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For centuries, attempts have been continuously made to artificially reconstitute counterparts of in vivo organs from their tissues
or cells. Only in the recent decade has organoid technology as a whole technological field systematically emerged and been
shown to play important roles in tissue engineering. Based on their self-organizing capacities, stem cells of versatile organs, both
harvested and induced, can form 3D structures that are structurally and functionally similar to their in vivo counterparts. These
organoid models provide a powerful platform for elucidating the development mechanisms, modeling diseases, and screening drug
candidates. In this review, we will summarize the advances of this technology for generating various organoids of tissues from the
three germ layers and discuss their drawbacks and prospects for tissue engineering.
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Introduction

The limitations of both research models for organ devel-
opment and donor sources for organ transplantation have
prompted the early study of tissue engineering to generate the
functional substitutes for in vivo organs. From 2500 years ago,
people attempted to replace the missing teeth with artificial ones
that were engraved from the tissues of oxen bones. Thereafter,
many efforts were made to replace the other damaged tissues
with some artificial structures. A specific organ contains various
cell types that have their own functions and are regulated
sophisticatedly by specific environmental factors, such as
growth factors. In addition, the cells in all tissues are supported
by extracellular matrices to interact and communicate with each
other (Gumbiner, 1996). Collectively, the contributions from
previous studies on tissue engineering can be primarily divided
into two categories: many biomaterials have been gradually
identified, and several kinds of three-dimensional matrices
that mimic their extracellular matrices have been successfully
created (Hollister, 2005; Bonzani et al., 2007; Moutos et al.,
2007; Balakrishnan and Banerjee, 2011; Lietal., 2017; Nezakati
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et al., 2018). On the other hand, a large body of work has been
made through the studies of stem cell biology aiming to generate
the diversified cell types in vitro. Notably, pluripotent stem cell
(PSQ) lines, which resemble embryonic stem cells (ESCs) due to
their robust proliferation and flexible differentiation into three
embryonic cell layers, were successfully established from mice
in 1981 and from humans in 1998 (Evans and Kaufman, 1981;
Thomson et al., 1998). Then, PSC was reported to be induced
from the fibroblasts of either mouse or human and were able to
differentiate into different cell types (Takahashi and Yamanaka,
2006; Takahashi et al., 2007). However, the applications of stem
cells, especially the adult stem cells, are still hindered by their
limited maintenance and expansion in vitro. In recent years,
with the elucidation of stem cell niches and the key signaling
pathways that both support and regulate stem cells, organoid
technology has shown dramatic advances and has facilitated
tissue engineering remarkably.

Organoids are termed as the in vitro biological complexes
with 3D structures that contain one or more cell types and that
partially recapitulate the structure and function of their in vivo
counterparts. The initial development of organoid technology
can be traced back to the 1970s, when James G. Rheinwald
and Howard Green generated the stratified squamous epithelial
colonies, which provided a basis for generating the 3D structures
in vitro. However, at that time, the used method was just
straightforward by plating the primary human keratinocytes onto
three T3 fibroblasts under some culture conditions (Rheinwald
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and Green, 1975). Later, the significant advancesin technologies
related to extracellular biology and suspension culture paved
the way for the further development of organoid technology. By
year of 2009, the group of Dr Hans Clevers reported that the
intestinal organoid could be generated from a single intestinal
stem cell without a mesenchymal niche (Sato et al., 2009). This
achievement became a landmark in the history of organoid
technology, which inspired the following productions of major
3D structures resembling many other organs in ectoderm, meso-
derm, and endoderm (Pastrana, 2013; Lancaster and Knoblich,
2014; Clevers, 2016; Fatehullah et al.,, 2016; Kelava and
Lancaster, 2016; Yin et al., 2016; Barkauskas et al., 2017;
Bredenoord et al., 2017; Di Lullo and Kriegstein, 2017; Huch
et al., 2017; Quadrato and Arlotta, 2017; Takebe et al., 2017;
Rossi et al., 2018; Qian et al., 2019) and pushed ahead with
the application of organoid technology in tissue engineering.
Here, we will summarize the discoveries in organoid technology
for tissue engineering and discuss the challenges as well as the
promises for their expectable future developments.

