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ABSTRACT

For many tissues, single resident stem cells grown in vitro under
appropriate three-dimensional conditions can produce outgrowths
known as organoids. These tissues recapitulate much of the cell
composition and architecture of the in vivo organ from which they
derive, including the formation of a stem cell niche. This has facilitated
the systematic experimental manipulation and single-cell, high-
throughput imaging of stem cells within their respective niches.
Furthermore, emerging technologies now make it possible to engineer
organoids from purified cellular and extracellular components to
directly model and test stem cell-niche interactions. In this Review, we
discuss how organoids have been used to identify and characterize
stem cell-niche interactions and uncover new niche components,
focusing on three adult-derived organoid systems. We also describe
new approaches to reconstitute organoids from purified cellular
components, and discuss how this technology can help to address
fundamental questions about the adult stem cell niche.
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Introduction

Precise control over stem cell differentiation and tissue architecture
is essential for development, organogenesis and tissue homeostasis.
Recently, organoids have emerged as key in vitro models of
these processes, as advances in three-dimensional (3D) culture
techniques have enabled the expansion of single stem cells into
self-organizing tissues that functionally recapitulate key aspects of
their in vivo tissue of origin. These aspects include the presence
of multiple differentiated cell types, self-organization into a
stereotyped tissue architecture, and activation of developmental
gene expression programs (Camp et al., 2015; Clevers, 2016;
Lancaster and Knoblich, 2014). The term organoid can refer
to outgrowths from primary tissue explants (as in the mammary
field) or to clonal outgrowths from single cells (Simian and
Bissell, 2017). In this Review, we focus in particular on stem cell-
derived organoids (Fig. 1A) as a model system to interrogate the
stem cell niche. These organoids can be derived from embryonic
stem cells (ESCs), induced pluripotent stem cells (iPSCs), or tissue-
resident adult stem cells. Organoids grown from pluripotent
ESCs or iPSCs mimic embryonic developmental processes,
whereas those derived from adult stem cells can be used to model
tissue homeostasis and its disruption during disease progression.
Together, such organoids, whether derived from pluripotent or
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adult stem cells, represent a diversity of organotypic cultured
tissues that each recapitulate aspects of brain, retina, stomach,
prostate, liver or kidney structure (Clevers, 2016; Lancaster and
Knoblich, 2014).

As well as providing an easily accessible in vitro platform for
understanding development and disease, organoids, especially
those derived from adult stem cells, provide a convenient
means to investigate stem cell-niche interactions (Box 1). The
stem cell niche can be defined as the local environment that
surrounds a stem cell, which directly influences stem cell behavior
and fate (Scadden, 2014). Indeed, some evidence suggests that
in many cases the stem cell niche — rather than the stem cell
itself — is the functional unit that controls cell fate. For example,
transplantation into the mammary gland microenvironment
reprograms single neural stem cells into mammary epithelial
cells that can regenerate the mammary epithelial tree (Booth et al.,
2008). The individual components that comprise the stem cell
niche depend on the specific tissue, but include factors such as
other differentiated cell types, signaling molecules, extracellular
matrix (ECM) components, the 3D shape and arrangement of
cells, and mechanical forces such as tension, rigidity and even fluid
flow. Although many important niche components have been
identified for different adult stem cell populations throughout the
body, there are still many unknowns. In particular, it has been
difficult to dissect the precise mechanism by which individual
components regulate the niche owing to their interdependence.
While in vivo animal studies have proven invaluable in defining
the concept of the stem cell niche and identifying key stem
cell-niche interactions, organoids serve as a complementary
approach that could provide a better-controlled and higher-
throughput platform to assess the contributions of individual
niche components. Additionally, organoids can be used to study
uniquely human stem cell-niche interactions (Fig. 1B), which will
further our understanding of human tissue homeostasis, disease and
regeneration.

In this Review, we focus on adult stem cell-derived organoids and
use the examples of the mammary gland, airway epithelium
and intestine to describe how organoids have enabled intensive and
systematic study of signals from the adult stem cell niche that control
cell self-renewal and differentiation (Fig. 1C). We further describe
some emerging technologies that now enable reconstitution of
the stem cell niche from purified cellular and ECM components.
These engineering-based approaches can provide tight control over
individual niche components and parameters such as initial
organoid composition and size, which, under most commonly
used organoid culture conditions, can be heterogeneous. This
increased experimental control will be essential for understanding
how tissue architecture shapes the complex molecular and
mechanical signals that underlie cellular decision-making in the
niche — decisions that allow stem cells to maintain tissue
homeostasis and that go awry during disease.
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Fig. 1. Advantages of organoid models for studying adult stem cells.
(A) Organoids grown clonally from single cells can be used to prospectively
identify adult stem cell populations based on the capacity of a cell to form
organoids. (B) Organoids can be derived from human cells as well as non-
human cells such as mouse or zebrafish, which allows modeling of human-
specific stem cell biology and the identification of differences between human
and non-human tissues. (C) In vitro culture allows in-depth experimental
perturbation and imaging of stem cells in their surrounding niche. Different
approaches include tightly controlled chemical or genetic manipulation, 3D
imaging of live tissues over time (4D imaging), high-throughput combinatorial
screening, and single-cell resolution imaging to analyze specific cell-cell
interactions.

