.html; and https://
www.thermofisher.com/uk/en/home/life-science/cell-culture/
organoids-spheroids-3d-cell-culture. html).

The health and disease-associated malfunctions of the
GIT in particular now are studied with highly complex
organoid models. Co-culture systems allow the scientific
community to test whether specific cell-cell interactions are
impaired in disease as a cause or consequence of the disease
pathogenesis. Access to patient-derived organoid lines,
developed from longitudinally collected samples from the
same donor, could help investigate the impact of epigenetic
signatures, disease-associated single-nucleotide poly-
morphisms, and messenger RNA splicing variants on the
modulation of gene expression within the same patient.
Future metagenomic and metabolomics profiling of patients’
intestinal microbiota also could help using organoids to
study how microbes can influence the host cell-cell cross-
talks and their different levels of regulation. The midterm
future of intestinal organoid models therefore is promising
to broaden our understanding of digestive diseases in a
patient-specific manner. The same is envisageable for other
organs.

The links currently developing between biology,
biomedicine, biomaterials, and biophysics research with
biotechnologies is a remarkable international initiative. It
will boost the development of more relevant, reproducible,
and amenable models to study intercellular interactions and
their role(s) in health and disease.'®® Future organoid-based
models will become a goldmine resource for understanding
the development and function of tissues at cell type-specific
levels and in a patient-specific manner, including metadata
such as age, gender, and medical history. With those models
becoming more reliable, clinical trials of biologics pretested
on organoids hopefully will be accelerated and tissue
reconstruction will be elaborated with direct applications in
regenerative and personalized medicine.


https://www.stemcell.com
https://www.stemcell.com
https://www.corning.com/emea/en.html
https://www.amsbio.com
https://www.bio-techne.com
https://www.peprotech.com/gb
https://www.peprotech.com/gb
https://emulatebio.com
https://emulatebio.com
https://www.cambioscience.com/2020/08/24/on-demand-3d-cell-models-course
https://www.cambioscience.com/2020/08/24/on-demand-3d-cell-models-course
https://www.stemcell.com/products/product-types/training-and-education/intestinal-organoid-training.html
https://www.stemcell.com/products/product-types/training-and-education/intestinal-organoid-training.html
https://www.stemcell.com/products/product-types/training-and-education/intestinal-organoid-training.html
https://www.thermofisher.com/uk/en/home/life-science/cell-culture/organoids-spheroids-3d-cell-culture.html
https://www.thermofisher.com/uk/en/home/life-science/cell-culture/organoids-spheroids-3d-cell-culture.html
https://www.thermofisher.com/uk/en/home/life-science/cell-culture/organoids-spheroids-3d-cell-culture.html

2022

Although many studies now have shown the value of
organoid models, only a few studies successfully have
applied this technology to show mechanistic understanding
of intercellular crosstalk.”*°” Although key cellular players
influencing development, maturation, and functioning of a
tissue have been identified, the molecular mechanisms
involved remain to be elucidated. Emergence of novel stem
cell-derived in vitro models, applicable to high-throughput
technologies and combined with computational data sci-
ences and mathematical modeling, will see the generation of
extremely valuable multi-omics data, finally allowing us to
decipher the mechanisms involved in intercellular cross-
talks that govern the homeostatic functioning of a living
tissue/organ and its alterations in diseases.”'’"*'? Devel-
oped in collaboration with clinicians, these models can be
developed from patient tissue, allowing us to interrogate
genetic factors involved in the dysregulation of key ho-
meostatic functions, and to screen novel as well as repur-
pose existing therapeutics.”’®> !> This brings the scientific
and clinical communities much closer to finding new cures
to diseases, or to simply prevent these diseases from
developing into their severe forms in susceptible
individuals.

All interested scientists should feel invited and encour-
aged to join this ongoing experimental revolution. Starting
simple and adding complexity to the models should be the
strategy of scientists new to the field to gradually build on
their and others’ findings. Testing different options and
optimizing them first is a prerequisite for the development
and use of sophisticated intracellular interaction models.
The coming years will see intercellular crosstalk mecha-
nisms being sketched at a much deeper resolution level, and
witness the emergence of many applications of organoid
technology to unforeseen fields of research.

References

1.Freire R, Ingano L, Serena G, Cetinbas M, Anselmo A,
Sapone A, Sadreyev R, Fasano A, Senger S. Human gut
derived-organoids provide model to study gluten
response and effects of microbiota-derived molecules in
celiac disease. Sci Rep 2019;9:7029.

2.In J, Foulke-Abel J, Zachos NC, Hansen A-M, Kaper JB,
Bernstein HD, Halushka M, Blutt S, Estes MK,
Donowitz M, Kovbasnjuk O. Enterohemorrhagic
Escherichia coli reduce mucus and intermicrovillar
bridges in human stem cell-derived colonoids. Cell Mol
Gastroenterol Hepatol 2016;2:48-62.€3.

3.Tomosada Y, Villena J, Murata K, Chiba E, Shimazu T,
Aso H, lwabuchi N, Xiao J, Saito T, Kitazawa H. Immu-
noregulatory effect of bifidobacteria strains in porcine
intestinal epithelial cells through modulation of ubiquitin-
editing enzyme A20 expression. PLoS One 2013;8:
e€59259.

4.Kong S, Zhang YH, Zhang W. Regulation of intestinal
epithelial cells properties and functions by amino acids.
Biomed Res Int 2018;2018:2819154.

5.Yan F, Cao H, Cover TL, Whitehead R, Washington MK,
Polk DB. Soluble proteins produced by probiotic

Introduction to Organoid Models 323

bacteria regulate intestinal epithelial cell survival and
growth. Gastroenterology 2007;132:562-575.

6.lsaacs-Ten A, Echeandia M, Moreno-Gonzalez M,
Brion A, Goldson A, Philo M, Patterson AM, Parker A,
Galduroz M, Baker D, Rushbrook SM, Hildebrand F,
Beraza N. Intestinal microbiome-macrophage crosstalk
contributes to cholestatic liver disease by promoting
intestinal permeability in mice. Hepatology 2020;
72:2090-2108.

7.Saunders PR, Miceli P, Vallance BA, Wang L, Pinto S,
Tougas G, Kamath M, Jacobson K. Noradrenergic and
cholinergic neural pathways mediate stress-induced
reactivation of colitis in the rat. Auton Neurosci 2006;
124:56-68.

8.Han SJ, Li H, Kim M, D’Agati V, Lee HT. Intestinal Toll-
like receptor 9 deficiency leads to Paneth cell hyper-
plasia and exacerbates kidney, intestine, and liver injury
after ischemia/reperfusion injury. Kidney Int 2019;
95:859-879.

9. Derrien M, Alvarez A-S, de Vos WM. The gut microbiota
in the first decade of life. Trends Microbiol 2019;
27:997-1010.

10. Soderholm AT, Pedicord VA. Intestinal epithelial cells: at
the interface of the microbiota and mucosal immunity.
Immunology 2019;158:267-280.

11.Nigro G, Hanson M, Fevre C, Lecuit M, Sansonetti PJ.
Intestinal organoids as a novel tool to study microbes-
epithelium interactions. Methods Mol Biol 2019;
1576:183-194.

12.Bahar Halpern K, Massalha H, Zwick RK, Moor AE,
Castillo-Azofeifa D, Rozenberg M, Farack L, Egozi A,
Miller DR, Averbukh I, Harnik Y, Weinberg-Corem N, de
Sauvage FJ, Amit |, Klein OD, Shoshkes-Carmel M,
ltzkovitz S. Lgr5+ telocytes are a signaling source at the
intestinal villus tip. Nat Commun 2020;11:1936.

13.Visco V, Bava FA, d’Alessandro F, Cavallini M,
Ziparo V, Torrisi MR. Human colon fibroblasts induce
differentiation and proliferation of intestinal epithelial
cells through the direct paracrine action of keratino-
cyte growth factor. J Cell Physiol 2009;220:204-
218.

14. Kedinger M, Duluc |, Fritsch C, Lorentz O, Plateroti M,
Freund JN. Intestinal epithelial-mesenchymal cell in-
teractions. Ann N Y Acad Sci 1998;859:1-17.

15. Allaire JM, Crowley SM, Law HT, Chang S-Y, Ko H-J,
Vallance BA. The intestinal epithelium: central coordi-
nator of mucosal immunity. Trends Immunol 2018;
39:677-696.

16.McDole JR, Wheeler LW, McDonald KG, Wang B,
Konjufca V, Knoop KA, Newberry RD, Miller MJ. Goblet
cells deliver luminal antigen to CD103-+ dendritic cells in
the small intestine. Nature 2012;483:345-349.

17.Takahashi Y, Sato S, Kurashima Y, Lai C-Y, Otsu M,
Hayashi M, Yamaguchi T, Kiyono H. Reciprocal inflam-
matory signaling between intestinal epithelial cells and
adipocytes in the absence of immune cells. EBioMedi-
cine 2017;23:34-45.

18.Neunlist M, Van Landeghem L, Mahé MM,
Derkinderen P, des Varannes SB, Rolli-Derkinderen M.
The digestive neuronal-glial-epithelial unit: a new actor in


http://refhub.elsevier.com/S2352-345X(22)00080-7/sref1
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref1
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref1
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref1
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref1
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref2
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref2
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref2
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref2
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref2
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref2
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref2
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref3
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref3
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref3
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref3
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref3
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref3
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref4
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref4
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref4
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref5
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref5
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref5
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref5
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref5
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref6
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref6
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref6
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref6
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref6
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref6
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref6
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref6
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref7
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref7
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref7
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref7
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref7
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref7
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref8
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref8
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref8
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref8
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref8
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref8
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref9
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref9
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref9
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref9
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref10
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref10
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref10
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref10
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref11
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref11
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref11
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref11
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref11
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref12
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref12
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref12
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref12
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref12
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref12
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref12
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref13
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref13
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref13
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref13
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref13
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref13
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref14
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref14
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref14
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref14
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref15
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref15
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref15
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref15
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref15
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref16
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref16
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref16
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref16
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref16
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref16
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref17
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref17
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref17
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref17
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref17
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref17
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref18
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref18
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref18

324 Hautefort et al

gut health and disease. Nat Rev Gastroenterol Hepatol
2013;10:90-100.

