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Artificially constructing a fully-fledged tissue — comprising
multiple cell types whose identities and spatial arrangements
reflect those of a native tissue — remains daunting. There has
been impressive progress in generating three-dimensional cell
cultures (often dubbed ‘organoids’) from stem cells. However, it
is critical to appreciate that not all such three-dimensional
cultures will intrinsically self-organize to spontaneously recreate
native tissue architecture. Instead, most tissues in vivo are
exogenously patterned by extracellular signaling gradients
emanating from organizer cells located outside the tissue.
Innovations to impose artificial signaling gradients — using
microfluidics, optogenetics, or introducing organizer cells —
could thus prove decisive to create spatially patterned tissues
in vitro. Additionally, unified terminology to describe these
tissue-like simulacra as ‘aggregates’, ‘spheroids’, or
‘organoids’ will be critical for the field.
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Introduction

Engineering artificial tissues is one of the grandest chal-
lenges in modern biology. To even grasp the scope of this
challenge requires one to first consider: what is a tissue?
Consensus holds that tissues are defined by two hall-
marks: 1) the coexistence of multiple cell types and 2)
their spatial organization relative to one another [1,2].
"This second hallmark is crucially important: spatial orga-
nization transforms cells into tissues [3]. For instance, a
brain that has been dissociated and reaggregated contains
all the right cell types in the correct proportions, but is
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clearly no longer a brain because the precise spatial pat-
tern of neural connections has been destroyed. Spatial
organization is thus preeminent in evaluating whether a
tissue-like simulacra approximates a real tissue [2].

In recent years, organoids or cultured 3D tissues pur-
porting to mimic the cell-type composition and organi-
zation of iz vivo tissues, have garnered much attention
[1,4-9]. Organoids were partially inspired by historical
embryological findings from the 1960s that when parti-
cular cell types from chicken embryos were mixed to-
gether in culture, they ‘self-organized’ into tissue-like
entities [10] (Figure 1a). This was even more dramati-
cally borne out in the 1970s by the finding that if an
entire hydra was dissociated and then reaggregated into
a ball, it spontaneously recreated its original architecture
within several days [11]. Certain cell types, when left to
their own devices iz vitro, can thus self-organize to a
surprising degree.

These pathbreaking findings inspired the 3D culture of
many different explanted tissues. For instance, adult in-
testinal stem cells cultured in specific conditions generate
3D intestinal organoids, which largely fulfill the two above
criteria for tissues [7,12]. First, they comprise multiple
intestinal cell types, including enterocytes, goblet cells,
Paneth cells, and more [12]. Second, some of these cell
types are spatially arranged in crypt-like domains generally
reminiscent of those seen iz vivo [7,12] (Figure 1b). This
architecture remarkably forms in the absence of specific
efforts to drive patterning iz vifro, highlighting the in-
trinsic ability of intestinal tissues to self-organize. Other
cell cultures, such as pluripotent stem-cell (PSC)-derived
optic cups, also exhibit impressive self-organizing abilities,
forming C-shaped structures containing both photo-
receptors and retinal pigmented epithelial cells, analogous
to the back of the eye [13].

However, not all tissues can self-organize in all respects.
For instance, current-generation 3D liver cultures con-
tain the two principal liver epithelial cell types (hepa-
tocytes and cholangiocytes), but they are seemingly
interspersed randomly with one another [14]. 3D cul-
tures of other cell types instead exhibit transient orga-
nization. This is exemplified by forebrain organoids
generated from human PSCs: they initially comprise
rosettes of neural progenitors ensconced in concentric
rings of various cortical neurons [15-19]. However, after
several weeks, these cell types mix together and their
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Figure 1

Figure 2
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Some tissues are capable of self-organization. (a) When mixed in vitro,
some cell types spontaneously self-sort such that like cells cluster
together [10]. (b) Like in vivo intestinal tissues (left), intestinal organoids
(right) contain both stem cells (green) and Paneth cells (pink), and form
crypt- and villus-like domains in vitro [7,12].

original spatial organization largely fades [20]. A promi-
nent message that emerges is that despite the recent
surge of interest in 3D cell cultures, not all 3D cultures
stably adopt tissue-like spatial organization. Given that
the term ‘organoid’ denotes tissue-like architecture, the
two terms — 3D cultures and organoids — should not
necessarily be conflated.

