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Abstract

Organoids are three-dimensional structures self-organized from human pluripotent stem cells or
primary tissue, potentially serving as a traceable and manipulatable platform to facilitate our
understanding of organogenesis. Despite the ongoing advancement in generating organoids of
diverse systems, biological applications of /in7 vitro generated organoids remain major challenge in
part due to a substantial lack of intricate complexity. The studies of development and regeneration
enumerate the essential roles of highly diversified non-epithelial populations such as mesenchyme
and endothelium in directing fate specification, morphogenesis and maturation. Furthermore,
organoids with physiological and homeostatic functions require direct and indirect inter-organ
crosstalk that is seen in organogenesis. We herein review the evolving organoid technology at cell,
tissue, organ, and system level with a main emphasis on endoderm-derivatives.
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INTRODUCTION

Organogenesis is a robust and complex developmental process of organs, conserved across
species. The process has long been studied using embryos of zebrafish, xenopus, chicks and
rodents, whereas tension exists around the use of human embryos and fetuses as a research
tool in development due to the ongoing ethical debates. Alternatively, the discovery of
human pluripotent stem cells (hPSCs), including both embryonic stem cells [1] and induced
pluripotent stem cells [2] paved a way for developmental biology research, enabling the
study of human organogenesis /7 vitro.

Organoids are three-dimensional (3D) structures self-organized through cell-cell and cell-
matrix interactions either from stem cells or adult tissue. In comparison to two-dimensional
(2D) monolayer cultures that result in altered gene and protein expressions [3], organoids
recapitulate some level of the tissue structure and function [4,5]. Over the past decade,
generation of organoids have been tackled mainly by controlling the signaling pathways
with small molecules or recombinant proteins, utilizing the molecular principles governing
organogenesis. However, rapid advancement in genomics and transcriptomics at single cell
level elucidated numerous inter-cellular and inter-tissue interactions through the direct or
indirect activation of essential signaling pathways mediating specification, proliferation and
maturation. Organoids are further challenged by a substantial lack of additional complexity,
for example, the incorporation of the excretory pathways and exocrine/endocrine regulations

Curr Opin Cell Biol. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

lwasawa and Takebe

Page 3

(Figl). In the past few years, exploration of organ-specific mesenchyme and neighboring
organ communications are providing new possibilities to the field. Here we discuss
frontiers of /n vitro organogenesis, focusing on the non-cell autonomous reactions and the
hierarchical sub-structures of the human body at multiple dimensions (Fig2).

1. Inter-cellular scale organogenesis in a dish.

Endoderm-derived primordial gut is the key source of epithelial cells in respiratory,
endocrine and digestive systems including the hepato-biliary-pancreatic (HBP) organs. The
two other germ layers, ectoderm and mesoderm also take a part in directing endoderm
organogenesis. Epithelial organoids are one prominent example consisting a layer of organ-
specific epithelial cells that possess apical-basal polarity induced by the extra-cellular
matrix protein[6]. These epithelial organoids can be generated by self-organization of hPSC
differentiated cells or from adult stem cells from extracted adult tissues (e.qg., liver [7]
pancreas [8], intestine[9] and bile duct [10,11]). Because of inherent simplicity, protocols
tend to be robust and reproducible, thus encompassing diverse biomedical applications
including disease modeling and precision screening [12].

In the liver, hepatocytes and cholangiocytes are the two main epithelial components both
differentiated from hepatoblasts. The differentiation of hepatoblasts into cholangiocytes
begins at around E13 of mouse development, initially forming a double epithelial layer
called the ductal plate around the portal vein. The intrahepatic bile duct (IHBD) is formed
from the focal dilations of these epithelial layers, surrounded by the portal mesenchyme.
Hepatocytes are epithelialized around E17 in mice aligned by the liver sinusoidal endothelial
cells (LSEC) on the basal side and by bile canaliculi on the apical side. Recent advances in
inter-cellular scale hepatic organoids are hepatobiliary organoids that contain a mixture of
hepatocytes and cholangiocytes [13,14], enabling long-term survival [13] and the formation
of bile canaliculi-like network to model cholestatic diseases [14] (Fig 1). Hepatocytes are
divided by localization and function into three different zones, zonel (periportal) to zone3
(pericentral) controlled by WNT signaling from neighboring LSECs. Additional findings
relating to the regulation and zonal characteristics within the liver have been reported by
incorporating single cell RNA-sequencing [15] and /n vivo models [16,17]. Attempts to
produce zonal hepatocytes /n vitro are using an oxygen gradient in a microscale device
[18,19] or genetically engineered cells with inducible WNT signaling [20]. Shinozawa et al.
have recently established liver organoids containing cholangiocytes and both pericentral and
periportal hepatocytes [12].Thus, inter-cellular scale organoid harbors polarized epithelial
cell types serving as a powerful tool to investigate epithelial health and disease due to its
relative simplicity (Fig 2, bottom).

