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Can We Learn From Teratomas?

Hongyu Li, Lixiong Gao, Jinlin Du, Tianju Ma, Zi Ye and Zhaohui Li*

Department of Ophthalmology, The Chinese People’s Liberation Army General Hospital, Beijjing, China

The genomic profile of animal models is not completely matched with the genomic
profile of humans, and 2D cultures do not represent the cellular heterogeneity and
tissue architecture found in tissues of their origin. Derived from 3D culture systems,
organoids establish a crucial bridge between 2D cell cultures and in vivo animal models.
Organoids have wide and promising applications in developmental research, disease
modeling, drug screening, precision therapy, and regenerative medicine. However,
current organoids represent only single or partial components of a tissue, which
lack blood vessels, native microenvironment, communication with near tissues, and a
continuous dorsal-ventral axis within 3D culture systems. Although efforts have been
made to solve these problems, unfortunately, there is no ideal method. Teratoma, which
has been frequently studied in pathological conditions, was recently discovered as a
new in vivo model for developmental studies. In contrast to organoids, teratomas have
vascularized 3D structures and regions of complex tissue-like organization. Studies have
demonstrated that teratomas can be used to mimic multilineage human development,
enrich specific somatic progenitor/stem cells, and even generate brain organoids. These
results provide unique opportunities to promote our understanding of the vascularization
and maturation of organoids. In this review, we first summarize the basic characteristics,
applications, and limitations of both organoids and teratomas and further discuss the
possibility that in vivo teratoma systems can be used to promote the vascularization and
maturation of organoids within an in vitro 3D culture system.
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INTRODUCTION

The progress of clinical medicine cannot be separated from research on disease pathogenesis and
drug screening. Restricted to ethical requirements, in vivo animal models and two-dimensional
(2D) cell cultures have frequently been used to study human development and diseases in the last
few decades. However, both models fail to mimic the complex architectures, cell-cell interactions,
unique microenvironment and organ-level functionality of the human body (Kim et al., 2020).
Since the isolation of human embryonic stem cells (ESCs) and the reprogramming of human
somatic cells into induced pluripotent stem cells (iPSCs) succeeded, these pluripotent stem cells
(PSCs) have become a source for cell replacement therapy and a new model to simulate human
development (Hoffman and Carpenter, 2005). By exploring the self-organizing features of PSCs in
a 3D culture environment, stem cell studies have improved our understanding of key aspects of
organogenesis (Garreta et al., 2020). These advances have led to the generation of new cell culture
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systems named organoids that could be used to produce organ-
like tissues. The first organoid was successfully generated from
mouse ESCs and formed a fully stratified neural retinal tissue
architecture in a spatiotemporal manner mimicking in vivo
development (Eiraku et al, 2011). Then, a large number of
culturing systems were introduced to generate a variety of tissue-
specific organoids, including the brain, lung, intestine, liver,
pancreas, and kidney (Lancaster et al., 2013; Watson et al.,
2014; Dye et al,, 2015; Broutier et al., 2016; Takasato et al,
2016). Organoids have compositions and architectures similar
to living organs, which provides valuable information about
the mechanisms underlying human development and organ
regeneration. However, there are some limitations and challenges
in current organoids, including the low reproducibility, the
lack of blood vessels and native microenvironment, which
limits their applications in disease modeling and drug screening
(Fatehullah et al., 2016; Kaushik et al., 2018; Rossi et al., 2018).
The development of the organoid system is still in its infancy
in comparison to 2D cultures and animal models. Further
study is instrumental and necessary to better generate and
apply organoids.

In fact, there is a significant difference between in vivo
and in vitro microenvironment. The microenvironment of 3D
cultures is provided mainly by a solid extracellular matrix
(ECM), which supports cell growth and promotes cell adhesion
(Badekila et al., 2021). However, their complexity and variability
in composition makes it more difficult to control the cultural
microenvironment. Moreover, the characteristics of cell-to-cell
adhesion and the other 3D properties are more sufficiently
showed in in vivo than in vitro conditions (Aleckovic and Simon,
2008). And in vivo microenvironment is relatively stable and
could not impede the infiltration of drugs comparing to a natural
ECM with complex compositions.

Once PSCs grow in in vivo environment, teratomas would
be formed. As a new in vivo model of human multilineage
development, teratomas have similarities and differences
with organoids (McDonald et al., 2020). Both organoid and
teratoma are derived from PSCs. Organoid formation involves
gradually controlled differentiation of PSCs and subsequent
self-organization into tissue-specific organ-like structures.
Teratoma formation involves uncontrolled differentiation and
self-organization into various somatic tissues from all three germ
layers. Teratoma systems provide an in vivo tool that enables
more physiologically relevant experiments to be performed,
which cannot be reproduced in animals or in vitro cultures.
Recently, several studies showed that single specific lineage
cell types, such as skeletal muscle stem cells, neural stem cells,
and hematopoietic stem cells, have already been enriched from
mouse PSCs through teratoma formation (Chan et al.,, 2018;
Philipp et al., 2018; Kim et al., 2019). These enriched cells could
be cultured in vitro, and even specific vascularized tissues could
be isolated to generate organoids (Lee et al., 2020). Moreover,
the variations of cell types in teratomas could be an advantage
to generate complex tissues, which provides a possibility to
investigate human development at a multi-organ level. All these
results indicated that an in vivo teratoma system could provide
a powerful platform to improve the method and technology

of 3D culture. In this review, we substantially summarize the
general characteristics, applications and limitations of current
organoids and teratomas, and then focus on the progress and
potential of teratoma systems as an in vivo tool for better
generating organoids.

ORGANOIDS: A BETTER IN VITRO
MODEL

The 3D cultures have advantages over 2D cultures and animal
models. When placed flat in a Petri dish, cells cannot behave as
usual. Although animal models may be useful tools, they also have
limitations because there are large differences between model
animals and humans. Therefore, it is usually difficult to translate
the results from animal models into physiological understanding
of the human body with accuracy. The term “organoid” is
defined as a complex 3D structure that develops from stem
cells or organ-specific progenitors and displays architectures and
functionalities similar to the architectures and functionalities of
living organs (Ashok et al., 2020). Organoid systems are changing
the way scientists model organ development and expanding
basic biological research and medical research into a more
physiologically meaningful human environment.

Generating Organoids

Self-Organization of Organoids

The development of organoids usually involves the self-
organization of a comparatively homogeneous cell population.
Self-organization is the spontaneous formation of ordered
patterns and structures from specific elements or individuals. The
basic processes of self-organization involve the following three
processes: self-assembly, self-patterning, and self-morphogenesis
(Sasai, 2013). Self-assembly refers to the process of autonomously
forming patterns by selectively gathering cells or rearranging the
relative positions of cells (Whitesides and Grzybowski, 2002).
Only through the self-assembly of one or several types of cells
can highly ordered structures be formed (Dobrescu and Purcarea,
2011). Self-patterning is the spatial and temporal control of cell
states to acquire heterogeneous properties in a region-specific
manner (Sasai, 2013). Self-patterning starts with a symmetry
disrupting event (Turner et al., 2016), which is affected by a
variety of mechanisms, including reaction diffusion, asymmetric
cell division, and stability of regulatory networks (Fleury
and Watanabe, 2004; Sasai, 2013; Green and Sharpe, 2015).
Self-morphogenesis, driven by internal organization mechanics
and occurring automatically without external forces or spatial
constraints, is the most crucial step that determines the final
organoid formation (Sasai, 2013). Self-morphogenesis should
include complex control of directionally internal forces and
dynamic control of the cooperative response to mechanical
force, as well as dynamic changes in tissue viscosity and
stiffness (Lecaudey et al., 2008; Sasai, 2013). Successful formation
of organoids depends on each described process, and three
main features need to be carefully considered: the physical
characteristics of the culture environment, the requirement
for endogenous and exogenous signals, and the initial origin

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2021 | Volume 9 | Article 700482


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lietal

To Better Generate Organoids

of culturing cell types (Rossi et al., 2018). The choice made
for each of these features could affect the characteristics of
the final organoid.

The 3D Culture Microenvironment

The microenvironment of 3D cultures is provided mainly by
a solid extracellular matrix (ECM), which supports cell growth
and promotes cell adhesion and is the most common way to
enhance the 3D properties of organoids (Badekila et al., 2021).
Matrigel, an animal-derived hydrogen from mouse sarcoma,
is the initial natural ECM used in 3D cultures. Matrigel
or another natural matrix (collagen I) is a complex mix of
ECM components and growth factors, making cell growth and
differentiation very efficient. However, their complexity and
variability in composition makes it more difficult to control
the cultural microenvironment and may reduce organoid-to-
organoid reproducibility (Badekila et al., 2021). A hydrogel with
chemical composition has recently been introduced to substitute
for the undefined natural matrix (Gjorevski et al., 2016; Lindborg
et al,, 2016). Although hydrogels could control the mechanical
and biochemical characteristics of the culture microenvironment,
they need to be customized according to the specific requirements
of different organoids because of their inherent low biological
activity (Blondel and Lutolf, 2019). All these protocols derived for
different specific organoids depend largely on experience (Rossi
et al,, 2018; Ashok et al., 2020). It is relatively difficult to evaluate
the advantages and disadvantages of each protocol.

Endogenous and Exogenous Signals

The derivation of organoids relies partially/exclusively on
endogenous or exogenous signals (Rossi et al, 2018). For
example, mESC-derived optic cup organoids are generated under
low growth factor conditions that support the formation of
neuroepithelia, and then spatially separated domains of the
neural retina and retinal pigmented epithelium are driven
by self-organized mechanisms (Eiraku et al, 2011). The
morphogenesis of neural retinal organoids proceeds without
additional exogenous signals. However, in fact, most protocols
for organoids require the addition of specific exogenous signals,
as the starting cell population does not include all the necessary
components to self-organize properly (McCracken et al., 2014;
Takasato et al., 2014). The decision on which specific signals to
use and when to apply them is generally obtained by the current
understanding of relevant in vivo developmental mechanisms.

Starting Cell Type of Organoids

The characteristics of the final organoid also depend on the
starting cell types. Organoids can be produced from PSCs,
ASCs and fetal progenitor cells (Nakano et al., 2012; Fordham
et al., 2013; Broutier et al., 2017). PSC-derived organoids have
a complex composition containing epithelial, mesenchymal and
endothelial cells. For instance, major cell populations of kidney
organoids are tubular epithelia, mesenchyme and podocyte cells
(Wu et al,, 2018). However, not all differentiation processes of
PSCs are efficient, and sometimes unexpected cell types may
occur. Wu et al. (2018) found that in their kidney organoids,
10-20% of the cells are non-renal cells, including a neuronal

lineage. Organoids derived from ASCs were first generated in the
small intestine (Sato et al., 2009). ASC-derived organoids contain
only the polarized epithelial components of organs and lack
the stroma, nerves, and vasculature (Bartfeld et al., 2015; Huch
et al., 2015). The ASC-derived organoids have lower complexity
and predictability than PSC-derived organoids. The fundamental
differences between PSC- and ASC-derived organoids make
them complementary model systems. In addition, intestinal and
pancreatic organoids could be derived from dissociated fetal cells
or tissues (Fordham et al., 2013; Greggio et al., 2013).

Applications of Current Organoids

The ability to grow near-physiological, self-renewing organoids
provides us with a fabulous model system for basic research
and transplantation application. Organoids are genetically stable,
contain a variety of differentiated cell types, and produce
specialized cell types that cannot be cultured in vitro (Schutgens
and Clevers, 2020). Moreover, the self-organization of tissues and
the spatiotemporal regulation of cells in organoids reproduce the
development of human bodies. Following the establishment of
human stem cell-derived organoids, various human diseases have
been studied in vitro. Organoid systems have opened remarkable
opportunities in human development and disease modeling,
drug screening and precision therapy, and regenerative medicine
(Fatehullah et al., 2016).

Development and Disease Modeling

As organoids retain the basic characteristics of their initial
developmental stage, the detailed process of early embryonic
development could be observed in a dish with the systematic
induction of cell differentiation (Rookmaaker et al., 2015). For
example, by inducing PSCs to differentiate into specific tissues,
the involvement of FGE, BMP and Wnt signaling pathways in
regulating the development of the brain, retina, stomach and
pancreas has been clarified (Nakano et al., 2012; Greggio et al,,
2013; Lancaster et al., 2013; McCracken et al., 2014). Additionally,
a large number of disease models have been established with3D
cultures, including infectious, genetic and tumor diseases, which
provides a theoretical basis for reproducing the pathological
features of human diseases (Qian et al., 2016; Dutta et al.,
2017; Artegiani and Clevers, 2018; Drost and Clevers, 2018;
Bresnahan et al.,, 2020; Campaner et al., 2020). For instance,
Helicobacter pylori can be injected into stomach organoids to
study the mechanisms of gastritis and the bacterial contribution
to carcinogenesis (Salama et al., 2013). Patient-derived tissues or
specific genetic mutations could be used to produce organoids
for genetic or tumor disease modeling (Cristobal et al., 2017;
Finnberg et al., 2017; Cruz and Freedman, 2018; Berkers
et al, 2019; Kampmann, 2020; Teriyapirom et al., 2021).
The combination of the CRISPR-Cas9 system and organoid
technology would constitute a successful approach to investigate
the underlying mechanisms and signaling pathways of genetic
and cancer diseases through gene mutation, fusion and repair
(Hendriks et al., 2020). A number of mutational combinations
resulting from gene knockout based on the CRISPR-Cas9
system and gene insertion on transposons represent the diverse
mutational patterns of brain cancer organoids (Bian et al., 2018).
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Similar applications were also found in intestine, liver and
kidney organoids (Freedman et al, 2015; Drost et al., 2017;
Artegiani et al, 2019). In summary, human organoids enable
us to investigate in depth the processes that control embryonic
development, present lineage characteristics, and mimic the
occurrence and progression of diseases.