To engineer complex 7z vivo-like architectures, perhaps
we could be guided by nature: afterall, the embryo as-
sembles marvelously complex tissues with near-unerring
precision. In development, tissues are spatially pat-
terned by gradients of extracellular signals (morphogens)
originating from an external ‘organizer’ cell [21-25].
These morphogens diffuse so that cells closer to the
organizer receive higher levels of signals than those
farther away, causing cells in different locations to adopt
different fates [21-25]. Emerging methods to create
these signaling gradients 7z vitro may thus prove decisive
in improving the spatial organization of engineered tis-
sues. Here, we will briefly review four such methods:
microfluidics, optogenetics, organizer cells, and self-
generating gradients.

Microfluidics: creating synthetic morphogen
gradients

One method to create signaling gradients iz vitro is
through the use of microfluidic devices [26]. Microfluidic
devices can control the spatial distribution of signaling
molecules, such that cells at different positions within
the device receive differing concentrations of signals
[26] (Figure 2a,b). By contrast, in standard cell cultures,
cells are bathed in uniform media (Figure 2c).
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Microfluidic devices generate signaling gradients in vitro. (a—c)
Microfluidic devices can generate simple unidirectional signaling
gradients (a) or countervailing gradients of multiple signals (b), in
contrast to standard cell cultures wherein signals are uniformly
distributed (c).

Microfluidics have been used to expose PSC-derived
neural progenitors to spatial gradients of Hedgehog or
Whnt signals emanating from one side of a device [27,28].
Consequently, neural cells of different identities arose at
different positions in the culture [27,28]. Alternatively,
PSCs exposed to a microfluidic gradient of primitive
streak-inducing signals (bone morphogenetic protein
(BMP), Fibroblast growth factor (FGF), Transforming
growth factor B (TGFp), and WN'T) yielded primitive
streak cells at one side of the device [29].

A distinctive advantage of microfluidic systems is that
they theoretically afford great precision in tuning the
range and slope of signaling gradients. A particularly
exciting idea is to microfluidically expose cells to coun-
tervailing signaling gradients along a given axis (e.g.,
adding the agonist vs. antagonist for a single pathway or
two different pathway agonizts at opposing poles [27]
(Figure 2b)). Even more intricate would be the creation
of multiple orthogonal signaling gradients along dif-
ferent spatial axes [27], therefore emulating ante-
rior—posterior, dorsal-ventral, and left-right tissue
patterning 7 vivo. However, microfluidic devices are
usually quite small, and therefore may not easily scale to
differentiate billions of cells and to create large-scale
tissue simulacra. Additionally, complex microfluidics
may be challenging for most biologists to adopt, al-
though simpler devices are relatively low-cost and user-
friendly [29], and can easily expand a cell-culture toolkit.

Optogenetics: activating signaling pathways
using light

Through the agency of optogenetic tools, light can be
controlled to activate desired signaling pathways.
Therefore, by shining light on one region of a cell cul-
ture, signaling pathways can be activated in a precise
place and time. For instance, Wnt signaling can
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Figure 3
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Optogenetic devices generate signaling gradients in vitro. (a) In the
optoWnt system, blue light activates Wnt signaling by driving expression
of Wnt target genes [30]. (b) In the split-Cre SHH system, blue light
activates the Cre-driven expression of SHH ligand [31].

specifically be activated in one region of human PSC
cultures using the ‘optoWnt’ system, thereby triggering
localized primitive streak differentiation only at that lo-
cation [30] (Figure 3a). OptoWnt cells express the Wnt
coreceptor Low-density lipoprotein receptor-related
protein 6 (LRP6) fused to the light-sensitive domain
cryptochrome 2 (Cry2); light induces LRP6-Cry2 oli-
gomerization to activate Wnt signaling [30]. Importantly,
the optoWnt system is reversible: Wnt signaling ceases
upon light termination [30].