19. Puzan M, Hosic S, Ghio C, Koppes A. Enteric nervous
system regulation of intestinal stem cell differentiation
and epithelial monolayer function. Sci Rep 2018;8:6313.

20.Grenham S, Clarke G, Cryan JF, Dinan TG. Brain-gut-
microbe communication in health and disease. Front
Physiol 2011;2:94.

21.Atif M, Warner S, Oo YH. Linking the gut and liver:
crosstalk between regulatory T cells and mucosa-
associated invariant T cells. Hepatol Int 2018;
12:305-314.

22.Ghosh SS, Wang J, Yannie PJ, Ghosh S. Intestinal
barrier function and metabolic/liver diseases. Liver Res
2020;4:81-87.

23. Wittkopf N, Neurath MF, Becker C. Immune-epithelial
crosstalk at the intestinal surface. J Gastroenterol 2014;
49:375-387.

24.LiH, Fan C, Lu H, Feng C, He P, Yang X, Xiang C, Zuo J,
Tang W. Protective role of berberine on ulcerative colitis
through modulating enteric glial cells-intestinal epithelial
cells-immune cells interactions. Acta Pharm Sin B 2020;
10:447-461.

25.Talbot J, Hahn P, Kroehling L, Nguyen H, Li D,
Littman DR. Feeding-dependent VIP neuron-ILC3 circuit
regulates the intestinal barrier. Nat 2020;579:575-580.

26. Peterson LW, Artis D. Intestinal epithelial cells: regulators
of barrier function and immune homeostasis. Nat Rev
Immunol 2014;14:141-153.

27.Fair KL, Colguhoun J, Hannan NRF. Intestinal orga-
noids for modelling intestinal development and dis-
ease. Philos Trans R Soc Lond B Biol Sci 2018;
373:20170217.

28.Dutta D, Heo |, Clevers H. Disease modeling in stem cell-
derived 3D organoid systems. Trends Mol Med 2017;
23:393-410.

29.Burger E, Araujo A, Lopez-Yglesias A, Rajala MW,
Geng L, Levine B, Hooper LV, Burstein E, Yarovinsky F.
Loss of Paneth cell autophagy causes acute suscepti-
bility to Toxoplasma gondii-mediated inflammation. Cell
Host Microbe 2018;23:177-190.€4.

30. Poletti M, Arnauts K, Ferrante M, Korcsmaros T. Orga-
noid-based models to study the role of host-microbiota
interactions in IBD. J Crohns Colitis 2021;15:1222-1235.

31.Holloway EM, Capeling MM, Spence JR. Biologically
inspired approaches to enhance human organoid
complexity. Development 2019;146:dev166173.

32.George MM, Rahman M, Connors J, Stadnyk AW.
Opinion: are organoids the end of model evolution for
studying host intestinal epithelium/microbe interactions?
Microorganisms 2019;7:406.

33.Santos AJM, Lo Y-H, Mah AT, Kuo CJ. The intestinal
stem cell niche: homeostasis and adaptations. Trends
Cell Biol 2018;28:1062-1078.

34.Meran L, Baulies A, Li VSW. Intestinal stem cell niche:
the extracellular matrix and cellular components. Stem
Cells Int 2017;2017:7970385.

35. Pastuta A, Marcinkiewicz J. Cellular interactions in the
intestinal stem cell niche. Arch Immunol Ther Exp
(Warsz) 2019;67:19-26.

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 2

36.Yin Y-B, de Jonge HR, Wu X, Yin Y-L. Mini-gut: a
promising model for drug development. Drug Discov
Today 2019;24:1784-1794.

37. Developmental biology: “Mini-guts” made with nerves.
Nature 2016;539:471.

38. Li VSW. Modelling intestinal inflammation and infection
using “mini-gut” organoids. Nat Rev Gastroenterol
Hepatol 2021;18:89-90.

39.Kim J, Koo B-K, Knoblich JA. Human organoids: model
systems for human biology and medicine. Nat Rev Mol
Cell Biol 2020;21:571-584.

40.Clevers H. Modeling development and disease with
organoids. Cell 2016;165:1586-1597.

41. Mummery C, Roelen BAJ, Clevers H. Adult stem cells.
Stem Cells 2014:279-290. https://doi.org/10.1016/
B978-0-12-411551-4.00010-6.

42.Sato T, Vries RG, Snippert HJ, van de Wetering M,
Barker N, Stange DE, van Es JH, Abo A, Kujala P,
Peters PJ, Clevers H. Single Lgr5 stem cells build crypt-
villus structures in vitro without a mesenchymal niche.
Nature 2009;459:262-265.

43.Yang H, Sun L, Liu M, Mao Y. Patient-derived organoids:
a promising model for personalized cancer treatment.
Gastroenterol Rep (Oxf) 2018;6:243-245.

44.Maru Y, Tanaka N, Itami M, Hippo Y. Efficient use of
patient-derived organoids as a preclinical model for gy-
necologic tumors. Gynecol Oncol 2019;154:189-198.

45. Suzuki K, Murano T, Shimizu H, Ito G, Nakata T, Fuijii S,
Ishibashi F, Kawamoto A, Anzai S, Kuno R, Kuwabara K,
Takahashi J, Hama M, Nagata S, Hiraguri Y, Takenaka K,
Yui S, Tsuchiya K, Nakamura T, Ohtsuka K,
Watanabe M, Okamoto R. Single cell analysis of Crohn’s
disease patient-derived small intestinal organoids re-
veals disease activity-dependent modification of stem
cell properties. J Gastroenterol 2018;53:1035-1047.

46. Fujii M, Matano M, Toshimitsu K, Takano A, Mikami Y,
Nishikori S, Sugimoto S, Sato T. Human intestinal
organoids maintain self-renewal capacity and cellular
diversity in niche-inspired culture condition. Cell Stem
Cell 2018;23:787-793.€6.

47.Zhang L, Lu Q, Chang C. Epigenetics in health and
disease. Adv Exp Med Biol 2020;1253:3-55.

48. Forsberg SL, llieva M, Maria Michel T. Epigenetics and
cerebral organoids: promising directions in autism
spectrum disorders. Transl Psychiatry 2018;8:14.

49. Cavalli G, Heard E. Advances in epigenetics link genetics
to the environment and disease. Nature 2019;
571:489-499.

50. Sarvestani SK, Signs SA, Lefebvre V, Mack S, Ni Y,
Morton A, Chan ER, Li X, Fox P, Ting A, Kalady MF,
Cruise M, Ashburn J, Stiene J, Lai W, Liska D, Xiang S,
Huang EH. Cancer-predicting transcriptomic and
epigenetic signatures revealed for ulcerative colitis in
patient-derived epithelial organoids. Oncotarget 2018;
9:28717-28730.

51.Kraiczy J, Zilbauer M. Intestinal epithelial organoids as
tools to study epigenetics in gut health and disease.
Stem Cells Int 2019;2019:7242415.

52. Lewis SK, Nachun D, Martin MG, Horvath S, Coppola G,
Jones DL. DNA methylation analysis validates organoids


http://refhub.elsevier.com/S2352-345X(22)00080-7/sref18
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref18
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref18
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref19
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref19
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref19
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref20
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref20
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref20
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref21
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref21
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref21
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref21
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref21
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref22
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref22
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref22
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref22
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref23
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref23
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref23
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref23
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref24
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref24
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref24
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref24
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref24
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref24
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref25
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref25
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref25
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref25
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref26
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref26
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref26
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref26
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref27
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref27
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref27
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref27
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref28
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref28
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref28
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref28
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref29
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref29
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref29
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref29
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref29
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref29
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref30
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref30
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref30
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref30
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref31
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref31
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref31
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref32
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref32
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref32
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref32
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref33
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref33
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref33
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref33
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref34
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref34
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref34
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref35
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref35
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref35
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref35
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref36
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref36
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref36
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref36
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref37
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref37
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref38
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref38
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref38
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref38
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref39
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref39
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref39
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref39
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref40
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref40
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref40
https://doi.org/10.1016/B978-0-12-411551-4.00010-6
https://doi.org/10.1016/B978-0-12-411551-4.00010-6
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref42
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref42
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref42
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref42
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref42
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref42
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref43
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref43
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref43
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref43
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref44
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref44
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref44
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref44
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref45
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref45
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref45
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref45
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref45
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref45
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref45
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref45
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref45
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref46
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref46
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref46
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref46
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref46
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref46
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref47
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref47
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref47
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref48
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref48
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref48
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref49
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref49
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref49
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref49
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref50
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref50
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref50
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref50
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref50
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref50
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref50
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref50
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref51
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref51
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref51
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref52
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref52

2022

as a viable model for studying human intestinal aging.
Cell Mol Gastroenterol Hepatol 2020;9:527-541.