Drug Screening and Precision Therapy

There are often limitations, such as unpredictable results, time-
consuming tests, and individual differences in newly developed
drugs for human diseases (Eglen and Randle, 2015; Martin,
2015; Sampaziotis et al., 2015). The opinion that organoids could
mimic the pathological process of human disease has provided a
feasible tool for drug screening and precision therapy (Artegiani
and Clevers, 2018). For example, models of colon cancers and
cystic fibrosis could be replicated through a 3D culture system,
and then corresponding biobanks could be established for drug
testing (van de Wetering et al., 2015; Dekkers et al.,, 2016).
A colon cancer biobank was used to screen 83 drugs currently
applied as cancer treatment drugs in the clinic and confirmed
the association of known genetic drugs (Bartfeld and Clevers,
2017). Similarly, organoids derived from cancer patients could
be used to determine the ideal treatment for a particular patient
because they preserve the genetic heterogeneity of the primary
tumor (Huang et al., 2015; Nielsen et al., 2016). High-throughput
screening paradigms are another advance in organoid-based
drug screening, which was recently demonstrated in the kidney
(Czerniecki et al, 2018). The generation of organoids based
on specific diseases or even specific individuals is expected to
become a powerful tool for precision therapy (Eglen and Randle,
2015; Walsh et al., 2016; Pasteuning-Vuhman et al., 2020).

Regenerative Medicine

Human organoids have also become a hopeful source of
transplantable tissues and functional cell types in regenerative
medicine. Proof-of-concept studies have already proven the
transplantation of human organoids into animals (Takebe
et al, 2015; van de Wetering et al,, 2015). When intestinal
organoids were transplanted into mice, colonic mucosa injuries
regenerated (Cruz-Acufia et al., 2017). Organoids of neural
retinas derived from mouse PSCs could be transplanted into
a mouse with retinal degeneration (RD), which produced
mature photoreceptor cells and constituted synaptic connections
with the host cells (Assawachananont et al., 2014). Similar
results existed in primate and rat models of RD (Shirai
et al, 2016). In our previous study, we successfully used
cell surface markers (C-Kit*/SSEA4™) to effectively eliminate
tumorigenic embryonic cells and enriched retinal progenitor cells
from human ESC-derived retinal organoids, which significantly
improved vision and preserved retinal structure following
subretinal transplantation into RD models of rats and mice
(Zou et al., 2019). In addition, transplantation trials of kidney
and liver organoids have also been successfully implemented
in animal models (Taguchi et al, 2014; Huch et al, 2015).
Although these results are preliminary, it is promising that
cells and tissues derived from organoids might be a source for
clinical transplantation.

Limitations of Current Organoids

As a new model that could substitute for in vivo research,
organoids are growing faster in popularity than 2D cell
culture and animal models because of their extreme fidelity.
The application mentioned above depends on the repeatable
formation of organoids that are highly similar to living organoids
in terms of architecture and function (Rossi et al., 2018).
Although the field of organoids is advancing at an impressive rate,
there are some limitations and challenges that need to be resolved
(Figures 1A-E).

Heterogeneity

One of the major limitations of human organoids is
heterogeneity. Many protocols have been described to
generate organoids, but there is still a lack of a widely accepted
standardized solution. For example, intestinal organoids vary
from different laboratories, where derivation from ASCs is
exclusively composed of epithelial tissues, yet derivation from
PSCs may generate mesenchymal tissues (Sato et al., 2011; Spence
etal, 2011). Velasco et al. (2019) analyzed 166,242 cells isolated
from 21 brain organoids using single-cell RNA sequencing and
found that 95% of organoids produced almost indistinguishable
cell types. Brain organoids generated by four distinct protocols
showed significant differences in overall external morphology
and size (Velasco et al., 2019). Due to the lack of a reliable way to
synchronize the size, shape and survival of organoids, research
design and data analysis become complicated, resulting in high
variability of organoid phenotypes (Kaushik et al., 2018). Efforts
should be made to develop clear guidelines for evaluating the
quality and effectiveness of organoid systems. Although chemical
hydrogel scaffolds and single-cell sequencing techniques are
helpful to reduce the heterogeneity of organoids to some extent,
generating a purified organoid with high tissue consistency
remains an unsolved problem (Wang et al., 2017; Collin et al,,
2019). A new standardized culture technique is needed to
improve organoid-to-organoid reproducibility.

Non-vascularization

Another indispensable limitation is the absence of blood vessels,
which impedes the maturation and function of organoids.
Indeed, as the size increases to a specific level, nutrients and
oxygen cannot fully reach the central part of the organoids,
eventually resulting in cell death and growth arrest (Lancaster
and Knoblich, 2014a,b). Vascular systems are specifically required
for nutrient, oxygen and waste exchange, sometimes for signal
transmission (Daniel and Cleaver, 2019). Moreover, blood
vessels surrounding stem cells serve as a microenvironment
for maintaining homeostasis, which plays a vital role in the
differentiation and self-renewal of stem cells during embryonic
development (Otsuki and Brand, 2017). The lack of vascular
circulation systems can cause hypoxia and may accelerate
necrosis during organoid culture, thus hindering the normal
development and migration of cells (Fantin et al., 2013). To
solve these limitations, studies have tried to produce vascularized
organoids by co-culturing organoids with vascular endothelial
cells or by combining organ-on-chip techniques with planting
vascular endothelial cells (Takebe et al., 2013; Vatine et al., 2019).
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FIGURE 1 | Limitations of organoid and teratoma. (A) Due to the lack of a reliable way to synchronize the size, shape and survival of organoids, the organoids vary
among different laboratories. (B) The absence of blood vessels in organoids impedes their maturation and function. (C) Organoids lack native microenvironment
which impede their applications in disease modeling and drug screening. (D) Most organoids are based on the single organ level and merely imitate a small part of
the human body, not the entire part. (E) The absence of a continuous anterior-posterior or dorsal-ventral axis that guides and supports proper organoid directionality,
especially for cerebral organoids. (F) Cell proliferation and differentiation are affected and controlled by cell lineages, host types and graft sites, resulting in the
heterogeneity of teratomas. (G) The development of teratomas is asynchronous. In the 10-week teratoma, neural cells were highly similar to prefrontal cortex cells at
human gestational weeks 16-17, while gut cells were most similar to human gut cells at gestational weeks 8-11. (H) The tumorigenicity of PSCs (pluripotent stem

cells) is uncontrollable, leading to the uncontrollable tumorigenicity of teratomas.

Yet most of these blood vessels are arranged in a disorderly
manner and cannot replace the functionalities of living vessels
(Vatine et al., 2019; Shi et al., 2020). Transplanting organoids
into immunodeficient mice is a simple way to generate blood
vessels (Mansour et al., 2018). However, it is difficult to
estimate the source of vascular endothelial cells because whether
organoids contain host- or graft-derived blood vessels relies
on the location of transplantation (Daniel and Cleaver, 2019).
Currently, a functional vascular-like system has been established
in human brain organoids, by expressing ETS variant 2 (ETV2)
that contributed to forming a complex vascular-like network
in cortical organoids (Cakir et al, 2019). Another stable
and reproducible method is needed to establish vascularized
organoids of the others. As vascular endothelial cells display
stark heterogeneity based on their local environment, there is a
long way to go before achieving the vascularization of organoids
(Daniel and Cleaver, 2019).

Lack of Native Microenvironment

The third limitation of organoids is the lack of native
microenvironment that precludes studies about interaction of
stem cells with their niches or immune cells, etc., particularly in
adult stem cell-derived organoids (Fatehullah et al., 2016; Drost
and Clevers, 2018; Ashok et al., 2020; Kim et al., 2020). The
modeling of cell-to-cell communication with immune systems
and the development of vascular networks in organoid systems
are essential to be addressed. Significant progress has recently
been achieved with co-culture systems, such as tumor organoids

with immune cells (Nozaki et al., 2016; Finnberg et al., 2017).
Yet these immune cell populations are less mature, or could
only be maintained for a short period of time that is not
conducive to investigating the long-term response of immune
systems to chronic diseases or new drugs (Drost and Clevers,
2018). Besides, most of human organoids do not robustly retain
the complex full diversity and physical architecture of the
native microenvironment (Neal et al, 2018). Controlling the
culture environments by engineering approaches may supply
repeatable experimental conditions and results (Hagiwara and
Koh, 2020). In addition, it is possible to quantitatively change the
environmental condition by controlling the microenvironment
surrounding the cells (Rossi et al., 2018; Hagiwara and Koh,
2020). However, it still remains a difficult obstacle to overcome.

Other Limitations

Other than the limitations described above, human organoids
still face many challenges. First, current organoids merely
imitate a small part of the human body, not the entire
part, because only organoids of a single organ origin have
been established (Fatehullah et al., 2016). Human organoids
still lack communication with near organs or tissues and are
limited to studying the reproduction of organ-specific or tissue-
specific microphysiology (Kim et al., 2020). A multichannel
3D microfluidic system or a chamber device, which enables
the individual cultivation of different organoids, may facilitate
organoid-to-organoid communication in the future (Zhang et al.,
2009; Achberger et al., 2019; Koike et al., 2019). However, there is
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a long way to go before implementing the human multiorganoid
model in vitro. Additionally, the lack of a dorsal-ventral axis is
another issue which affects the proper directionality of cerebral
organoids (Ashok et al., 2020). Although some efforts are in
progress to improve these limitations, current organoids still
lack functions, such as light responsiveness of retinal organoids
(Lancaster et al., 2013), and filtering blood of kidney organoids
(Homan et al., 2019).

All of the abovementioned methods to solve these limitations
rely heavily on an in vitro environment that provides essential
materials for cell growth through the addition of growth factors.
The in vitro environment is unable to provide blood vessels,
intercellular junctions and specific factors, which develop in
in vivo conditions. A new technique developed under in vivo
conditions might be an opportunity to address these challenges.
Human PSC-derived teratomas have the same cellular origin
as human organoids and a similar self-organizing pattern.
Researchers indicated that, as teratomas could generate a
wide array of cell types and grow to a large size because
of their vascularization, they could be used as a model for
multilineage human development (McDonald et al., 2020). In
view of the rapid technical development in this field, we believe
that teratomas are in a time of extraordinary opportunity to
better generate organoids (Suzuki et al., 2013; Lee et al., 2020;
McDonald et al., 2020).

TERATOMAS: A EMERGING /N VIVO
MODEL

In recent years, studies of human embryonic development have
been limited by a scarcity of relevant biological material and
key ethical constraints. Although organoids have solved these
limitations to a certain extent, they can only be studied in
an in vitro setting. Thus, there has been a push to establish
in vivo models specific to human development. Teratomas are
derived from PSCs and formed under in vivo conditions. As
teratomas contain tissues from all three embryonic germ layers,
they have become an emerging in vivo model in stem cell
research (Thomson et al., 1998). In this section, we mainly discuss
the general characteristics of teratomas and their applications
and limitations.

General Characteristics of Teratomas

The term “teratoma” is derived from the Greek words “teras”
meaning monster and a suffix denoting a tumor (Damjanov
and Andrews, 2007). Teratomas are deemed tumors due to their
progressive, uncoordinated and unregulated growth. The term
has been used to describe both benign and malignant tumors
composed of multiple tissues foreign to the anatomic site from
which they originate. Currently, researchers use the term as
simply “teratoma” for benign tumors and “teratocarcinoma” as
malignant tumors. Natural teratomas in humans are benign germ
cell tumors that occur mainly in gonads, such as ovaries and testes
(Damjanov and Solter, 1974). A teratoma could occasionally
be found in the retroperitoneum and anterior mediastinum.
Experimental teratomas are generated by transplanting PSCs into

immunodeficient mice, which is the most essential approach to
assess the differentiation potential of cells (Lensch et al., 2007).
Both kinds of teratomas are composed of various somatic tissues
arranged in a random manner and can form in humans and
animals (rats and mice) (Bulic-Jakus et al., 2016). Histologically,
teratomas contain highly organized structures on behalf of all
three embryonic germ layers: nerve and epidermis tissue from
ectoderm, bone and muscle tissue from mesoderm, bronchus
and gut tissues from endoderm (Thomson et al, 1998). In
this section, we systematically expound the characteristics of
experimental teratomas.