Defining the stem cell niche

Organoids are a powerful tool for studying the stem cell niche, as
they allow systematic chemical and genetic perturbation combined
with in foto imaging of 3D tissues over time (Fig. 1C) (Sasai, 2013).
In this section, we focus on three tissues for which adult stem cell-
derived organoids have been used to dissect stem cell-niche
interactions. Mammary gland organoids have helped to uncover
how short-range Wnt signaling in the mammary epithelial stem cell
niche is directly coupled with long-range hormonal signaling via the
bloodstream. Organoid models of the airway epithelium have
helped uncover how specific cues in the niche can direct stem cell
maintenance or differentiation. Intestinal organoids have helped
identify the necessary versus sufficient components of the stem cell
niche and to directly image signaling gradients within the niche. We
have chosen these examples to highlight key features of organoid
systems that have helped to identify crucial components of the stem

cell niche, and how these components regulate stem cell behavior
and fate.

Mammary gland: direct coordination of local Wnt and systemic
hormone signals

A key feature of organoid models is that in vitro growth allows
decoupling of local signals within the niche from long-range
signals, such as those that would impinge on the tissue from the
bloodstream or surrounding stroma in vivo. Joshi and colleagues
showed that systemic signals in the form of the steroid hormones
estrogen and progesterone regulate stem cell dynamics in vivo but,
surprisingly, that mammary stem cells themselves do not express
receptors for progesterone and estrogen (Joshi et al., 2010). In this
study, treatment of ovariectomized mice with estrogen and
progesterone restricted mammary luminal differentiation and
increased the proportion of organoid-forming cells in the
mammary gland. These studies suggest that additional and locally
acting paracrine signals could provide a link between systemic
hormone levels and mammary stem cell function. Among locally
acting paracrine signaling molecules, Wnt has been found to control
stem cell activity in multiple tissues (Clevers et al., 2014) and,
indeed, evidence suggests that Wnt is also a key component of the
mammary stem cell niche. Wnt ligand treatment was found to
promote mammary stem cell self-renewal, allowing serial, long-
term expansion of mammary organoids (Cai et al., 2014; Zeng and
Nusse, 2010). Although these studies identified systemic (estrogen)
and local (Wnt) signals that regulate mammary stem cell function,
how these signals are coordinated remained unclear.

Recent work with mammary organoids has helped to uncover the
mechanism by which hormone receptor-negative mammary stem
cells respond to hormones through local relay of Wnt molecules (Cai
et al., 2014). Combined treatment with progesterone and estrogen
induced the expression of Wnt4 and the Wnt agonist R-spondin 1 in
luminal cells, which the authors showed is important for mammary
stem cell self-renewal. Furthermore, they demonstrated that, in the
absence of exogenous Wnt, hormone treatment supports expansion
of mammary organoids from mammary stem cells only in the
presence of luminal cells. Together, these data are consistent with a
model in which systemic steroid hormone signaling induces local
Wnt signaling from daughter luminal cells to restrict luminal
differentiation and promote self-renewal of parent stem cells. This
study illustrates how in vitro organoid systems serve as an important
complement to in vivo experiments, since it would be difficult to
distinguish between direct or secondary effects of hormone treatment
without using tissue-specific conditional knockout mouse lines,
which is both costly and time consuming. Organoid culture therefore
provides a simplified experimental system in which to quickly and
directly test the effects of specific niche signals on discrete cell types,
which can then be confirmed by in-depth animal studies.

Airway epithelium: from single-cell imaging to high-throughput
interrogation of the stem cell niche

As a complement to animal studies, organoid culture allows both
imaging of the stem cell niche at single-cell resolution and large-
scale screens to identify novel niche components. Recent studies
have used these features to identify juxtacrine and secreted factors
that direct airway epithelial cell fate in mouse tracheosphere and
human bronchosphere organoids (Danahay et al., 2015; Rock et al.,
2011; Tadokoro et al., 2014). Single-cell resolution imaging of stem
cells within their developing niche helped to identify Notch as
a feedforward signal that controls daughter cell differentiation
(Pardo-Saganta et al., 2015; Rock et al., 2011). Using cells
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Box 1. Key advantages of in vitro organotypic systems

In vitro organoid systems have a number of key advantages when it
comes to modeling stem cell biology. These include the fact that
organoids can be grown as clonal outgrowths from single cells, and that
they can be derived from human cells. In organoids grown from single
cells, putative adult stem cell populations can be identified based on a
cell’s organoid-forming capacity (Fig. 1A) (Jung et al., 2011; Lim et al.,
2009; Rock et al., 2009). Moreover, organoids grown from human adult
stem cells directly model human-specific stem cell biology and can
identify differences between human and non-human tissues (Fig. 1B)
(Jung et al., 2011; Karthaus et al., 2014; Lim et al., 2009). Another key
advantage of organoid culture is that it allows in-depth experimental
perturbation and imaging of stem cells in their surrounding niche. This
reductionist model can be used to identify molecules that are sufficient
for stem cell maintenance and differentiation, complementing in vivo
models that identify those that are necessary. Finally, in vitro systems
allow tight temporal control over chemical and genetic manipulation of
the stem cell niche and facilitate both single-cell resolution and high-
throughput 3D imaging over time (Fig. 1C) (Sasai, 2013). Together,
these features of organoids, in parallel with in vivo models, will help to
reveal the underlying principles that guide tissue formation, maintenance
and breakdown during development and regeneration.

expressing a Notch activity reporter, Rock and colleagues analyzed
Notch activity in developing 2- to 16-cell mouse tracheospheres
following initial stem cell division. They observed that single basal
stem cells that express the Notch ligands Jagged and Delta divide
either symmetrically to produce two basal daughter cells or
asymmetrically to produce one basal daughter cell and one luminal
daughter cell in which Notch signaling is active. Further in vivo
experiments demonstrated that Notch activation is required for luminal
differentiation of basal stem cells (Rock et al., 2011). Using a series of
sophisticated cell ablation, lineage tracing and conditional knockout
experiments, Pardo-Saganta and colleagues further dissected this
parent-daughter signaling pathway in vivo and identified a contact-
dependent feedforward signal from basal cells to their progeny that
maintains a pool of differentiated secretory progenitor cells (Pardo-
Saganta et al., 2015). Together, these studies demonstrate how
relatively simple in vitro organoid models allow sophisticated single-
cell analyses that inform the design of more complicated animal
studies interrogating cell type-specific niche signals.