53.Ooctani A, Li X, Sangiorgi E, Ho QT, Ueno H, Toda S,
Sugihara H, Fujimoto K, Weissman IL, Capecchi MR,
Kuo CJ. Sustained in vitro intestinal epithelial culture
within a Wnt-dependent stem cell niche. Nat Med 2009;
15:701-706.

54.Li X, Nadauld L, Ootani A, Corney DC, Pai RK,
Gevaert O, Cantrell MA, Rack PG, Neal JT, Chan CW-M,
Yeung T, Gong X, Yuan J, Wilhelmy J, Robine S,
Attardi LD, Plevritis SK, Hung KE, Chen CZ, Ji HP,
Kuo CJ. Oncogenic transformation of diverse gastroin-
testinal tissues in primary organoid culture. Nat Med
2014;20:769-777.

55. Lancaster MA, Corsini NS, Wolfinger S, Gustafson EH,
Phillips AW, Burkard TR, Otani T, Livesey FJ,
Knoblich JA. Guided self-organization and cortical plate
formation in human brain organoids. Nat Biotechnol
2017;35:659-666.

56.Renner M, Lancaster MA, Bian S, Choi H, Ku T, Peer A,
Chung K, Knoblich JA. Self-organized developmental
patterning and differentiation in cerebral organoids.
EMBO J 2017;36:1316-1329.

57.Spence JR, Mayhew CN, Rankin SA, Kuhar MF,
Vallance JE, Tolle K, Hoskins EE, Kalinichenko VV,
Wells Sl, Zorn AM, Shroyer NF, Wells JM. Directed dif-
ferentiation of human pluripotent stem cells into intesti-
nal tissue in vitro. Nature 2011;470:105-109.

58. Bilic J, Izpisua Belmonte JC. Concise review: Induced
pluripotent stem cells versus embryonic stem cells: close
enough or yet too far apart? Stem Cells 2012;30:33-41.

59.Romito A, Cobellis G. Pluripotent stem cells: current
understanding and future directions. Stem Cells Int
2016;2016:9451492.

60. Munera JO, Sundaram N, Rankin SA, Hill D, Watson C,
Mahe M, Vallance JE, Shroyer NF, Sinagoga KL, Zar-
zoso-Lacoste A, Hudson JR, Howell JC, Chatuvedi P,
Spence JR, Shannon JM, Zorn AM, Helmrath MA,
Wells JM. Differentiation of human pluripotent stem cells
into colonic organoids via transient activation of BMP
signaling. Cell Stem Cell 2017;21:51-64.€6.

61.0ta H, Miki N. Microtechnology-based three-
dimensional spheroid formation. Front Biosci (Elite Ed)
2013;5:37-48.

62.Ryu N-E, Lee S-H, Park H. Spheroid culture system
methods and applications for mesenchymal stem cells.
Cells 2019;8:1620.

63.Kin T, Pelaez DRV, Greenberg JSH. Pluripotent adult
stem cells: a potential revolution in regenerative medi-
cine and tissue engineering in pluripotent stem cells.
InTech, 2018.

64.Halevy T, Urbach A. Comparing ESC and iPSC-based
models for human genetic disorders. J Clin Med 2014;
3:1146-1162.

65.Koning M, van den Berg CW, Rabelink TJ. Stem cell-
derived kidney organoids: engineering the vasculature.
Cell Mol Life Sci 2020;77:2257-2273.

66.van den Berg CW, Ritsma L, Avramut MC, Wiersma LE,
van den Berg BM, Leuning DG, Lievers E, Koning M,
Vanslambrouck JM, Koster AJ, Howden SE, Takasato M,

Introduction to Organoid Models 325

Little MH, Rabelink TJ. Renal subcapsular trans-
plantation of PSC-derived kidney organoids induces
neo-vasculogenesis and significant glomerular and
tubular maturation in vivo. Stem Cell Rep 2018;
10:751-765.

67.Hsia GSP, Esposito J, da Rocha LA, Ramos SLG,
Okamoto OK. Clinical application of human induced
pluripotent stem cell-derived organoids as an alternative
to organ ftransplantation. Stem Cells Int 2021;
2021:6632160.

68. McCracken KW, Howell JC, Wells JM, Spence JR.
Generating human intestinal tissue from pluripotent stem
cells in vitro. Nat Protoc 2011;6:1920-1928.

69. Jones EJ, Matthews ZJ, Gul L, Sudhakar P, Treveil A,
Divekar D, Buck J, Wrzesinski T, Jefferson M,
Armstrong SD, Hall LJ, Watson AJM, Carding SR,
Haerty W, Di Palma F, Mayer U, Powell PP, Hautefort |,
Wileman T, Korcsmaros T. Integrative analysis of Paneth
cell proteomic and transcriptomic data from intestinal
organoids reveals functional processes dependent on
autophagy. Dis Model Mech 2019;12:dmm037069.

70.Fan W, Sun Y, Shi Z, Wang H, Deng J. Mouse induced
pluripotent stem cells-derived Alzheimer’s disease ce-
rebral organoid culture and neural differentiation disor-
ders. Neurosci Lett 2019;711:134433.

71.Dutta D, Clevers H. Organoid culture systems to study
host-pathogen interactions. Curr Opin Immunol 2017;
48:15-22.

72.Moorefield EC, Blue RE, Quinney NL, Gentzsch M,
Ding S. Generation of renewable mouse intestinal
epithelial cell monolayers and organoids for functional
analyses. BMC Cell Biol 2018;19:15.

73.Rossi G, Manfrin A, Lutolf MP. Progress and potential in
organoid research. Nat Rev Genet 2018;19:671-687.

74.Fatehullah A, Tan SH, Barker N. Organoids as an in vitro
model of human development and disease. Nat Cell Biol
2016;18:246-254.

75.Tuveson D, Clevers H. Cancer modeling meets human
organoid technology. Science 2019;364:952-955.

76.Michels BE, Mosa MH, Streibl Bl, Zhan T, Menche C,
Abou-El-Ardat K, Darvishi T, Czionka E, Wagner S,
Winter J, Medyouf H, Boutros M, Farin HF. Pooled in
vitro and in vivo CRISPR-Cas9 screening identifies tumor
suppressors in human colon organoids. Cell Stem Cell
2020;26:782-792.€e7.

77.Matano M, Date S, Shimokawa M, Takano A, Fujii M,
Ohta Y, Watanabe T, Kanai T, Sato T. Modeling colo-
rectal cancer using CRISPR-Cas9-mediated engineering
of human intestinal organoids. Nat Med 2015;
21:256-262.

78. Choudhury D, Ashok A, Naing MW. Commercialization
of organoids. Trends Mol Med 2020;26:245-249.

79.Boers SN, van Delden JJ, Clevers H, Bredenoord AL.
Organoid biobanking: identifying the ethics: organoids
revive old and raise new ethical challenges for basic
research and therapeutic use. EMBO Rep 2016;
17:938-941.

80. Marshall JJ, Mason JO. Mouse vs man: organoid models
of brain development & disease. Brain Res 2019;
1724:146427.


http://refhub.elsevier.com/S2352-345X(22)00080-7/sref52
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref52
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref52
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref53
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref53
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref53
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref53
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref53
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref53
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref54
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref54
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref54
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref54
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref54
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref54
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref54
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref54
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref55
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref55
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref55
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref55
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref55
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref55
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref56
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref56
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref56
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref56
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref56
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref57
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref57
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref57
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref57
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref57
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref57
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref58
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref58
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref58
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref58
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref59
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref59
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref59
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref60
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref60
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref60
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref60
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref60
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref60
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref60
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref60
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref61
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref61
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref61
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref61
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref62
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref62
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref62
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref63
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref63
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref63
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref63
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref64
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref64
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref64
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref64
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref65
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref65
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref65
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref65
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref66
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref66
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref66
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref66
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref66
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref66
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref66
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref66
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref66
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref67
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref67
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref67
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref67
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref67
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref68
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref68
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref68
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref68
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref69
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref69
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref69
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref69
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref69
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref69
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref69
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref69
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref70
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref70
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref70
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref70
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref71
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref71
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref71
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref71
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref72
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref72
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref72
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref72
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref73
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref73
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref73
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref74
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref74
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref74
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref74
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref75
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref75
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref75
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref76
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref76
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref76
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref76
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref76
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref76
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref76
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref77
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref77
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref77
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref77
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref77
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref77
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref78
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref78
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref78
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref79
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref79
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref79
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref79
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref79
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref79
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref80
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref80
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref80

326

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Hautefort et al

Co JY, Margalef-Catala M, Li X, Mah AT, Kuo CJ,
Monack DM, Amieva MR. Controlling epithelial polarity:
a human enteroid model for host-pathogen interactions.
Cell Rep 2019;26:2509-2520.€4.

Salahudeen AA, Choi SS, Rustagi A, Zhu J, van Unen V,
de la O SM, Flynn RA, Margalef-Catala M, Santos AJM,
Ju J, Batish A, Usui T, Zheng GXY, Edwards CE,
Wagar LE, Luca V, Anchang B, Nagendran M, Nguyen K,
Hart DJ, Terry JM, Belgrader P, Ziraldo SB,
Mikkelsen TS, Harbury PB, Glenn JS, Garcia KC,
Davis MM, Baric RS, Sabatti C, Amieva MR, Blish CA,
Desai TJ, Kuo CJ. Progenitor identification and SARS-
CoV-2 infection in human distal lung organoids. Nature
2020;588:670-675.