Experimental teratomas are generated by transplanting
normal PSCs to an ectopic site (Hultman et al., 2014). The
in vivo environment of teratoma system could provide necessary
growth factors and critical signaling pathways, to promote cell
growth and differentiation. It also has a more sufficient cell-to-
cell adhesion and 3D properties than in vitro microenvironment,
which is relatively stable and could not impede the infiltration of
drugs comparing to a natural ECM with complex compositions
(Aleckovic and Simoén, 2008). Yet it is worth noting that the
in vivo environment might modify tumorigenesis of stem cells,
through specific epigenetic pathways (Berger et al,, 2009) or
by eliciting an immune response (Bulic-Jakus et al., 2016). The
environmental cues within the embryo influence the proliferation
and differentiation of hESC after transplantation (Cunningham
et al., 2012). The normal PSC spontaneously organizes when
PSCs are injected into immunodeficient mice by subcutaneous,
intramuscular, or intratesticular routes (Hentze et al., 2009).
Teratomas are strongly dependent on the site of engraftment,
and the simplest and most effective method is subcutaneous
implantation. Generally, at least 10*> PSCs must be transplanted
to guarantee the formation of teratomas (Thomson et al., 1998;
Heins et al., 2004). However, no evidence has indicated that the
quantity of implanted cells has an effect on teratoma formation.
In addition, teratomas are generally surrounded by a capsule that
prevents integration of stem cells into host tissues and limits cell-
cell interactions. Cells with teratomas are exactly mature, easy
to remove and do not invade adjacent tissues (Gertow et al.,
2007). Although the tissue arrangement in teratomas seems to be
chaotic, their proliferation and differentiation are not completely
random but are affected and controlled by many factors, such as
ESC lineages, host types and graft sites (Aleckovic and Simon,
2008). Since human ESC lineages are derived from individual
embryos, they may have different differentiation potency, even
in monozygotic twin ESC lines (Lauss et al., 2005). Studies
have demonstrated that the level of mRNA expression differs
among different human ESC lineages (Skottman et al., 2005;
McDonald et al., 2020). The structure of teratomas derived from
different hESC lineages may also exhibit differences to a certain
extent. Previous studies have shown that the differentiation of
ESCs is affected by neighboring cells and signaling molecules
from the microenvironment (Blum and Benvenisty, 2007). For
instance, ESCs injected subcutaneously have a higher incidence
of teratomas, teratomas in the knee grow slower and smaller
(Wakitani et al., 2003), and teratomas in the liver grow faster
and contain many fluid-filled cavities (Cooke et al., 2006).
Current research on the detailed characteristics of differentiation
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events after human PSC xenotransplantation is still limited
(Hultman et al,, 2014). However, most of the human PSC
xenotransplantation events focus mainly on basic morphological
visualization and lack a consensus standard protocol to generate
experimental teratomas, which requires further exploration
(Gropp et al., 2012).

Applications of Teratomas

Teratomas provide a new model for stem cell research.
The in vivo growth environment indicates that the teratoma
system can highly reproduce the differentiation of PSCs and
embryonic development in the early stage under physiological
conditions. In addition to being used for pluripotency testing, the
teratoma system has also shown potential applications in human
development modeling, disease modeling, and tissue engineering.

Tumorigenicity and Pluripotent Assay

Experimental teratomas were primitively a tumor test before
they were used to prove the pluripotency of stem cells (Peterson
et al,, 2011). As human stem cell therapies have been available
for diseases and injuries, such as diabetes, macular degeneration,
cancer, and spinal cord injury in recent years, tumorigenicity
assays are especially important (Yamanaka, 2020). Only non-
tumorigenic stem cells can be safely injected into the human
body for treatment. Due to the low immunity of immunodeficient
animals, the short lifespan of rodents, or the requirement of
specific factors to support tumor growth, teratoma assays may
underestimate tumorigenic potential, which impedes long-term
monitoring of transplanted stem cells (Cunningham et al., 2012).
Another important application of teratomas is to test whether
cells are pluripotent (Knoepfler, 2009; Ben-David and Benvenisty,
2011; Cunningham et al.,, 2012; Buta et al., 2013). Pluripotent
assays are indispensable for identifying the multidirectional
differentiation potential of PSCs, and experimental teratomas are
the most common and simple method to verify the pluripotency
of isolated ESCs and reprogrammed iPSCs. However, there is
insufficient proof to fully demonstrate the composition and
benignancy of experimental teratomas (Hultman et al., 2014). To
better detect tumorigenicity and pluripotency with pertinence,
the standardization of teratoma assays should be an essential goal
that has not yet been achieved (Reubinoff et al., 2000).

Development and Disease Modeling

Teratomas could provide information about the molecular
pathways and mechanisms in early embryonic development
by patterning developmental processes (Aleckovic and Simon,
2008). A “developmental gradient” will form within the teratoma
during its development: undifferentiated stem cells in the center,
followed by tissues in the early developmental stage and tissues
in the late developmental stage in the outermost layers (Wernig
et al., 2007). This different developmental gradient might be
useful to assess the gradual differentiation process and related
molecular mechanisms of stem cells. Recently, McDonald et al.
(2020) performed single-cell RNA sequencing of 179,632 cells
across 23 teratomas from three human ESC lines and one human
iPSC line and found that teratomas reproducibly contained
approximately 20 cell types. Every teratoma cell type is highly

associated with at least one mouse fetal cell type (McDonald
et al., 2020). McDonald et al. (2020) also used the CRISPR-Cas9
system to establish a single-cell genetic knockout screen on 24
main lineage-specific genes and to assay the functions of multiple
lineage genes that are critical to human development, proving
that teratomas were able to act as new models for studying
multilineage human development, pantissue functional genetic
screening, and tissue engineering (Aleckovic and Simén, 2008).

Moreover, disease models could be successfully established
by teratomas to investigate pathogenic genes and regulatory
mechanisms (Tzukerman et al., 2003; McDonald et al., 2020).
In McDonald’s study, three rare neurodevelopmental diseases,
including Rett, L1, and Pitt-Hopkins syndromes, were built
combining genetic knockout systems and teratoma formation
(McDonald et al., 2020). Additionally, teratoma formation could
also be applied in cancer research (Hultman et al., 2014). When
ovarian tumor cells were transplanted into mature teratomas of
immunodeficient mice, tumor cells invaded into surrounding
normal differentiated tissues and led to the growth of new
blood vessels (Tzukerman et al., 2003). Therefore, teratomas
might serve as an adequate experimental model to study and
manipulate the local microenvironment in the growth of tumor
cells, thereby contributing to the progress of cancer research. In
general, the teratoma system provides a new platform to deepen
our understanding of human development and better establish
disease models (Menendez et al., 2006).

Tissue Engineering

Furthermore, the complex organ-like structures of teratomas may
provide a new approach to study tissue engineering (Aleckovic
and Simoén, 2008). Current tissue engineering attempts to
imitate the in vivo environment to produce a more realistic
in vitro cell differentiation model (Zheng et al., 2018). However,
due to the multidirectional differentiation potential of stem
cells, it is difficult to control their arrangement into a high-
order structure composed of multiple cell types (Hoffman and
Carpenter, 2005). Unlike in vitro models, experimental teratomas
could differentiate into multiple lineage tissues in vivo, which
reproduces the differentiation process of living cells in high
fidelity (Buta et al., 2013). Finding the possible process and
mechanism of the complex organ-like structure in the teratoma
can increase the knowledge of tissue growth and may be helpful to
generate functional tissues. Overall, experimental teratomas may
not only represent proof of pluripotency but can also be used
in several areas, such as embryogenesis, cancer research, tissue
engineering and regeneration medicine.

Limitations of Current Teratomas

Although the teratoma system has demonstrated its potential as
a new in vivo model, there are some limitations (Figures 1F-H).
One of the important limitations is heterogeneity (Velasco et al.,
2019). Previous study demonstrated that tissue arrangement
in teratomas and their proliferation and differentiation were
affected and controlled by stem cell types, nature of the PSC
line, nature of the host and graft sites (Aleckovic and Simon,
2008). All these factors, especially different stem cell lines, would
affect the structures and components of the final teratoma. To
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control heterogeneity, the standardization of generation methods
is important (Miiller et al., 2010). The most effective way is to
transplant the same PSC line in the same site from the same
host type. Additionally, genetic engineering technology is also
a useful method to minimize the variations of teratoma. For
instance, through miRNA-based molecular sculpting, teratomas
could be engineered toward a desired lineage to apply for
studying developmental biology and human disease (McDonald
et al, 2020). Moreover, desired cell types could be enriched
in teratomas by genetic engineering to investigate tissues of
our interest (Suzuki et al, 2013; Lee et al., 2020). Another
limitation of teratomas is their complicated somatic tissues
arranged in a semirandom manner. Indeed, the tumorigenicity
of PSCs is uncontrollable (Singh et al., 2016). A previous study
showed that the genetic and epigenetic differences between ESCs
and iPSCs have an effect on their tumorigenicity (Ben-David
and Benvenisty, 2011). When transplanting human fetal grafts
into severe combined immunodeficient mice, undifferentiated
tumors could be generated (Shih et al., 2007). Autologous iPSCs
that present no immune barrier would increase the chance
of generating a teratoma (Kawamata et al., 2015). Sometimes
teratomas even contain organotypic tissues (e.g., hair, teeth,
limbs), resulting in difficulty in studying the properties of the
tissues of interest (Bulic-Jakus et al., 2016). The third limitation
is the asynchronous development of teratomas. A study indicated
that in the 10-week teratoma, neural cells were highly similar to
prefrontal cortex cells at human gestational weeks 16-17, while
gut cells were most similar to human gut cells at gestational weeks
8-11 (McDonald et al., 2020). The impact of this asynchronous
development was two-pronged. The upside is that tissues in the
late stage of human development could be generated through
short-term culture of the tissues isolated from teratomas. The
downside is that this asynchronous manner can become an
obstacle to capture specific mature cell types developed in a
highly ordered microenvironment. Therefore, it is urgent to find
a unique dissociation protocol that could capture cell types as
specific as possible. In addition, teratomas were generally induced
in mice and rats that had a relatively short lifespan, which
impeded the long-term observation of diseases that may persist
in humans for several years (Cunningham et al., 2012). Further
studies on teratoma systems are significantly needed to overcome
these limitations.

LESSONS FORM TERAOMTAS TO
BETTER GENERATE ORGANOIDS

The use of organoid platforms has led to advancements in
in vitro organogenesis and disease modeling. However, the
variations between organoids and living organs seriously hinder
the applications of organoids. Teratoma systems provide a more
advanced in vivo tool that enables more physiologically relevant
experiments to be performed, which cannot be reproduced in
animals or in vitro cultures (Figure 2). Teratomas provide a
microenvironment that is more suitable for stem cell growth. The
teratoma system facilitates the formation of embryoid-body-like
aggregates from stem cells with poor ability to differentiate and

could also be used to enrich specific cell lineages (Lee et al., 2020).
Moreover, teratomas spontaneously develop blood vessels with a
short duration of neoplasia, which could promote vascularization
and shorten the cultivation time of organoids (Stachelscheid et al.,
2013; Lee et al., 2020; McDonald et al., 2020).

Inducing the Formation of
Embryoid-Body-Like Aggregates

Embryoid bodies (EBs) usually refer to the 3D structure
spontaneously formed during the suspension culture of PSCs
(Itskovitz-Eldor et al, 2000). Similar embryoid-body-like
aggregates are also formed in the early developmental stage of
3D culture, which requires the involvement of specific inducible
factors (Watanabe et al., 2005; Eiraku et al., 2008; Sasai, 2013).
The formation of embryoid-body-like aggregates is the first step
in organoid formation. However, partially reprogrammed iPSCs
sometimes fail to differentiate in vitro, resulting in the inability
of an embryoid-body-like aggregate to form (Lee et al., 2020),
possibly because the isolated iPSCs retain some somatic memory,
at least at low passages (Kim et al., 2011; Ohi et al.,, 2011). The
other reason for the failure of an embryoid-body-like aggregate to
form is that the established iPSC lines may contain aberrant traits,
which may be caused by the stoichiometry of reprogramming
factors and culture conditions (Newman and Cooper, 2010;
Carey et al, 2011). Moreover, appropriate differentiation
protocols should be applied to induce in vitro differentiation of
PSCs, depending on the intrinsic trait of differentiation potency
of each cell line, especially in iPSCs (Liang and Zhang, 2013).
Induced PSCs have differential identities distinct from ESCs,
attributing to the different epigenetic regulatory mechanisms
which play important roles in shaping the cellular identity (Bock
et al,, 2011). The different characteristics of iPSCs have been
suggested to simply reflect the polymorphism of pluripotency
that can be observed in variable ESC lines (Guenther et al., 2010;
Newman and Cooper, 2010). A more effective method is required
to ensure that PSCs can form embryoid-body-like aggregates to
promote organoid formation.

Unlike the formation of EBs, teratomas are relatively easy to
implement (Lee et al., 2009). Histologically, EBs have a much
lower level of differentiation than teratomas. The central area
of EBs may be necrotic (Stachelscheid et al., 2013). However,
teratomas are completely differentiated and composed mainly
of neuroectodermal and mesenchymal tissues (McDonald et al.,
2020). Differentiation through teratoma formation could be
universally applicable because not only naive PSCs but also
partially reprogrammed cells could form teratomas (Hong et al.,
2016; Kim et al.,, 2017). Lee et al. (2020) showed that neural
differentiation through teratoma formation presented similar
results irrespective of the cell type used. Embryoid-body-like
aggregates that are difficult to form in vitro could be induced by
in vivo teratoma formation and then through suspension culture
or other in vitro culture methods to promote organoid formation.
Moreover, PSC-derived tissues that have developed to a certain
stage in vitro could be transplanted subcutaneously into mice
and differentiated according to teratoma development patterns,
or related growth factors can be added to promote organoid
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FIGURE 2 | Advantages of in vivo teratoma systems to better generate organoids. (A) Vascularized tissues could be isolated from in vivo teratomas by genetic
engineering and then cultured in vitro to generate vascularized organoids. (B) Pluripotent stem cells (PSCs), showing poor embryoid-body (EB)-forming ability in vitro,
are usually defective in the initial stage of differentiation. However, the PSCs could form teratomas in vivo to generate embryoid-body-like aggregates to promote
organoid formation. (C) By combining teratoma systems with genetic engineering technology, teratoma systems could be used to enrich specific lineage cells with
more accuracy to better generate organoids and improve the reproducibility of organoids. (D) Mouse embryonic stem cell-derived brain organoids, which are
produced in 7 weeks by in vivo 3D culture, could be generated in 5 weeks by in vitro culturing nerve tissues isolated from teratomas (NSC, neural stem cell; NPC,

neural progenitor cell).

formation. Due to the limited number of correlative studies, more
studies focusing on this aspect can be carried out in the future.

