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tudies of the intestinal biology
Shave been greatly assisted by
organoid culture systems, in which
isolated stem cells can generate
3-dimensional structures that recapit-
ulate the functional and cellular orga-
nization of the epithelium. It has been
proposed that the emergence of these
3-dimensional structures in vitro re-
capitulates features of intestinal
epithelial morphogenesis. It is, how-
ever, clear that any extrapolation from
organoid studies to a physiological
context requires in vivo validation.

In humans, intestinal morphogen-
esis proceeds through the first and
second trimester, whereas the same
process in mice occurs from embryonic
day 12.5 until the 2 first weeks after
birth. During morphogenesis, the in-
testine forms as a tube with a smooth
inner surface covered by epithelial
cells. The surface subsequently begins
folding into rudimentary villi sur-
rounded by a continuum of intervillus
space.1 The epithelial cells in this space
express markers associated with adult
stem cells. Following a phase of intes-
tinal growth and increase in the num-
ber of villi, crypts begin to form from
the intervillus space.2 As crypts enlarge,
Paneth cells emerge at the crypt top
and subsequently relocalize to the bot-
tom, where they intercalate between
adult stem cells (Figure 1A).3 Because
of the difficulty of studying tissue
morphogenesis in humans beyond the
analysis of histologic material, most of
the knowledge regarding the formation
of the intestine comes from studies in
mice and other experimental animals.
A breakthrough in the field of in-
testinal biology came with the develop-
ment of cell culture systems, where
single intestinal epithelial stem cells
from human and mouse could be
cultured as 3-dimensional organoid
structures with distinct crypt-like and
villus-like domains.4,5 This pioneering
technology provided a tractable model
system for studies focusing on devel-
opmental biology; regenerative medi-
cine; and pathologies, such as cancer
and inflammatory bowel disease.
Although the organoid models are
attractive in vitro models, it is important
to keep in mind that they represent
reductionistic cell culture models and
consequently they do not necessarily
recapitulate in vivo cell behavior. In the
discussion next, we exemplify this with
the process of crypt and crypt-like for-
mation, which is governed by different
rules in mice and organoids, respec-
tively. Moreover, we describe several
research areas in which organoid
models are currently too simplistic to
provide comprehensive results.

Organoid growth from the mouse
small intestine follows an almost
invariant pattern. Single cells or
crypts seeded in tumor-derived
matrices initially grow as seemingly
homogenous spheroids. These spher-
oids go on to form crypt-like domains,
where stem cells are intercalated be-
tween Paneth cells.4 For small intes-
tinal organoids, the initial crypt-like
domain formation has been linked
with the first symmetry-breaking
event and establishment of the secre-
tory lineage around which the crypt-
like domain is subsequently formed.6

The emerging Paneth cell constitutes
a source of Wnt3a, and a signaling
gradient emanating from the bud of
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the domain leads to the further
patterning of the organoid into do-
mains of stem cells and differentiated
cells (Figure 1B). Given the emergence
of crypt-like domains during early
organoid formation, organoids have
been used to study crypt formation;
however, there are striking differences
between crypt-like domain formation in
vitro and crypt formation in vivo.

In vivo Paneth cells appear late in
crypt formation and is preceded by
stem cell marker expression. In
contrast, the appearance of Paneth cells
in organoids represents the earliest
patterning event followed by the
appearance of cells expressing stem cell
markers.6 Moreover, organoid studies
identify Paneth cells as an essential
source of canonical Wnt signaling mol-
ecules.7 However, in vivo Paneth cell
loss and elimination of epithelial Wnt
secretion do not compromise the
integrity or the maintenance of the
epithelium.8,9 Taking this into account,
one should be very careful extrapo-
lating findings directly from organoid
models to physiological conditions, and
keep in mind that the reductionistic
approach used for culturing intestinal
organoids might not recapitulate in vivo
processes. In fact, the physiological
counterpart for what is modelled dur-
ing crypt-like formation using organo-
ids remains to be elucidated given that
Paneth cells in vivo are dispensable.

It is clear that the organoid system
in its current form is very simplistic
and that processes, such as morpho-
genesis, homeostasis, and tissue
regeneration, are most likely too com-
plex to model using this approach.
Here the environment including the
fibroblasts, enteric neurons, blood and
lymphatic vessels, immune cells, and
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Figure 1. Process of crypt
formation in vivo (A) and
in organoids (B). In vivo
intervillus cells express
stem cell markers in the
absence of Paneth cells
(ai). After birth crypts are
formed independently of
Paneth cell (aii). Once
crypts are formed Paneth
cells emerge in the crypts
(aiii). Subsequently, Paneth
cells are located at the
bottom of the crypts inter-
calated between the stem
cells (aiv). Organoids are
initially spherical (bi). The
formation of Paneth cells
(bii) constitutes a symme-
try-breaking event (biii) that
leads to bud formation (biv)
to finally produce branch-
ing organoids (bv).
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commensal microbes generates a
permissive environment for the
epithelium supporting growth, main-
tenance, or tissue remodeling. Param-
eters including growth factors and
extracellular matrix components, and
biomechanical properties, such as
shape and stiffness of the environment,
will simultaneously influence cell
behavior, and cannot be accounted for
using the traditional static culture
methods for organoid growth. Here, it
is also important to point out that
changing the matrix supporting orga-
noids from a tumor-derived matrix
rich in laminins to type I collagen, the
prevalent extracellular matrix compo-
nent observed during tissue regenera-
tion, is sufficient to severely impact cell
behavior in vitro.10 Modelling of biologic
processes using organoids therefore re-
quires substantial prior knowledge and
insight into the physiological context.
Yet, the number of parameters that can
be assessed are limited, and it is a tall
order to simulate all the possible in-
teractions with immune cells, enteric
neurons, fibroblast, and microbiome.

Overall organoids represent an
elegant model system that has trans-
formed the field of intestinal biology. It
gives the possibility to build on the
descriptive studies of human develop-
ment using cells isolated either directly
from tissues or derived from pluripo-
tent stem cells. Here, the organoid
technology allows for manipulation of
gene expression and reverse genetics
using technologies such as CRISPR/
Cas9 but in a human context. We can
consequently now begin to model as-
pects of human development, which
previously were not possible. Howev-
er, we still need to keep in mind that
the organoid technology has limita-
tions, and that observations from the
organoid system are not necessarily
physiologically relevant. The process of
crypt formation constitutes one
example, that in vivo experiments are
required for defining complex mecha-
nisms directing the processes at the
tissue level. In addition to this, there
are plethora of biologic processes that
currently cannot be modeled with
organoid technology including the
cross-talk between different cell types,
such as immune cells and intestinal
epithelium at organ and multiorgan
level, the endocrine role of the intes-
tine, and signaling of the gut-brain axis.
These highly complex processes
require in vivo models. Consequently,
animal studies, which provide the
physiological context, can be com-
plemented with insights from organoid
studies, but animal studies cannot be
replaced by the organoid technology.
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