In contrast to these low-throughput, high-resolution studies, two
recent papers exemplify the usefulness of high-throughput screens
using organoids (Danahay et al., 2015; Tadokoro et al., 2014).
Tadokoro and colleagues used airway basal stem cells from
transgenic reporter mice in which EGFP is driven by the Foxj!/
promoter to rapidly screen for potential niche signals that bias stem
cell differentiation towards a ciliated cell fate. Stem cells were seeded
at clonal density into 96-well plates and treated with individual
factors such as cytokines or inhibitors of key signaling pathways.
Tracheospheres were screened by fluorescence microscopy for
EGFP at multiple time points, and quantified at final time points by
fluorescence-activated cell sorting (FACS) of dissociated organoids
or immunostaining for known markers. These screens, combined
with in vivo experiments, identified IL6/STAT3 as a key signal
that promotes differentiation into ciliated cells (Tadokoro et al.,
2014). Using a similar strategy, Danahay and colleagues (Danahay
et al., 2015) performed a high-throughput screen using human
bronchosphere organoids, seeding stem cells at clonal density into
384-well plates and screening a collection of 4876 secreted
recombinant human proteins. As promoter-reporter strategies are
more difficult to implement in primary human culture systems than
in mouse, the authors used a multiplex RNA quantification assay to
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identify changes in the expression of cell type-specific markers
following two weeks of growth. Using this strategy, they identified
420 proteins that led to a 2-fold or greater change in expression of at
least one cell type marker, including 69 that altered stem cell fate
decisions. These screens identified the epidermal growth factor
(EGF) family of ligands as a class of signals that promote stem cell
self-renewal, and a class of inflammatory cytokines including IL13
and IL17A that promote differentiation into secretory goblet cells.
Similar to the mammary gland, long-range signaling is coupled to
short-range signaling to regulate stem cell differentiation in the lung,
as additional in vitro and in vivo experiments demonstrated that local
Notch signaling was required for goblet cell differentiation following
IL13 or IL17A treatment (Danahay et al., 2015).

Together, these studies demonstrate how organoids facilitate
the study of the stem cell niche at multiple levels, from single-
cell interrogation of cell-cell juxtacrine cues to high-throughput
screening for key paracrine signals. Moreover, they have provided
insight into the question of how long-range signals are integrated
with short-range cell-cell interactions to direct tissue homeostasis
and disease. One logical extension to these types of studies would be
to perform combinatorial screens to identify functional combinations
of secreted proteins with ECM molecules or juxtacrine cues present
on other cell types within the niche.

Intestinal epithelium: direct manipulation and visualization of local
Whnt signaling

Intestinal organoids were among the first to be derived from adult
stem cells, rather than tissue explants or pluripotent ESCs or iPSCs.
Using key insights from mouse studies, early experiments
confirmed that niche signals such as Wnt/R-spondin that control
crypt proliferation in vivo (Kim et al., 2005; Korinek et al., 1998;
Kuhnert et al., 2004; Pinto et al., 2003) are also required for in vitro
maintenance of intestinal stem cells in organoid cultures (Sato et al.,
2009). The intestinal organoid field has also led the way in the
manipulation of organoids at the single-cell level, for example by
reconstructing aggregates containing both stem cells and purified
Paneth cells. These methods have enabled direct manipulation and
imaging of Wnt signaling in the intestinal stem cell niche,
identifying multiple sources of Wnt and providing insight into
how its activity is restricted to the base of the crypt. In an elegant
series of reaggregation experiments, Sato et al. (2011) demonstrated
that Wnt3-producing Paneth cells, together with the soluble factors
EGF, R-spondin, and noggin, can serve as a minimal in vitro niche
for intestinal stem cells. Reconstituted heterotypic aggregates or cell
doublets containing both Lgr5" stem cells and Paneth cells
displayed greatly increased efficiency of organoid formation
compared with homotypic aggregates or doublets, and exogenous
Whnt ligand treatment rescued organoid formation in Lgr5" singlets
or homotypic doublets (Sato et al., 2011). Interestingly, although
Whnt secretion by Paneth cells is required for in vitro maintenance of
Lgr5" stem cells, it is dispensable in vivo. Further work has
demonstrated that surrounding mesenchymal cells serve as an
alternative source of Wnt both in vitro and in vivo (Farin et al., 2012;
Valenta et al., 2016). This study highlights one aspect of organoid
models that is both an advantage and potential drawback. Organoid
models provide a reductionist system that can be used to easily
identify niche signals that are sufficient for stem cell maintenance.
However, these experiments cannot fully recapitulate the
complexity of in vivo biology, and therefore might identify
necessary components that are dispensable in vivo. Key results
from in vitro studies should therefore be confirmed in animal
models, when possible. In this case, a combination of in vitro and
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in vivo work demonstrated that although Wnt itself is necessary,
Wnt secretion from either Paneth cells or the mesenchyme is
sufficient in vivo for maintenance of the intestinal stem cell niche
(Farin et al., 2012; Goss et al., 2009; Valenta et al., 2016).