May S, Evans S, Parry L. Organoids, organs-on-chips
and other systems, and microbiota. Emerg Top Life Sci
2017;1:385-400.

Boccellato F, Woelffing S, Imai-Matsushima A,
Sanchez G, Goosmann C, Schmid M, Berger H,
Morey P, Denecke C, Ordemann J, Meyer TF. Polarised
epithelial monolayers of the gastric mucosa reveal in-
sights into mucosal homeostasis and defence against
infection. Gut 2019;68:400-413.

Wolffling S, Daddi AA, Imai-Matsushima A, Fritsche K,
Goosmann C, Traulsen J, Lisle R, Schmid M, Reines-
Benassar MDM, Pfannkuch L, Brinkmann 'V,
Bornschein J, Malfertheiner P, Ordemann J, Link A,
Meyer TF, Boccellato F. EGF and bmps govern differ-
entiation and patterning in human gastric glands.
Gastroenterology 2021;161:623-636.e16.

Rubert J, Schweiger PJ, Mattivi F, Tuohy K, Jensen KB,
Lunardi A. Intestinal organoids: a tool for modelling diet-
microbiome-host interactions. Trends Endocrinol Metab
2020;31:848-858.

Nickerson KP, Llanos-Chea A, Ingano L, Serena G,
Miranda-Ribera A, Perlman M, Lima R, Sztein MB,
Fasano A, Senger S, Faherty CS. A versatile human in-
testinal organoid-derived epithelial monolayer model for
the study of enteric pathogens. BioRxiv 2020. https://
doi.org/10.1128/Spectrum.00003-21.

Ettayebi K, Crawford SE, Murakami K, Broughman JR,
Karandikar U, Tenge VR, Neill FH, Blutt SE, Zeng X-L,
Qu L, Kou B, Opekun AR, Burrin D, Graham DY,
Ramani S, Atmar RL, Estes MK. Replication of human
noroviruses in stem cell-derived human enteroids. Sci-
ence 2016;353:1387-1393.

Staab JF, Lemme-Dumit JM, Latanich R, Pasetti MF,
Zachos NC. Co-culture system of human enteroids/
colonoids with innate immune cells. Curr Protoc Immu-
nol 2020;131:e113.

Suligoj T, Vigsnaes LK, Abbeele PV, den Apostolou A,
Karalis K, Savva GM, McConnell B, Juge N. Effects
of human milk oligosaccharides on the adult gut
microbiota and barrier function. Nutrients 2020;
12:2808.

Jalili-Firoozinezhad S, Gazzaniga FS, Calamari EL,
Camacho DM, Fadel CW, Bein A, Swenor B, Nestor B,
Cronce MJ, Tovaglieri A, Levy O, Gregory KE,
Breault DT, Cabral JMS, Kasper DL, Novak R, Ingber DE.

92.

93.

94.

95.

96.

97

98.

99.

100.

101.

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 2

A complex human gut microbiome cultured in an
anaerobic intestine-on-a-chip. Nat Biomed Eng 2019;
3:520-531.

Bein A, Shin W, Jalili-Firoozinezhad S, Park MH, Son-
theimer-Phelps A, Tovaglieri A, Chalkiadaki A, Kim HJ,
Ingber DE. Microfluidic Organ-on-a-Chip models of hu-
man intestine. Cell Mol Gastroenterol Hepatol 2018;
5:659-668.

Jowett GM, Norman MDA, Yu TTL, Rosell Arévalo P,
Hoogland D, Lust ST, Read E, Hamrud E, Walters NJ,
Niazi U, Chung MWH, Marciano D, Omer OS,
Zabinski T, Danovi D, Lord GM, Hilborn J, Evans ND,
Dreiss CA, Bozec L, Oommen OP, Lorenz CD, da
Silva RMP, Neves JF, Gentleman E. ILC1 drive intes-
tinal epithelial and matrix remodelling. Nat Mater 2021;
20:250-259.

Nozaki K, Mochizuki W, Matsumoto Y, Matsumoto T,
Fukuda M, Mizutani T, Watanabe M, Nakamura T. Co-
culture with intestinal epithelial organoids allows efficient
expansion and motility analysis of intraepithelial lym-
phocytes. J Gastroenterol 2016;51:206-213.

Dijkstra KK, Cattaneo CM, Weeber F, Chalabi M, van de
Haar J, Fanchi LF, Slagter M, van der Velden DL,
Kaing S, Kelderman S, van Rooij N, van Leerdam ME,
Depla A, Smit EF, Hartemink KJ, de Groot R,
Wolkers MC, Sachs N, Snaebjornsson P, Monkhorst K,
Haanen J, Clevers H, Schumacher TN, Voest EE. Gen-
eration of tumor-reactive T cells by co-culture of pe-
ripheral blood lymphocytes and tumor organoids. Cell
2018;174:1586-1598.e12.

Hou Q, Ye L, Liu H, Huang L, Yang Q, Turner JR,
Yu Q. Lactobacillus accelerates ISCs regeneration to
protect the integrity of intestinal mucosa through
activation of STAT3 signaling pathway induced by
LPLs secretion of IL-22. Cell Death Differ 2018;
25:1657-1670.

.Pastuta A, Middelhoff M, Brandtner A, Tobiasch M,

Hohl B, Nuber AH, Demir IE, Neupert S, Kollmann P,
Mazzuoli-Weber G, Quante M. Three-dimensional
gastrointestinal organoid culture in combination with
nerves or fibroblasts: a method to characterize the
gastrointestinal stem cell niche. Stem Cells Int 2016;
2016:3710836.

Gjorevski N, Sachs N, Manfrin A, Giger S, Bragina ME,
Ordénez-Moran P, Clevers H, Lutolf MP. Designer
matrices for intestinal stem cell and organoid culture.
Nature 2016;539:560-564.

Peng H, Poovaiah N, Forrester M, Cochran E, Wang Q.
Ex vivo culture of primary intestinal stem cells in collagen
gels and foams. ACS Biomater Sci Eng 2015;1:37-42.
Gjorevski N, Avignon B, Gérard R, Cabon L, Roth AB,
Bscheider M, Moisan A. Neutrophilic infiltration in organ-
on-a-chip model of tissue inflammation. Lab Chip 2020;
20:3365-3374.

Hernandez-Gordillo V, Kassis T, Lampejo A, Choi G,
Gamboa ME, Gnecco JS, Brown A, Breault DT,
Carrier R, Griffith LG. Fully synthetic matrices for in vitro
culture of primary human intestinal enteroids and
endometrial organoids. Biomaterials 2020;254:120125.


http://refhub.elsevier.com/S2352-345X(22)00080-7/sref81
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref81
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref81
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref81
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref81
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref82
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref82
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref82
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref82
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref82
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref82
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref82
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref82
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref82
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref82
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref82
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref83
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref83
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref83
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref83
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref84
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref84
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref84
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref84
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref84
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref84
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref84
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref85
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref85
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref85
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref85
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref85
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref85
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref85
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref85
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref86
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref86
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref86
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref86
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref86
https://doi.org/10.1128/Spectrum.00003-21
https://doi.org/10.1128/Spectrum.00003-21
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref88
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref88
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref88
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref88
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref88
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref88
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref88
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref89
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref89
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref89
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref89
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref90
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref90
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref90
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref90
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref90
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref91
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref91
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref91
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref91
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref91
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref91
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref91
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref91
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref92
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref92
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref92
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref92
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref92
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref92
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref93
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref93
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref93
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref93
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref93
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref93
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref93
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref93
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref93
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref127
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref127
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref127
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref127
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref127
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref127
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref137
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref137
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref137
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref137
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref137
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref137
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref137
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref137
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref137
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref137
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref206
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref206
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref206
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref206
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref206
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref206
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref206
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref199
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref199
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref199
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref199
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref199
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref199
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref199
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref207
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref207
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref207
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref207
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref207
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref208
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref208
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref208
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref208
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref109
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref109
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref109
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref109
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref109
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref111
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref111
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref111
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref111
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref111

2022

102. Rezakhani S, Gjorevski N, Lutolf MP. Low-defect thiol-
Michael addition hydrogels as Matrigel substitutes for
epithelial organoid derivation. Adv Funct Mater 2020.
https://doi.org/10.1002/adfm.202000761.

103.Cruz-Acufia R, Garcia AJ. Synthetic hydrogels
mimicking basement membrane matrices to promote

cell-matrix interactions. Matrix Biol 2017;
57-58:324-333.
104.Noel G, Baetz NW, Staab JF, Donowitz M,

Kovbasnjuk O, Pasetti MF, Zachos NC. A primary human
macrophage-enteroid co-culture model to investigate
mucosal gut physiology and host-pathogen interactions.
Sci Rep 2017;7:45270.

105. Lu H-F, Chua K-N, Zhang P-C, Lim W-S, Ramakrishna S,
Leong KW, Mao H-Q. Three-dimensional co-culture of
rat hepatocyte spheroids and NIH/3T3 fibroblasts en-
hances hepatocyte functional maintenance. Acta Bio-
mater 2005;1:399-410.

