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Abstract | Metabolic diseases, including obesity, diabetes mellitus and cardiovascular disease,

are a major threat to health in the modern world, but efforts to understand the underlying
mechanisms and develop rational treatments are limited by the lack of appropriate human model
systems. Notably, advances in stem cell and organoid technology allow the generation of cellular
models that replicate the histological, molecular and physiological properties of human organs.
Combined with marked improvements in gene editing tools, human stem cells and organoids
provide unprecedented systems for studying mechanisms of metabolic diseases. Here, we review

to finding treatments for metabolic diseases.

The obesity pandemic constitutes a major public health
concern and contributes to numerous chronic diseases,
including diabetes mellitus, cardiovascular diseases, liver
diseases and some cancers'. Obesity reflects an increase
in adipose tissue, which is the main energy storage
organ in the body’. Adipose tissue has a major role in
the regulation of whole-body energy homeostasis, and
both a surfeit (as in obesity) as well as a dearth of adipose
tissue, known as lipodystrophy;, are tightly related to the
development of type 2 diabetes mellitus (T2DM) and
other metabolic disorders™.

There are three main types of adipocytes: lipid-
filled white adipocytes, metabolically healthy induc-
ible beige (or brite) adipocytes and thermogenic
and mitochondrial-enriched brown adipocytes®*.
Understanding the ontogeny of the different adipocyte
populations is crucial to developing new therapeutic
strategies to combat obesity and T2DM. Most studies
have focused on studying adipose tissue using rodent
models, which have identified numerous potential
therapeutic targets for treating obesity and metabolic
diseases®’. However, these studies have been difficult
to translate into humans due to the major differences
between human physiology and animal model systems.
In particular, the origin, identity and heterogeneity of

progress made over the past decade in the generation and use of stem cell-derived metabolic
cell types and organoids in metabolic disease research, especially obesity and liver diseases.

In particular, we discuss the limitations of animal models and the advantages of stem cells and
organoids, including their application to metabolic diseases. We also discuss mechanisms of
drug action, understanding the efficacy and toxicity of existing therapies, screening for new
treatments and pursuing personalized therapies. We highlight the potential of combining stem
cell-derived organoids with gene editing and functional genomics to revolutionize the approach

brown adipose tissue (BAT) differ between mouse mod-
els and humans. For example, the activity of human
BAT is driven by the [, adrenergic receptor, in contrast
to the B, adrenergic receptor in adipose tissue of mice®.
Also, there is a lack of an appropriate mouse model that
mimics normal human BAT development’, as mice are
typically housed at temperatures below their thermo-
neutral zone, while humans usually live in thermoneu-
tral conditions. Thus, there is a great need to generate
mature human adipocytes, or adipose organoid systems
that model the complexity and crosstalk of different cell
types within adipose tissue, to develop new therapeutic
strategies for adipose-related metabolic diseases.
Another important metabolic organ is the liver,
which is composed of hepatocytes, cholangiocytes and
non-parenchymal cells that together perform important
metabolic, detoxification, endocrine and exocrine func-
tions required for organismal homeostasis'’. The prev-
alence of liver diseases is rising across the globe, largely
related to obesity but also due to genetic, infectious, toxic
or malignant aetiologies''. In obesity, insulin resistance
drives lipid accumulation in the liver due to increased
de novo hepatic lipogenesis as well as increased adipose
tissue lipolysis and adipokine secretion, which modu-
late liver metabolism'>"*. Similarly, hepatokines such as
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Key points

* Animal models of metabolic diseases are limited by unique human biology.

* Human adipose and liver organoid models can be generated from pluripotent stem
cells and healthy or diseased tissues.

* Adipose stem cells and organoids can model white and brown adipogenesis and the

progression of obesity.

* Hepatic organoids can be used to model acquired metabolic diseases of the liver.

* Human stem cells and organoid models have utility in drug discovery and precision
medicine for metabolic diseases.

Biobanking

A process of collecting and
storing biological samples
(usually human) for biomedical
research.

fibroblast growth factor 21 and liver-derived exosomes
regulate adipose physiology, such as insulin sensitivity,
inflammation and thermogenesis'***.

Thus, obesity is highly related to non-alcoholic fatty
liver disease (NAFLD), which can progress from stea-
tosis to more advanced non-alcoholic steatohepatitis
(NASH) that is characterized by progressive inflam-
mation and fibrosis'®'”. NASH is a precursor of hepa-
tocellular carcinoma as well as liver failure, which is a
leading indication for liver transplantation'®. However,
there is currently no FDA-approved therapy for NASH".
Numerous cellular models and animal models have been
used to explore the underlying mechanisms of liver
development and pathogenesis, but little progress has
been made towards developing successful therapeutic
strategies for liver diseases, especially NASH, due to the
limitations of traditional cellular and animal models.

Since the establishment of human embryonic stem
cells (hESCs) and induced pluripotent stem cell (iPSC)
technology®-*, various disease-relevant cell types can
be generated from these human pluripotent stem cells
(hPSCs) by stepwise differentiation protocols that mimic
in vivo organogenesis”. In the past decade, the model-
ling of human physiology and disease has benefited from
the development of organoids. An organoid is defined
by the HPB (hepatic, pancreatic and biliary) Organoid
Consortium as a three-dimensional structure derived
from stem cells, progenitor cells and/or differentiated cells
that self-organize through cell-cell and cell-matrix inter-
actions to recapitulate aspects of the native tissue structure
and function in vitro*, unlike traditional cellular and ani-
mal models (Supplementary Table 1). In this Review, we
focus on progress made over the past decade in the gener-
ation and use of stem cell-derived adipose and liver orga-
noids that have promise in furthering our understanding
of basic mechanisms and facilitating the development of
new and personalized therapies for metabolic diseases.

The challenges of animal models

Many biological processes are evolutionarily conserved
between humans and animals, especially mammals. In
keeping with this fact, animal model systems have been
of huge benefit for biomedical research and translational
medicine**. These models provide unique insights
into the pathophysiology and progression of disease,
and often reveal novel therapeutic targets for diseases.
Moreover, they exhibit a degree of feasibility of environ-
mental and genetic manipulation that is not realistic in
humans, and provide a platform to test drug efficacy
in preclinical studies. However, the results of preclinical

drug safety or efficacy studies often lead to the failure
of clinical trials, the so called ‘valley of death’ for drug
develpment”. Indeed, many clinical trials of drug can-
didates that were promising in preclinical models of
obesity, T2DM and NASH have been terminated in the
past 20 years™".

The failures in translating animal research into the
clinic are largely due to the species specificity of genomes
and epigenomes, and differences in development,
metabolism and drug responses between animal mod-
els and humans. For instance, most mouse models are
inbred, but each human individual has a unique genomic
background. Patient-specific disease onset, progression
and drug responses are poorly modelled using animal
models™. Additionally, there are large differences in the
development, structure and function of animal organs
compared with human organs™. Moreover, animals used
in preclincal studies are usually smaller, faster-growing,
and with a shorter life expectancy than humans. They
also show great dissimilarities in metabolism, such as
energy expenditure®. There are large differences in drug
absorption, distribution and metabolism that could
explain the discrepancies between drug efficacy and tox-
icity between humans and animal models™. Thus, there
is a great need to develop new models that recapitulate
many aspects of human pathophysiology.