Intestinal organoids have also facilitated dissection of the spatial
regulation of Wnt activity. In mice, Paneth cells and Wnt activity are
both localized at the base of crypts, and live imaging of organoids
has demonstrated that stem cell progeny self-organize into similar
crypt-like structures (Sato et al., 2009, 2011). Organoids grown in
the presence of exogenous Wnt display global rather than restricted
Wnt activity and adopt a rounded morphology, suggesting that local
Whnt activity maintains crypt architecture (Sato et al., 2009). Using
Paneth cells from mice with a functional HA-tagged knock-in allele
of Wnt3, Farin et al. (2016) directly visualized Wnt diffusion in
reaggregated organoids containing both Wnt3"AHA and wild-type
cells. Transfer of HA-tagged Wnt was primarily restricted to a one-
cell diameter distance away in control organoids and accumulated
around Wnt-producing cells following cell cycle arrest. This
observation is consistent with a mechanism of membrane-bound
Whnt transfer via cell division, rather than the free diffusion of Wnt.
This study therefore revealed a direct mechanism for spatial
restriction of Wnt activity to the crypt base (Farin et al., 2016).
The use of organoids allowed the simple mixing of wild-type and
HA-tagged Wnt3 knock-in cells from two different mice to directly
visualize Wnt transfer between producing and receiving cells.
Although similar experiments would be possible in vivo, they would
require the development of tissue-specific HA-tagged Wnt3
conditional knock-in mouse strains. Furthermore, in vitro culture
allowed the authors to produce spherical, rather than crypt-like,
organoids by treatment with exogenous Wnt, greatly simplifying
image acquisition and quantification. Nonetheless, given that
previous studies have identified multiple sources of Wnt in vivo
(Farin et al., 2012; Valenta et al., 2016), additional animal studies to
dissect Wnt transfer from Paneth cells versus mesenchymal sources
will be necessary to fully understand how the Wnt gradient is
maintained in vivo.

Engineering the stem cell niche: a bottom-up approach to
controlling initial organoid size, shape and composition

Most current protocols for guiding stem cells to form organoids with
functional niches rely on the ability of stem cells to differentiate into
a number of more mature cell types, as well as the ability of these
cells to self-organize into the correct tissue architecture. These
protocols build upon now classic methods in developmental biology
that used dissociation and reaggregation of cells from various tissues
to understand how cells self-sort during morphogenesis (Bernfield
and Fell, 1967; Townes and Holtfreter, 1955; Weiss and Taylor,
1960). Together with more recent data, these reaggregation studies
suggest that cells isolated from adult tissues can retain a ‘memory’
of their developmental or homeostatic program that allows them to
self-organize through local interactions, recapitulating aspects of the
tissue architecture from which they are derived (Cerchiari et al.,
2015a; Chanson et al., 2011; Runswick et al., 2001).

While the capacity to self-organize leads to the formation of
reproducible and tightly regulated tissue architectures in vivo, the
process can be considerably more variable in vitro, particularly at
length scales larger than a few hundred microns (Gracz et al., 2015).
Such variability suggests that key chemical, physical and/or spatial
cues that guide the progress of self-organization in vivo may be
lacking after cell reaggregation in vitro. In these cases, the tools and
techniques of engineering could facilitate the more robust formation
and analysis of organoids. New engineering technologies such as

microwell arrays, droplet-based microfluidics, 3D bioprinting,
chemically programmed tissue assembly (see Glossary, Box 2)
and chemically defined ECMs mean that it is now feasible to
engineer organoids in such a way as to precisely define their initial
size, composition and spatial organization (Allazetta and Lutolf,
2015; Ellison et al., 2016; Magin et al., 2016; Murphy and Atala,
2014; Todhunter et al., 2015; Gjorevski et al., 2016). Control over
these culture parameters has the potential to open up new
experimental approaches for understanding development,
regeneration and disease by providing greater spatiotemporal
control over organoid culture in general and the stem cell niche in
particular (Fig. 2).

Ideally, engineered organoids should be made from purified
components, allowing direct measurement and manipulation of the
physical (e.g. shape, mechanics, cellular composition) and chemical
(e.g. molecular composition) properties of input cells, ECM and
medium. For example, engineering strategies provide a simple
and precise means for the marking and tracking of input cell
populations as they move and differentiate within organoids
(Fig. 2A). Furthermore, they provide a facile means of activating
or inhibiting chemical and physical cues in specific cell types by
targeting gain- or loss-of-function perturbations to only the intended
cell type prior to cell reaggregation (Sato et al., 2011). Similar
experiments using standard organoid cultures grown from individual
stem cells or tissue explants would require sophisticated cell
type-specific chemical or genetic targeting strategies. Combined
with new and powerful technologies for genome editing and
spatiotemporal control of gene expression (e.g. CRISPR/Cas9 and
optogenetics), engineering approaches will allow the manipulation

Box 2. Glossary

3D bioprinting: A technique using a droplet-, laser- or extrusion-based
printing device in conjunction with control of a 2D stage to precisely place
cell or ECM ‘inks’ additively in a desired pattern.

Chemically programmed tissue assembly: Directed cell adhesion
using artificial and bio-orthogonal adhesion molecules on cell surfaces.
In this Review, we are specifically referring to modification with single-
stranded DNA molecules, which encode interactions by Watson-Crick
base pairing.

Click chemistry: A fast, biocompatible and bio-orthogonal chemical
reaction joining two modular chemical moieties. In this specific context,
we refer to the reaction of modified lipids containing ketones or
oxyamines on two different cell surfaces to form a covalent oxime bond.
Droplet-based microfluidics: Precise manipulation of discrete
microscale droplets of aqueous fluid in an immiscible non-aqueous
medium (or vice versa).

Intaglio-void/embed-relief topographic (InVERT) molding: A
technique in which cells are deposited into a recessed pattern and
embedded in a hydrogel. The cells and gel are then removed from the
pattern and inverted, creating recesses into which the next type of cell
can be deposited.