In another strategy, light can be exploited to elicit ex-
pression of the signaling ligand Sonic hedgehog (SHH).
In this system, light-induced dimerization of a split-Cre
system leads to permanent SHH expression [31] (Figure
3b). This technique has been used to create spatially
patterned cultures of human neural progenitors from
PSCs: regions exposed to light adopted a ventral neural
fate, whereas distant regions acquired a dorsal neural
fate [31], consistent with how Shh gradients pattern the
developing forebrain along the dorsal-ventral axis iz vive
[32]. In this approach, light irreversibly activates SHH
expression [31].

In summary, light can be wielded to achieve localized
signaling-pathway activation, thereby affording spatial
control over stem-cell differentiation. Additionally, light
can be rapidly turned on or off within seconds, thus
potentially providing fine temporal control over
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signaling. However, cells must first be genetically en-
gineered to carry these optogenetic systems; ad-
ditionally, LEDs or other light sources must be
deployed to cell cultures. Light exposure, or expression
of optogenetic proteins, could also potentially alter cell
state. The advent of optogenetic systems to activate
additional signaling pathways, including Extracellular
signal-regulated kinase (ERK) and TGF [33,34], or to
potentially multiplex several signaling pathways in par-
allel using different frequencies of light, will extend the
remit of these light-induced patterning strategies.

Introducing artificial organizer cells to create
gradients

If existing cells cannot serve as organizers, artificial or-
ganizers can be introduced into cell populations instead.
In developmental biology, there is a rich history of in-
troducing cells or beads presenting a given signaling li-
gand to create artificial signaling gradients /z vivo and in
vitro [35-37]. Recent in vitro examples of synthetic or-
ganizers include cells engineered to express SHH sig-
naling ligands [38,39]. By introducing these synthetic
organizer cells only into one side of the culture dish, it is
possible to create artificial signaling gradients whereby
cells nearby the organizer receive and respond to the
signal, but distal cells do not [38,39]. In one salient ex-
ample, SHH-expressing PSCs were positioned at one
end of PSC-derived brain organoids: this SHH signaling
gradient spatially patterned the organoids, generating
ventral neural cells next to the SHH source, and dorsal
cells further afield [38] (Figure 4a).

Of course, natural signaling pathways come with their
own limitations. For instance, almost all of them elicit
expression of signaling antagonists, thereby distorting the
shape of the signaling gradient over time [39]. Some have
thus abandoned natural signaling pathways and replaced
them with partly artificial ones. For example, inert mo-
lecules such as GFP can be used to generate extracellular
gradients, serving as alternatives to classical signaling
molecules to pattern tissues /# vifro. T'o this end, some
cells were engineered to secrete soluble GFP molecules,
which formed extracellular gradients [40,41]. Other
nearby cells were engineered to express artificial GFP
receptors on the cell surface, which were coupled to
downstream signaling cascades [40,41] (Figure 4b). Cou-
pling these artificial GFP receptors to differentiation-in-
ducing signaling programs (e.g., BMP) endowed GFP
with the power of a developmental morphogen [40].

Gradients that essentially create themselves

While microfluidics and organizer cells can be used to
generate signaling gradients, they may not always be
necessary. Some signals, when added uniformly to static
culture media, do not act on all cells equally, rather they
exert spatially graded effects on cells. For instance,
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Figure 4

GFP can act as a soluble morphogen

SHH-producing cells generate SHH
A B to form extracellular gradients

gradients in spheroids in vitro

Forebrain spheroid

SHH
source

A ——o0

SHH gradient

GFP gradient

C BMP generates graded responses in vitro

uniform BMP
application

graded BMP response

Current Opinion in Biotechnology

Artificial organizers generate signaling gradients in vitro. (a) SHH-
expressing cells create spatial gradients of SHH in forebrain spheroids
[38]. (b) green fluorescent protein (GFP) can be employed as a diffusible
signaling molecule that binds artificial receptors on nearby cells to
generate graded responses within cell cultures [40,41]. (c) Owing to the
basolateral localization of BMP receptors, uniform application of BMP in
a culture will lead to a graded BMP response, where only cells on the
edges of colonies will respond to BMP signaling [42,43].

when BMP4 is added to hPSC colonies, only cells along
the periphery experience BMP signaling [42,43] (Figure
4c). BMP receptors are located at the basolateral surfaces
of cells [43]. Consequently, cells in the center of the
colony cannot receive BMP4 located in the media lo-
cated above them [43].