The promise of human stem cells

One of the great obstacles to developing new treatments
for human disease is the scarcity of suitable preclinical
models. In this context, the use of human stem cells to
model human disease is very promising. iPSC technol-
ogy overcomes ethical concerns around using hESCs
that are derived from human embryos and allows the
generation of patient-specific pluripotent stem cells,
which provide a promising platform for drug discovery
and cell therapy in vitro. The road to precision medicine
has also benefited from the biobanking of patient-specific
iPSCs. Combined with state-of-art gene editing tech-
nology, such as CRISPR-Cas9 or base editing tools**~",
isogenic iPSC lines can be generated to systematically
understand the mechanisms of disease initiation and
progression’. It can also be used to interrogate the
biological function of disease risk alleles implicated by
genome-wide association studies (GWAS), which do not
have the power to determine the underlying target genes
and cell types®.

Emergence of human organoid technology

As 2D cellular models do not capture human patho-
physiology well, 3D organ culture technology (referred
to as organoids) has been developed and widely utilized
in biomedical research in the past decade’'. Since the
first organoid methodology was developed from intes-
tine leucine-rich repeat-containing G protein-coupled
receptor 5 (LGR5)-positive stem cells®, the field of orga-
noid biology has made considerable progress, and was
recognized as the Method of the Year in 2017 by Nature
Methods". Organoids closely resemble their native tissue
or organ in terms of their gene profile, tissue architecture
and function. Organoids can contain a single epithelial
cell type only (epithelial organoids), multiple cell types
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Embryoid bodies
Three-dimensional aggregates
formed in suspension by
pluripotent stem cells.

Mesoderm

The middle layer of the

three germ layers that develop
during gastrulation, and gives
rise to the musculoskeletal
system, cardiovascular system
and the connective tissues.

of a single organ (multi-tissue organoids) or even recon-
stitute multiple organs (multi-organ organoids)*!. They
thus provide a promising platform for developmental
biology, disease modelling, drug screening and cell ther-
apy. Currently, the majority of human organs, such as
the brain, liver, adipose tissue, pancreas, heart, kidney,
gut, stomach and lung, have their own in vitro organoid
models derived either from hPSCs, adult tissue stem cells
(ASCs) or even fully differentiated primary cells*>*->2,
The principle of developing hPSC-derived organoids
involves mimicking the organogenesis that occurs during
embryo development in vitro. Based on previous knowl-
edge of organ development in model animals, existing
hPSC differentiation protocols and emerging datasets
of human early embryo development, appropriate bio-
chemical cues are applied at certain time windows to
direct the differentiation of hPSCs into an organ of inter-
est in a stepwise manner. When embedded in Matrigel
as a scaffold, they self-organize into organoids, which
have a similar gene expression profile, cellular com-
position, tissue architecture and function to the target
organ, although the maturation level of hPSC-derived
organoids still requires further improvement®'.

Development of human organoid models

Inspired by the limitations of animal models, a variety
of human cell and tissue models have been developed,
including 2D immortalized cell lines, patient-derived
xenografts, stem cell-derived cell types and orga-
noids. Each model has its own benefits and drawbacks
(Supplementary Table 1). For example, 2D human
cell lines can be easily maintained and expanded
and adapt to various genetic manipulation tools,
which make them ideal for studying mechanisms of
diseases progression as well as for drug screening.
However, these 2D models do not recapitulate human
tissue characteristics, such as cell-cell interaction and
cell-niche interaction, which are critical aspects of
human biology*’. Moreover, while patient-derived xeno-
grafts do recapitulate the complexity of the native tissue,
this system is time-consuming to establish, expensive,
and not amenable to high-throughput studies®. Thus
there is great interest in hPSCs and organoids, which
have been used to advance basic biomedical knowledge
and applied largely to regenerative medicine over the
past 20 years. In this Review, we focus on the progress
in the past 10 years in generating organoids from two
important metabolic tissues, adipose tissue and liver,
which play substantial roles in maintaining metabolic
health. Progress in organoids related to other meta-
bolic tissues, such as the pancreas, has been intensively
reviewed elsewhere®”>.

hPSC-derived models of adipose tissue

hPSC-derived adipocytes. hPSC-derived adipocytes pro-
vide a unique model to study metabolic diseases such
as obesity and T2DM and to address questions that
cannot be answered by animal models alone. Several
groups have established protocols to effectively induce
hPSCs to differentiate into white adipocytes in a stepwise
manner™ " (FIC. 1), through ectopic expression of adipo-
cyte lineage determination factors or using specific signal

molecules that are important for adipocyte development
in vitro, as discussed in a recent review®>.

An example of these initial techniques is the use of
embryoid bodies to generate adipocytes. The embryoid
bodies were first formed from hPSCs in suspension
and then differentiated into mesenchymal stem cells
(MSCs), which were further induced to generate white
adipocytes by defined medium and/or specific tran-
scriptional factors, such as the nuclear receptor perox-
isome proliferator activated receptor (PPARY). These
adipocytes expressed mature adipocyte markers and
exhibited functional properties such as lipid catabo-
lism and insulin responsiveness®. Interestingly, brown
adipocytes were also effectively created by treating the
hPSC-derived MSCs with two more transcriptional
factors CCAAT-enhancer-binding protein-3 (CEBPB)
and PR domain containing 16 (PRDM16)**%, which
are key regulators of brown adipocyte development and
function®. Similarly, overexpression of PAX3, a paraxial
mesoderm marker, effectively induced hPSCs into brown
adipocytes”. Since the induced adipocytes generated
ectopic fat pads resembling BAT in terms of morphology
and function when transplanted into mice, these cells
provide a valuable resource for potential cell therapy to
combat obesity and T2DM**. However, the risks involved
in transplanting cells containing transgenes limits their
therapeutic potential, such as immune disruption and
tumour formation. Thus integration-free methods for
brown adipocyte generation are needed.

Inspired by the close link between bone marrow
adipogenesis and haematopoiesis®, a protocol for a
high-efficiency (>90%) differentiation of hPSCs into
brown adipocytes was successfully developed using
specific growth factors that promote a haematopoie-
tic identity without the addition of exogenous genes®.
These hPSC-derived brown adipocytes expressed
BAT-specific genes and showed thermogenic activation
upon f,-adrenergic receptor stimulation. Excitingly,
transplantation of hPSC-derived brown adipocytes
into mice rescued the glucose intolerance caused by
transplantation of white adipocytes®. However, the dif-
ferentiation efficiencies of brown adipocytes substan-
tially differed among human iPSC (hiPSC) lines, which
limited their clinical applications. In the past 5 years,
however, three groups used previous advances in the
understanding of the developmental pathways leading to
differentiation of brown or beige adipocytes in mice and
humans to develop robust systems to induce brown or
beige adipocytes®**"%. Specifically, upon recognition that
brown adipocytes arose from paraxial mesoderm pro-
genitor cells, a multistep protocol was developed to reca-
pitulate brown adipocyte development from hPSCs®'.
These hPSC-derived brown adipocytes are metaboli-
cally active and responsive to cAMP-dependent signal-
ling. Importantly, transplantation of these hPSC-derived
brown adipocytes reduced circulating levels of glucose in
hyperglycaemic mice compared with the levels in mice
receiving paraxial mesoderm progenitor cells, possibly
through elevated whole-body energy expenditure®.