3. Inter-tissue scale organogenesis in a dish.

An inter-tissue scale organoid contains multiple tissue types such includes epithelial,
connective, hematopoietic, neural and muscular tissues, which function together as a unit
to component for organogenesis (Fig2). For instance, the role oforgan-specific endothelial
cells has long been discussed in promoting liver[21] and pancreatic organogenesis [22],
further characterized by advanced analysis like SCRNAseq [23], genome-wide expression,
and CpG methylation profiling [24].
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The epithelial-mesenchymal interaction is an progressively studied context in development
and regeneration [25,26] (Fig3). Underneath epithelium, mesenchyme is matile, lacking
tight intracellular adhesions and maintaining surrounding extracellular matrices [26].
Although functional and structural divergence across organs have been an ongoing topic

of investigation, recent studies have identified spatial and genetic differences with an organ-
specific regional identity [27,28]. Han et al. identified the emergence of organ-specific
mesenchyme as early as E8.5 to E9.5 in mouse embryos by utilizing single-cell RNA-
sequencing (ScCRNAseq). There are 17 definable mesenchymal sub-clusters at E9.5 just

in the foregut region, including transcription factor signatures enriched explicitly in a
neighboring organ-specific manner [27] (Fig4a). Mesenchyme provides paracrine signals for
differentiation and maturation like Neuregulin 1 (NRG1) in intestine, a protein that induced
cellular diversity validated in enteroid cultures [28] and Wnt for trachea specification

[29]. Additional mesenchymal roles involves morphogenetic induction, for example, by
promoting medial constriction between the trachea and esophagus [30] (Fig 4b).

Mesenchyme and endothelial cells (ECs) are also inevitable components in the early
development of the liver, when the invaginated hepatoblasts delaminate into the adjacent
septum transversum mesenchyme (STM) induced by the endothelial cells aligned between
them around E9.5 (Fig 4c). To recapitulate the intricate niche for the development and
maturation of the liver, Takebe et al. have generated organoids including mesenchymal stem
cells and human umbilical vein endothelial cells (HUVECS) in addition to hepatocytes [31]
later produced solely from hPSCs [32]. Since STM is also known to be the progenitors

of hepatic stellate cells [33], a differentiation protocol with mesenchymal co-differentiation
included hepatic stellate-like cells to recapitulate the inflammatory and fibrotic responses
in steatohepatitis models [34]. (Fig 1). Organ-specific ECs in the liver, namely, liver
sinusoidal endothelial cells (LSECs) are characterized with the presence of fenestrae.
Gata4 was identified as one of the transcriptomic determinants for LSECs [35,36], which
resulted in liver hypoplasia in Gata4 knock-out LSECs [36], indicating that organ-specific
characterization of the ECs to LSECs contribute to liver development. Multiple STM
[27,32,37,38] and LSEC [38-41] differentiation protocols have been established using
hPSCs recently, facilitating maturation and better survival of cells in organoids .

The neuronal innervation in the liver is another field with increasing attention. It has

been shown that the intrahepatic bile ducts (IHBD) guides the intrahepatic nerve network
development [42], which are dominantly sympathetic nerves [43]. They contribute to
regeneration [42], regulates the phagocytic activity in resident macrophages [44], and

are damaged by metabolic stress [43]. It was also shown that the hepatic vagal sensory
afferent nerves indirectly sense the gut microenvironment to maintain the peripheral
regulatory T cells [45]. Interestingly, an inter-tissue scale organoid by Guye et al. included
co-differentiating neuronal niche within their liver organoid [46]. Although the neuronal
tissue addition remains largely unexplored in the liver, further investigation of regulatory
signals will be required to self-organize innervated liver organoids.
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4. Inter-organ scale organogenesis in a dish

Anatomically related organs are essential to make up a tract (e.g., digestive, respiratory,
urinary, musculoskeletal). The inter-organ connections are critical components in a system
that refine the function (e.g., hormone regulations between the hypothalamus and pituitary)
and prolong the survival by incorporating the excretory tract of toxic substances (e.g.,
ureter that excretes urine from the kidney). Thus far, inter-organ scale organoid has just
recently began explored to attain such interconnections. Suga et al. were the forerunners

in establishing inter-organ scale organoids generating an organoid with both hypothalamus
and pituitary-like structures [47], allowing /n vitro modeling of hypothalamic regulation on
congenital pituitary hypoplasia [48]. Attempts to produce kidney and ureter were studied
by combining two different progenitors, the ureteric bud and the mesenchymal nephron
progenitors, resulting in architectures resembling nephrons and interconnected ureteric
epithelium. [49-51]. Koike et al. established an inter-organ scale organoid of HBP domains
that possess inter-connections to duodenum-like structures (Fig2) [52]. In this model, the
HBP domains emerged spontaneously without extrinsic factors from the boundary of the
hPSC derived foregut-midgut spheroids resulting in four organ domains to co-develop in
parallel. The specification of HBP was induced by endogenous activation of the retinoic acid
(RA) pathway, promoted by the co-developing mesenchyme [52].