Microraft array: A variant of microwell arrays (see below) in which
individual wells are detachable for isolation and subsequent study.
Microwell array: Geometrically spaced concave recesses, microscale in
diameter, into which cells are flowed or allowed to sediment to form cell
aggregates of defined shape and size.

Photolithography: A microfabrication technique in which photomasks
and ultraviolet light are used to generate microscale patterns in a
photoresist material. In this context, photoresist wafers are typically used
as inverse patterns to make microarray molds from another material such
as PDMS.

RGD peptide: A synthetic integrin-recognition sequence comprising
arginine, glycine and aspartic acid. Commonly used as an adhesion
ligand in engineered ECMs.
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and de novo construction of synthetic signaling circuits to facilitate
our understanding of cell-cell communication within and around
the niche.

An engineering approach to organoids will also allow the
generation of tissues with defined initial compositions, shapes and
spatial organization (Discher et al., 2009). By enabling control over
the starting number and types of cells in the organoid (Fig. 2B),
these approaches provide a highly reproducible system that can be
used to understand how tissue composition affects stem cell
differentiation and cellular plasticity, and how stem cells self-
organize within a tissue. Precise control over the cellular inputs for
organoid culture can also identify the cell types and matrix
components that comprise the ‘minimal niche’ sufficient for tissue
self-renewal (Gjorevski et al., 2016; Sato et al., 2011). Furthermore,
combinations of technologies, such as microfluidics and chemically
programmed assembly, make it possible to incorporate sensors that
dynamically measure properties such as mechanical forces within
live tissues (Fig. 2C) (Campas et al., 2014). These advantages will
enable systematic modeling, quantification and testing of stem cell-
niche interactions to more fully define the systems-level cellular and
molecular networks that control tissue homeostasis.

In this section of our Review, we summarize some emerging
approaches for precisely controlling organoid cultures, including
the use of microwells, microfluidics, bioprinting, chemically
programmed assembly and engineered ECMs (Fig. 3). These new
approaches for the generation and study of organoids will help
define the necessary and sufficient components of the stem cell
niche, provide more quantitative insight into the role of plasticity
and dedifferentiation in maintaining tissue homeostasis, and
contribute to our emerging understanding of how the chemical
and physical properties of the niche direct stem cell self-
organization and behavior.

Microwells provide control over organoid shape and size

Photolithographically (see Glossary, Box 2) defined microwells are
one relatively simple technique to control initial organoid shape and
size by providing a well-defined environment in which to aggregate
cells. Wells are commonly microfabricated from weakly adhesive
materials such as polydimethylsiloxane (PDMS) or non-adhesive
materials such as agarose, and can be used to produce uniform cell
aggregates of discrete sizes by varying well depth, diameter and
seeding density (Fig. 3A) (Choi et al., 2010; Karp et al., 2007;
Napolitano et al., 2007). Following condensation, spheroids can be
transferred into ECMs for 3D culture. This general strategy is even
compatible with forming reproducible embryoid bodies from
human ESCs (Ungrin et al., 2008). For cell aggregates that require
immediate ECM contact for appropriate condensation and self-
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Fig. 2. Advantages of engineered organoids for studying
the stem cell niche. (A) Constructing organoids from purified
cellular components allows the direct measurement of input
cell properties and labeling of different input populations. (B) In
addition to the advantages of classical organoid models
(outlined in Fig. 1), controlled organoid engineering provides
tight experimental control over the numbers and types of cells
in the resulting tissue. (C) Engineered organoids can
incorporate non-cellular material, such as sensors that
dynamically measure properties such as mechanical forces
and signaling pathway activation within live tissues.

e.g. mechanical
force sensor

Measure properties
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organization, microwells can be directly stamped into matrices such
as collagen and subsequently overlaid with additional collagen to
create fully embedded tissues (Nelson et al., 2006). This technique
also facilitates the production of organoids with more complicated
shapes, such as branching patterns. For softer ECMs that cannot be
directly stamped, Cerchiari et al. (2015b) developed a technique
using gelatin as a degradable scaffold to produce microwells that
could then be removed by buffer exchange and replaced by matrices
such as Matrigel or fibrin, maintaining the positional fidelity of the
original wells. Both of these latter methods allow the production of
organoids of non-spherical shapes that can be used to dissect how
morphogen gradients are set up and maintained in the stem cell
niche.

One notable variation on microwells, termed microraft arrays
(MRAs; see Glossary, Box 2), utilizes a translucent polystyrene
array to facilitate live in-well imaging and controlled release of
individual wells for further examination such as gene expression
analysis (Gracz et al., 2015; Wang et al., 2010). This method has
enabled high-throughput live imaging of intestinal stem cells
interacting with other cells in the niche to show that Wnt signaling
from Paneth cells is contact dependent (Gracz et al., 2015). Another
approach, known as intaglio-void/embed-relief topographic
(InVERT) molding (see Glossary, Box 2), uses intaglio/relief-based
cell deposition — originally a type of printing technique — to seed one
cell population within a recessed surface (e.g. microwells), embed the
patterned cells within a hydrogel, and deposit a second cell population
in the ‘voids’ around the first pattern. This technique has been used to
study the interactions between iPSC-derived hepatocytes and
surrounding non-parenchymal cells (Stevens et al., 2013). Overall,
microwell approaches facilitate the rapid production of well-defined
organoids and are therefore particularly well suited for screens
identifying soluble factors exchanged within the niche, and for live
imaging studies of niche dynamics that require large numbers of
highly reproducible tissues to obtain sufficient statistical power.