Current organoid technologies
The ectoderm organoids

The ectoderm is the outermost layer of the embryo and finally
generates the epidermis and nerve tissues including the brain
and skin. To date, organoid systems for both the brain and skin
have been established. The brain is the most complex organ in
the body, which contains the cortex, brain stem, basal ganglia,
and cerebellum. Among these regions, the cortex is the largest
part and controls higher nervous activities. During human corti-
cal neurogenesis, the neuroepithelial progenitors either prolifer-
ate symmetrically to amplify the pool of cortical progenitors or
give rise to the radial glial (RG) progenitors. The RG progenitors
reside in the ventricular zone (VZ) with other progenitors. The
intermediate progenitors are enriched in the VZ. The neuron
progenitors generate the diverse neurons. Both neurons and
astrocytes constitute the cortical plate (CP) and are skirted by
pioneer neurons, the Cajal-Retzius cells (Di Lullo and Kriegstein,
2017).

The generation of in vitro brains with functional brain com-
partments will significantly affect research on neural develop-
ment and disease. Many efforts have been made to recapitulate
specific human brain regions in vitro from ESCs or PSCs (Eiraku
et al., 2008; Muguruma et al., 2010; Danjo et al., 2011; Eiraku
and Sasai, 2012; Mariani et al., 2012). The groups of Andrew P.
Jackson and Juergen A. Knoblich successfully generated the self-
assembled cerebral organoid of the developing brain as a whole
for the first time (Lancaster et al., 2013). Based on previous
works, they cultured the human PSC (hPSC)-derived embryoid
bodies in a bioreactor in order to form large and complex struc-
tures. In their culture system, the researchers used the Matrigel
as the scaffold and the spinning bioreactor to enhance nutrient
absorption, distinguishing their strategy from previous methods.
These techniques were vital for complex brain organoid forma-
tion. With a fully established protocol, they finally obtained the
cerebral organoids with discrete brain-like regions, including the

specific region of the cortex. Moreover, the derived cortex region
in the cerebral organoids was found to contain the progenitor
populations that produced the mature cortical neuron subtypes.
However, all those brain-like regions in cerebral organoids were
incompletely differentiated, and the layers of cortex were incom-
plete and lack CPs. Thus, they were still the immature organoids
for both brain and cortex.

To generate more mature brain organoids, scientists have
successfully established a strategy for the generation of
brain-region-specific organoids from human induced PSCs
(iPSCs) or ESCs (hESCs) (Mariani et al.,, 2015; Jo et al.,
2016; Qian et al., 2016; Gabriel et al.,, 2017; Lancaster
et al.,, 2017; Zhou et al.,, 2017). In particular, the gener-
ated forebrain organoids recapitulated the cortical struc-
tures with distinct layers resembling the in vivo brain zones,
including VZ, the inner and outer VZ (iSVZ and oSVZ), and
the CP, at molecular, cellular, and structural levels (Qian
et al., 2016). In addition, the application of biomaterial [poly
(lactide-coglycolide) copolymer (PLGA) fiber] could facilitate
the reproducible establishment of the brain organoids with the
characteristic cortical tissue architecture including a polarized
CP and radial units (Lancaster et al., 2017). Furthermore, the
scientists fused the specific organoids of different brain regions
to model interregional interactions. It was reported concurrently
that the assemblies of integrated human forebrain spheroids
could be generated through the fusion of hPSC-derived dorsal
or ventral forebrain organoids and that these fused organoids
could model the interregional migration of y-aminobutyric-
acid-releasing (GABAergic) neurons (Bagley et al., 2017; Birey
et al., 2017; Xiang et al., 2017). Moreover, through the fusion
of thalamic organoids and brain organoids, the research
group of In-Hyun Park also observed the reciprocal projec-
tions (Xiang et al., 2019). In addition, a system to reca-
pitulate the in vivo-like topography in brain organoids was
established. In this system, the researchers first generated
inducible Sonic Hedgehog (SHH)-expressing hPSC cell aggre-
gates and seeded wild-type hPSCs on top of them to form
chimeric spheroids. Therefore, an SHH protein gradient was
triggered by inducible SHH-expressing hPSC cell aggregates
to establish the in vivo-like topography for major forebrain
subdivisions during the development of forebrain organoids
(Cederquist et al., 2019).