106. Workman MJ, Mahe MM, Trisno S, Poling HM,
Watson CL, Sundaram N, Chang C-F, Schiesser J,
Aubert P, Stanley EG, Elefanty AG, Miyaoka Y,
Mandegar MA, Conklin BR, Neunlist M, Brugmann SA,
Helmrath MA, Wells JM. Engineered human pluripotent-
stem-cell-derived intestinal tissues with a functional
enteric nervous system. Nat Med 2017;23:49-59.

107.Brandenberg N, Hoehnel S, Kuttler F, Homicsko K,
Ceroni C, Ringel T, Gjorevski N, Schwank G, Coukos G,
Turcatti G, Lutolf MP. High-throughput automated
organoid culture via stem-cell aggregation in microcavity
arrays. Nat Biomed Eng 2020;4:863-874.

108. Purwada A, Singh A. Immuno-engineered organoids for
regulating the kinetics of B-cell development and anti-
body production. Nat Protoc 2017;12:168-182.

109. Aimeqgdadi M, Mana MD, Roper J, Yilmaz OH. Gut
organoids: mini-tissues in culture to study intestinal
physiology and disease. Am J Physiol Cell Physiol 2019;
317:C405-C419.

110. Nikolaev M, Mitrofanova O, Broguiere N, Geraldo S,
Dutta D, Tabata Y, Elci B, Brandenberg N, Kolotuev I,
Gjorevski N, Clevers H, Lutolf MP. Homeostatic mini-
intestines through scaffold-guided organoid morpho-
genesis. Nature 2020;585:574-578.

111.Wang Y, Kim R, Gunasekara DB, Reed MI, DiSalvo M,
Nguyen DL, Bultman SJ, Sims CE, Magness ST,
Allbritton NL. Formation of human colonic crypt array by
application of chemical gradients across a shaped
epithelial monolayer. Cell Mol Gastroenterol Hepatol
2018;5:113-130.

112.Chen Y, Zhou W, Roh T, Estes MK, Kaplan DL. In vitro
enteroid-derived three-dimensional tissue model of hu-
man small intestinal epithelium with innate immune re-
sponses. PLoS One 2017;12:e0187880.

113. Huh D, Hamilton GA, Ingber DE. From 3D cell culture to
organs-on-chips. Trends Cell Biol 2011;21:745-754.
114.Yamada M, Utoh R, Ohashi K, Tatsumi K, Yamato M,
Okano T, Seki M. Controlled formation of heterotypic
hepatic micro-organoids in anisotropic hydrogel micro-
fibers for long-term preservation of liver-specific func-

tions. Biomaterials 2012;33:8304-8315.

Introduction to Organoid Models 327

115.Kobayashi A, Yamakoshi K, Yajima Y, Utoh R,
Yamada M, Seki M. Preparation of stripe-patterned
heterogeneous hydrogel sheets using microfluidic de-
vices for high-density coculture of hepatocytes and fi-
broblasts. J Biosci Bioeng 2013;116:761-767.

116. Akhtar T, Xie H, Khan MI, Zhao H, Bao J, Zhang M,
Xue T. Accelerated photoreceptor differentiation of
hiPSC-derived retinal organoids by contact co-culture
with retinal pigment epithelium. Stem Cell Res 2019;
39:101491.

117.Gayer CP, Basson MD. The effects of mechanical forces
on intestinal physiology and pathology. Cell Signal 2009;
21:1237-1244.

118. Tortorella I, Argentati C, Emiliani C, Martino S, Morena F.
The role of physical cues in the development of stem
cell-derived organoids. Eur Biophys J 2022;51:105-117.

119.Hussey GS, Keane TJ, Badylak SF. The extracellular
matrix of the gastrointestinal tract: a regenerative med-
icine platform. Nat Rev Gastroenterol Hepatol 2017;
14:540-552.

120. Giobbe GG, Crowley C, Luni C, Campinoti S, Khedr M,

Kretzschmar K, De Santis MM, Zambaiti E, Michielin F,

Meran L, Hu Q, van Son G, Urbani L, Manfredi A,

Giomo M, Eaton S, Cacchiarelli D, Li VSW, Clevers H,

Bonfanti P, Elvassore N, De Coppi P. Extracellular matrix

hydrogel derived from decellularized tissues enables

endodermal organoid culture. Nat Commun 2019;

10:5658.

Frantz C, Stewart KM, Weaver VM. The extracellular

matrix at a glance. J Cell Sci 2010;123:4195-4200.

122. Rezakhani S, Gjorevski N, Lutolf MP. Extracellular matrix
requirements for gastrointestinal organoid cultures.
Biomaterials 2021;276:121020.

123. Edmondson R, Adcock AF, Yang L. Influence of matrices
on 3D-cultured prostate cancer cells’ drug response and
expression of drug-action associated proteins. PLoS
One 2016;11:e0158116.

124.Meinhardt A, Werner C. Polymer hydrogels to guide
organotypic and organoid cultures. Adv Funct Mater
2020. https://doi.org/10.1002/adfm.202000097.

125. Hughes CS, Postovit LM, Lajoie GA. Matrigel: a complex
protein mixture required for optimal growth of cell cul-
ture. Proteomics 2010;10:1886-1890.

126.Serban MA, Prestwich GD. Modular extracellular
matrices: solutions for the puzzle. Methods 2008;
45:93-98.

127.Dutton G. QGel’s synthetic extracellular matrix for
organoids challenges xenogels, Available from: https://
www.genengnews.com/ https://www.genengnews.
com/magazine/296/qgels-synthetic-extracellular-matrix-
for-organoids-challenges-xenogels. Accessed 2017.

128.Bergenheim F, Fregni G, Buchanan CF, Riis LB,
Heulot M, Touati J, Seidelin JB, Rizzi SC, Nielsen OH.
A fully defined 3D matrix for ex vivo expansion of human
colonic organoids from biopsy tissue. Biomaterials 2020;
262:120248.

129.Cruz-Acuna R, Quirés M, Farkas AE, Dedhia PH,
Huang S, Siuda D, Garcia-Hernandez V, Miller AJ,
Spence JR, Nusrat A, Garcia AJ. Synthetic hydrogels for

121.


https://doi.org/10.1002/adfm.202000761
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref107
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref107
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref107
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref107
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref107
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref107
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref209
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref209
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref209
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref209
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref209
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref210
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref210
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref210
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref210
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref210
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref210
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref153
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref153
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref153
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref153
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref153
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref153
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref153
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref153
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref131
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref131
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref131
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref131
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref131
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref131
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref211
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref211
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref211
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref211
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref212
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref212
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref212
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref212
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref212
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref141
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref141
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref141
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref141
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref141
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref141
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref213
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref213
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref213
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref213
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref213
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref213
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref213
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref214
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref214
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref214
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref214
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref188
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref188
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref188
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref151
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref151
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref151
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref151
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref151
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref151
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref215
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref215
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref215
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref215
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref215
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref215
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref94
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref94
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref94
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref94
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref94
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref95
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref95
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref95
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref95
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref96
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref96
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref96
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref96
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref97
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref97
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref97
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref97
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref97
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref98
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref98
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref98
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref98
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref98
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref98
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref98
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref98
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref99
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref99
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref99
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref100
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref100
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref100
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref101
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref101
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref101
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref101
https://doi.org/10.1002/adfm.202000097
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref103
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref103
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref103
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref103
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref104
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref104
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref104
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref104
https://www.genengnews.com/%20https://www.genengnews.com/magazine/296/qgels-synthetic-extracellular-matrix-for-organoids-challenges-xenogels
https://www.genengnews.com/%20https://www.genengnews.com/magazine/296/qgels-synthetic-extracellular-matrix-for-organoids-challenges-xenogels
https://www.genengnews.com/%20https://www.genengnews.com/magazine/296/qgels-synthetic-extracellular-matrix-for-organoids-challenges-xenogels
https://www.genengnews.com/%20https://www.genengnews.com/magazine/296/qgels-synthetic-extracellular-matrix-for-organoids-challenges-xenogels
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref106
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref106
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref106
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref106
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref106
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref108
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref108
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref108

328 Hautefort et al

human intestinal organoid generation and colonic wound
repair. Nat Cell Biol 2017;19:1326-1335.

130. Norkin M, Ordénez-Moran P, Huelsken J. High-con-

tent, targeted RNA-seq screening in organoids for

drug discovery in colorectal cancer. Cell Rep 2021;

35:109026.

Cherne MD, Sidar B, Sebrell TA, Sanchez HS, Heaton K,

Kassama FJ, Roe MM, Gentry AB, Chang CB, Walk ST,

Jutila M, Wilking JN, Bimczok D. A synthetic hydrogel,

VitroGel® ORGANOID-3, improves immune cell-

epithelial interactions in a tissue chip co-culture model

of human gastric organoids and dendritic cells. Front

Pharmacol 2021;12:707891.

132. Aisenbrey EA, Murphy WL. Synthetic alternatives to
Matrigel. Nat Rev Mater 2020;5:539-551.

133. Hagbard L, Cameron K, August P, Penton C, Parmar M,
Hay DC, Kallur T. Developing defined substrates for
stem cell culture and differentiation. Philos Trans R Soc
Lond B Biol Sci 2018;373:20170230.

134. Pinchuk IV, Mifflin RC, Saada JI, Powell DW. Intestinal
mesenchymal cells. Curr Gastroenterol Rep 2010;
12:310-318.

135.Sanman LE, Chen IW, Bieber JM, Steri V, Trentesaux C,
Hann B, Klein OD, Wu LF, Altschuler SJ. Transit-ampli-
fying cells coordinate changes in intestinal epithelial cell-
type composition. Dev Cell 2021;56:356-365, €9.