Microfluidics approaches guide organoid size and shape

Similar to microwell approaches, microfluidics techniques can be
used to assemble spheroids of desired size in a cell adhesion-
dependent manner (Fig. 3B). Recently, microfluidic platforms have
been developed to capture cells in aqueous droplets within a carrier
oil. These techniques produce spheroids of a tailored size from
suspended cells by controlling the size of the droplets and the
density of cells in the droplet-forming solution. An advantage of this
technique over microwells is the speed of droplet generation and the
ease of automation, which allows high-throughput assembly of cell
aggregates (Allazetta and Lutolf, 2015; Chan et al., 2013; Tumarkin
etal., 2011).
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Fig. 3. Technologies to reconstitute organoids from purified cell populations. (A) Microwells. Cells can be centrifuged, flowed or injected into arrays of
microwells to produce organoids that conform to the size and shape of the microwell. (B) Microfluidics. Individual cells or ECM components can be captured in
aqueous droplets and combined to produce precisely sized spheroids that are amenable to high-throughput recovery and analysis. (C) 3D bioprinting. Cells
suspensions or ECM components can be used as a printable ‘ink’, with control in the x, y plane over individual components. Multiple ‘inks’ can be loaded into
the printer to create complex, patterned tissues. (D) Chemically programmed assembly. Cell surfaces can be chemically modified with single-stranded DNA or
other bio-orthogonal molecules to program adhesion to surfaces or other cells, independent of endogenous cellular machinery. This technique can achieve
single-cell resolution to create organoids with precisely controlled cell-cell interactions. (E) Engineered ECMs. Polymer hydrogels such as PEG can be tuned over
a range of stiffnesses and topologies by varying monomer concentration, molecular weight and degree of crosslinking. Cell adhesion ligands (e.g. RGD
integrin-recognition sequences) or proteolytically degradable sequences can be engineered back into the system.

In contrast to microwells, which rely on probabilistic cell loading,
recent advances in droplet-based microfluidics can achieve single-
cell droplet loading and can load droplets with combinations of cell
types with a precision that exceeds Poisson limitations (Collins
etal., 2015; Edd et al., 2008; Schoeman et al., 2014). These devices
can also be used to capture precise cell pairs, facilitating the
dynamic dissection of cell-cell interactions from the initiation of
contact (Dura et al., 2016). Droplet microfluidic platforms can also
be used to investigate signals from the ECM. Cell-containing
droplets can be fused with droplets containing diverse ECM
components, or cells themselves can be directly encapsulated within
microgels containing matrix components such as collagen, synthetic
integrin-recognition sequences such as arginine-glycine-aspartic
acid (RGD) peptides (see Glossary, Box 2) (Allazetta and Lutolf,
2015; Chan et al., 2013; Ma et al., 2013) or tunable alginate gels
(Khavari et al., 2016; Mao et al., 2016).

In organoid cultures, microfluidic devices can also be used to
deliver soluble signals that mimic in vivo signaling gradients
(Attayek et al., 2016; Ellison et al., 2016). Based on these features,
microfluidic platforms might be particularly well suited for large-
scale combinatorial screens to identify cell and matrix components
that comprise the stem cell niche. Future advances in microfluidics
techniques will provide automated, high-throughput interrogation

of stem-cell niche components, specifically how different ratios of
cell types, specific cell-cell interactions, cell-ECM interactions and
ECM mechanical properties direct stem cell maintenance and
differentiation.

3D bioprinting enables increased spatial control and complexity

Although both microwell and microfluidics approaches can be used
to produce organoids with controlled numbers and proportions of
purified cell populations, these methods provide relatively little
spatial control over the organization of biomaterials in the
extracellular environment. The rapidly developing field of 3D
bioprinting provides a potential solution to this limitation. In this
suite of techniques (reviewed extensively by Gudapati et al., 2016;
Murphy and Atala, 2014; Truby and Lewis, 2016) biomaterials
including cell and ECM components are deposited in layers to
rapidly pattern multicomponent objects with defined x, y and z
coordinates (Fig. 3C). Newer approaches allow even more complex
structures to be generated in fluidizing granular baths that can
support intricate 3D structures during printing, which are then
gently melted away prior to culture (Bhattacharjee et al., 2015;
Hinton et al., 2015). These technologies provide control over the
initial positions of different biomaterials and, to a more limited
extent, cell subtypes within the resolution allowed by the print head
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and stage. Theoretically, small organoids themselves can also be
used as a printable ink, allowing higher-order structures to be
printed (Livoti and Morgan, 2010; Rago et al., 2009; Tejavibulya
etal., 2011). These and related 3D printing platforms, although still
limited in their number of applications in the study of the stem cell
niche, will ultimately provide increased control over tissue
architecture spanning multiple length scales — a major challenge
for directing the growth of tissues and organoids.