The above reported findings on in vitro models have shed light
on brain development, function, and disease. However, the lack
of an appropriate microenvironment, such as the vasculature,
prevents these brain organoids from fully mimicking in vivo
brain. To solve this problem, researchers have developed a vas-
cularized and functional form of an in vivo model of human brain
organoids (Mansour et al., 2018). After in vivo transplantation
into the mouse adult brain, the human brain organoids could
develop a functionalvasculature system that could communicate
with the host brain and showed various in vivo functional pro-
cesses, including progressive neuronal differentiation and matu-
ration, gliogenesis, integration of microglia, as well as growth of
axons in the multiple regions of the host brain. Moreover, some



organoid models of other brain regions, which contained several
particular regions including the hippocampus (Sakaguchi
et al., 2015), midbrain (Monzel et al., 2017), hypothalamus
(Qian et al., 2018), cerebellum (Muguruma et al.,, 2015;
Muguruma, 2018), pituitary (Zimmer et al., 2016), and retina
(Eldred et al., 2018) were generated.

Another important derivative of ectoderm is the skin epider-
mis. Skin is composed of the epidermis and dermis. The dermis
mainly originates from the mesoderm and produces other skin
components, such as hair follicles (HFs), sweat glands, and
nails (Fuchs, 2007). The generation of artificial skin substitutes
has a long history, and the generated in vitro skin substitutes
are presented as a skin-like bilayer by coculture of mesenchy-
mal cells with epithelial cells either harvested or induced from
PSCs (Zheng et al., 2005; Ehama et al., 2007; Oh et al., 2013;
Sun et al., 2014; Gledhill et al., 2015). However, these mod-
els show limited potential in delineating the self-organization
process, and organoid models have attracted increased atten-
tion. The Cheng-Ming Chuong group generated hair-bearing skin
organoids from the dissociated single cells of neonatal mouse
dorsal skin that provided a platform for a time-lapse analysis
of cell behaviors and experimental manipulations (Lei et al.,
2017). In addition, the Karl R. Koehler research team reported
skin organoids with 3D culture from a homogeneous population
of mouse PSCs (Lee et al., 2018a). These skin organoids could
recapitulate fetal hair folliculogenesis by producing de novo HFs.

The organoid systems for ectoderm-derived tissues provide
major insights into the development, function, and dysfunction
of tissues and facilitate the establishment of organoid models
for other tissues. In the near future, further studies may focus on
the in vitro generation of more complex structures to recapitulate
the interaction between neurological tissue and its microenvi-
ronment, such as the immune system.

The mesoderm organoids

During embryonic development, the mesoderm develops into
the muscle, skin, gonad, and circulatory system including the
heart, vasculature, blood, and kidney. Organoid models for kid-
ney and blood vessels have been established.

As one of the most complex organs, the kidney develops from
a ureteric bud (UB) and the adjacent intermediate mesoderm
(IM). The IM further gives rise to metanephric mesenchyme
(MM). MM can form nephrons, the structural and functional
units of the kidney nephron. Each unit is composed of one
renal corpuscle and one renal tubule. The first self-organizing
kidney organoids with various key cellular populations were
derived from hPSCs. This model was based on the findings
that hESCs could differentiate into both UBs and MM, which
furtherinvolved into generating nephrons after self-organization
(Takasato et al., 2014). The research groups of Melissa H. Little
and Joseph V. Bonventre concurrently reported that the self-
assembled hPSC pellets could generate the kidney organoids
that contained the nephrons associated with collecting duct
networks surrounded by renal interstitium and endothelial
cells through a designed process with step-by-step inductions
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of defined growth factors (Morizane et al., 2015; Takasato
et al., 2015). In addition, the conditions including the soft
extracellular environment, flow environment, and dynamic
modulation of Wnt signaling were all known to be effective for
the further induction of kidney organoid maturation (Garreta
et al.,, 2019; Homan et al., 2019; Low et al., 2019). Moreover,
the latter two conditions could be important for inducing the
vascularization in hPSC-derived kidney organoids.

In addition to kidney organoids, other mesoderm organoids,
such as blood vessel organoids, were generated (Wimmer et al.,
2019). The group of Josef M. Penninger successfully developed a
protocol to induce hPSCs into mesoderm cells that could be fur-
therinduced to form blood vascular organoids. These blood ves-
sel organoids were composed of both endothelial cells and peri-
cytes, which self-assembled into cell complexes. Interconnected
capillary networks enveloped by basement membranes were
established in matured blood vascular organoids. After trans-
plantation, blood vascular organoids could form a stable, per-
fused vascular tree, including arteries, arterioles, and venules.
Upon exposure to hyperglycemia, these blood vessel organoids
either cultured in vitro or transplanted in vivo could model the
microvascular changes found in patients with diabetes and serve
as a practical tool to identify regulators of diabetic vasculopathy.