Future biomedical application includes the modeling of diseases affecting inter-organ
connection that warrants mechanistic and therapeutic investigation. For example, Hes family
bHLH transcription factor 1 (HES1) is a known transcription factor that regulate pancreato-
biliary segregation, and the Hes1-knockout mice result in conversion of the biliary system to
pancreatic cells [53]. This phenotype was recapitulated in the HES1 knockout hPSC derived
HBP organoids with less ductal tissue and more pancreatic structures. Thus, inter-organ
scale organoids serve as a platform to emulate abnormal organogenesis amenable for genetic
and pharmacological manipulation, otherwise inaccessible.

5. Inter-system scale organogenesis in a dish

Organ systems present in our body involve the circulatory, respiratory, musculoskeletal,
digestive, integumentary, endocrine, reproductive, and nervous systems. Inter-system scale
organoids incorporate orchestrations occurring across multiple systems. Examples of inter-
system scale interactions include; Gut-Liver-Brain-axis, an effect on liver and brain via the
increased permeability of the gut [54], thyroid hormone regulation of metabolic homeostasis
in the liver [55], growth hormone induced insulin-like growth factor synthesis in the liver
that regulate the insulin resistance [56], and kernicterus, a neurological disorder induced

by hyperbilirubinemia [57]. /n vitro cell, tissue and organoid based modeling efforts are
limited at this point but begun explored. Studies are emerging with the use of biomedical
devices such as organs/body-on-chip, thereby connecting preformed tissue constructs for the
study of pathophysiology. However, given that each organ systems are established earlier

in development, predominantly 15t trimester, future studies will be needed to understand

the essential and non-essential roles of such system-scale interactions in realizing targeted
organogenesis in a dish.
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Interestingly, human heart forming organoids (HFOs) by Drakhlis et al. modeling the

early development of the heart, contained endocardial-like cells surrounded by septum
transversum mesenchyme-like structures, and co-differentiating anterior and posterior
foregut endoderm tissues [58]. The posterior foregut endoderm population expressed
albumin and alfa-fetoprotein (AFP) suggesting its differentiation to hepatoblasts. This model
illuminates how the cardiovascular and digestive systems develops synchronously (Fig 2).
Additionally, recently established blastoids, a blastocyst-like structure derived from hPSCs
[59] or gastruloids, 3D multicellular aggregates that differentiate to form derivatives of the
three germ layers organized spatiotemporally [60] might be a starting tool to infer essential
inter-system communications, resulting in the methods to induce selective organogenesis in
a dish.

Conclusion and perspectives

Organogenesis involves multiple inter-cellular, -tissue, -organ, and -system interactions to
generate the robust and complex function of each organ. Although the technologies and
knowledge of organoid generation are rapidly evolving, recapitulating the organ /n vitro
with maturity and robustness is an ongoing challenge. The scale of the organoid should be
selected depending on the study since inter-cellular scale organoids are generally simpler
with high throughput potential, whereas inter-system scale organoids are more complex
with lower throughput capabilities. Organoids can be utilized to study the development in
a dish both for discovery and validation and additional discoveries in understanding the
developmental process will open opportunities to improve the organoid function.
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Figl. Cell-Tissue-Organ-System of liver and equivalent organoid models
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Schematic of the hierarchical sub-structures relating to the liver and its equivalent organoid
models. Liver consists cells derived from all three germ layers, namely endoderm derived
cholangiocytes and hepatocytes, mesoderm derived Kuppfer cells and stellate cells, and
ectoderm derived hepatic neurons. These cells produce epithelial and connective tissues to
form the liver which belongs to the digestive system.
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Fig2. Organoids at multiple levels and field of use
Examples of inter-cellular organoids (e.g., hepatic organoids and hepato-biliary organoids),

intertissue organoids (e.g., liver organoids with connective tissues), inter-organ organoids
(e.g., hepatobiliary-pancreatic organoid) and inter-system organoids (e.g., heart forming
organoids with liver domain) and its field of use are shown.
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Fig3. Increasing studies relating to mesenchyme
PubMed search counts using the query (epithelial OR epithelium), (mesenchymal OR

mesenchyme), (endothelial OR endothelium) demonstrates an accelerated increase in
mesenchyme related papers in the past two decades.
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Fig4. Organ-specific heterogeneity of mesenchyme and the epithelial-mesenchymal interaction at

the early stage of organogenesis.

(a) Summarized schematic of the identification of organ-specific mesenchyme at an early
stage of development and the signaling pathways involved for the differentiation by Han et
al. [27]. Examples of epithelial-mesenchymal interactions involved in early organogenesis,

where (b) the splanchnic mesenchyme induces medial constriction of the foregut to

initiate the diversification of the Sox2+ esophageal and Nkx2-1+ tracheal epithelium and
(c) the hepatoblasts invaginate and delaminate into the septum transversum mesenchyme
for accelerated proliferation. Abbreviations, Single cell RNA sequencing (SCRNA-seq),
embryonic day (E), Lateral plate mesoderm (LPM), Foregut (FG), Bone morphogenetic
protein (B), Fibroblast growth factor (F), Hedgehog (H), Notch (N), Retinoic acid (R), Wnt
(W), Septum transversum mesenchyme (STM).
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