Although these studies suggest that hPSC-derived
white adipocytes and brown and/or beige adipocytes
have potential as tools for disease modelling and
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Fig. 1 | Development of pluripotent stem cell-derived adipocyte
models and generation of 3D adipose culture systems. a | Different
methodologies can be used to guide the differentiation of white or
brown adipocytes from human pluripotent stem cells****®'. b | Adipose
tissue stromal vascular fraction (SVF) can be cultured in hang drop or
low-attachment plates to grow as spheroids’?. Moreover, when
embedded in Matrigel, SVF cells can develop into vascularized adipose

organoids or immune cell-contained adipose organoids under optimal
culture conditions®®’*’®. Furthermore, tissue engineering, bioprinting
and organ-on-chip technology can help create more complex and
mature adipose organoids that facilitate the study of adipose
development, diseases and crosstalk with other organs’’=*'. BAT, brown
adipose tissue; hPSC, human pluripotent stem cell; MPC, mesenchymal
progenitor cell.

therapeutic development, adipose tissue is a highly
heterogeneous organ that consists of many other cell
types besides adipocytes, such as immune cells, neurons
and endothelial cells®’. Thus, understanding the various
cell—cell interactions within adipose tissues will be critical

for delineating the mechanisms of adipose development,
activation or dysfunction and will be important for devel-
oping new therapeutic targets for metabolic diseases.
However, cell-cell interactions cannot be adequately
recapitulated in 2D hPSC-derived adipocytes.
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Stromal vascular fraction
(SVF). A heterogeneous
collection of adipose
tissue-derived cells which have
low fat content and contains
mesenchymal stem cells in
addition to other cell types.

Simple adipose organoids. In practice, the term ‘adipose
organoid’ has often been used interchangeably with
another term, ‘adipose spheroid;, although there are
substantial differences between these culture systems®.
Adipose spheroids are usually simple clusters of immor-
tal or primary cell types derived from adipose tissue that
form into spheroids due to cell aggregation®, while adi-
pose organoids are self-organized from adipose progen-
itor cells or hPSCs, and have structures and functions
that resemble those of adipose tissue. Adipose organoids
and spheroids exhibit greater utility than classic adipose
cellular models such as ceiling and/or Transwell cul-
tures and PSC-derived adipocytes in many scenarios,
including drug screening and disease modelling, due to
their greater morphological and functional resemblance
to adipose tissue. In the following sections, we discuss
the generation and applications of adipose organoids
without distinguishing between adipose organoids and
adipose spheroids.

In an effort to compare adipose depot-specific adi-
pogenesis and functions, 3D culture systems have been
used to differentiate preadipocytes in vitro from the
various adipose tissue depots®’. When cultured within
a collagen hydrogel, preadipocytes from visceral depots
were differentiated into mature adipocytes to the same
extent as subcutaneous preadipocytes, with mainte-
nance of depot-specific gene expression signatures®.
In subsequent studies, human adipose-derived stem
cells were cultured on elastin-like polypeptide (ELP)-
polyethyleneimine (PEI) copolymer-coated plates,
because the PEI segment encourages spheroid forma-
tion and the ELP segment allows surface attachment
of the formed spheroids. This culture system allowed
the generation of functional adipocytes that responded
well to fatty acid treatment™. This study demonstrates
the feasibility of using human primary cells to generate
patient-specific adipose organoids for disease modelling,
drug screening and personalized medicine.

However, the broad use of collagen, hydrogel, ELP-PEI
or other matrix components that help with organoid for-
mation limits the clinical applications of these organoids
due to undefined components of these matrix systems’".
Thus a scaffold-free method was developed to generate
3D adipose spheroids for metabolism research and drug
discovery’. Preadipocytes self-organized into spheroids
in hanging drops and were then maintained in low
attachment plates for long-term culture. Interestingly,
these differentiated adipose spheroids were sensitive
to environmental toxins, upregulating cytokine pro-
duction and downregulating adiponectin secretion in
response to polychlorinated biphenyls™. Importantly,
due to the uniform property of these adipose sphe-
roids and the scaffold-free nature of this culture system,
high-throughput screening was successfully performed
to identify modulators of adipogenesis’. 3D spheroids
derived from BAT using a similar strategy were also
found to retain expression of brown adipocyte markers
better than 2D cultures derived from the same tissue”.
Unfortunately, although this organized, compact tissue
was rich in collagen fibrils, it contained only a few small
clusters of UCP1* cells’®. Thus, more robust human adi-
pose organoids need to be developed, especially since no

protocol to date has been sufficient to model complex
adipose-related metabolic diseases using hPSCs. The
development of integration-free, efficient and reproduc-
ible protocols of hPSC-derived adipocytes will provide
a great basis for the generation of adipose organoids
directly from hPSCs.

Complex adipose organoids. 1deal adipose organoids
would consist of every in vivo component of adipose tis-
sue, including adipocytes, connective tissue, vasculature
and nerves. Many efforts have been made to generate
adipose organoids that model cell-cell interaction and
cell-environment communication within adipose tissue
(FIG. 1). To model the inflammatory response of adipose
tissue, primary stromal vascular fraction (SVF) cells that
maintain resident immune cells were differentiated into
scaffold-free 3D adipose tissue organoids without fur-
ther addition of growth factors”™. Interestingly, these
immune cell-containing adipose organoids responded
to pro-inflammatory and anti-inflammatory signals,
providing a great tool for immune-metabolic research.
Of note, these adipose organoids only included mac-
rophages and mast cells. Therefore, assessing the role
of other immune cell types, such as T cells, which play
an important role in adipose homeostasis’ will require
additional models to be developed in the future.

Adipose vascularization and innervation allow com-
munication between adipose tissue and other tissues,
which is difficult to model in vitro using 2D cellular
models. A methodology was therefore developed to gen-
erate vascularized adipose spheroids, in which endog-
enous endothelial cells self-organized into endothelial
networks among SVF cells of human subcutaneous
white adipose tissue™. Upon specific differentiation sig-
nal cues, the adipose spheroids were induced into mature
adipocytes and, interestingly, contained a dense vascu-
lar network. Importantly, these adipose spheroids were
able to connect their own vascularization to the vascular
system of the host mice and to maintain the adipocytes’
survival when engrafted into immunodeficient mice,
suggesting their potential for clinical transplantation.
Notably, in this methodology, endogenous endothelial
cells were contained within adipose organoids that rec-
reated the native environment, which would explain why
the adipose organoids were well maintained both in vitro
and in vivo. Another strategy to generate vascularized
organoids is to incorporate exogenous endothelial cells
into organoids by co-culture. Human adipose-derived
stem cells and endothelial cells were co-cultured for
2 weeks in 3D aqueous silk scaffolds, which led to the
formation of a continuous endothelial lumen. When
differentiated, these adipose organoids secreted leptin
and lipids”™. Thus, patient-specific vascularized adipose
organoids provide a promising model to develop new
drugs to treat obesity by modulation of the adipose
vasculature.