Both the kidney and blood vessels are complex organs. The
successfully generated organoid models further highlighted the
powerful potential of organoid technology in tissue engineering,
although optimization is needed for the generation of more
mature and complex structures.

The definitive endoderm organoids

During embryonic development, the definitive endoderm
gradually develops into the foregut, midgut, and hindgut (Zorn
and Wells, 2009). The foregut further generates the thyroid,
esophagus, trachea, stomach, lung, liver, biliary system, and
pancreas (Zorn and Wells, 2009). The midgut gives rise to the
small intestine, while the hindgut forms the colon. The organoid
culture systems of many endoderm-derived organs including
thyroid (Eldred et al., 2018), lung (Chen et al., 2017; Miller et
al., 2018, 2019; Sachs et al., 2019), stomach (Barker et al.,
2010; McCracken et al., 2014; Bartfeld et al., 2015), liver (Huch
etal., 2015; Coll et al., 2018; Hu et al., 2018; Vyas et al., 2018;
Artegiani et al., 2019), biliary system (Ogawa et al., 2015;
Sampaziotis et al., 2015; Vyas et al., 2018), pancreas (Boj
et al., 2015; Hohwieler et al., 2017), intestine (Sato et al.,
2009; Spence et al., 2011), and colon (Yui et al., 2012; Crespo
et al., 2017; Sugimoto et al., 2018) have been established
successfully. Next, we will introduce these systems one by one
according to their body locations from top to bottom.

Esophagus and lung organoids. The esophagus consists of
a stratified squamous epithelium, muscle layers, and the
enteric nervous system to sense stretch and control peristalsis.
The keratinizing stratified epithelium could be generated as
organoids in the ‘mini-gut’ medium (DeWard et al., 2014).
Notably, two research groups simultaneously reported that



572 | Heetal

they successfully generated the human esophageal organoids
from hPSCs that contained the proliferative basal progenitors
and the differentiated stratified squamous epithelium (Trisno
et al.,, 2018; Zhang et al., 2018b). The establishment of
human esophageal organoids is important for modeling human
esophageal development and pathologies.

Lung respiratory trees and the adjacent cardiopulmonary
vasculature precisely interact for gas exchange. During embryo-
genesis, the Nkx2.1-expressing (Nkx2.1T) cells in the foregut
can form trachea and two primary lung buds. Then, each lung
bud starts to branch and generates air sacs called alveoli which
contribute to the function of gas exchange and the establishment
of the airway in the proximal regions (Kotton and Morrisey,
2014).The lung organoid was reported to be generated from both
adult stem cells and PSCs, either ESCs or hPSCs (Barkauskas
et al., 2017). Lung basal cells, airway secretory club cells
(previously known as Clara cells), and AEC2 cells can form lung
organoid with varied differentiation capacities. Based on the
activations of signaling pathways that direct lung development,
the protocols to induce PSCs to differentiate into proximal and
distal lung epithelial populations were successfully established
(Huang et al., 2015b). The Jason R. Spence group successfully
generated the human lung organoid similar to fetal lung (Dye
et al., 2016; Miller et al., 2018, 2019). To further recapitulate
the lung development, such as branching morphogenesis
and proximodistal specification, the group of Hans—Willem
Snoeck generated the lung bud organoid (LBO) from hPSCs,
which contained both mesoderm and pulmonary endoderm.
Each group of cells in the LBOs coordinately developed into
branching airway and early alveolar structures following either
in vivo transplantation or in vitro culture with Matrigel (Chen
etal., 2017).

Liver and pancreatic organoids. The liver is comprised of
many liver lobules and has many critical functions, such as
bile acid secretion, drug metabolism, and ALB production,
which are essential for food metabolism and detoxification.
As the structural and functional unit of the liver, each liver
lobule is composed of bile duct, a central vein, and a portal
vein with hepatocytes arranged in linear cords between the
capillary networks. Hepatocytes and bile duct cells are the
main epithelial cell types in all liver lobules. Together, these
two types of cells are responsible for major liver functions,
while the hepatocytes especially have more other functions.
During embryogenesis, both hepatocytes and bile duct cells
are derived from the hepatoblasts in the foregut. In the adult
liver, both cell types could replenish themselves, and more
interestingly, they were found to convert into each other upon
different particular liver injuries (Deng et al., 2018; Schaub et
al., 2018). The first adult stem cell-derived liver organoid was
generated from isolated Lgr5* cells that were collected from the
emerged cells around the bile duct after carbon tetrachloride
(CCl4) treatment (Huch et al., 2013). These Lgr5* cell-derived
liver organoid can form both hepatocytes and bile duct cells
after differentiation. Bipotential progenitor cells have been
reported in adult human liver and could be isolated to generate