This idiosyncratic property of BMP, whereby it pre-
dominately affects peripheral cells within a cluster, has
been exploited in interesting ways. /7 vivo, the ectoderm
germ layer is spatially patterned into epidermis, neural
crest, and neural progenitors by decreasing BMP con-
centrations [44]. Remarkably, 2D or 3D clusters of
hPSC-derived ectoderm progenitors exposed to BMP4
differentiated to generate concentric layers of epidermis
(outermost cells), neural crest, and neural progenitors
(innermost) z vitro [45,46].

Consequently, controlling cell colony size may be cru-
cial, yet widely overlooked in stem-cell differentiation
experiments. In essence, the size of the cell colony
dictates the extent to which BMP influences the colony
interior [42]. Variable colony sizes across different ex-
periments could thus dramatically alter differentiation
outcomes. Emerging methods to achieve reproducible
hPSC colony sizes, coupled with signals that influence

peripheral cells (e.g., BMP), can therefore create radially
patterned cell cultures [42,45,46].

It is not just gradients! Other tissue-patterning
mechanisms

While this brief review has primarily concerned itself
with long-range signaling gradients as decisive forces in
tissue patterning, there is a much wider repertoire of
tissue-patterning mechanisms, including mechanical
forces [47,48], cell migration [49], differential cell ad-
hesion and cell sorting [1,10,50,51], short-range signaling
[52], cytoneme-delivered signals [53], and more. Al-
though beyond the scope of the present review, these
additional mechanisms might one day be combined with
engineered signaling gradients to spatially pattern cell
cultures. For instance, cells engineered to express either
N-cadherin or P-cadherin spatially segregate from one
another in cocultures, as cells expressing the same cad-
herin preferentially adhere to each other [54]. Thus,
differential cell adhesion can be exploited to generate
multilayered cell aggregates [54].

A note on terminology: ‘organoids’,
‘spheroids’, ‘aggregates’, and more

Finally, 3D cell cultures have been variously referred to
as organoids, spheroids, and aggregates. But what qua-
lities distinguish an organoid, spheroid, and aggregate?
Community-wide consensus is needed to define and
consistently apply these terms. Not all 3D cell cultures
closely resemble 7z vivo organs, and thus not all 3D
cultures should be dubbed ‘organoids’. 3D cell cultures
that comprise only one cell type, or that contain multiple
but randomly interspersed cell types, may instead qua-
lify as ‘spheroids’ or ‘aggregates’. The moniker ‘orga-
noid’ should be reserved for 3D cultures containing
multiple cell types that are spatially positioned relative
to one another in a way reminiscent of 7z vivo tissues
[1,2]. Other neologisms may need to be created as well,
to describe spheroids with transient spatial organization
such as forebrain spheroids [20].

Of course, one should not be overly didactic in nomen-
clature because tissue patterning exists on a spectrum:
how can we quantitatively classify a cell culture as an
organoid (or a spheroid, aggregate, or something else)?
Indeed, even if one applies some of the patterning
methods discussed above, is the resultant culture truly
an organoid? Tissues are complex communities often
encompassing nerves, vasculature, immune cells, me-
senchyme, and other cell types [4] often lacking from
most ‘organoids’ (with some notable exceptions [55,56]).
Many open questions thus remain. For instance, if a
culture displays some degree of tissue-like functionality
[1], but is not spatially organized akin to a tissue, does it
qualify as an organoid? How close does one need to get
to the real tissue before calling it an organoid? While
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single-cell RNA sequencing can quantify how tran-
scriptionally similar cultured cells are relative to their iz
vivo counterparts, quantifying the 3D spatial organiza-
tion of cell populations is not trivial [2]. New tools to
quantify the spatial locations of multiple cell types re-
lative to one another in 3D will be transformative. Such
advances will help the tissue engineering and stem-cell
biology communities to quantify how closely 3D cul-
tures mimic native tissues. To that end, the ability to
create artificial signaling gradients will avail us in our
perennial quest to engineer increasingly realistic tissues
and to emulate the perfection of native tissues.
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