Differentiating Into Specific Lineages

Under 3D culture conditions, PSCs first differentiated into
progenitor cells and subsequently formed tissue-specific
organoids (Foley, 2017). However, these organoids commonly
include multiple lineage cell types (Lancaster and Knoblich,
2014a). For instance, single-cell sequencing results showed
that kidney organoids contained non-renal cells, including
three neuronal clusters and one muscle cluster, and that retinal
organoids contained fibroblast cells and vascular cells (Wu
et al., 2018; Wang et al., 2021). If progenitors from a single
lineage could be enriched in vitro, the production of unexpected
organoid cells could be reduced, and the target organoid would
be relatively easy to obtain. In recent years, several studies
have successfully enriched single lineage progenitor/stem cells
through a teratoma formation system (Amabile et al., 2013;

Hong et al.,, 2016; Chan et al,, 2018). As early as 2013, Suzuki
et al. (2013) found that hematopoietic stem niche-like cells
were present in iPSC-derived teratomas and even migrated
into the bone marrow of mice. When these cells were injected
intravenously into irradiated recipients, lymphoid and myeloid
cells could be reconstituted (Amabile et al., 2013). Moreover,
injecting Olig2-GFP transgenic ESCs into immunodeficient mice
could also generate neural stem cells that then differentiated
into terminal neuronal and glial cells (Hong et al., 2016). Neural
stem cells could also be obtained in the primary culture of
human infantile teratomas (Kim et al, 2019). In addition,
Chan et al. (2018) showed that myogenic progenitors could
be produced from mouse PSCs without genetic modification
through teratomas. Only 40,000 myogenic progenitor cells
transplanted into diseased muscles of NSG-mdx(4Cv) mice
regenerated 80% of the total muscle volume, which matured into
functional muscle cells in vivo and was able to improve force
generation (Chan et al., 2018).
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However, the semirandom differentiation trait of teratomas
makes it difficult to distinguish various tissues, as different
cell lines might be found in the same spatial region (Bulic-
Jakus et al., 2016). McDonald and his colleagues applied genetic
engineering techniques to solve this issue at the single-cell level,
which they called the miRNA circuit technique (McDonald et al.,
2020). Neural lineage cells, including early neurons, neuronal
progenitors and Schwann cells, could be enriched by regulating
tissue-specific miRNA-124. Furthermore, clumps of enriched
neural lineage cells through teratoma formation might be
cultured in vitro to generate brain organoids, which had a better
consistency in terms of cellular arrangements and tissue elements
compared to traditional 3D culture systems (Lee et al., 2020).
Normally, PSC-derived teratomas are well-differentiated (Lensch
et al,, 2007). By combining genetic engineering technology, a
teratoma system could be used to enrich cells from specific
lineages with more accuracy (McDonald et al., 2020), which is
a good example of reducing heterogeneity and improving the
reproducibility of current organoids.

Promoting Vascularization

Vasculogenesis refers to the process by which capillaries sprout
from existing blood vessels and invade avascular tissues (Risau,
1997). On the 18th day of human embryo development,
endothelial cells can be differentiated from the endoderm and
subsequently form vascular networks that invade embryonic
tissues (Risau and Flamme, 1995). These vascular networks
eventually differentiate into arteries, veins, and lymphatic tissues
(Semenza, 2007). The development of human organs and blood
vessels is synchronous (Ruhrberg et al., 2002). Vascular systems
provide nutrients and oxygen to promote maturation and
maintain the normal function of human organs. However, in
the 3D culture environment, blood vessels cannot follow the
formation of organoids (Eiraku et al, 2008; Nakano et al,
2012), which limits both the size enlargement and functional
maturity of organoids (Kim et al, 2020). Although several
technologies, such as co-culture, 3D printing, and bioreactors
have already been adopted to promote the vasculogenesis of
organoids, the volume of organoids is still much smaller than the
volume of embryonic organs (Takebe et al., 2013; Phelan et al,,
2019; Brassard et al., 2020). In vitro-generated blood vessels are
arranged in a disorderly manner, and there is a lack of blood
supply to verify their functions to transport oxygen and nutrients
(Ashok et al., 2020).

However, human PSC-derived teratomas offer a complex
3D microenvironment, with corresponding tissue patterning,
extracellular matrices and epigenetic imprinting, to support
vessel development (Gertow et al., 2004; Damjanov and Andrews,
2016). Little is known about the formation and maintenance
of blood vessels in teratomas. Some studies have suggested that
the hematopoietic cell phenotype may reside in bone marrow-
like structures, liver cells and mesenchymal stroma of teratomas
(Amabile et al., 2013; Dekkers et al., 2016). Vascularized tissues
could be isolated from in vivo teratomas by genetic engineering
or obtained from in vitro teratomas cultured in a 3D perfusion
bioreactor (Stachelscheid et al., 2013; Lee et al., 2020; McDonald
et al., 2020). Then, these isolated specific vascularized tissues

could be cultured in vitro to generate vascularized organoids.
However, due to the small number and disordered arrangement
of blood vessels in teratomas, it is relatively difficult to generate
vascularized organoids, such as the brain and kidney that
require a plentiful blood supply (Gerecht-Nir et al., 2004).
Recently, Wimmer et al. (2019) reported the development of
self-organizing 3D blood vessel organoids from PSCs, which
produced a stable perfused vascular tree after transplantation
under the renal capsule of mice. Blood vessel organoids could
be transplanted into the site of teratoma formation or co-
cultured with isolated specific vascularized tissues to increase
the number of blood vessels. Moreover, organoids could be
transplanted into mice to promote organoid vascularization
according to the development pattern of teratoma vascular
systems. Hematopoietic stem cells or vascular endothelial cells
could be coinjected into mice to promote vascular formation
(Philipp et al., 2018; Wimmer et al., 2019). In brief, the vascular
system in teratomas provides a reliable platform for organoid
vascularization (Gerecht-Nir et al., 2004).

Shortening the Culture Period

The culture time of organoids varies according to different
organ types (Spence et al., 2011; Nakano et al., 2012; Lancaster
et al., 2013; van den Berg et al., 2018). In general, the more
precise and more complex the tissue, the longer it takes to
grow. With increasing culture time, the center of the medium
gradually lacked the exchange of nutrients and oxygen (Lancaster
and Knoblich, 2014a,b), resulting in retinal organoids dying in
126 days (Nakano et al., 2012). Brain organoids also start to
shrink after 6 months (Lancaster et al., 2013). The maximum
diameter of organoids is only 4 mm (Lancaster et al., 2013).
Current organoids are similar to fetal tissues in the early
stage of development (Fatehullah et al., 2016; Ashok et al,
2020). To obtain mature organoids, one method is to promote
vascularization (Rossi et al., 2018), and the other is to shorten
the cultivation time, which theoretically might speed up the
differentiation of PSCs before nutrients run out in a limited space,
prolonging the lifespan of organoids (Lee et al., 2020).

One advantage of using the teratoma system to generate
organoids is that using the teratoma system can shorten
the time of 3D culture. Generally, when 10° undifferentiated
diploid mouse ESCs are inoculated into immunodeficient mice,
teratomas arise in a high proportion of recipients within 3-
6 weeks (Gertow et al., 2004; Cooke et al., 2006; Valbuena et al.,
2006; Hentze et al., 2009; Prokhorova et al., 2009). An mESC-
derived brain organoid was generated in 5 weeks by in vitro
culturing nerve tissues isolated from a teratoma (Lee et al., 2020).
Compared with traditional 3D culture, the cultivation time of
mouse brain organoids was reduced by nearly 2 weeks (Eiraku
et al., 2008). In the traditional 3D culture microenvironment,
PSCs are involved in stepwise differentiation and subsequent
self-organization, mimicking tissue formation and organogenesis
in mammalian embryonic development (Morgani et al., 2017).
These processes could be partially generalized in teratoma
formation, although they involve uncontrolled differentiation
and self-organization (Singh et al., 2016). The characteristic of
uncontrolled differentiation may be related to the asynchronous
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development of teratomas. Usually, the closer to the center of
the teratoma, the later the tissue develops, which is determined
by the developmental gradient of the teratoma (Wernig et al.,
2007). For example, nerve cells develop earlier than embryonic
development, and gut cells develop later than embryonic
development (McDonald et al., 2020). Therefore, tissues that
developed faster than embryonic development could be isolated
from teratomas and cultured in vitro to shorten the culture
time of the corresponding organoids. However, considering that
teratoma formation from human PSCs takes twice as long (nearly
2-3 months) as teratoma formation from mouse PSCs, this
method is more suitable for mice than humans to shorten the
time of organoid formation (Lee et al., 2020). Future studies must
focus on promoting the maturity of human-derived teratomas
and the maturity of tissues that develop later than embryonic
development in teratoma formation.

CONCLUSION AND FUTURE
PERSPECTIVES

In conclusion, the development of human organoids is in the
primary stages, and there are many limitations impeding their
applications. The teratoma system, as an emerging in vivo
model, provides a potentially encouraging opportunity to
better generate human organoids: inducing the formation of
embryoid-body-like aggregates that are difficult to produce
in vitro; differentiating into specific progenitor cell lineages that
might increase organoid-to-organoid reproducibility; promoting
vascularization that would prolong the organoid lifespan to
create mature functional 3D tissues; and shortening the culture
period of organoids by teratoma formation and 3D culture
binding methods.

To induce the differentiation of PSCs in vitro, appropriate
differentiation protocols should be applied according to the
characteristics of each cell line because each cell line has
different intrinsic differentiation potential, especially in iPSCs
(Liang and Zhang, 2013). However, when PSCs are transplanted

REFERENCES

Achberger, K., Probst, C., Haderspeck, J., Bolz, S., Rogal, J., Chuchuy, J.,
et al. (2019). Merging organoid and organ-on-a-chip technology to generate
complex multi-layer tissue models in a human retina-on-a-chip platform. Elife
8:¢46188.

Aleckovic, M., and Simdn, C. (2008). Is teratoma formation in stem cell research a
characterization tool or a window to developmental biology? Reprod. Biomed.
Online 17,270-280. doi: 10.1016/s1472-6483(10)60206- 4

Amabile, G., Welner, R. S., Nombela-Arrieta, C., D’Alise, A. M., Di Ruscio, A.,
Ebralidze, A. K., et al. (2013). In vivo generation of transplantable human
hematopoietic cells from induced pluripotent stem cells. Blood 121, 1255-1264.
doi: 10.1182/blood-2012-06-434407

Artegiani, B., and Clevers, H. (2018). Use and application of 3D-organoid
technology. Hum. Mol. Genet. 27, R99-R107.

Artegiani, B., van Voorthuijsen, L., Lindeboom, R. G. H., Seinstra, D., Heo,
I, Tapia, P., et al. (2019). Probing the tumor suppressor function of
BAP1 in CRISPR-engineered human liver organoids. Cell Stem Cell. 24,
927-943.€926.

into mice, they spontaneously form a vascularized and highly
organized 3D structure without any additional intervention.
The teratoma system provides specific in vivo environmental
factors that promote the maturation of organoids. The 3D
tissues grown in vitro to a certain stage (embryoid-body-like
aggregates) could be transplanted subcutaneously into mice to
promote blood vessel formation according to the development
pattern of teratomas. The 3D tissues could also be coinjected
with vascular endothelial cells, hematopoietic stem cells and even
vascular organoids (Philipp et al., 2018; Wimmer et al., 2019).
Additionally, specific tissues could be isolated from teratomas
using genetic engineering techniques and further cultured in vitro
to obtain a single lineage organoid. The in vivo and in vitro
conjugation method is a potential tool to better generate
organoids. Future studies should be conducted to investigate
the possibility of these hypotheses. Moreover, a series of new
technologies, such as co-culture, organ-on-chip, and CRISPR-
Cas9-mediated gene editing that have been used in organoids
could also be applied to the teratoma system to better generate
organoids (Koledova and Lu, 2017; Takebe et al., 2017; Hendriks
et al, 2020). In the near future, the potential of the in vivo
teratoma system, coupled with advances in organoids, is expected
to provide a series of powerful and efficient platforms for studying
human development, physiology and disease.

AUTHOR CONTRIBUTIONS

HL wrote the manuscript. HL and LG generated the figures. LG,
ZY, and ZL revised the manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

This study was supported by the National Natural Science
Foundation of China (82070937 and 81870640) and the National
Science Foundation for Young Scientists of China (82000923).