liver organoids. These progenitor cell-derived liver organoids
could differentiate into hepatocytes and cholangiocytes (Huch
et al., 2015). To functionally mimic the in vivo liver organ,
several groups also have successfully generated the mature
hepatocyte-derived organoids (Hu et al., 2018; Zhang et al.,
2018a). However, the proliferative capacities of all of these
human mature hepatocyte-derived organoids are limited. To
solve this problem, the Yunfang Wang research team generated
liver organoids from hESCs that possessed a high proliferative
ability and could generate functional hepatic organoids (Wang
et al., 2019). To form complex structures and model liver
development in vitro, the Shay Soker group plated fetal liver
cells into acellular liver extracellular matrix scaffolds to form
hepatobiliary organoids with both hepatocytes and bile duct
structures (Vyas et al., 2018). Moreover, the 3D aggregates
of PSC, human umbilical vein endothelial cells (HUVECs), and
human mesenchymal stem cells (MSCs) could form a liver bud
containing blood vessels (Takebe et al., 2013).

The pancreas consists of the exocrine structures, including
duct cells and acinar cells, that secrete metabolism enzymes as
well as the endocrine components known as islets composed of
a, B, v, and 8 cells that control the blood sugar homeostasis. In
the field of pancreatic tissue engineering, the organoid models
of both normal and pathological exocrine duct structures were
well established (Boj et al., 2015; Hohwieler et al., 2017). These
organoids showed the characteristics of ductal cells and a strong
proliferative capacity. In addition, one group reported that aci-
nar cells could be dedifferentiated into progenitor-like cells by
3D suspension culture (Baldan et al., 2019). However, whether
these progenitor-like cells can be differentiated back into acinar
cells remains unclear. To date, the development of culture sys-
tems for endocrine components was still at an early stage. Based
on the previous fundamental works on the successful generation
of the functional islet cells from hPSCs (Pagliuca et al., 2014;
Li et al., 2014a), the group of Jianhua Qin generated the islet-
like organoids from hPSCs with an organ-on-a-chip platform (Tao
et al., 2019). These islet-like organoids contained islet-specific
a and B-like cells with favorable cell viability. However, these
organoids required further maturation to fulfill the function of
in vivo islets. In addition, Fanny Lebreton and colleagues found
thatthe incorporation of human amniotic epithelial cells (hAECs)
could promote to form the viable and functional organoids from
human islets cells (Lebreton et al., 2019). In the near future, the
pancreatic organoids will be expected to contain structural and
functional units for both exocrine parts and endocrine compo-
nents.

Stomach organoids. The human stomach can be divided into
two parts, the corpus and the antrum, and the mouse stomach
contains an additional forestomach region. Different regions
are populated with different stem cell populations (Kim and
Shivdasani, 2016). A single mouse Lgr5*¢ cell located in
the antrum region was shown to continuously expand for a
long-term under the culture condition containing EGF, Noggin,
and R-spondinl, and the expanded cells could form the
organoids akin to mature pyloric epithelium (Barkeretal., 2010).



In addition to the establishment of mouse stomach organoids,
the human stomach organoids were also successfully generated
by the same group (Bartfeld et al., 2015). Notably, the cells
of human stomach organoids could be further induced into
some specific lineages of either gastric gland or gastric pit.
In addition to adult stem cells, hPSC could be differentiated
into stomach organoids (McCracken et al., 2014). These hPSC-
derived human stomach organoids contained many specific
gastric epithelial cells for primitive gastric gland- and pit-
like domains, proliferative zones containing LGR5-expressing
cells, and surface and antral mucous cells. In addition, these
organoids also contained various gastric endocrine cells. These
human gastric organoids provide a powerful platform to model
gastric development and diseases, such as the identification of
the signaling mechanisms that regulate gastric endocrine cell
differentiation. Moreover, protocols for generating organoids
containing both corpus- and antrum-specific cells from either
ESCs or PSCs have been established (Noguchi and Kurisaki,
2017; Broda et al., 2019).