Besides the organoid platforms described so far,
there are also numerous bioengineering approaches to
reconstruct the adipose tissue in vitro, which have been
described in detail elsewhere®®”’-*!. The combinations of
organ-on-chip, bioprinting and tissue engineering tech-
nologies strongly promote the generation of functional
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Endoderm

The inner layer of the three
germ layers that develop
during gastrulation, and gives
rise to the digestive tube and
the respiratory tube.

adipose tissue in vitro to model complex metabolic
diseases (BOX 1).

Development of liver organoid models

Adult stem cell-derived liver organoids. Since the devel-
opment of the first intestinal organoids established from
LGRS5* stem cells*’, similar approaches have been applied
to generate organoids from other tissue stem cells. In
the mouse liver, expression of previously undetectable
LGR5* stem cells increased upon treatment with carbon
tetrachloride (a hepatotoxic chemical) and were asso-
ciated with the robust activation of Wnt signalling®.
Culturing these LGR5" stem cells with the Wnt agonist
R-spondin in a matrix generated cyst-like structures,
which were able to further differentiate into functional
hepatocytes and repopulate the liver upon transplanta-
tion into Fah™~ mice®. Similarly, human adult liver orga-
noids were derived from EpCAM?* biliary cells within
the liver tissue, and maintained genomic stability after
long-term expansion (>1 year)®, thus providing a prom-
ising tool for liver disease modelling, drug discovery and
regenerative medicine (FIG. 2). However, these biliary
organoids expanded mainly as homogeneous epithelial
stem cells that required further differentiation to gen-
erate functional hepatocytes or cholangiocytes in vitro
or in vivo®.

Liver organoids derived from primary hepatocytes. As
hepatocytes have high proliferative potential in vivo, two
independent studies developed unique methodology to
expand hepatocyte organoids****. In one study, hepat-
ocyte organoids were successfully generated directly

Box 1 | Bioengineered organoids

Most adipose and liver organoid models represent single cell types or contain only
some of the cell types contained in liver or adipose tissues. Also, due to the intrinsic
self-organization of stem cells into organoids and the use of undefined Matrigel as a

scaffold, it is often very difficult to control the size, shape, cell types and tissue structure
of these organoids. To increase the maturity, longevity and reproducibility of organoid
systems, bioengineering approaches have been applied to precisely control the cellular
microenvironment, cell behaviour and cell organization through engineering the cells
or the niche*'"*.

* Organ-on-chip. By adapting microfluidics platforms, which usually incorporate a flow
system to enable the continuous exchange of substances and create shear stress,
organ-on-chip systems are able to capture key organ functions, including cell—cell
communication. A fully autologous, immunocompetent adipose tissue-on-chip
system was developed this year, based on a unique microfluidic platform integrating
several injections, sequential cell loading and shielding from shear stress. This system
recapitulates tissue heterogeneity and exhibits key properties of adipose tissue, such
as lipid storage, endocrine and immunomodulatory activities, and drug responses'’®.
Similarly, a liver organoid model using an opposing fluid system mimicking the flow of
bile and vascular flow has shown improved structural complexity and enhanced
metabolic functions'”’.

Bioprinting. Common biocompatible matrices, such as alginate, fibronectin and
gelatin, are used as bio-ink to printimmortalized cell lines, primary hepatocytes or
liver organoids on a specific device, in order to generate more complex and functional
mini-liver organoids'’®. Although this technology is still in its infancy, it has the
potential to reconstruct liver organoids with zonation information similar to that of
normal liver.

Many studies investigating the adaptation of other bioengineering approaches to
improve the generation of organoids, such as high-throughput microarrays, protein
micropatterning, specialized plates and biomimetic scaffolds, have been reviewed
in detail'”*.

from primary mouse hepatocytes and fetal human
hepatocytes, which grew in a ‘bunch-of-grapes’ struc-
ture typical of hepatocyte organoids, in contrast to the
spherical cystic structure of biliary organoids*. These
hepatocyte organoids showed a gene expression sig-
nature similar to that of proliferating hepatocytes after
partial hepatectomy, and exhibited similar metabolic
function to primary hepatocytes*. Another model uti-
lized inflammatory signals, which play an important
role in liver regeneration®, to efficiently create hepato-
cyte organoids from mice*. These organoids exhibited
similar gene expression profiles to proliferating hepat-
ocytes and extensively repopulated the injured liver of
Fah™~ mice, although whether the inflammatory sig-
nals promoted the formation and expansion of human
hepatocyte organoids was not tested®. It will be impor-
tant to improve the culture conditions further, possi-
bly by combining the above two protocols*®*' to more
efficiently expand hepatocyte organoids even from the
adult human liver. Hepatocyte organoids have also been
successfully directly generated from fibroblasts using
defined transcription factors®. Nevertheless, in con-
trast to ASC-derived or primary hepatocyte-derived
organoids, iPSCs, which can be patient-specific and
continually expanded, allow the robust generation of
liver organoids for modelling liver diseases and precision
medicine” (FIC. 2).

hPSC-derived liver buds. The self-renewing capacity
and developmental potential of hPSCs has facilitated
the development of various liver organoid models, from
simple epithelial organoids to multi-organ organoids*.
The first hPSC-derived liver organoid methodol-
ogy was developed to generate liver buds®*, in which
hiPSC-derived hepatic endoderm cells were co-cultured
with human umbilical vein endothelial cells and human
MSCs, aiming to recapitulate organogenetic environ-
ments during embryonic liver development®. The
multiple cell types interacted and self-organized into
a 3D liver bud on a soft matrix and exhibited similar
gene expression signatures to that of liver buds of mouse
embryo®. Interestingly, functional and vascularized liver
tissue was generated when these in vitro liver buds were
engrafted into immunodeficient mice, and even rescued
the drug-induced lethal liver failure®. The same group
subsequently modified the protocol and massively gen-
erated liver organoids entirely from human iPSC-derived
endoderm, endothelial and mesenchymal progenitors”.
These organoids provide potential cell resources for
regenerative medicine by using HLA-matched iPSCs
and clinical grade differentiation medium. However, the
complex co-culture system and immature state of these
liver buds limits their application®*.