Ashok, A., Choudhury, D., Fang, Y., and Hunziker, W. (2020). Towards
manufacturing of human organoids. Biotechnol. Adv. 39:107460. doi: 10.1016/
j.biotechadv.2019.107460

Assawachananont, J., Mandai, M., Okamoto, S., Yamada, C., Eiraku, M., Yonemura,
S., et al. (2014). Transplantation of embryonic and induced pluripotent stem
cell-derived 3D retinal sheets into retinal degenerative mice. Stem Cell Rep. 2,
662-674. doi: 10.1016/j.stemcr.2014.03.011

Badekila, A. K., Kini, S., and Jaiswal, A. K. (2021). Fabrication techniques of
biomimetic scaffolds in three-dimensional cell culture: a review. J. Cell. Physiol.
236, 741-762. doi: 10.1002/jcp.29935

Bartfeld, S., and Clevers, H. (2017). Stem cell-derived organoids and their
application for medical research and patient treatment. J. Mol. Med. 95, 729-
738. doi: 10.1007/s00109-017-1531-7

Bartfeld, S., Bayram, T., van de Wetering, M., Huch, M., Begthel, H., Kujala, P.,
et al. (2015). In vitro expansion of human gastric epithelial stem cells and their
responses to bacterial infection. Gastroenterology 148, 126-136.€126.

Ben-David, U., and Benvenisty, N. (2011). The tumorigenicity of human
embryonic and induced pluripotent stem cells. Nat. Rev. Cancer 11,
268-277.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2021 | Volume 9 | Article 700482


https://doi.org/10.1016/s1472-6483(10)60206-4
https://doi.org/10.1182/blood-2012-06-434407
https://doi.org/10.1016/j.biotechadv.2019.107460
https://doi.org/10.1016/j.biotechadv.2019.107460
https://doi.org/10.1016/j.stemcr.2014.03.011
https://doi.org/10.1002/jcp.29935
https://doi.org/10.1007/s00109-017-1531-7
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lietal

To Better Generate Organoids

Berger, S. L., Kouzarides, T., Shiekhattar, R., and Shilatifard, A. (2009). An
operational definition of epigenetics. Genes Dev. 23, 781-783. doi: 10.1101/gad.
1787609

Berkers, G., van Mourik, P., Vonk, A. M., Kruisselbrink, E., Dekkers, J. F., de
Winter-de Groot, K. M., et al. (2019). Rectal organoids enable personalized
treatment of cystic fibrosis. Cell Rep. 26, 1701-1708.e1703.

Bian, S., Repic, M., Guo, Z., Kavirayani, A., Burkard, T., Bagley, J. A., et al. (2018).
Genetically engineered cerebral organoids model brain tumor formation. Nat.
Methods 15, 631-639. doi: 10.1038/s41592-018-0070-7

Blondel, D., and Lutolf, M. P. (2019). Bioinspired hydrogels for 3D organoid
culture. Chimia 73, 81-85. doi: 10.2533/chimia.2019.81

Blum, B., and Benvenisty, N. (2007). Clonal analysis of human embryonic stem cell
differentiation into teratomas. Stem Cells 25, 1924-1930. doi: 10.1634/stemcells.
2007-0073

Bock, C., Kiskinis, E., Verstappen, G., Gu, H., Boulting, G., Smith, Z. D., et al.
(2011). Reference maps of human ES and iPS cell variation enable high-
throughput characterization of pluripotent cell lines. Cell 144, 439-452. doi:
10.1016/j.cell.2010.12.032

Brassard, J. A., Nikolaev, M., Hiibscher, T., Hofer, M., and Lutolf, M. P.
(2020). Recapitulating macro-scale tissue self-organization through organoid
bioprinting. Nat. Mater. 20, 22-29. doi: 10.1038/s41563-020-00803-5

Bresnahan, E., Ramadori, P., Heikenwalder, M., Zender, L., and Lujambio, A.
(2020). Novel patient-derived preclinical models of liver cancer. J. Hepatol. 72,
239-249. doi: 10.1016/j.jhep.2019.09.028

Broutier, L., Andersson-Rolf, A., Hindley, C. J., Boj, S. E., Clevers, H., Koo, B. K.,
et al. (2016). Culture and establishment of self-renewing human and mouse
adult liver and pancreas 3D organoids and their genetic manipulation. Nat.
Protoc. 11, 1724-1743. doi: 10.1038/nprot.2016.097

Broutier, L., Mastrogiovanni, G., Verstegen, M. M., Francies, H. E., Gavarrd, L. M.,
Bradshaw, C. R., et al. (2017). Human primary liver cancer-derived organoid
cultures for disease modeling and drug screening. Nat. Med. 23, 1424-1435.
doi: 10.1038/nm.4438

Bulic-Jakus, F., Katusic Bojanac, A., Juric-Lekic, G., Vlahovic, M., and Sincic, N.
(2016). Teratoma: from spontaneous tumors to the pluripotency/malignancy
assay. Wiley Interdiscip. Rev. Dev. Biol. 5, 186-209. doi: 10.1002/wdev.
219

Buta, C., David, R., Dressel, R., Emgard, M., Fuchs, C., Gross, U., et al. (2013).
Reconsidering pluripotency tests: do we still need teratoma assays? Stem Cell
Res. 11, 552-562. doi: 10.1016/j.scr.2013.03.001

Cakir, B., Xiang, Y., Tanaka, Y., Kural, M. H., Parent, M., Kang, Y. J,, et al. (2019).
Engineering of human brain organoids with a functional vascular-like system.
Nat. Methods 16, 1169-1175. doi: 10.1038/s41592-019-0586-5

Campaner, E., Zannini, A., Santorsola, M., Bonazza, D., Bottin, C., Cancila, V.,
et al. (2020). Breast cancer organoids model patient-specific response to drug
treatment. Cancers 12:3869. doi: 10.3390/cancers12123869

Carey, B. W., Markoulaki, S., Hanna, J. H., Faddah, D. A., Buganim, Y., Kim, J.,
et al. (2011). Reprogramming factor stoichiometry influences the epigenetic
state and biological properties of induced pluripotent stem cells. Cell Stem Cell
9, 588-598. doi: 10.1016/j.stem.2011.11.003

Chan, S. S., Arpke, R. W,, Filareto, A., Xie, N., Pappas, M. P., Penaloza, J. S., et al.
(2018). Skeletal muscle stem cells from PSC-derived teratomas have functional
regenerative capacity. Cell Stem Cell 23, 74-85 €76.

Collin, J., Queen, R, Zerti, D., Dorgau, B., Hussain, R., Coxhead, J., et al. (2019).
Deconstructing retinal organoids: single cell RNA-Seq reveals the cellular
components of human pluripotent stem cell-derived retina. Stem Cells 37,
593-598. doi: 10.1002/stem.2963

Cooke, M. J., Stojkovic, M., and Przyborski, S. A. (2006). Growth of teratomas
derived from human pluripotent stem cells is influenced by the graft site. Stem
Cells Dev. 15, 254-259. doi: 10.1089/s¢d.2006.15.254

Cristobal, A., van den Toorn, H. W. P, van de Wetering, M., Clevers, H., Heck,
A.J. R, and Mohammed, S. (2017). Personalized proteome profiles of healthy
and tumor human colon organoids reveal both individual diversity and basic
features of colorectal cancer. Cell Rep. 18, 263-274. doi: 10.1016/j.celrep.2016.
12.016

Cruz, N. M., and Freedman, B. S. (2018). CRISPR gene editing in the kidney. Am.
J. Kidney Dis. 71, 874-883. doi: 10.1053/.ajkd.2018.02.347

Cruz-Acuiia, R., Quirés, M., Farkas, A. E., Dedhia, P. H., Huang, S., Siuda, D.,
et al. (2017). Synthetic hydrogels for human intestinal organoid generation

and colonic wound repair. Nat. Cell Biol. 19, 1326-1335.
ncb3632

Cunningham, J. J., Ulbright, T. M., Pera, M. F., and Looijenga, L. H. (2012). Lessons
from human teratomas to guide development of safe stem cell therapies. Nat.
Biotechnol. 30, 849-857. doi: 10.1038/nbt.2329

Czerniecki, S. M., Cruz, N. M., Harder, J. L., Menon, R., Annis, J., Otto, E. A., et al.
(2018). High-throughput screening enhances kidney organoid differentiation
from human pluripotent stem cells and enables automated multidimensional
phenotyping. Cell Stem Cell. 22, 929-940.€924.

Damjanov, 1., and Andrews, P. W. (2007). The terminology of teratocarcinomas
and teratomas. Nat. Biotechnol. 25:1212. doi: 10.1038/nbt1107-1212b

Damjanov, I, and Andrews, P. W. (2016). Teratomas produced from
human pluripotent stem cells xenografted into immunodeficient mice - a
histopathology atlas. Int. J. Dev. Biol. 60, 337-419. doi: 10.1387/ijdb.160274id

Damjanov, L, and Solter, D. (1974). Experimental teratoma. Curr. Top. Pathol. 59,
69-130.

Daniel, E., and Cleaver, O. (2019). Vascularizing organogenesis: lessons from
developmental biology and implications for regenerative medicine. Curr. Top.
Dev. Biol. 132, 177-220. doi: 10.1016/bs.ctdb.2018.12.012

Dekkers, J. F., Berkers, G., Kruisselbrink, E., Vonk, A., de Jonge, H. R., Janssens,
H. M., et al. (2016). Characterizing responses to CFTR-modulating drugs using
rectal organoids derived from subjects with cystic fibrosis. Sci. Transl. Med.
8:344ra384.

Dobrescu, R, and Purcarea, V. I. (2011). Emergence, self-organization and
morphogenesis in biological structures. J. Med. Life 4, 82-90.

Drost, J., and Clevers, H. (2018). Organoids in cancer research. Nat. Rev. Cancer
18, 407-418. doi: 10.1038/s41568-018-0007-6

Drost, J., van Boxtel, R., Blokzijl, F., Mizutani, T., Sasaki, N., Sasselli, V., et al.
(2017). Use of CRISPR-modified human stem cell organoids to study the origin
of mutational signatures in cancer. Science 358, 234-238. doi: 10.1126/science.
2203130

Dutta, D., Heo, L, and Clevers, H. (2017). Disease modeling in stem cell-derived
3D organoid systems. Trends Mol. Med. 23, 393-410. doi: 10.1016/j.molmed.
2017.02.007

Dye, B. R, Hill, D. R, Ferguson, M. A,, Tsai, Y. H., Nagy, M. S., Dyal, R,
et al. (2015). In vitro generation of human pluripotent stem cell derived lung
organoids. Elife 4:¢05098.

Eglen, R. M., and Randle, D. H. (2015). Drug discovery goes three-dimensional:
goodbye to flat high-throughput screening? Assay Drug Dev. Technol. 13,
262-265. doi: 10.1089/adt.2015.647

Eiraku, M., Takata, N., Ishibashi, H., Kawada, M., Sakakura, E., Okuda, S, et al.
(2011). Self-organizing optic-cup morphogenesis in three-dimensional culture.
Nature 472, 51-56. doi: 10.1038/nature09941

Eiraku, M., Watanabe, K., Matsuo-Takasaki, M., Kawada, M., Yonemura, S.,
Matsumura, M., et al. (2008). Self-organized formation of polarized cortical
tissues from ESCs and its active manipulation by extrinsic signals. Cell Stem
Cell 3, 519-532. doi: 10.1016/j.stem.2008.09.002

Fantin, A., Vieira, J]. M., Plein, A.,, Maden, C. H., and Ruhrberg, C. (2013).
The embryonic mouse hindbrain as a qualitative and quantitative model for
studying the molecular and cellular mechanisms of angiogenesis. Nat. Protoc. 8,
418-429. doi: 10.1038/nprot.2013.015

Fatehullah, A., Tan, S. H., and Barker, N. (2016). Organoids as an in vitro model
of human development and disease. Nat. Cell Biol. 18, 246-254. doi: 10.1038/
ncb3312

Finnberg, N. K., Gokare, P., Lev, A., Grivennikov, S. I., MacFarlane, A. W. T,
Campbell, K. S., et al. (2017). Application of 3D tumoroid systems to define
immune and cytotoxic therapeutic responses based on tumoroid and tissue
slice culture molecular signatures. Oncotarget 8, 66747-66757. doi: 10.18632/
oncotarget.19965

Fleury, V., and Watanabe, T. (2004). About the equilibrium shape of fibred
structures, and biological shapes. C. R. Biol. 327, 663-677. doi: 10.1016/j.crvi.
2004.05.006

Foley, K. E. (2017). Organoids: a better in vitro model. Nat. Methods 14, 559-562.
doi: 10.1038/nmeth.4307