Chemically programmed assembly: precise control of cell-cell
interactions in 3D
In contrast to the systems described above, which utilize
endogenous cell adhesion machinery to form condensed cellular
aggregates, there are a number of techniques for aggregate
formation that control adhesion synthetically (Chandra et al.,
2006; Dutta et al., 2011; Hamon et al., 2011; Hsiao et al., 2009;
Konagaya and Iwata, 2016; Zhao et al., 2011). For example,
liposomes can be used as a delivery system to modify the cell
surface by incorporating bio-orthogonal lipids that drive covalent
cell-cell adhesion via click chemistry (see Glossary, Box 2). This
technique has been combined with microfluidics approaches to
assemble spheroids containing two cell types (O’Brien et al., 2015).
An alternative approach uses DNA as a synthetic adhesion molecule
to produce 3D tissues with programmable connectivity (Fig. 3D)
(Chandra et al., 2006; Gartner and Bertozzi, 2009; Hsiao et al.,
2009; Selden et al., 2012; Teramura et al., 2010; Weber et al., 2014).
In a recent advance, DNA-labeled cells were assembled onto a
complementarily labeled glass surface that functioned as a spatial
template, and the resulting aggregates were subsequently embedded
into a 3D matrix to create tissues at single-cell resolution with
defined size, shape, composition and initial spatial organization
(Todhunter et al., 2015). Using DNA-programmed assembly
of cells (DPAC), it is also possible to incorporate components
of the mesenchyme, such as fibroblasts, allowing the engineering
of a stem cell niche that captures stromal contributions. These
techniques allow precise control over individual cell-cell
interactions and will enable direct examination and manipulation
of juxtacrine cell-cell and cell-ECM cues within the stem cell niche.
Although engineering techniques provide the possibility for
increased control over organoid culture, they also come with
potential pitfalls. Prior to using any of these engineering techniques,
it is necessary to process tissue samples into single cells and
purify the desired cell populations away from undesired cellular
components. Therefore, there is a time lag before cells are
placed in culture to become organoids. During this lag time,
microenvironmental cues that may be necessary for appropriate
localization and function within a tissue are absent. For example, it
has been observed that trypsinization can cleave integral surface
proteins, potentially perturbing cell function, at least temporarily
(Huang et al., 2010). Furthermore, in certain contexts cells display
broader differentiation potential in vitro or in transplantation models
that might not be relevant for undamaged tissues operating in a more
typical homeostatic regime (Rios et al., 2014; Van Keymeulen et al.,
2011; Wuidart et al., 2016). Given these considerations, researchers
must be vigilant of potential artifacts introduced by processing steps
in any of these techniques, and findings will likely need to be
validated in intact tissue or iz vivo animal models when possible.

Engineered ECMs provide control over mechanical and biochemical
properties of the stem cell niche

The ECM is a key component of organoid culture that, across
multiple tissues, supports phenotypes not seen in 2D culture on
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plastic. The most commonly used ECMs are derived from animal
sources. For example, Matrigel is produced from Engelbreth-Holm-
Swarm tumors grown in mice. It is primarily composed of laminin,
collagen IV and entactin, but also contains a poorly defined cocktail
of growth factors and trace amounts of hundreds of other proteins
(Hughes et al., 2010; Kleinman and Martin, 2005). Similarly,
other matrices such as collagen I are typically purified from
animal sources or cultured cells. Because these matrices can be
heterogeneous and poorly defined, lot-to-lot variability can affect
experimental reproducibility (Hughes et al., 2010). Therefore, there
is significant interest in synthesizing well-defined ECM mimics
that support similar 3D growth and developmental phenotypes
to those observed for Matrigel or other purified ECMs (Fig. 3E).
These rationally designed matrices will significantly enhance
reproducibility and enable new experimental approaches. Most
notably, engineered matrices will allow the systematic and
independent perturbation of ECM properties such as stiffness,
viscosity, porosity, protease cleavage sites, ligand type and ligand
density (Magin et al., 2016). Manipulation of these ECM properties
will allow researchers to identify how mechanical and biochemical
signals interact at the stem cell niche to control self-renewal and
differentiation.

To address this need, many labs have used biochemically inert
crosslinked hydrogels such as polyethylene glycol (PEG) or alginate
to encapsulate cells in 3D (Magin et al., 2016; Seliktar, 2012).
These hydrogels can be tuned over a wide range of stiffnesses and
topologies by varying monomer concentration, molecular weight
and degree of crosslinking. Moreover, these hydrogels provide an
inert starting material, allowing specific concentrations and
combinations of bioactive molecules, such as integrin-recognition
sequences, to be rationally engineered back into the system (Zhu,
2010). For example, Enemchukwu and colleagues designed a PEG-
based ECM mimetic with independent, tunable control over matrix
stiffness, RGD ligand density and proteolytic degradation rate
(Enemchukwu et al., 2015).

Synthetic matrices are very tractable systems for interrogating the
spatiotemporal dynamics of cell-matrix interactions. For example,
hydrogels can be designed with different rates of stress relaxation
over time (Darnell et al., 2016). Photodegradable (Kloxin et al.,
2009) or photoactivatable (Mosiewicz et al., 2014; Sunyer et al.,
2012) crosslinkers can be used to pattern matrix stiffness within a
gel or change stiffness over time. By coupling bioactive ligands to
the hydrogel with a photodegradable linker, similar strategies can be
used to manipulate the biochemical properties of the matrix in space
and time (Kloxin et al., 2009). This is important, as work from
several labs has suggested that the mechanical properties of the stem
cell niche can control self-renewal and differentiation. Engineered
matrices have been essential for isolating the effects of mechanical
cues on stem cell activity, independent of biochemical signals. For
example, mesenchymal stem cells can be driven towards osteogenic
lineages via contact with a stiff substrate (Engler et al., 2006), and
experiments using collagen-coupled hydrogels demonstrated that
this is independent of collagen density (Wen et al., 2014).

Perhaps the greatest challenge for efforts to engineer ECM has
been identifying a material capable of supporting the spectrum of
cell behaviors necessary for single stem cells to survive, divide,
differentiate, and ultimately self-organize into organoid-like
structures. While many efforts have optimized the properties
of synthetic ECM towards supporting single-cell behaviors
(Chaudhuri et al., 2016; Enemchukwu et al., 2015; Green and
Elisseeff, 2016), fewer reports have incorporated the full spectrum
of chemical and physical properties necessary to support organoid
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growth and differentiation from stem cells. In a recent landmark
study, Gjorevski and colleagues used a minimal, molecularly
defined synthetic matrix to define the ECM properties that drive
different stages of organoid formation from intestinal stem cells
(Gjorevski et al., 2016). The authors systematically modulated
matrix stiffness and degradation kinetics, while simultaneously
grafting bioactive molecules onto PEG hydrogels to measure the
individual effects of these proteins on intestinal stem cell survival,
proliferation and self-organization. Interestingly, they found that the
requisite  matrix stiffness, degradation kinetics and ligand
composition changed with development stage. Stem cell self-
renewal and expansion required a stiff matrix modified with RGD
peptides, but stem cell differentiation and organoid formation
required a softer matrix containing laminin-111. To satisfy these
requirements and design a matrix that supports all stages of organoid
formation, the authors synthesized a laminin- and RGD-containing
matrix that dynamically softens over time via the inclusion of
hydrolytically degradable PEG monomers.