Cholangiocyte organoids. In other studies, specific
cues were utilized to direct the differentiation of hPSCs
towards cholangiocyte organoids, hepatobiliary orga-
noids or hepatic organoids consisting of multiple liver
cell types”. In the case of cholangiocyte organoids, hPSCs
were guided to differentiate into definitive endoderm,
hepatoblasts and cholangiocytes in a stepwise manner
with the appropriate developmental cues, such as notch
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pluripotent stem cells. a | Liver organoids established from LGR5* or EpCAM* bipotent liver progenitor cells®”** or
directly from primary hepatocytes**** or from fibroblasts®. b | Various liver organoid models can be generated from
pluripotent stem cells under different culture conditions. These models include liver buds®**°, hepatic organoids'®,

cholangiocyte organoids®*~"°, hepatobiliary organoids® =, multicellular liver organoids'*"'*> and hepato-biliary—

pancreatic organoids'®, in order of increasing structural and functional complexity. ESC, embryonic stem cell; iPSC,

induced pluripotent stem cell.

signalling”. After embedding in matrix, hPSC-derived
cholangiocytes self-organized into cholangiocyte orga-
noids, which showed cystic and ductal structures and
expressed typical mature biliary marker genes™.
Furthermore, hPSC-derived cholangiocyte organoids
exhibited epithelial functions, including cystic fibrosis
transmembrane conductance regulator-mediated fluid
secretion’. Since region-specific cholangiocyte orga-
noids derived from primary human cholangiocytes

regenerated the biliary tree when injected into the
intrahepatic ducts of livers from deceased organ donors
using ex vivo normothermic perfusion technology”, chol-
angiocyte organoids exhibit great potential for disease
modelling and regenerative medicine of liver diseases.

hPSC-derived hepatobiliary organoids. Similarly, sev-
eral groups have generated hepatobiliary organoids that
consist of hepatocytes and cholangiocytes and exhibit
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Cholestasis

A liver disease characterized
by the reduction or stoppage
of bile flow.

Anlages
Organs in their earliest stage
of development.

bile duct-like structures”~. These organoids recapit-
ulate key aspects of early hepatogenesis, displaying
hepatic gene expression signatures and key functions
of hepatobiliary cells, and were used to characterize
the effect of different JAGI mutations in liver disease
development”. A 2019 study optimized a protocol using
sorted hiPSC-derived EpCAM* endodermal cells to
robustly generate hepatic organoids that could be stably
expanded for more than 1 year with persistent expres-
sion of hepatic marker genes but decreased expression
of cholangiocyte marker genes over long-term culture'®.
To examine if functional bile canaliculi networks could
form in hepatobiliary organoids, a novel hepatobiliary
organoid method was developed in 3D suspension cul-
ture using a stepwise differentiation strategy with opti-
mized culture media”. These organoids self-organized
a system of functional bile canaliculi, recapitulating the
bile transport network in the liver tissue, which pro-
vides a useful platform to model both drug-induced
and disease-induced cholestasis. The avoidance of matrix
in this protocol broadens the potential application of
these hepatobiliary organoids to high-throughput drug

screening and cell therapy®”.

hPSC-derived complex liver organoids. To further recap-
ture the complexity of liver tissue, hPSC-derived liver
organoids that consist of multiple liver cell types, such as
hepatocyte-like cells, stellate-like cells and Kupffer-like
cells, were developed'”'. After treatment with free fatty
acids (FFA) for 5 days, these organoids recapitulated the
key features of steatohepatitis, exhibiting inflammatory
and fibrosis responses'”’. As the derivation efficiency
of these multicellular liver organoids is low, the same
group further optimized the protocol to markedly
increase organoid numbers and, more importantly,
to generate polarized immature hepatocytes with bile
canaliculi-like architecture'””. Using this unique model,
high-throughput screening was performed to evaluate
the effects of various drugs on cholestasis'*’. Key advan-
tages of this strategy include the establishment of inter-
mediate foregut progenitors, which can be isolated and
cryopreserved. Moreover, the multiple cell types were
induced simultaneously under the same culture condi-
tions, thus delineating the propensity for hPSCs to dif-
ferentiate into multicellular liver organoids will further
shed light on early human embryonic liver development.

To model the higher complexity of organ commu-
nications, hepatic-biliary—pancreatic (HBP) organoids
were formed autonomously without introducing addi-
tional signal cues when co-culturing SOX2* anterior
spheroids adjacent to CDX2* posterior spheroids derived
from hPSCs'”. Long-term-cultured HBP organoids
developed into segregated multi-organ anlages com-
posed of hepatic and pancreatic tissues with connecting
ducts'®”. HBP organoids thus provide an easily accessi-
ble model for the study of complex human endoderm
organogenesis. In future, even more complex and mature
organoid models, by combining with tissue engineering
and organ-on-chip technologies (BOX 1), are likely to be
developed to recapitulate tissue-tissue interaction and
organ-organ communication during the development
of metabolic diseases'**"'%.

Applications in metabolic research

With the emergence of human organoid technology, it
is possible to generate patient-specific organoid models
that structurally and functionally mimic various tissues.
This advance opens up new opportunities for dissect-
ing underlying mechanisms of metabolic diseases and
developing personalized drugs, since the iPSC-derived
or ASC-derived organoids retain the genetic back-
ground of the respective individual carrying specific
disease-causing mutations'”’. Moreover, by combining
state-of-the-art gene editing tools and human stem
cell-derived organoids, many disease-related genes and
mutations, identified either by GWAS or rare genetic
variants, can be directly examined in iPSC-derived
organoids, in which disease-causing mutations can
be introduced or reversed'®. Hereafter, we discuss the
applications of hPSCs and organoid culture systems in
adipose-related diseases and liver diseases (FIG. 3).

Applications of adipose organoids

Adipose organoids for modelling obesity. Over-nutrition
in modern society results in lipid accumulation and
redistribution, which further impairs glucose and lipid
metabolism and can cause obesity, T2DM and cardio-
vascular disease'”. Notably, while visceral adipose tis-
sue mass is positively associated with risk of metabolic
disease, the accumulation of subcutaneous adipose
tissue in the body is beneficial for health''*'"". Thus,
understanding the depot-specific characteristics of
adipose tissues could provide mechanistic insights into
obesity and T2DM. However, this effort is hindered by
the lack of human depot-specific adipocyte models, in
part because visceral preadipocytes differentiate poorly
compared with the robust differentiation of subcuta-
neous preadipocytes''”. To overcome this barrier, 3D
culture systems have been used to differentiate visceral
and subcutaneous preadipocytes into mature adipo-
cytes that retain depot-specific characteristics, such as
gene expression profile, thermogenesis, lipolysis and
cytokine secretion®. These well-differentiated adipose
tissue organoid systems represent promising models to
study adipogenesis and obesity.

Modelling adipose homeostasis. Adipose tissue is highly
heterogeneous, consisting not only of adipocytes, but
also of connective tissue, vasculature, immune cells and
nerves®. As noted above, macrophage-containing adi-
pose organoids respond to inflammatory signals more
robustly than 2D adipocytes™, but it will be important to
develop adipose organoids containing diverse immune
cell types that better recapitulate the interaction between
adipocytes and immune cells. Moreover, angiogenesis
and adipogenesis develop interdependently through
direct cell-cell contact and secreted signal cues'>'".
Vascularized adipose organoids®’® provide a model to
delineate the connections between adipogenesis and
angiogenesis.