Smallintestinal and colon organoids. In the adult smallintestine,
enterocytes, goblet cells, and enteroendocrine cells are all
derived from transient amplifying progenitors in the crypt and
migrate into the villi with a turnover of 5 days (Barker et al.,
2007). The Hans Clevers group successfully identified the Lgr5+
cells as small intestinal stem cells and generated the first
intestine organoid from the single Lgr5* stem cell. The Lgr5™
stem cell-derived small intestinal organoid resembled the in
vivo counterpart with a proliferative crypt and villi structure
encompassing all differentiated cell types (Sato et al., 2009). On
the other hand, the group of James M. Wells also successfully
generated the characteristic small intestinal organoids from
hPSCs through induction with a temporal series of growth
factor according to the manipulations during embryonic small
intestinal development (Spence et al.,, 2011). These hPSC-
derived small intestine organoids could further mature after in
vivo transplantation. To improve the in vitro culture conditions for
the development of intestinal organoids, Nikolce Gjorevski and
colleagues delineated the dynamic changes in the environment
during organoid culture and produced the mechanical matrices
to support organoid growth (Gjorevski et al., 2016). The
researchers found that the high matrix stiffness significantly
enhanced the small intestinal stem cells expansion, while a soft
matrix promoted the both differentiation and the formation of
small intestinal organoids.

Under specific conditions, a single Lgr5* stem cell had the
potential to form colon organoids that could integrate into the
damaged colon in vivo and form the normal crypts with structural
and functional characteristics (Yui et al., 2012). In addition to
Lgr5* stem cells as adult stem cells, the hPSCs could form colon
organoids that recapitulated the characteristics of in vivo colons
(Crespo et al., 2017; Sugimoto et al., 2018).

Prostate organoids. The prostate is a complex tubuloalveolar
gland that secrets the fluids to nourish and protect germ cells.
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The prostate epithelium contains luminal cells, basal cells, and
neuroendocrine cells. Luminal cells are located in the inner layer,
while the basal cells and neuroendocrine cells reside in the
outer layer. Both luminal cells and basal cells have potential to
act as progenitor cells and to form prostate organoids (Valdez
et al., 2012; Chua et al., 2014; Karthaus et al., 2014; Crowell
et al.,, 2019). To date, all of the reported prostate organoids
contain both luminal cells and basal cells with the character-
istic locations. The prostate organoid model can serve as a
powerful tool to study the behaviors of prostate cells in both
normal and disease conditions. Zachary Richards and colleagues
demonstrated that the organoid system could be utilized to study
the interaction of stromal cells with epithelial cells (Richards
etal., 2019). The organoids generated from different genetically
engineered mouse models or patient tissue samples provide a
platform for gene editing or drug treatment of cancer cells in vitro
(Gaoetal.,2014; Barros-Silva etal., 2018; Lawrence etal., 2018;
Puca et al., 2018; Sandoval et al., 2018; Adams et al., 2019;
Pappas et al., 2019; Zadra et al., 2019).

Organoid models for endoderm tissues have been extensively
established, partially resulting from the developmental similar-
ity between different endoderm organs. This similarity made it
possible forthe development of organoid culture conditions that
could be suitable for other tissues.

Applications of the engineered organoids

Organoid models have been used to elucidate crucial scien-
tific questions and mimic human diseases. Various previously
generated organoids in vitro can recapitulate the in vivo organs
to some extent, and these generated organoids can be utilized
to model specific processes in dynamic development, various
organ-specific diseases, human cancer, and drug testing.

Anahita Amiri and colleagues reported that the hPSC-derived
cerebral cortical organoids could model the dynamic process of
human cortical development and be utilized to depict the tran-
scriptomic and epigenomic change during cortical development.
In addition, these hPSC-derived cerebral cortical organoids were
used to analyze the differentially active genes and enhancers
during the transition of stem cells to progenitors (Amiri et al.,
2018). Indeed, organoid technology has been benefited from
the development of molecular analyses, which will help further
elucidate the molecular mechanisms conversely. In addition,
organoid technology can be utilized in studies on other organ
diseases. Many achievements utilizing these technologies have
been reported. For example, brain organoids could be utilized
to model ZIKV infection and psychiatric diseases (Mariani
et al., 2015; Qian et al., 2016; Birey et al., 2017; Gabriel
etal., 2017). Kidney organoids were generated for personalized
disease modeling such as BKvirus infection, cystic fibrosis, and
polycystic kidney disease (Morizane et al., 2015; Cruz et al.,
2017; Low et al., 2019; Schutgens et al., 2019). Blood vessel
organoids played a role in modeling diabetic vasculopathy
(Wimmer et al., 2019); gastric organoids provided a platform
for Helicobacter pylori infection (Wimmer et al., 2019). Lung
organoids could be infected with respiratory syncytial virus