Fordham, R. P, Yui, S., Hannan, N. R,, Soendergaard, C., Madgwick, A., Schweiger,
P. J., et al. (2013). Transplantation of expanded fetal intestinal progenitors
contributes to colon regeneration after injury. Cell Stem Cell 13, 734-744.
doi: 10.1016/j.stem.2013.09.015

doi: 10.1038/

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2021 | Volume 9 | Article 700482


https://doi.org/10.1101/gad.1787609
https://doi.org/10.1101/gad.1787609
https://doi.org/10.1038/s41592-018-0070-7
https://doi.org/10.2533/chimia.2019.81
https://doi.org/10.1634/stemcells.2007-0073
https://doi.org/10.1634/stemcells.2007-0073
https://doi.org/10.1016/j.cell.2010.12.032
https://doi.org/10.1016/j.cell.2010.12.032
https://doi.org/10.1038/s41563-020-00803-5
https://doi.org/10.1016/j.jhep.2019.09.028
https://doi.org/10.1038/nprot.2016.097
https://doi.org/10.1038/nm.4438
https://doi.org/10.1002/wdev.219
https://doi.org/10.1002/wdev.219
https://doi.org/10.1016/j.scr.2013.03.001
https://doi.org/10.1038/s41592-019-0586-5
https://doi.org/10.3390/cancers12123869
https://doi.org/10.1016/j.stem.2011.11.003
https://doi.org/10.1002/stem.2963
https://doi.org/10.1089/scd.2006.15.254
https://doi.org/10.1016/j.celrep.2016.12.016
https://doi.org/10.1016/j.celrep.2016.12.016
https://doi.org/10.1053/j.ajkd.2018.02.347
https://doi.org/10.1038/ncb3632
https://doi.org/10.1038/ncb3632
https://doi.org/10.1038/nbt.2329
https://doi.org/10.1038/nbt1107-1212b
https://doi.org/10.1387/ijdb.160274id
https://doi.org/10.1016/bs.ctdb.2018.12.012
https://doi.org/10.1038/s41568-018-0007-6
https://doi.org/10.1126/science.aao3130
https://doi.org/10.1126/science.aao3130
https://doi.org/10.1016/j.molmed.2017.02.007
https://doi.org/10.1016/j.molmed.2017.02.007
https://doi.org/10.1089/adt.2015.647
https://doi.org/10.1038/nature09941
https://doi.org/10.1016/j.stem.2008.09.002
https://doi.org/10.1038/nprot.2013.015
https://doi.org/10.1038/ncb3312
https://doi.org/10.1038/ncb3312
https://doi.org/10.18632/oncotarget.19965
https://doi.org/10.18632/oncotarget.19965
https://doi.org/10.1016/j.crvi.2004.05.006
https://doi.org/10.1016/j.crvi.2004.05.006
https://doi.org/10.1038/nmeth.4307
https://doi.org/10.1016/j.stem.2013.09.015
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lietal

To Better Generate Organoids

Freedman, B. S., Brooks, C. R., Lam, A. Q., Fu, H., Morizane, R., Agrawal, V.,
et al. (2015). Modelling kidney disease with CRISPR-mutant kidney organoids
derived from human pluripotent epiblast spheroids. Nat. Commun. 6:8715.

Garreta, E., Kamm, R. D., Chuva, de Sousa Lopes, S. M., Lancaster, M. A., Weiss,
R, et al. (2020). Rethinking organoid technology through bioengineering. Nat.
Mater. 20, 145-155. doi: 10.1038/s41563-020-00804-4

Gerecht-Nir, S., Osenberg, S., Nevo, O., Ziskind, A., Coleman, R., and Itskovitz-
Eldor, J. (2004). Vascular development in early human embryos and in
teratomas derived from human embryonic stem cells. Biol. Reprod. 71, 2029~
2036. doi: 10.1095/biolreprod.104.031930

Gertow, K., Przyborski, S., Loring, J. F., Auerbach, J. M., Epifano, O., Otonkoski,
T., et al. (2007). Isolation of human embryonic stem cell-derived teratomas for
the assessment of pluripotency. Curr. Protoc. Stem Cell Biol. 3, 1B.4.1-1B.4.29.
doi: 10.1002/9780470151808.sc01b04s3

Gertow, K., Wolbank, S., Rozell, B., Sugars, R., Anding, M., Parish, C. L,
et al. (2004). Organized development from human embryonic stem cells after
injection into immunodeficient mice. Stem Cells Dev. 13, 421-435. doi: 10.1089/
scd.2004.13.421

Gjorevski, N., Sachs, N., Manfrin, A., Giger, S., Bragina, M. E., Ordofiez-Morén,
P, etal. (2016). Designer matrices for intestinal stem cell and organoid culture.
Nature 539, 560-564. doi: 10.1038/nature20168

Green, J. B., and Sharpe, J. (2015). Positional information and reaction-diffusion:
two big ideas in developmental biology combine. Development 142, 1203-1211.
doi: 10.1242/dev.114991

Greggio, C., De Franceschi, F., Figueiredo-Larsen, M., Gobaa, S., Ranga, A.,
Semb, H., et al. (2013). Artificial three-dimensional niches deconstruct pancreas
development in vitro. Development 140, 4452-4462. doi: 10.1242/dev.09
6628

Gropp, M., Shilo, V., Vainer, G., Gov, M., Gil, Y., Khaner, H., et al. (2012).
Standardization of the teratoma assay for analysis of pluripotency of human
ES cells and biosafety of their differentiated progeny. PLoS One 7:¢45532. doi:
10.1371/journal.pone.0045532

Guenther, M. G., Frampton, G. M., Soldner, F., Hockemeyer, D., Mitalipova, M.,
Jaenisch, R., et al. (2010). Chromatin structure and gene expression programs
of human embryonic and induced pluripotent stem cells. Cell Stem Cell 7,
249-257. doi: 10.1016/j.stem.2010.06.015

Hagiwara, M., and Koh, I. (2020). Engineering approaches to control and design
the in vitro environment towards the reconstruction of organs. Dev. Growth
Differ. 62, 158-166. doi: 10.1111/dgd.12647

Heins, N., Englund, M. C,, Sjéblom, C., Dahl, U., Tonning, A., Bergh, C,, et al.
(2004). Derivation, characterization, and differentiation of human embryonic
stem cells. Stem Cells 22, 367-376. doi: 10.1634/stemcells.22-3-367

Hendriks, D., Clevers, H., and Artegiani, B. (2020). CRISPR-cas tools and their
application in genetic engineering of human stem cells and organoids. Cell Stem
Cell 27,705-731. doi: 10.1016/j.stem.2020.10.014

Hentze, H., Soong, P. L., Wang, S. T., Phillips, B. W., Putti, T. C., and Dunn,
N. R. (2009). Teratoma formation by human embryonic stem cells: evaluation
of essential parameters for future safety studies. Stem Cell Res. 2, 198-210.
doi: 10.1016/j.5¢r.2009.02.002

Hoffman, L. M., and Carpenter, M. K. (2005). Characterization and culture of
human embryonic stem cells. Nat. Biotechnol. 23, 699-708.

Homan, K. A., Gupta, N., Kroll, K. T., Kolesky, D. B., Skylar-Scott, M., Miyoshi,
T., et al. (2019). Flow-enhanced vascularization and maturation of kidney
organoids in vitro. Nat. Methods 16, 255-262. doi: 10.1038/s41592-019-
0325-y

Hong, Y. ., Kim, J. S., Choi, H. W., Song, H., Park, C., and Do, J. T. (2016). In vivo
generation of neural stem cells through teratoma formation. Stem Cells Dev. 25,
1311-1317. doi: 10.1089/scd.2016.0124

Huang, L., Holtzinger, A., Jagan, L, BeGora, M., Lohse, I, Ngai, N., et al
(2015). Ductal pancreatic cancer modeling and drug screening using human
pluripotent stem cell- and patient-derived tumor organoids. Nat. Med. 21,
1364-1371. doi: 10.1038/nm.3973

Huch, M., Gehart, H., van Boxtel, R., Hamer, K., Blokzijl, F., Verstegen, M. M.,
etal. (2015). Long-term culture of genome-stable bipotent stem cells from adult
human liver. Cell 160, 299-312. doi: 10.1016/j.cell.2014.11.050

Hultman, I, Bjork, L., Blomberg, E., Sandstedt, B., and Ahrlund-Richter, L. (2014).
Experimental teratoma: at the crossroad of fetal- and onco-development. Semin
Cancer Biol. 29, 75-79. doi: 10.1016/j.semcancer.2014.08.005

Itskovitz-Eldor, J., Schuldiner, M., Karsenti, D., Eden, A., Yanuka, O., Amit, M.,
et al. (2000). Differentiation of human embryonic stem cells into embryoid
bodies compromising the three embryonic germ layers. Mol Med. 6, 88-95.
doi: 10.1007/b£03401776

Kampmann, M. (2020). CRISPR-based functional genomics for neurological
disease. Nat. Rev. Neurol. 16, 465-480. doi: 10.1038/s41582-020-0373-z

Kaushik, G., Ponnusamy, M. P., and Batra, S. K. (2018). Concise review: current
status of three-dimensional organoids as preclinical models. Stem Cells 36,
1329-1340. doi: 10.1002/stem.2852

Kawamata, S., Kanemura, H., Sakai, N., Takahashi, M., and Go, M. J. (2015). Design
of a tumorigenicity test for induced pluripotent stem cell (iPSC)-derived cell
products. J. Clin. Med. 4, 159-171. doi: 10.3390/jcm4010159

Kim, J. S., Hong, Y. J., Choi, H. W., Song, H., Byun, S. J., and Do, J. T. (2017).
Generation of in vivo neural stem cells using partially reprogrammed cells
defective in in vitro differentiation potential. Oncotarget 8, 16456-16462. doi:
10.18632/oncotarget.14861

Kim, J., Koo, B. K., and Knoblich, J. A. (2020). Human organoids: model systems
for human biology and medicine. Nat. Rev. Mol. Cell Biol. 21, 571-584. doi:
10.1038/s41580-020-0259-3

Kim, K., Higashi, M., Fumino, S., and Tajiri, T. (2019). Derivation of neural stem
cells from human teratomas. Stem Cell Res. 41:101633. doi: 10.1016/j.scr.2019.
101633

Kim, K., Zhao, R., Doi, A., Ng, K., Unternaehrer, J., Cahan, P., et al. (2011).
Donor cell type can influence the epigenome and differentiation potential of
human induced pluripotent stem cells. Nat. Biotechnol. 29, 1117-1119. doi:
10.1038/nbt.2052

Knoepfler, P. S. (2009). Deconstructing stem cell tumorigenicity: a roadmap to safe
regenerative medicine. Stem Cells 27, 1050-1056. doi: 10.1002/stem.37

Koike, H., Iwasawa, K., Ouchi, R., Maezawa, M., Giesbrecht, K., Saiki, N., et al.
(2019). Modelling human hepato-biliary-pancreatic organogenesis from the
foregut-midgut boundary. Nature 574, 112-116. doi: 10.1038/s41586-019-
1598-0

Koledova, Z., and Lu, P. (2017). A 3D fibroblast-epithelium co-culture model for
understanding microenvironmental role in branching morphogenesis of the
mammary gland. Methods Mol. Biol. 1501, 217-231. doi: 10.1007/978-1-4939-
6475-8_10

Lancaster, M. A., and Knoblich, J. A. (2014a). Generation of cerebral organoids
from human pluripotent stem cells. Nat. Protoc. 9, 2329-2340.

Lancaster, M. A., and Knoblich, J. A. (2014b). Organogenesis in a dish: modeling
development and disease using organoid technologies. Science 345:1247125.
doi: 10.1126/science.1247125

Lancaster, M. A., Renner, M., Martin, C. A., Wenzel, D., Bicknell, L. S., Hurles,
M. E,, et al. (2013). Cerebral organoids model human brain development and
microcephaly. Nature 501, 373-379.

Lauss, M., Stary, M., Tischler, J., Egger, G., Puz, S., Bader-Allmer, A., et al.
(2005). Single inner cell masses yield embryonic stem cell lines differing in lifr
expression and their developmental potential. Biochem. Biophys. Res. Commun.
331, 1577-1586. doi: 10.1016/j.bbrc.2005.04.068

Lecaudey, V., Cakan-Akdogan, G., Norton, W. H., and Gilmour, D. (2008).
Dynamic Fgf signaling couples morphogenesis and migration in the zebrafish
lateral line primordium. Development 135, 2695-2705. doi: 10.1242/dev.025981

Lee, A. S, Tang, C., Cao, F,, Xie, X, van der Bogt, K., Hwang, A., et al. (2009).
Effects of cell number on teratoma formation by human embryonic stem cells.
Cell Cycle 8, 2608-2612. doi: 10.4161/cc.8.16.9353

Lee, W. ], Lee, J. E, Hong, Y. J., Yoon, S. H., Song, H., Park, C., et al. (2020).
Generation of brain organoids from mouse ESCs via teratoma formation. Stem
Cell Res. 49:102100. doi: 10.1016/j.scr.2020.102100

Lensch, M. W., Schlaeger, T. M., Zon, L. I, and Daley, G. Q. (2007). Teratoma
formation assays with human embryonic stem cells: a rationale for one type of
human-animal chimera. Cell Stem Cell 1, 253-258. doi: 10.1016/j.stem.2007.07.
019

Liang, G., and Zhang, Y. (2013). Embryonic stem cell and induced pluripotent stem
cell: an epigenetic perspective. Cell Res. 23, 49-69. doi: 10.1038/cr.2012.175

Lindborg, B. A., Brekke, J. H.,, Vegoe, A. L., Ulrich, C. B., Haider, K. T,
Subramaniam, S., et al. (2016). Rapid induction of cerebral organoids from
human induced pluripotent stem cells using a chemically defined hydrogel
and defined cell culture medium. Stem Cells Transl. Med. 5, 970-979. doi:
10.5966/sctm.2015-0305