Another layer of regulation of adipose tissue is
innervation by sympathetic nerve fibres, which con-
trol adipocyte lipolysis and thermogenesis through
the secretion of noradrenaline'”. Therefore, develop-
ing adipose organoids containing neural cells might
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Fig. 3 | Applications of organoids in metabolic research. a | Liver organoids can be used to model many liver
diseases, such as inherited liver diseases and non-alcoholic fatty liver disease (NAFLD), as well as virus—host
interactions. Adipose organoids provide a platform to study adipogenesis, lipogenesis, lipolysis and the adipose tissue
response to insulin. b | The establishment of a large cohort of organoids can serve as a biobank for use in precision
medicine. ¢ | Reproducible and scalable organoids allow high-throughput drug screening. d | Organoids can be

used to predict drug toxicity. e | Drug responses in human organoids can be measured based on the structure,

gene profile and metabolic properties of organoids. f | Patient-derived organoids exhibit great power in predicting
individual-specific drug responses.
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promote the maturation and metabolic function of
adipose organoids, and induce the browning of adi-
pose organoids, which could be a potential cell ther-
apy for the treatment of obesity. Furthermore, the
organ-on-chip technology provides an opportunity to
study the communication between adipose tissue, liver,
pancreas, muscle and brain''® (BOX 2). For example, the
first human-on-a-chip model that was composed of
human hepatocytes and adipose tissue provided a great
platform to explore the role of adipocyte lipolysis and
insulin resistance in NAFLD'"”. More importantly, this
unique model revealed the discrepancy of metformin
efficacy in treating NAFLD between preclinical animal
model and patients. This study highlighted the value
of human-on-a-chip models as a system to recapitu-
late the communication between relevant tissues, not
just the individual tissue response.

Modelling genetic causes of adipose dysfunction. GWAS
have pointed to many genes in the central nervous sys-
tem that play an important role in obesity susceptibility,
while genes expressed in adipose tissue have tended to
be critical for adipose tissue distribution''*'"”. Although
many genetic variants have been linked to the dysfunc-
tion of lipid metabolism and adipogenesis'*, the major-
ity are found in non-coding regions of the genome
without identification of the associated protein-coding
genes, nor the cell type in which these genetic variants
are functional. Stem cell-derived adipocyte models and
gene editing tools have the potential to address these
critical questions. Patient-specific adipocytes can be
differentiated from multiple lines of iPSCs, and used

Box 2 | Modelling organ communications in metabolic diseases

Multidirectional interactions between peripheral metabolic organs and the central
nervous system play pivotal roles in maintaining whole-body energy homeostasis.
These interactions can be abnormal in metabolic diseases, such as obesity and type 2
diabetes mellius'’. However, modelling tissue—tissue communications and organ—
organ interactions is currently very challenging. Progress has been made, for example
in assembling region-specific brain organoids to model human neuron migration
and interaction in disease'’’. Sequential addition of human pluripotent stem cell
(hPSC)-derived cortical organoids, spinal cord organoids and skeletal muscle organoids
has been shown to produce assembloids that exhibit muscular contraction after
optogenetic stimulation of the cortical organoids'®. Similarly, hepatic-biliary—pancreatic
organoids provide a platform to understand the communications among peripheral
metabolic organs'®.

However, the assembly of hPSC-derived organoids is often autonomous and
uncontrolled, and the assembloids remain functionally immature. The combination
of organ-on-chip and organoid technology has advanced this field. Liver organoids
co-cultured with primary human pancreatic islets in microfluidic chips exhibited
long-term maintenance of the physiological function of both tissues'®’. Insulin secreted by
the islet microtissues into the circulation promoted glucose uptake by the liver organoids,
while low levels of glucose in the circulation stimulated insulin secretion, demonstrating
afunctional feedback loop between the organoids and microtissues. Similarly, a tripartite
system consisting of liver organoids, stem cell-derived small intestinal organoids and
stomach organoids was developed to assess drug metabolism'®. This multi-organ model
exhibited signalling-dependent bile acid production and recapitulated the physiological
and biochemical properties of liver in relation to other organs. Another study investigated
a liver-lung-adipose tissue model using a microscale cell culture analogue device to
examine the absorption, distribution and metabolism of drug candidates'®. A proof of
concept study achieved even more complexity by connecting 14 chambers representing
different organs using fluidic channels, resulting in a human “body-on-a-chip” device for
modelling drug response and metabolism'®*.

to validate GWAS variants in metabolic disease''. For

example, several genes involved in lipid metabolism,
insulin signalling and glucose metabolism have been
interrogated in hESC-derived adipocytes, including the
role of SORT1 in regulating insulin-responsive glucose
uptake, the impact of AKT2 mutations on triglyceride
accumulation and the function of PLINI in lipolysis'*.
Taken together, the state-of-the-art of stem cell models
and gene editing tools allow us to validate the role of
genetic variants on metabolic diseases.

Applications of liver organoids

Liver tissue is a heterogeneous organ that contains many
cell types including hepatocytes, cholangiocytes, Kupffer
cells and endothelial cells'*. Various liver diseases are
caused by the interplay between genetic factors and
the environment, which involves the dysfunction of
cell-cell interactions and cell-environment communi-
cation within liver tissues'**~'*%. Thus the development
of multicellular liver organoids would be valuable for
the modelling of liver diseases that exhibit impaired
cell-cell interaction and tissue structural alteration, such
as alcoholic liver disease (ALD) and NAFLD.

Modelling alcoholic liver disease. High levels of alco-
hol consumption have resulted in an epidemic of ALD
worldwide, which exhibits a wide range of liver pathol-
ogies from simple steatosis to steatohepatitis, fibrosis,
cirrhosis and even hepatocellular carcinoma'”’. No treat-
ment for ALD has been approved by the FDA or other
agencies'”, partially due to the difficulties of accessing
human liver tissue and establishing reliable in vitro mod-
els of the human condition. In 2019, a multicellular liver
organoid system was developed by co-culturing human
fetal liver mesenchymal cells with hESC-derived hepatic
organoids. These liver organoids exhibited structural
complexity, functional maturity and lipid accumulation
and expressed ethanol metabolism-associated enzymes,
with accompanying fibrosis and inflammation, after
7 days of ethanol treatment'”. Mechanistically, oxidative
stress and mitochondrial dysfunction were noted in
these organoids, similar to the proposed mechanism
of ALD', proving that this system provides a unique
tool to study and develop new drugs to prevent or cure
ALD. However immune cells such as Kupffer cells were
missing in this system, which needs optimization.

Modelling non-alcoholic fatty liver disease. Pharmaco-
logical targeting strategies for treating NAFLD and
NASH are greatly hindered by a shortage of liver biop-
sies from patients with NAFLD and a lack of appropri-
ate cellular and animal models. In 2019, a hPSC-derived
multicellular liver organoid system consisting of mul-
tiple cell types including hepatic-like cells, stellate-like
cells and Kupffer-like cells was subjected to FFA-induced
accumulation of intracellular lipids, increased inflam-
matory responses and progression of fibrosis, thereby
recapitulating the pathological features of NAFLD'".
Organoids were also derived from iPSCs of patients
with Wolman disease, a lysosomal acid lipase deficiency
which leads to an exaggerated steatohepatitis phenotype,
and can be rescued by treatment with FGF19 (REF.'"").
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Enteroids

Organoids containing multiple
intestinal epithelial cell types
derived from the intestine.