574 | Heetal.

to model lung disease (Chen et al., 2017). Liver organoids
were proven to be a powerful tool to study liver steatohepatitis
(Artegiani et al., 2019; Ouchi et al., 2019). The application of
chemical probes in 3D gastric organoids could help elucidate
the key transition from the mitotic spindle to the central spindle
before anaphase onset (Liu et al., 2020).

Moreover, organoid technology could be applied to cancer
tissue engineering, including modeling the tumor formation
process or generating tumor biobanks. The combination of
CRISPR-Cas9-mediated gene editing and organoid technology
facilitates the investigation of potential driver genes in tumor for-
mation with in vitro models, which has shed light on brain (Bian
et al., 2018), gastrointestinal (Li et al., 2014b), and liver cancer
(Artegiani et al., 2019). Undoubtedly, this model will benefit
from high-throughput screening of target genes involved in
the tumor process and contribute to deciphering the dynamic
changes during tumor formation and progression. In addition,
organoid banks for glioblastoma (Jacob et al., 2019), breast
cancer (Sachs et al., 2018), liver cancer (Broutier et al., 2017),
pancreatic cancer (Boj et al., 2015; Huang et al.,, 2015a;
Roe et al., 2017; Tiriac et al., 2018), prostate cancer (Gao et
al., 2014), colorectal cancer (van de Wetering et al., 2015;
Weeber et al., 2015; Crespo et al., 2017; Bolhaqueiro et al.,
2019), bladder cancer (Lee et al., 2018b), endometrial cancer
(Boretto et al., 2019), rectal cancer (Ganesh et al., 2019;
Yao et al., 2020), ovarian cancer (Kopper et al., 2019), and
esophageal cancer (Li et al., 2018; Kijima et al., 2019) have
been established. Inter- and intratumoral heterogeneity is
present, and this heterogeneity emphasizes the importance of
precision medicine. Organoid biobanks from patienttissues offer
the opportunity to test drugs for individual patients and help
illustrate the genetic and epigenetic landscape of numerous
cancer samples to advance the mechanistic understanding of
tumors.

In the near future, we predict that organoid technology will
play increasingly important roles in modeling and delineating
the processes during the normal organ development or under its
diseases conditions.

Drawbacks for organoid technology

Although organoid technology shows the strong potential in
tissue engineering, further developments are needed to pre-
cisely and efficiently generate in vitro organ counterparts. At
present, there are still many drawbacks in this field, including
the limited maturity and cell diversity of the currently generated
in vitro organoids when considered to replace the in vivo organs,
the unsuitable size of generated organoids for organ transplan-
tation, and the poor reproducibility for massive production and
the deficiency of the vascular, nervous, and immune system to
recapitulate the in vivo tissue interaction.

Currently, all organoids generated under in vitro conditions
cannot fully recapitulate organs on both cell types and cell matu-
rity. It is still difficult to fully mimic in vivo situations under in
vitro conditions. In part, the limitation is because the devel-
opment process is dynamic and the needed growth factors are

released in a pulse and concentration-dependent manner for
the commitments of different cell types. However, the difficulties
could be overcome to attain the long-term goals of generating
the mature organoids for all different organs. Some strides have
already been made in the study of brain organoids. For example,
release has been successfully established by the aggregation
of inducible SHH-expressing hPSCs. Under this condition, the
concentrations of SHH can be controlled in a distance-dependent
manner (Cederquist et al., 2019). This system can be regarded
as the signaling center to induce the self-organization along the
dorso-ventral and antero-posterior positional axes. In addition
to the achievement of the signaling center, the organoids of
individual brain parts could be generated separately then com-
bined finally as fused brain organoids to form more mature and
more complex brain organoids (Bagley et al., 2017; Birey et al.,
2017; Xiang et al., 2017, 2019). Moreover, with advances in
the development of development biology and molecular biology,
recapitulation of any elaborate process in vitro could be possible
in the future.