136. Qin X, Sufi J, Vickova P, Kyriakidou P, Acton SE, Li VSW,
Nitz M, Tape CJ. Cell-type-specific signaling networks in
heterocellular  organoids. Nat Methods  2020;
17:335-342.

187. Zachos NC, Kovbasnjuk O, Foulke-Abel J, In J, Blutt SE,
de Jonge HR, Estes MK, Donowitz M. Human enteroids/
colonoids and intestinal organoids functionally recapit-
ulate normal intestinal physiology and pathophysiology.
J Biol Chem 2016;291:3759-3766.

138. Stzepourginski |, Nigro G, Jacob J-M, Dulauroy S,
Sansonetti PJ, Eberl G, Peduto L. CD34+ mesenchymal
cells are a major component of the intestinal stem cells
niche at homeostasis and after injury. Proc Natl Acad Sci
U S A 2017;114:E506-E513.

139.Sasaki N, Sachs N, Wiebrands K, Ellenbroek SIJ,
Fumagalli A, Lyubimova A, Begthel H, van den Born M,
van Es JH, Karthaus WR, Li VS, Loépez-Iglesias C,
Peters PJ, van Rheenen J, van Oudenaarden A,
Clevers H. Reg4+ deep crypt secretory cells function as
epithelial niche for Lgr5+ stem cells in colon. Proc Natl
Acad Sci U S A 2016;113:E5399-E5407.

140.San Roman AK, Jayewickreme CD, Murtaugh LC,

Shivdasani RA. Wnt secretion from epithelial cells and

subepithelial myofibroblasts is not required in the mouse

intestinal stem cell niche in vivo. Stem Cell Rep 2014;

2:127-134.

Gregorieff A, Pinto D, Begthel H, Destrée O, Kielman M,

Clevers H. Expression pattern of Wnt signaling compo-

nents in the adult intestine. Gastroenterology 2005;

129:626-638.

142. Pochard C, Coquenlorge S, Freyssinet M, Naveilhan P,
Bourreille A, Neunlist M, Rolli-Derkinderen M. The mul-
tiple faces of inflammatory enteric glial cells: is Crohn’s

131.

141.

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 2

disease a gliopathy? Am J Physiol Gastrointest Liver
Physiol 2018;315:G1-G11.

143.Savidge TC, Newman P, Pothoulakis C, Ruhl A,
Neunlist M, Bourreille A, Hurst R, Sofroniew MV. Enteric
glia regulate intestinal barrier function and inflammation
via release of S-nitrosoglutathione. Gastroenterology
2007;132:1344-1358.

144.Sebrell TA, Hashimi M, Sidar B, Wilkinson RA,
Kirpotina L, Quinn MT, Malkog Z, Taylor PJ, Wilking JN,
Bimczok D. A novel gastric spheroid co-culture model
reveals chemokine-dependent recruitment of human
dendritic cells to the gastric epithelium. Cell Mol Gas-
troenterol Hepatol 2019;8:157-171.e3.

145. Pettinato G, Lehoux S, Ramanathan R, Salem MM, He L-
X, Muse O, Flaumenhaft R, Thompson MT, Rouse EA,
Cummings RD, Wen X, Fisher RA. Generation of fully
functional hepatocyte-like organoids from human
induced pluripotent stem cells mixed with endothelial
cells. Sci Rep 2019;9:8920.

146.Yen C-M, Chan C-C, Lin S-J. High-throughput recon-
stitution of epithelial-mesenchymal interaction in
folliculoid microtissues by biomaterial-facilitated self-
assembly of dissociated heterotypic adult cells. Bio-
materials 2010;31:4341-4352,

147.Arora N, Imran Alsous J, Guggenheim JW, Mak M,
Munera J, Wels JM, Kamm RD, Asada HH,
Shvartsman SY, Griffith LG. A process engineering
approach to increase organoid yield. Development 2017;
144:1128-1136.

148. Combes AN, Davies JA, Little MH. Cell-cell interactions
driving kidney morphogenesis. Curr Top Dev Biol 2015;
112:467-508.

149. Lancaster MA, Knoblich JA. Organogenesis in a dish:
modeling development and disease using organoid
technologies. Science 2014;345:1247125.

150.Lehmann AD, Daum N, Bur M, Lehr C-M, Gehr P,
Rothen-Rutishauser BM. An in vitro triple cell co-culture
model with primary cells mimicking the human alveolar
epithelial barrier. Eur J Pharm Biopharm 2011;
77:398-406.

151.Bates R. Spheroids and cell survival. Crit Rev Oncol
Hematol 2000;36:61-74.

152. Campbell JJ, Davidenko N, Caffarel MM, Cameron RE,
Watson CJ. A multifunctional 3D co-culture system for
studies of mammary tissue morphogenesis and stem
cell biology. PLoS One 2011;6:e25661.

153. Wechsler ME, Shevchuk M, Peppas NA. Developing a
multidisciplinary approach for engineering stem cell
organoids. Ann Biomed Eng 2019;48:1895-1904.

154.Li Y, Chen M, Hu J, Sheng R, Lin Q, He X, Guo M.
Volumetric compression induces intracellular crowding
to control intestinal organoid growth via Wnt/g-catenin
signaling. Cell Stem Cell 2021;28:63-78.€7.

155. Leijten J, Rouwkema J, Zhang YS, Nasajpour A,
Dokmeci MR, Khademhosseini A. Advancing tissue en-
gineering: a tale of nano-, micro-, and macroscale inte-
gration. Small 2016;12:2130-2145.

156. Stevens MM, George JH. Exploring and engineering the
cell surface interface. Science 2005;310:1135-1138.


http://refhub.elsevier.com/S2352-345X(22)00080-7/sref108
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref108
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref108
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref112
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref112
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref112
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref112
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref113
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref113
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref113
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref113
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref113
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref113
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref113
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref114
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref114
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref114
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref115
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref115
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref115
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref115
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref116
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref116
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref116
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref116
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref117
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref117
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref117
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref117
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref117
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref118
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref118
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref118
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref118
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref118
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref119
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref119
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref119
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref119
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref119
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref119
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref120
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref120
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref120
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref120
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref120
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref120
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref120
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref121
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref121
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref121
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref121
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref121
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref121
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref121
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref121
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref121
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref121
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref122
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref122
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref122
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref122
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref122
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref122
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref123
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref123
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref123
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref123
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref123
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref124
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref124
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref124
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref124
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref124
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref124
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref125
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref125
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref125
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref125
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref125
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref125
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref126
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref126
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref126
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref126
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref126
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref126
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref126
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref128
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref128
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref128
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref128
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref128
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref128
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref129
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref129
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref129
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref129
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref129
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref129
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref130
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref130
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref130
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref130
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref130
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref130
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref132
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref132
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref132
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref132
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref133
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref133
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref133
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref134
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref134
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref134
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref134
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref134
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref134
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref135
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref135
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref135
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref136
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref136
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref136
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref136
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref138
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref138
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref138
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref138
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref139
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref139
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref139
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref139
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref139
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref140
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref140
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref140
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref140
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref140
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref142
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref142
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref142

2022

157.Hui EE, Bhatia SN. Micromechanical control of cell-cell
interactions. Proc Natl Acad Sci U S A 2007;
104:5722-5726.

158. Dahl-densen S, Grapin-Botton A. The physics of orga-
noids: a biophysical approach to understanding organ-
ogenesis. Development 2017;144:946-951.

159. Ito A, Jitsunobu H, Kawabe Y, Kamihira M. Construction
of heterotypic cell sheets by magnetic force-based 3-D
coculture of HepG2 and NIH3T3 cells. J Biosci Bioeng
2007;104:371-378.

160.Bhatia SN, Balis UJ, Yarmush ML, Toner M. Effect of
cell-cell interactions in preservation of cellular pheno-
type: cocultivation of hepatocytes and nonparenchymal
cells. FASEB J 1999;13:1883-1900.

161.Bhatia SN, Yarmush ML, Toner M. Controlling cell in-
teractions by micropatterning in co-cultures: hepato-
cytes and 3T3 fibroblasts. J Biomed Mater Res 1997;
34:189-199.

162. Simian M, Bissell MJ. Organoids: a historical perspective
of thinking in three dimensions. J Cell Biol 2017;
216:31-40.

163. Khadpekar AJ, Khan M, Sose A, Majumder A. Low cost
and lithography-free stamp fabrication for microcontact
printing. Sci Rep 2019;9:1024.

164. Achberger K, Probst C, Haderspeck J, Bolz S, Rogal J,
Chuchuy J, Nikolova M, Cora V, Antkowiak L, Hag W,
Shen N, Schenke-Layland K, Ueffing M, Liebau S,
Loskill P. Merging organoid and organ-on-a-chip
technology to generate complex multi-layer tissue
models in a human retina-on-a-chip platform. eLife
2019;8:¢46188.

165. Gjorevski N, Nikolaev M, Brown TE, Mitrofanova O,
Brandenberg N, DelRio FW, Yavitt FM, Liberali P,
Anseth KS, Lutolf MP. Tissue geometry drives deter-
ministic organoid patterning. Science 2022;375:
eaaw9021.

166. Poling HM, Wu D, Brown N, Baker M, Hausfeld TA,
Huynh N, Chaffron S, Dunn JCY, Hogan SP, Wells JM,
Helmrath MA, Mahe MM. Mechanically induced devel-
opment and maturation of human intestinal organoids in
vivo. Nat Biomed Eng 2018;2:429-442.