Entrainment

Adjustment of circadian
oscillators to environmental
signals.

Moreover, hepatobiliary organoids with organized and
functional bile canaliculi were found to be sensitive to
treatment with FFA, which induced gene expression
signatures similar to those of livers with NASH and
triggered a decay of bile canaliculi network and ductal
reactions, as seen in patients with NASH”. Furthermore,
a vascularized liver organoid system developed from
hiPSC-derived hepatoblasts, MSCs, hepatic stellate cells
and endothelial cells exhibited hepatic cellular spatial
organization and metabolic functions. This organoid
system developed steatosis, inflammation and fibro-
sis after FFA treatment, faithfully mimicking NAFLD
pathology'™.

In addition to hPSC-derived organoid models, bipo-
tent ductal organoids derived directly from the liver of
patients with NASH displayed impaired growth capacity,
decreased albumin production, increased lipid accumu-
lation and increased cytochrome P450 metabolism com-
pared with organoids derived from healthy individuals,
thus recapitulating the hallmarks of NASH in humans''.
Consistently, liver organoids derived from mice with
NASH mimicked the progression of the disease, with the
organoids exhibiting pro-inflammatory responses and
the emergence of fibrosis'*”. As deriving these liver
organoids directly from liver tissue requires only a small
amount of starting material, which can be obtained by
needle biopsy, patient-specific liver organoids open an
avenue for precision medicine of NAFLD disease.

Importantly, individuals exhibit differential suscep-
tibility to steatosis development and progression, due to
the interplay between genetics and environment'**'%,
GWAS have revealed numerous polymorphisms associ-
ated with NAFLD development’. Patatin-like phospholi-
pase domain-containing protein 3 (PNPLA3) Ile148Met
is the most well-described variant'. 3D spheroids com-
posed of an immortalized hepatocyte cell line (HepG2)
and hepatic stellate cells (LX-2), both homozygous for
the PNPLA3 Ile148Met variant, accumulated lipids and
collagen upon exposure to FFA. This phenotype could
be rescued by incubating the spheroids with liraglutide,
elafibranor or momelotinib'*>'*, all drugs that are being
investigated as potential treatments for NAFLD. Similar
approaches were used to study the mechanisms under-
lying the association of transmembrane 6 superfamily
member 2 (TM6SF2) Glul67Lys and membrane-bound
O-acyltransferase 7 (MBOAT7) with NAFLD "%,
A large cohort of organoids from patients with differ-
ent genetic backgrounds would be ideal to evaluate the
direct effect of genetic variation on the progression
of NAFLD to NASH in vitro, without the overlay of
environmental factors.

Circadian rhythms in metabolic organoids

Over-nutrition disrupts circadian metabolic rhythms,
and dysfunction of the circadian clock leads to various
metabolic diseases'”. This knowledge largely stems from
rodent studies, however, as obtaining timed tissue sam-
ples from patients is a huge challenge. As humans are
diurnal whereas rodents are nocturnal'”’, there is a great
need to understand the regulation and function of circa-
dian clocks in humans, and organoids have great poten-
tial for this purpose'*’. The core clock does not function

in hiPSCs and hiPSC-derived immature human intesti-
nal organoids, but immature human intestinal organoids
show robust circadian rhythms after differentiation
into mature human intestinal enteroids'*. Interestingly,
these enteroids display changes in the necrotic cell death
response to Clostridium difficile toxin B in a circadian
phase-dependent manner. Another study revealed that
the entrainment of hESC-derived islets to daily feeding
and fasting cycles promoted islet metabolic maturation®'.
Thus the presence of circadian rhythms is a marker of
the maturity and functionality of hPSC-derived orga-
noids, and organoids can be used to evaluate human
circadian biology.

Drug discovery and precision medicine

With the development of reproducible, complex and
functional human stem cell-derived metabolic cell
types and organoids, advances have been made to use
these models for testing drug toxicity, drug response
and high-throughput screening in metabolic disease
(FIG. 3). Furthermore, this technology allows biobank-
ing of patient stem cell-derived cell types or organoids,
thus providing a platform for precision or personalized
medicine.

Testing drug efficacy

The resemblance of liver organoids to liver tissue makes
them an attractive model for screening the effects of
preclinical or clinically used drugs on liver pheno-
types prior to testing in patients. For example, a hepatic
organoid system that exhibits lipid accumulation upon
FFA treatment has been used to probe the effects of the
drugs metformin and L-carnitine, which are used to
treat T2DM'*. Similarly, FGF19 treatment resulted in
the reduced lipid accumulation and increased surviva-
bility in the liver organoids from patients with Wolman
disease compared with untreated liver organoids'"'.
In contrast, magnesium treatment, which is a highly
controversial clinical therapy for treating T2DM and
liver metabolic discorders'*, has proven ineffective in
this 3D system'"". Moreover, sorafenib was shown to
reduce steatosis-induced fibrogenesis in a human 3D
co-culture model of NAFLD'”. Thus, liver organoids
represent an innovative approach to the development of
new treatments and the testing of drug responses ex vivo.

High-throughput screening

The reproducibility and scalability of stem cell-derived
cell types and organoids make them suitable for
high-throughput screens'*. In particular, organoids are
accessible for imaging and standard automated liquid
handling with pipetting workstations and can therefore
be adapted for use in standardized and well-established
automated chemical screening pipelines. Numerous
studies have utilized this high-throughput screening
system to search for new drugs to treat metabolic dis-
eases. For instance, highly uniform adipose spheroids
in ultra-low attachment 384-well plates were used for
high-throughput screening to identify compounds
promoting adipogenesis’. Additionally, many groups
have identified small molecules that promote the
browning of adipocytes by high-throughput screening
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using hPSC-derived adipocyte models ' Some
of these compounds have also shown promising
effects on the induction of brown and beige adipocyte
and the promotion of energy expenditure in mouse
models"**'*,

Besides the advantage of utilizing stem cell-derived
hepatocytes and organoids in high-throughput hepato-
toxic drug screening'”, these models have also been used
to search for new therapies for metabolic diseases. For
example, the use of hepatocyte-like cells differentiated
from iPSCs from patients with homozygous familial
hypercholesterolaemia revealed that cardiac glycosides
reduce the production of apolipoprotein B, the essential
core protein of VLDL, in patient hepatocytes. Similarly,
hepatocytes differentiated from iPSCs of patients with
mitochondrial DNA depletion syndrome were used to
demonstrate that NAD can improve mitochondrial func-
tion in patient hepatocyte-like cells, providing a potential
treatment strategy'*’. Moreover, a feline liver organoid
system was used to identify promising candidates for
the treatment of hepatic lipidosis''. Furthermore, the
3D human hepatic organoid model was also used as a
screening platform for small-molecule inhibitors in the
preclinical NAFLD and/or NASH settings'*.