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2021 | Volume 9 | Article 700482


https://doi.org/10.1038/s41563-020-00804-4
https://doi.org/10.1095/biolreprod.104.031930
https://doi.org/10.1002/9780470151808.sc01b04s3
https://doi.org/10.1089/scd.2004.13.421
https://doi.org/10.1089/scd.2004.13.421
https://doi.org/10.1038/nature20168
https://doi.org/10.1242/dev.114991
https://doi.org/10.1242/dev.096628
https://doi.org/10.1242/dev.096628
https://doi.org/10.1371/journal.pone.0045532
https://doi.org/10.1371/journal.pone.0045532
https://doi.org/10.1016/j.stem.2010.06.015
https://doi.org/10.1111/dgd.12647
https://doi.org/10.1634/stemcells.22-3-367
https://doi.org/10.1016/j.stem.2020.10.014
https://doi.org/10.1016/j.scr.2009.02.002
https://doi.org/10.1038/s41592-019-0325-y
https://doi.org/10.1038/s41592-019-0325-y
https://doi.org/10.1089/scd.2016.0124
https://doi.org/10.1038/nm.3973
https://doi.org/10.1016/j.cell.2014.11.050
https://doi.org/10.1016/j.semcancer.2014.08.005
https://doi.org/10.1007/bf03401776
https://doi.org/10.1038/s41582-020-0373-z
https://doi.org/10.1002/stem.2852
https://doi.org/10.3390/jcm4010159
https://doi.org/10.18632/oncotarget.14861
https://doi.org/10.18632/oncotarget.14861
https://doi.org/10.1038/s41580-020-0259-3
https://doi.org/10.1038/s41580-020-0259-3
https://doi.org/10.1016/j.scr.2019.101633
https://doi.org/10.1016/j.scr.2019.101633
https://doi.org/10.1038/nbt.2052
https://doi.org/10.1038/nbt.2052
https://doi.org/10.1002/stem.37
https://doi.org/10.1038/s41586-019-1598-0
https://doi.org/10.1038/s41586-019-1598-0
https://doi.org/10.1007/978-1-4939-6475-8_10
https://doi.org/10.1007/978-1-4939-6475-8_10
https://doi.org/10.1126/science.1247125
https://doi.org/10.1016/j.bbrc.2005.04.068
https://doi.org/10.1242/dev.025981
https://doi.org/10.4161/cc.8.16.9353
https://doi.org/10.1016/j.scr.2020.102100
https://doi.org/10.1016/j.stem.2007.07.019
https://doi.org/10.1016/j.stem.2007.07.019
https://doi.org/10.1038/cr.2012.175
https://doi.org/10.5966/sctm.2015-0305
https://doi.org/10.5966/sctm.2015-0305
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lietal

To Better Generate Organoids

Mansour, A. A., Gongalves, J. T., Bloyd, C. W, Li, H., Fernandes, S., Quang, D.,
et al. (2018). An in vivo model of functional and vascularized human brain
organoids. Nat. Biotechnol. 36, 432-441. doi: 10.1038/nbt.4127

Martin, U. (2015). Pluripotent stem cells for disease modeling and drug screening:
new perspectives for treatment of cystic fibrosis? Mol. Cell Pediatr. 2:15.

McCracken, K. W., Cata, E. M., Crawford, C. M., Sinagoga, K. L., Schumacher,
M., Rockich, B. E,, et al. (2014). Modelling human development and disease in
pluripotent stem-cell-derived gastric organoids. Nature 516, 400-404.

McDonald, D., Wu, Y., Dailamy, A., Tat, J., Parekh, U., Zhao, D., et al. (2020).
Defining the teratoma as a model for multi-lineage human development. Cell
183, 1402-1419 e1418.

Menendez, P., Bueno, C., and Wang, L. (2006). Human embryonic stem cells:
a journey beyond cell replacement therapies. Cytotherapy 8, 530-541. doi:
10.1080/14653240601026654

Morgani, S., Nichols, J., and Hadjantonakis, A. K. (2017). The many faces of
Pluripotency: in vitro adaptations of a continuum of in vivo states. BVMC Dev.
Biol. 17:7.

Miiller, F. J., Goldmann, J., Loser, P., and Loring, J. F. (2010). A call to standardize
teratoma assays used to define human pluripotent cell lines. Cell Stem Cell 6,
412-414. doi: 10.1016/j.stem.2010.04.009

Nakano, T., Ando, S., Takata, N., Kawada, M., Muguruma, K., Sekiguchi, K., et al.
(2012). Self-formation of optic cups and storable stratified neural retina from
human ESCs. Cell Stem Cell 10, 771-785. doi: 10.1016/j.stem.2012.05.009

Neal, J. T., Li, X,, Zhu, J., Giangarra, V., Grzeskowiak, C. L., Ju, J., et al. (2018).
Organoid modeling of the tumor immune microenvironment. Cell 175, 1972-
1988.e1916.

Newman, A. M., and Cooper, J. B. (2010). Lab-specific gene expression signatures
in pluripotent stem cells. Cell Stem Cell 7, 258-262. doi: 10.1016/j.stem.2010.
06.016

Nielsen, M. F., Mortensen, M. B., and Detlefsen, S. (2016). Key players in
pancreatic cancer-stroma interaction: Cancer-associated fibroblasts, endothelial
and inflammatory cells. World J. Gastroenterol. 22, 2678-2700. doi: 10.3748/
Wjg.v22.i9.2678

Nozaki, K., Mochizuki, W., Matsumoto, Y., Matsumoto, T., Fukuda, M., Mizutani,
T., et al. (2016). Co-culture with intestinal epithelial organoids allows efficient
expansion and motility analysis of intraepithelial lymphocytes. J. Gastroenterol.
51, 206-213. doi: 10.1007/s00535-016-1170-8

Ohi, Y., Qin, H., Hong, C., Blouin, L., Polo, ]. M., Guo, T., et al. (2011). Incomplete
DNA methylation underlies a transcriptional memory of somatic cells in human
iPS cells. Nat. Cell Biol. 13, 541-549. doi: 10.1038/ncb2239

Otsuki, L., and Brand, A. H. (2017). The vasculature as a neural stem cell niche.
Neurobiol. Dis. 107, 4-14. doi: 10.1016/j.nbd.2017.01.010

Pasteuning-Vuhman, S., de Jongh, R, Timmers, A., and Pasterkamp, R. J. (2020).
Towards advanced iPSC-based drug development for neurodegenerative
disease. Trends Mol. Med. 27, 263-279. doi: 10.1016/j.molmed.2020.09.013

Peterson, S. E., Tran, H. T., Garitaonandia, L., Han, S., Nickey, K. S., Leonardo, T.,
etal. (2011). Teratoma generation in the testis capsule. J. Vis. Exp. 57:3177.

Phelan, M. A., Gianforcaro, A. L., Gerstenhaber, J. A., and Lelkes, P. 1. (2019). An air
bubble-isolating rotating wall vessel bioreactor for improved spheroid/organoid
formation. Tissue Eng. Part C Methods 25, 479-488. doi: 10.1089/ten.tec.2019.
0088

Philipp, F., Selich, A., Rothe, M., Hoffmann, D., Rittinghausen, S., Morgan, M. A,
et al. (2018). Human teratoma-derived hematopoiesis is a highly polyclonal
process supported by human umbilical vein endothelial cells. Stem Cell Rep. 11,
1051-1060. doi: 10.1016/j.stemcr.2018.09.010

Prokhorova, T. A., Harkness, L. M., Frandsen, U., Ditzel, N., Schreder, H. D,,
Burns, J. S., et al. (2009). Teratoma formation by human embryonic stem cells
is site dependent and enhanced by the presence of Matrigel. Stem Cells Dev. 18,
47-54. doi: 10.1089/sc¢d.2007.0266

Qian, X., Nguyen, H. N., Song, M. M., Hadiono, C., Ogden, S. C., Hammack,
C., et al. (2016). Brain-region-specific organoids using mini-bioreactors for
modeling ZIKV exposure. Cell 165, 1238-1254. doi: 10.1016/j.cell.2016.04.032

Reubinoff, B. E., Pera, M. F., Fong, C. Y., Trounson, A., and Bongso, A. (2000).
Embryonic stem cell lines from human blastocysts: somatic differentiation
in vitro. Nat. Biotechnol. 18, 399-404. doi: 10.1038/74447

Risau, W. (1997). Mechanisms of angiogenesis. Nature 386, 671-674.

Risau, W., and Flamme, L. (1995). Vasculogenesis. Annu. Rev. Cell Dev. Biol. 11,
73-91.

Rookmaaker, M. B., Schutgens, F., Verhaar, M. C., and Clevers, H. (2015).
Development and application of human adult stem or progenitor cell organoids.
Nat. Rev. Nephrol. 11, 546-554. doi: 10.1038/nrneph.2015.118

Rossi, G., Manfrin, A., and Lutolf, M. P. (2018). Progress and potential in organoid
research. Nat. Rev. Genet. 19, 671-687. doi: 10.1038/s41576-018-0051-9

Ruhrberg, C., Gerhardt, H., Golding, M., Watson, R., Ioannidou, S., Fujisawa,
H., et al. (2002). Spatially restricted patterning cues provided by heparin-
binding VEGF-A control blood vessel branching morphogenesis. Genes Dev.
16, 2684-2698. doi: 10.1101/gad.242002

Salama, N. R., Hartung, M. L., and Miiller, A. (2013). Life in the human stomach:
persistence strategies of the bacterial pathogen Helicobacter pylori. Nat. Rev.
Microbiol. 11, 385-399. doi: 10.1038/nrmicro3016

Sampaziotis, F., de Brito, M. C., Madrigal, P., Bertero, A., Saeb-Parsy, K., Soares,
F. A. C, etal. (2015). Cholangiocytes derived from human induced pluripotent
stem cells for disease modeling and drug validation. Nat. Biotechnol. 33, 845-
852.

Sasai, Y. (2013). Cytosystems dynamics in self-organization of tissue architecture.
Nature 493, 318-326. doi: 10.1038/nature11859

Sato, T., Stange, D. E., Ferrante, M., Vries, R. G., Van Es, ]. H., Van den Brink,
S., et al. (2011). Long-term expansion of epithelial organoids from human
colon, adenoma, adenocarcinoma, and Barrett’s epithelium. Gastroenterology
141, 1762-1772. doi: 10.1053/j.gastro.2011.07.050

Sato, T., Vries, R. G., Snippert, H. J., van de Wetering, M., Barker, N., Stange, D. E.,
etal. (2009). Single Lgr5 stem cells build crypt-villus structures in vitro without
a mesenchymal niche. Nature 459, 262-265. doi: 10.1038/nature07935

Schutgens, F., and Clevers, H. (2020). Human organoids: tools for understanding
biology and treating diseases. Annu. Rev. Pathol. 15, 211-234. doi: 10.1146/
annurev- pathmechdis-012419-032611

Semenza, G. L. (2007). Vasculogenesis, angiogenesis, and arteriogenesis:
mechanisms of blood vessel formation and remodeling. J. Cell. Biochem.
102, 840-847. doi: 10.1002/jcb.21523

Shi, Y., Sun, L., Wang, M., Liu, J., Zhong, S., Li, R., et al. (2020). Vascularized human
cortical organoids (vOrganoids) model cortical development in vivo. PLoS Biol.
18:€3000705. doi: 10.1371/journal.pbio.3000705

Shih, C. C.,, Forman, S. J., Chu, P., and Slovak, M. (2007). Human embryonic
stem cells are prone to generate primitive, undifferentiated tumors in engrafted
human fetal tissues in severe combined immunodeficient mice. Stem Cells Dev.
16, 893-902. doi: 10.1089/s¢d.2007.0070

Shirai, H., Mandai, M., Matsushita, K., Kuwahara, A., Yonemura, S., Nakano, T,
et al. (2016). Transplantation of human embryonic stem cell-derived retinal
tissue in two primate models of retinal degeneration. Proc. Natl. Acad. Sci.
U.S. A. 113, E81-E90.

Singh, V. K., Saini, A., Kalsan, M., Kumar, N., and Chandra, R. (2016). Describing
the stem cell potency: the various methods of functional assessment and in silico
diagnostics. Front. Cell Dev. Biol. 4:134.

Skottman, H., Mikkola, M., Lundin, K., Olsson, C., Strémberg, A. M., Tuuri, T.,
et al. (2005). Gene expression signatures of seven individual human embryonic
stem cell lines. Stem Cells 23, 1343-1356. doi: 10.1634/stemcells.2004-
0341

Spence, J. R.,, Mayhew, C. N., Rankin, S. A., Kuhar, M. F., Vallance, J. E., Tolle,
K., et al. (2011). Directed differentiation of human pluripotent stem cells into
intestinal tissue in vitro. Nature 470, 105-109.