167. Dupertuis YM, Delie F, Cohen M, Pichard C. In ovo
method for evaluating the effect of nutritional therapies
on tumor development, growth and vascularization. Clin
Nutr Exp 2015;2:9-17.

168. Hofer M, Lutolf MP. Engineering organoids. Nat Rev Mat
2021;6:402-420.

169. Sato T, Stange DE, Ferrante M, Vries RGJ, Van Es JH,
Van den Brink S, Van Houdt WJ, Pronk A, Van Gorp J,
Siersema PD, Clevers H. Long-term expansion of
epithelial organoids from human colon, adenoma,
adenocarcinoma, and Barrett’s epithelium. Gastroen-
terology 2011;141:1762-1772.

170.Han S-H, Shim S, Kim M-J, Shin H-Y, Jang W-S,
Lee S-J, Jin Y-W, Lee S-S, Lee SB, Park S. Long-term
culture-induced phenotypic difference and efficient
cryopreservation of small intestinal organoids by treat-
ment timing of Rho kinase inhibitor. World J Gastro-
enterol 2017;23:964-975.

Introduction to Organoid Models 329

171.Sugimoto S, Sato T. Organoid vs in vivo mouse model:
which is better research tool to understand the biologic
mechanisms of intestinal epithelium? Cell Mol Gastro-
enterol Hepatol 2022;13:195-197.

172.Weeber F, van de Wetering M, Hoogstraat M,
Dijkstra KK, Krijgsman O, Kuilman T, Gadellaa-van
Hooijdonk CGM, van der Velden DL, Peeper DS,
Cuppen EPJG, Vries RG, Clevers H, Voest EE. Preserved
genetic diversity in organoids cultured from biopsies of
human colorectal cancer metastases. Proc Natl Acad Sci
U S A 2015;112:13308-13311.

173.Chen J, Lau BT, Andor N, Grimes SM, Handy C,
Wood-Bouwens C, Ji HP. Single-cell transcriptome
analysis identifies distinct cell types and niche
signaling in a primary gastric organoid model. Sci Rep
2019;9:4536.

174.Treveil A, Sudhakar P, Matthews ZJ, Wrzesinski T,
Jones EJ, Brooks J, Olbei M, Hautefort I, Hall LJ,
Carding SR, Mayer U, Powell PP, Wileman T, Di Palma F,
Haerty W, Korcsmaros T. Regulatory network analysis of
Paneth cell and goblet cell enriched gut organoids using
transcriptomics approaches. Mol Omics 2020;16:
39-58.

175.Wang Q, Xiong Y, Zhang S, Sui Y, Yu C, Liu P, Li H,
Guo W, Gao Y, Przepiorski A, Davidson AJ, Guo M,
Zhang X. The dynamics of metabolic characterization in
iPSC-derived kidney organoid differentiation via a
comparative omics approach. Front Genet 2021;
12:632810.

176. Neef SK, Janssen N, Winter S, Wallisch SK, Hofmann U,
Dahlke MH, Schwab M, Mirdter TE, Haag M. Metabolic
drug response phenotyping in colorectal cancer orga-
noids by LC-QTOF-MS. Metabolites 2020;10:494.

177.Khoshdel Rad N, Aghdami N, Moghadasali R. Cellular
and molecular mechanisms of kidney development: from
the embryo to the kidney organoid. Front Cell Dev Biol
2020;8:183.

178. McCauley HA, Wells JM. Pluripotent stem cell-derived
organoids: using principles of developmental biology to
grow human tissues in a dish. Development 2017;
144:958-962.

179. Simunovic M, Brivanlou AH. Embryoids, organoids and
gastruloids: new approaches to understanding embryo-
genesis. Development 2017;144:976-985.

180.Liu L, Yu L, Li Z, Li W, Huang W. Patient-derived orga-
noid (PDO) platforms to facilitate clinical decision mak-
ing. J Transl Med 2021;19:40.

181. Soldner F, Jaenisch R. Stem cells, genome editing, and
the path to translational medicine. Cell 2018;
175:615-632.

182.Yin X, Mead BE, Safaee H, Langer R, Karp JM, Levy O.
Engineering stem cell organoids. Cell Stem Cell 2016;
18:25-38.

183.Thalheim T, Quaas M, Herberg M, Braumann U-D,
Kerner C, Loeffler M, Aust G, Galle J. Linking stem cell
function and growth pattern of intestinal organoids. Dev
Biol 2018;433:254-261.

184.Takebe T, Wells JM. Organoids by design. Science
2019;364:956-959.


http://refhub.elsevier.com/S2352-345X(22)00080-7/sref143
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref143
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref143
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref143
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref144
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref144
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref144
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref144
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref145
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref145
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref145
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref145
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref145
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref146
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref146
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref146
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref146
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref146
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref147
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref147
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref147
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref147
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref147
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref148
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref148
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref148
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref148
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref149
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref149
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref149
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref150
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref150
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref150
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref150
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref150
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref150
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref150
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref152
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref152
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref152
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref152
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref152
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref154
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref154
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref154
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref154
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref154
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref154
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref155
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref155
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref155
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref155
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref155
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref156
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref156
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref156
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref157
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref157
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref157
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref157
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref157
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref157
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref157
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref158
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref158
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref158
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref158
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref158
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref158
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref158
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref159
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref159
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref159
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref159
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref159
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref160
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref160
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref160
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref160
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref160
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref160
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref160
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref160
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref161
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref161
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref161
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref161
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref161
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref162
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref162
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref162
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref162
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref162
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref162
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref162
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref162
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref162
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref163
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref163
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref163
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref163
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref163
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref163
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref164
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref164
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref164
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref164
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref165
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref165
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref165
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref165
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref166
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref166
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref166
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref166
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref166
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref167
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref167
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref167
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref167
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref168
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref168
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref168
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref169
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref169
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref169
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref169
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref170
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref170
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref170
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref170
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref171
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref171
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref171
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref171
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref171
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref172
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref172
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref172

330 Hautefort et al

185. Loffet E, Brossard L, Mahe MM. Pluripotent stem cell
derived intestinal organoids with an enteric nervous
system. Methods Cell Biol 2020;159:175-199.

186.de Lau W, Kujala P, Schneeberger K, Middendorp S,
Li VSW, Barker N, Martens A, Hofhuis F, DeKoter RP,
Peters PJ, Nieuwenhuis E, Clevers H. Peyer’s patch M
cells derived from Lgr5(+) stem cells require SpiB and
are induced by RankL in cultured “miniguts”. Mol Cell
Biol 2012;32:3639-3647.

187.Sasai Y. Next-generation regenerative medicine: organ-
ogenesis from stem cells in 3D culture. Cell Stem Cell
2013;12:520-530.

188.Badder LM, Hollins AJ, Herpers B, Yan K, Ewan KB,
Thomas M, Shone JR, Badder DA, Naven M,
Ashelford KE, Hargest R, Clarke AR, Esdar C,
Buchstaller HP, Treherne JM, Boj S, Ramezanpour B,
Wienke D, Price LS, Shaw PH, Dale TC. 3D imaging of
colorectal cancer organoids identifies responses to
Tankyrase inhibitors. PLoS One 2020;15:e0235319.

189. Petukhov V, Khodosevich K, Soldatov RA,
Kharchenko PV. Cell segmentation in imaging-based
spatial transcriptomics. Nat Biotech 2022;40:345-354.

190. Bues J, Biocanin M, Pezoldt J, Dainese R, Chrisnandy A,
Rezakhani S, Saelens W, Gupta R, Russeil J, Saeys Y,
Amstad E, Claassen M, Lutolf M, Deplancke B. Deter-
ministic scRNA-seq of individual intestinal organoids
reveals new subtypes and coexisting distinct stem cell
pools. Nat Methods 2022;19:323-330.

191.Sufi J, Qin X, Rodriguez FC, Bu YJ, Vickova P,
Zapatero MR, Nitz M, Tape CJ. Multiplexed single-cell
analysis of organoid signaling networks. Nat Protoc
2021;16:4897-4918.

192. Lukonin |, Serra D, Challet Meylan L, Volkmann K,
Baaten J, Zhao R, Meeusen S, Colman K, Maurer F,
Stadler MB, Jenkins J, Liberali P. Phenotypic landscape
of intestinal organoid regeneration. Nature 2020;
586:275-280.

193. Marton RM, Pasca SP. Organoid and assembloid tech-
nologies for investigating cellular crosstalk in human
brain development and disease. Trends Cell Biol 2020;
30:133-143.

194.Vogt N. Assembloids. Nat Methods 2021;18:27.

195. Schneeberger K, Spee B, Costa P, Sachs N, Clevers H,
Malda J. Converging biofabrication and organoid tech-
nologies: the next frontier in hepatic and intestinal tissue
engineering? Biofabrication 2017;9:013001.

196.Gabriel E, Albanna W, Pasquini G, Ramani A,
Josipovic N, Mariappan A, Schinzel F, Karch CM, Bao G,
Gottardo M, Suren AA, Hescheler J, Nagel-Wolfrum K,
Persico V, Rizzoli SO, Alimuller J, Riparbelli MG,
Callaini G, Goureau O, Papantonis A, Busskamp V,
Schneider T, Gopalakrishnan J. Human brain organoids
assemble functionally integrated bilateral optic vesicles.
Cell Stem Cell 2021;28:1740-1757.€8.