Presently, many organoids are derived from the iPSCs. iPSCs
that are incompletely differentiated have the potential to form
tumors such as teratomas. Generally, iPSCs can generate many
byproducts, such as mesenchymal cells, during the induction
process. Furthermore, most iPSC-derived tissues are still at the
fetal stage and are less mature than adult tissues. Therefore,
the identification and purification of the adult stem cells to
generate various organoids is still an indispensable strategy for
generating organoids at the present times.

More importantly, most currently generated organoids have a
limited size partially due to the lack of blood vessels and vascular
structures for adequate nutrient absorption. The current method
to solve this problem is to coculture with the HUVECs that can
be derived from iPSCs (Takebe et al., 2013). However, such a
method needs to be tested broadly and proven during the pro-
cesses of generating the organoids for all of organs. One concern
is that the incorporation of HUVECs may result in immunological
rejection.

Moreover, the conditions for organoid cultures are still not fully
optimized, which can result in a varied degree of reproducibility
even though under the same conditions. This phenomenon was
discussed in a study comparing the cell populations of individual
brain organoid generated by different methods, which revealed
that the organoids were only highly reproducible under one
condition but varied substantially in other conditions (Velasco
etal.,2019). Thus, itis necessary to identify the determinants for
generating the reproducible organoids, which can be generally
used to generate the reproducible organoids for all organs. This
is a fundamental requirement for in vitro organoids to provide
source of organ transplantation.

Finally, the biological activities in organs usually require the
crosstalk between parenchymal cells and immune cells or even
cells of the peripheral nervous system. However, most of the cur-
rently generated organoids still lack of cells of both the immune
system and peripheral nervous system. This existing deficiency
hinders organoids from completely reflecting the fully natural
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Figure 1 The versatile organoids generated from hPSCs. The organoids
could be induced to form the three germ layers, including the definitive

for organs in the three germ layers can be derived from iPSCs. PSCs
endoderm, mesoderm, and ectoderm. The three germ layers could be

further differentiated into various organs, such as the esophagus, lung, liver, pancreas, gut, stomach, and prostate for definitive endoderm,
renal and blood vessels for mesoderm, and brain and skin for ectoderm.

characteristics of their in vivo counterparts for modeling both
developmental and pathological processes.

Prospects for organoid technology

In the future, the above limitations will be gradually resolved,
and the organoid cultures will potentially be facilitated by the
application of 3D bioprinting. As a new and potentially promising
technology, 3D bioprinting enables the fabrication of biomateri-
als according to designed structures. These structures are joined
by hydrogels that have many advantages in properties, includ-
ing printability, crosslinking, biocompatibility, and controllabil-
ity (Karthaus et al., 2014; Crowell et al., 2019). Studies have
shown that 3D bioprinting technology can print the complex and
well-separated collagen scaffolds (Kang et al., 2016; Lee et al.,
2019). In addition, other reported findings demonstrated that
different cell types or subtypes could be arranged in surround-
ings with different cell matrices (Engler et al., 2006; Pek et al.,
2010; Huangetal., 2017; Brusatin et al., 2018). In combinations
of 3D bioprinting technology, the designed structures with more
cellular-specific and well-separated properties will be printed
for applications in organoid technology, which should be more
suitable to support the growth and maturation of different cell

types and to maintain their overall cell diversities. Moreover,
3D bioprinting can produce the multiple scales of vasculatures
for improving the nutrient absorption and enlarging the size of
organoids (Lee et al., 2019). Ideally, the generated organoid
can be expected to become an in vitro functional organ with
different parenchymal cell types, blood vessels, and the nervous
and immune systems under some particular conditions.

Conclusion

The rapid development of organoid technology in tissue
engineering has occurred in the last decade. Organoid culture
systems have been established for almost all organs derived
from three germ layers to recapitulate their in vivo counterparts
(Figure 1), even though their maturity and complexity are
varied. The generated organoids will contribute to the future
research on the mechanisms of organ development and supply
new promising opportunities for disease modeling and drug
screening. However, the current organoid technology still has
many weaknesses and limitations in maturity, reproducibility,
and complexity, because the presently generated organoids still
cannot fully recapitulate in vivo organ development. Through a
deeper understanding of stem cell biology and developmental
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biology as well as the upcoming progress in material technology
such as 3D printing, we will be able to prospect that the
new organoid technology will promote the development of
tissue engineering and facilitate both fundamental and clinical
research by fully modeling the in vivo counterparts structurally
and functionally for each in vivo organ.
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