Stachelscheid, H., Wulf-Goldenberg, A., Eckert, K., Jensen, J., Edsbagge, J.,
Bjorquist, P., et al. (2013). Teratoma formation of human embryonic stem cells
in three-dimensional perfusion culture bioreactors. J. Tissue Eng. Regen. Med. 7,
729-741. doi: 10.1002/term.1467

Suzuki, N., Yamazaki, S., Yamaguchi, T., Okabe, M., Masaki, H., Takaki, S.,
et al. (2013). Generation of engraftable hematopoietic stem cells from induced
pluripotent stem cells by way of teratoma formation. Mol. Ther. 21, 1424-1431.
doi: 10.1038/mt.2013.71

Taguchi, A., Kaku, Y., Ohmori, T., Sharmin, S., Ogawa, M., Sasaki, H., et al. (2014).
Redefining the in vivo origin of metanephric nephron progenitors enables
generation of complex kidney structures from pluripotent stem cells. Cell Stem
Cell 14, 53-67. doi: 10.1016/j.stem.2013.11.010

Takasato, M., Er, P. X., Becroft, M., Vanslambrouck, J. M., Stanley, E. G., Elefanty,
A. G, et al. (2014). Directing human embryonic stem cell differentiation
towards a renal lineage generates a self-organizing kidney. Nat. Cell Biol. 16,
118-126. doi: 10.1038/ncb2894

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2021 | Volume 9 | Article 700482


https://doi.org/10.1038/nbt.4127
https://doi.org/10.1080/14653240601026654
https://doi.org/10.1080/14653240601026654
https://doi.org/10.1016/j.stem.2010.04.009
https://doi.org/10.1016/j.stem.2012.05.009
https://doi.org/10.1016/j.stem.2010.06.016
https://doi.org/10.1016/j.stem.2010.06.016
https://doi.org/10.3748/wjg.v22.i9.2678
https://doi.org/10.3748/wjg.v22.i9.2678
https://doi.org/10.1007/s00535-016-1170-8
https://doi.org/10.1038/ncb2239
https://doi.org/10.1016/j.nbd.2017.01.010
https://doi.org/10.1016/j.molmed.2020.09.013
https://doi.org/10.1089/ten.tec.2019.0088
https://doi.org/10.1089/ten.tec.2019.0088
https://doi.org/10.1016/j.stemcr.2018.09.010
https://doi.org/10.1089/scd.2007.0266
https://doi.org/10.1016/j.cell.2016.04.032
https://doi.org/10.1038/74447
https://doi.org/10.1038/nrneph.2015.118
https://doi.org/10.1038/s41576-018-0051-9
https://doi.org/10.1101/gad.242002
https://doi.org/10.1038/nrmicro3016
https://doi.org/10.1038/nature11859
https://doi.org/10.1053/j.gastro.2011.07.050
https://doi.org/10.1038/nature07935
https://doi.org/10.1146/annurev-pathmechdis-012419-032611
https://doi.org/10.1146/annurev-pathmechdis-012419-032611
https://doi.org/10.1002/jcb.21523
https://doi.org/10.1371/journal.pbio.3000705
https://doi.org/10.1089/scd.2007.0070
https://doi.org/10.1634/stemcells.2004-0341
https://doi.org/10.1634/stemcells.2004-0341
https://doi.org/10.1002/term.1467
https://doi.org/10.1038/mt.2013.71
https://doi.org/10.1016/j.stem.2013.11.010
https://doi.org/10.1038/ncb2894
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Lietal

To Better Generate Organoids

Takasato, M., Er, P. X,, Chiu, H. S., Maier, B., Baillie, G. J., Ferguson, C., et al. (2016).
Kidney organoids from human iPS$ cells contain multiple lineages and model
human nephrogenesis. Nature 536:238. doi: 10.1038/nature17982

Takebe, T., Enomura, M., Yoshizawa, E., Kimura, M., Koike, H., Ueno, Y.,
et al. (2015). Vascularized and complex organ buds from diverse tissues via
mesenchymal cell-driven condensation. Cell Stem Cell 16, 556-565. doi: 10.
1016/j.stem.2015.03.004

Takebe, T., Sekine, K., Enomura, M., Koike, H., Kimura, M., Ogaeri, T., et al.
(2013). Vascularized and functional human liver from an iPSC-derived organ
bud transplant. Nature 499, 481-484. doi: 10.1038/nature12271

Takebe, T., Zhang, B., and Radisic, M. (2017). Synergistic engineering: organoids
meet organs-on-a-chip. Cell Stem Cell 21, 297-300. doi: 10.1016/j.stem.2017.
08.016

Teriyapirom, ., Batista-Rocha, A. S., and Koo, B. K. (2021). Genetic engineering in
organoids. J. Mol. Med. 99, 555-568. doi: 10.1007/s00109-020-02029-z

Thomson, J. A., Ttskovitz-Eldor, J., Shapiro, S. S., Waknitz, M. A., Swiergiel,
J. J., Marshall, V. S, et al. (1998). Embryonic stem cell lines derived from
human blastocysts. Science 282, 1145-1147. doi: 10.1126/science.282.5391.
1145

Turner, D. A., Baillie-Johnson, P., and Martinez Arias, A. (2016). Organoids and
the genetically encoded self-assembly of embryonic stem cells. Bioessays 38,
181-191. doi: 10.1002/bies.201500111

Tzukerman, M., Rosenberg, T., Ravel, Y., Reiter, I., Coleman, R., and Skorecki,
K. (2003). An experimental platform for studying growth and invasiveness
of tumor cells within teratomas derived from human embryonic stem cells.
Proc. Natl. Acad. Sci. U. S. A. 100, 13507-13512. doi: 10.1073/pnas.22355
51100

Valbuena, D., Galan, A., Sanchez, E., Poo, M. E., Gémez, E., Sanchez-Luengo,
S., et al. (2006). Derivation and characterization of three new Spanish human
embryonic stem cell lines (VAL -3 -4 -5) on human feeder and in serum-free
conditions. Reprod. Biomed. Online 13, 875-886. doi: 10.1016/s1472-6483(10)
61038-3

van de Wetering, M., Francies, H. E., Francis, J. M., Bounova, G., Iorio, F.,
Pronk, A., et al. (2015). Prospective derivation of a living organoid biobank of
colorectal cancer patients. Cell 161, 933-945. doi: 10.1016/j.cell.2015.03.053

van den Berg, C. W,, Ritsma, L., Avramut, M. C., Wiersma, L. E., van den
Berg, B. M., Leuning, D. G,, et al. (2018). Renal subcapsular transplantation
of PSC-derived kidney organoids induces neo-vasculogenesis and significant
glomerular and tubular maturation in vivo. Stem Cell Rep. 10, 751-765. doi:
10.1016/j.stemcr.2018.01.041

Vatine, G. D., Barrile, R, Workman, M. J., Sances, S., Barriga, B. K., Rahnama,
M., etal. (2019). Human iPSC-derived blood-brain barrier chips enable disease
modeling and personalized medicine applications. Cell Stem Cell 24, 995-
1005.e1006.

Velasco, S., Kedaigle, A. J., Simmons, S. K., Nash, A., Rocha, M., Quadrato, G.,
et al. (2019). Individual brain organoids reproducibly form cell diversity of
the human cerebral cortex. Nature 570, 523-527. doi: 10.1038/s41586-019-
1289-x

Wakitani, S., Takaoka, K., Hattori, T., Miyazawa, N., Iwanaga, T., Takeda, S.,
et al. (2003). Embryonic stem cells injected into the mouse knee joint form
teratomas and subsequently destroy the joint. Rheumatology 42, 162-165. doi:
10.1093/rheumatology/keg024

Walsh, A. J., Cook, R. S., Sanders, M. E., Arteaga, C. L., and Skala, M. C. (2016).
Drug response in organoids generated from frozen primary tumor tissues. Sci.
Rep. 6:18889.

Wang, S., Poli, S., Liang, X., and Peng, G. H. (2021). Longitudinal single-cell RNA-
seq of hESCs-derived retinal organoids. Sci. China Life Sci. doi: 10.1007/s11427-
020-1836-1837 Online ahead of print.

Wang, Y., Gunasekara, D. B., Reed, M. I, DiSalvo, M., Bultman, S. J., Sims, C. E.,
et al. (2017). A microengineered collagen scaffold for generating a polarized
crypt-villus architecture of human small intestinal epithelium. Biomaterials 128,
44-55. doi: 10.1016/j.biomaterials.2017.03.005

Watanabe, K., Kamiya, D., Nishiyama, A., Katayama, T., Nozaki, S., Kawasaki,
H., et al. (2005). Directed differentiation of telencephalic precursors from
embryonic stem cells. Nat. Neurosci. 8, 288-296.

Watson, C. L., Mahe, M. M., Munera, J., Howell, J. C., Sundaram, N., Poling, H. M.,
etal. (2014). An in vivo model of human small intestine using pluripotent stem
cells. Nat Med. 20, 1310-1314.

Wernig, M., Meissner, A., Foreman, R., Brambrink, T., Ku, M., Hochedlinger,
K., et al. (2007). In vitro reprogramming of fibroblasts into a pluripotent
ES-cell-like state. Nature 448, 318-324. doi: 10.1038/nature05944

Whitesides, G. M., and Grzybowski, B. (2002). Self-assembly at all scales. Science
295, 2418-2421. doi: 10.1126/science.1070821

Wimmer, R. A., Leopoldi, A., Aichinger, M., Wick, N., Hantusch, B., Novatchkova,
M., et al. (2019). Human blood vessel organoids as a model of diabetic
vasculopathy. Nature 565, 505-510. doi: 10.1038/s41586-018-0858-8

Wu, H., Uchimura, K., Donnelly, E. L., Kirita, Y., Morris, S. A., and Humphreys,
B. D. (2018). Comparative analysis and refinement of human PSC-derived
kidney organoid differentiation with single-cell transcriptomics. Cell Stem Cell
23, 869-881.e868.

Yamanaka, S. (2020). Pluripotent stem cell-based cell therapy-promise and
challenges. Cell Stem Cell 27, 523-531. doi: 10.1016/j.stem.2020.09.014

Zhang, C., Zhao, Z., Abdul Rahim, N. A., van Noort, D., and Yu, H. (2009).
Towards a human-on-chip: culturing multiple cell types on a chip with
compartmentalized microenvironments. Lab Chip. 9, 3185-3192. doi: 10.1039/
b915147h

Zheng, C. X,, Sui, B. D, Hu, C. H,, Qiu, X. Y., Zhao, P, and Jin, Y. (2018).
Reconstruction of structure and function in tissue engineering of solid organs:
toward simulation of natural development based on decellularization. J. Tissue
Eng. Regen. Med. 12, 1432-1447. doi: 10.1002/term.2676

Zou, T., Gao, L., Zeng, Y., Li, Q,, Li, Y., and Chen, S. (2019). Organoid-derived
C-Kit(+)/SSEA4(-) human retinal progenitor cells promote a protective retinal
microenvironment during transplantation in rodents. Nat Commun. 10:1205.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Li, Gao, Du, Ma, Ye and Li. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

15

July 2021 | Volume 9 | Article 700482


https://doi.org/10.1038/nature17982
https://doi.org/10.1016/j.stem.2015.03.004
https://doi.org/10.1016/j.stem.2015.03.004
https://doi.org/10.1038/nature12271
https://doi.org/10.1016/j.stem.2017.08.016
https://doi.org/10.1016/j.stem.2017.08.016
https://doi.org/10.1007/s00109-020-02029-z
https://doi.org/10.1126/science.282.5391.1145
https://doi.org/10.1126/science.282.5391.1145
https://doi.org/10.1002/bies.201500111
https://doi.org/10.1073/pnas.2235551100
https://doi.org/10.1073/pnas.2235551100
https://doi.org/10.1016/s1472-6483(10)61038-3
https://doi.org/10.1016/s1472-6483(10)61038-3
https://doi.org/10.1016/j.cell.2015.03.053
https://doi.org/10.1016/j.stemcr.2018.01.041
https://doi.org/10.1016/j.stemcr.2018.01.041
https://doi.org/10.1038/s41586-019-1289-x
https://doi.org/10.1038/s41586-019-1289-x
https://doi.org/10.1093/rheumatology/keg024
https://doi.org/10.1093/rheumatology/keg024
https://doi.org/10.1007/s11427-020-1836-1837
https://doi.org/10.1007/s11427-020-1836-1837
https://doi.org/10.1016/j.biomaterials.2017.03.005
https://doi.org/10.1038/nature05944
https://doi.org/10.1126/science.1070821
https://doi.org/10.1038/s41586-018-0858-8
https://doi.org/10.1016/j.stem.2020.09.014
https://doi.org/10.1039/b915147h
https://doi.org/10.1039/b915147h
https://doi.org/10.1002/term.2676
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	To Better Generate Organoids, What Can We Learn From Teratomas?
	Introduction
	ORGANOIDS: a Better in vitro Model
	Generating Organoids
	Self-Organization of Organoids
	The 3D Culture Microenvironment
	Endogenous and Exogenous Signals
	Starting Cell Type of Organoids

	Applications of Current Organoids
	Development and Disease Modeling
	Drug Screening and Precision Therapy
	Regenerative Medicine

	Limitations of Current Organoids
	Heterogeneity
	Non-vascularization
	Lack of Native Microenvironment
	Other Limitations


	Teratomas: a Emerging in vivo Model
	General Characteristics of Teratomas
	Applications of Teratomas
	Tumorigenicity and Pluripotent Assay
	Development and Disease Modeling
	Tissue Engineering

	Limitations of Current Teratomas

	Lessons Form Teraomtas to Better Generate Organoids
	Inducing the Formation of Embryoid-Body-Like Aggregates
	Differentiating Into Specific Lineages
	Promoting Vascularization
	Shortening the Culture Period

	Conclusion and Future Perspectives
	Author Contributions
	Funding
	References