197.Kim S, Uroz M, Bays JL, Chen CS. Harnessing mecha-
nobiology for tissue engineering. Dev Cell 2021;
56:180-191.

198. Miranda CC, Fernandes TG, Diogo MM, Cabral JMS.
Towards multi-organoid systems for drug screening
applications. Bioengineering (Basel) 2018;5:49.

Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 2

199. Guiu J, Jensen KB. Rebuttal to: organoid vs mouse
model: which is a better research tool to understand the
biologic mechanisms of intestinal epithelium? Cell Mol
Gastroenterol Hepatol 2022;13:193.

200.Shah P, Fritz JV, Glaab E, Desai MS, Greenhalgh K,
Frachet A, Niegowska M, Estes M, Jager C, Seguin-
Devaux C, Zenhausern F, Wilmes P. A microfluidics-
based in vitro model of the gastrointestinal human-
microbe interface. Nat Commun 2016;7:11535.

201.Walsh DI, Dydek EV, Lock JY, Carlson TL, Carrier RL,
Kong DS, Cabrera CR, Thorsen T. Emulation of colonic
oxygen gradients in a microdevice. SLAS Technol 2018;
23:164-171.

202.Brassard JA, Lutolf MP. Engineering stem cell self-
organization to build better organoids. Cell Stem Cell
2019;24:860-876.

208. Alsehli H, Mosis F, Thompson C, Hamrud E, Wiseman E,
Gentleman E, Danovi D. An integrated pipeline for high-
throughput screening and profiling of spheroids using
simple live image analysis of frame to frame variations.
Methods 2021;190:33-43.

204.Leha A, Moens N, Meleckyte R, Culley OJ, Gervasio MK,
Kerz M, Reimer A, Cain SA, Streeter |, Folarin A,
Stegle O, Kielty CM, HipSci Consortium, Durbin R,
Watt FM, Danovi D. A high-content platform to charac-
terise human induced pluripotent stem cell lines.
Methods 2016;96:85-96.

205.Kerz M, Folarin A, Meleckyte R, Watt FM, Dobson RJ,
Danovi D. A novel automated high-content analysis
workflow capturing cell population dynamics from
induced pluripotent stem cell live imaging data. J Biomol
Screen 2016;21:887-896.

206.Nakamura T, Sato T. Advancing intestinal organoid
technology toward regenerative medicine. Cell Mol
Gastroenterol Hepatol 2018;5:51-60.

207.Mack DL, Guan X, Wagoner A, Walker SJ, Childers MK.
Disease-in-a-dish: the contribution of patient-specific
induced pluripotent stem cell technology to regenera-
tive rehabilitation. Am J Physiol Med Rehabil 2014;
93:5155-S168.

208. Fujii M, Matano M, Nanki K, Sato T. Efficient genetic
engineering of human intestinal organoids using elec-
troporation. Nat Protoc 2015;10:1474-1485.

209.Wang P, Mokhtari R, Pedrosa E, Kirschenbaum M,
Bayrak C, Zheng D, Lachman HM. CRISPR/Cas9-
mediated heterozygous knockout of the autism gene
CHD8 and characterization of its transcriptional net-
works in cerebral organoids derived from iPS cells. Mol
Autism 2017;8:11.

210. Sarvestani SK, Signs S, Hu B, Yeu Y, Feng H, Ni Y,
Hill DR, Fisher RC, Ferrandon S, DeHaan RK, Stiene J,
Cruise M, Hwang TH, Shen X, Spence JR, Huang EH.
Induced organoids derived from patients with ulcerative
colitis recapitulate colitic reactivity. Nat Commun 2021;
12:262.

211.Sato K, Zhang W, Safarikia S, Isidan A, Chen AM, Li P,
Francis H, Kennedy L, Baiocchi L, Alvaro D, Glaser S,
Ekser B, Alpini G. Organoids and spheroids as novel
models for studying cholestatic liver injury and chol-
angiocarcinoma. Hepatology 2021;74:491-502.


http://refhub.elsevier.com/S2352-345X(22)00080-7/sref173
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref173
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref173
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref173
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref174
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref174
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref174
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref174
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref174
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref174
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref174
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref174
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref175
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref175
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref175
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref175
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref176
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref176
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref176
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref176
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref176
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref176
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref176
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref177
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref177
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref177
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref177
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref178
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref178
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref178
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref178
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref178
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref178
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref178
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref179
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref179
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref179
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref179
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref179
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref180
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref180
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref180
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref180
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref180
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref180
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref181
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref181
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref181
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref181
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref181
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref182
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref183
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref183
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref183
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref183
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref184
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref184
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref184
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref184
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref184
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref184
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref184
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref184
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref184
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref185
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref185
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref185
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref185
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref186
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref186
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref186
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref187
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref187
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref187
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref187
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref189
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref189
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref189
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref189
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref189
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref190
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref190
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref190
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref190
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref190
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref191
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref191
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref191
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref191
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref192
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref192
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref192
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref192
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref192
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref192
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref193
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref193
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref193
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref193
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref193
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref193
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref193
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref194
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref194
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref194
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref194
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref194
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref194
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref195
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref195
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref195
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref195
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref196
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref196
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref196
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref196
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref196
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref196
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref197
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref197
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref197
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref197
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref198
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref198
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref198
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref198
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref198
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref198
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref200
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref200
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref200
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref200
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref200
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref200
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref201
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref201
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref201
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref201
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref201
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref201

2022

212.Arnauts K, Verstockt B, Sabino J, Vermeire S,
Verfaillie C, Ferrante M. OP11 exposure to an inflam-
matory mix re-induces inflammation in organoids of ul-
cerative colitis patients, independent of the inflammatory
state of the tissue of origin. J Crohns Colitis 2020;
14:5011-S012.

213.Du Y, Li X, Niu Q, Mo X, Qui M, Ma T, Kuo CJ, Fu H.
Development of a miniaturized 3D organoid culture
platform for ultra-high-throughput screening. J Mol Cell
Biol 2020;12:630-643.

214.Saito Y, Muramatsu T, Kanai Y, Ojima H, Sukeda A,
Hiraoka N, Arai E, Sugiyama Y, Matsuzaki J, Uchida R,
Yoshikawa N, Furukawa R, Saito H. Establishment of
patient-derived organoids and drug screening for
biliary tract carcinoma. Cell Rep 2019;27:1265-
1276.e4.

215. Chung K. Rapid drug screen using 3D tumor organoids.
Sci Transl Med 2018;10:eaar7507.

Introduction to Organoid Models 331

Received December 7, 2021. Accepted April 29, 2022.

Correspondence
Address correspondence to: Tamas Korcsmaros, PhD, Earlham Institute,
Norwich, United Kingdom. e-mail: tamas.korcsmaros@earlham.ac.uk; fax:
(44) 1603-450001.

Conflicts of interest
The authors disclose no conflicts.

Funding

Supported by the Earlham Institute (Norwich, UK) in partnership with the
Quadram Institute Bioscience (Norwich, UK), and strategically supported by
a UK Research and Innovation Biotechnological and Biosciences Research
Council Core Strategic Program grant for Genomes to Food Security (BB/
CSP1720/1) and its constituent work packages, BBS/E/T/000PR9819 and
BBS/E/T/000PR9817, as well as a Biotechnological and Biosciences
Research Council Institute Strategic Programme grant for gut microbes and
health (BB/R012490/1) and its constituent projects, BBS/E/F/000PR10353
and BBS/E/F/000PR10355 (T.K. and I.H.); supported by the Biotechnological
and Biosciences Research Council Norwich Research Park Biosciences
Doctoral Training Partnership grant BB/M011216/1 (M.P.); and supported by
a Biotechnological and Biosciences Research Council Impact Acceleration
Account grant to the Quadram Institute Bioscience (BB/S506679/1) (D.P. and
T.K).


http://refhub.elsevier.com/S2352-345X(22)00080-7/sref202
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref202
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref202
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref202
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref202
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref202
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref202
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref203
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref203
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref203
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref203
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref203
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref204
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref204
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref204
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref204
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref204
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref204
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref205
http://refhub.elsevier.com/S2352-345X(22)00080-7/sref205
mailto:tamas.korcsmaros@earlham.ac.uk

	Everything You Always Wanted to Know About Organoid-Based Models (and Never Dared to Ask)
	The Beauty and Complexity of Tissues/Organs
	Stem Cell–Based Models: The Revolution for In Vitro Systems
	The Powerful yet Challenging Advances Brought by Organoid Models
	Two Main Classes of Stem Cells Can Be Used to Grow Organoids
	Adult stem cells
	Embryonic and induced PSCs

	Animal Model Vs Human Organoids, a Tricky Choice
	Organoids Can Be Used to Study Cell–Cell and Cell–Microbe Interactions

	What to Consider When Adapting Organoid-Based Models to Unexplored Research Fields
	Cell Proliferation, Differentiation, and Maturation Are Influenced by the Surrounding ECM and Cells
	Tissue Topology, Cell Positioning, and Mechanical Forces Impact on Cell Differentiation and Maturation
	Possible Adaptation of Novel Hydrogels and Scaffolds to Organoids and Other Cell Co-culture
	Time: An Overlooked Parameter to Consider in Organoid-Based Models

	Outlook and Perspectives
	Current Challenges
	Novel Directions for Organoid Models

	Conclusions
	References