For future studies, it is exciting to consider how the various
approaches described above could be combined. For example,
tunable multicomponent matrices combined with high-throughput
microfluidic platforms would allow rapid screening of key
mechanical and biochemical properties within the stem cell niche.
Similarly, engineered ECMs combined with bioprinting or
chemically programmed assembly techniques could be used to
produce sophisticated custom matrices with defined 3D architecture
that more closely mimic stem cell niches and the dynamic changes
that occur during different developmental stages, aging and disease.

Conclusions
The use of organoid culture has helped to identify important niche
components and has led to a deeper understanding of how the niche
controls stem cell activity. The ability to manipulate organoid
formation in vitro has enabled careful dissection of niche
requirements, as demonstrated by reaggregation experiments that
identified Paneth cells as a key member of the intestinal stem cell
niche (Sato et al., 2011). Such experiments in other tissues will be
useful for identifying the cell types that comprise the ‘minimal
niche’, that is, the components that are necessary and sufficient for
stem cell maintenance and tissue self-renewal. In addition to
identifying feedback pathways from daughter to parent cells,
organoids can also help to identify feedforward pathways between
parent and daughter cells that help direct and maintain
differentiation, as discussed in the case of Notch signaling in
airway basal stem cells (Pardo-Saganta et al., 2015; Rock et al.,
2011). Controlled manipulation of organoid composition, including
the numbers of stem cells and specific numbers and types
of differentiated daughter cells, will allow interrogation of the
feedforward and feedback loops that control cell fate in other tissues.
Emerging methods in organoid engineering will accelerate
progress in our understanding of the stem cell niche by providing
powerful means of interrogating organoids at the single cell level, as
well as a means to guide the morphogenesis of organoids with
significantly greater precision. This is crucial if we are to be able to
use organoids in any meaningful way to address fundamental
questions in developmental and regenerative biology (Huch et al.,
2017). These emerging technologies will facilitate studies that aim
to address key concepts in stem cell biology, such as the influence of
the niche on cell plasticity, as well as how the physical properties of
the stem cell niche direct stem cell self-organization and, in turn,
stem cell fate. For example, progenitors that are restricted to the
enterocyte lineage during normal intestinal homeostasis can

dedifferentiate to become stem cells and repopulate the crypt
following damage (Tetteh et al., 2016). Similarly, in the prostate
both luminal and basal cells can produce in vitro organoids
containing both lineages, but only basal cells give rise to all lineages
when transplanted in vivo (Goldstein et al., 2008; Karthaus et al.,
2014). Together, these data clearly demonstrate that cell plasticity is
context dependent. /n vitro lineage tracing of single cells in
organoids of precisely defined composition combined with in vivo
models will help define the principles that govern dedifferentiation
or interconversion between different cell identities and the long-
term maintenance of tissue architecture and composition. As such,
we predict that new engineering approaches will allow researchers to
address fundamental questions that have been difficult to answer
with less well-controlled organoid systems, or with in vivo lineage
tracing experiments.

One intriguing possibility is that the mechanical forces that drive
self-organization play a key role in directing cell fate, as stem cell
localization is often highly stereotyped within a tissue. In the
intestine, Lgr5" stem cells and supporting Paneth cells are located at
the crypt base, and progenitors become committed to secretory or
enterocyte lineages as they migrate away from the base. This same
architecture is observed in intestinal organoids, where stem cell
progeny self-organize into a crypt-like morphology containing
Lgr5" stem cells and Paneth cells, with a transitional zone
containing transit amplifying cells and regions of mature secretory
and absorptive cells (Sato et al., 2009, 2011). In the mammary
gland, stem cells are enriched in the myoepithelial subpopulation
and are thought to reside in a basal or suprabasal location (Lim et al.,
2009; Smith, 2003). Interestingly, basal cells normally divide
parallel to the basement membrane, but deletion of B1-integrin from
the basal compartment leads to random orientation of the mitotic
spindle, an increased number of basal cell progeny located in
the luminal compartment, and a loss of stem cells (Taddei et al.,
2008). Together, these results suggest that specific localization
within the niche is important for stem cell maintenance. In vitro
experiments using engineered organoids will allow direct
measurement of the physical properties of individual cell types
that comprise the niche, along with transcriptional and proteomic
identification of key molecules that drive these properties, to
enable systematic perturbation of niche organization. Furthermore,
chemically programmed assembly methods can be used to directly
manipulate cell positioning within the niche, and engineered ECMs
can be used to manipulate mechanical, chemical and adhesive
properties of the niche. These techniques will play a crucial role in
determining how mechanical cues are coordinated with spatially
confined chemical cues to control stem cell activity and tissue
homeostasis.

In this Review, we have described how organoid systems allow
systematic and in-depth interrogation of the stem cell niche, and
how state-of-the-art approaches for building synthetic niches will
enable more direct quantification, modeling and testing of the
processes that control stem cell activity. As a powerful complement
to in vivo animal models, these current and emerging technologies
will provide crucial insight into human tissue homeostasis and
disease that could not be studied by other means.
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