Precision medicine

Advanced iPSCs and organoid technologies allow the
generation of disease-relevant cell types and organoids
with individual-specific genetic information, which
enable the development of personalized medicine.
In practice, individual responses to drugs differ, with
some patients experiencing beneficial effects while oth-
ers experience no effect or even adverse effects. This
variation is largely due to numerous genetic differences
between humans'*>',

Thiazolidinedione drugs target the transcriptional
activity of PPARY to reverse insulin resistance in
T2DM, but adverse effects limit their clinical use'**.
Furthermore, 20-30% of patients with T2DM fail
to respond to thiazolidinediones'*®. To understand
the underlying mechanism behind this variation in
response, human ASC-derived adipocytes from peo-
ple with obesity were generated to test the response of
rosiglitazone, a thiazolidinedione drug in clinical use',
which has been withdrawn from the market in many
countries due to adverse cardiovascular effects that were
under debate. Functional genomic analysis revealed that
genetic variants affected PPARy function and caused
patient-specific drug responses’*. In particular, a spe-
cific single nucleotide polymorphism rs4743771 mod-
ulated the PPARYy target gene ABCAI, whose protein
product regulates reverse cholesterol transport'”, in a
patient-specific manner. Genetic variation at rs4743771
controlled the effect of rosiglitazone on cholesterol
metabolism in patient adipocytes, and was predictive of
serum cholesterol increases in people with T2DM who
were treated with rosiglitazone'.

Similarly, adipose stem cell-derived adipocytes and
iPSC-derived hepatocytes from multiple individuals
were also used to model individual-specific responses to
dexamethasone'**, a widely used anti-inflammation drug
that has also proved to be effective in treating severe

COVID-19 infection'®. With these unique cellular
models, many genetic variants were found to modulate
dexamethasone response through affecting the func-
tion of the glucocorticoid receptor'**. Remarkably, these
genetic variations were highly associated with increases
in serum levels of glucose, lipids and body mass in
patients on dexamethasone therapy'**. Thus human
stem cell-derived adipocytes and hepatocytes can be
used to identify genetic variants that predispose indi-
viduals to adverse drug effects and allow personalized
predictions of therapeutic index.

Due to their self-renewable properties, organoid
models could also serve as cryopreserved biobanks of
healthy and diseased individuals. In this context, liver
organoid biobanks, such as HUB Organoids founded
by the Hubrecht Institute, have the potential to play
important roles in the development of new therapeu-
tic drugs and personalized treatments, as well as in the
identification of novel diagnostic markers for many liver
diseases'**'*!. Indeed, the progression of NAFLD varies
among humans'**'**, and the development of liver orga-
noid models from different genetic backgrounds could
identify individual risk factors and new biomarkers for
NAFLD progression. Individual-specific drug responses
could also be tested in these liver organoid models.
Moreover, liver organoid biobanks could also serve as a
platform for predicting individual-specific drug-induced
liver injury, the main underlying factor in acute liver
failure'®>'*,

Gene therapy and regenerative medicine
Advanced gene editing tools have shown potential in
preventing or rescuing phenotypes of genetic diseases
by repairing or inactivating mutations in cellular models
or in animal models'®’. Many efforts have been made to
generate healthy isogenic disease-relevant cell types or
organoids to treat genetic metabolic diseases by combin-
ing modern genome editing and stem cell or organoid
technology'*>'“. The ability to generate patient-specific
cell types or organoids allows autologous transplantation
to ensure better survival of grafts without any immune
rejection, particularly with the potential use of gene
editing to develop HLA-matched hiPSC-derived cells
or organoids'®’ (FIG. 4).

With the goal of treating obesity, human brown-like
cells were generated by engineering human white pre-
adipocytes using CRISPR-Cas9 to activate endogenous
UCPI expression, and transplantation of these cells into
obese mice led to sustained improvement in glucose tol-
erance and insulin sensitivity, as well as increased energy
expenditure'®. Similarly, implantation into obese mice of
human brown-like adipocytes in which the thermogenic
suppressor gene NRIPI was deleted using CRISPR-Cas9
decreased adiposity and levels of liver triglycerides while
enhancing glucose tolerance'®. CRISPR-Cas9 and base
editing have also been used to revert a disease-causing
mutation to wild-type in patient-derived hepatic orga-
noids to rescue the phenotype of Alagille syndrome and
Wilson disease”'”’, providing a powerful therapeutic
approach for liver metabolic diseases.

At present, orthotopic liver transplantation is the only
effective treatment for late-stage liver failure, but this
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Fig. 4| Regenerative medicine for metabolic disease. a| Rescue of disease-relevant organoids using CRISPR-Cas9 or
other gene-editing tools, and autologous transplantation of gene-edited organoids into individuals with metabolic
diseases. b | The establishment of HLA-matched induced pluripotent stem cells (iPSCs) can be utilized to restrictimmune
rejection of transplanted allogeneic organoids. ¢ | Transplantation of iPSC-derived brown adipocytes to treat individuals

with obesity by enhancing energy expenditure.

option is limited by a lack of proper and heathy donors,
as well as the risk of immune rejection'”". The expan-
sion and differentiation potential of liver organoids with
complex structures and metabolic functions makes these
a potential alternative cell resource for transplantation
(FIC. 4). Various hepatic organoid models have been
shown to efficiently engraft into the liver of recipient
mice and repopulate injured livers*®-#,

Limitations of organoids

Organoid technology has many advantages in model-
ling metabolic diseases and the potential to revolutionize
metabolic research. However, this methodology s still in
its infancy and various challenges and limitations need
to be addressed (BOX 3).

Heterogeneity and reproducibility

Due to intrinsic cell fate determination and self-
organization of stem cell-derived organoids, organoids
are often heterogeneous in terms of size, shape and cell

components. This heterogeneity can occur whether the
organoids are derived from different patients, estab-
lished in different laboratories, or even obtained from
the same stem cells. This lack of standardization creates
huge difficulties and reduces the enthusiasm for using
organoids in metabolic disease modelling and drug
discovery. Further standardization and automation of
these procedures with defined culture media and start-
ing cell types are required to reduce the variability and
improve the reproducibility of the system. Notably, an
hPSC-derived adipose organoid system has not yet been
successfully established, possibly due to low efficiency
and the time-consuming, complex process of differen-
tiating hPSCs into adipocytes. Future efforts with opti-
mized differentiation strategies and tissue engineering
technologies are needed to generate hPSC-derived adi-
pose organoids to model obesity and related diseases. In
addition, single-cell transcriptome and epigenome ana-
lysis can be used to ensure the quality and uniformity of
organoids used in metabolic research.
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Box 3 | Advantages and disadvantages of organoids in modelling metabolic
diseases

Advantages

* Human organoids resemble native human organs in terms of gene signature, tissue
architecture and physiological function of metabolic tissues.

* Human organoids derived from patient tissues or human induced pluripotent stem
cells could serve as a biobank for precision medicine approaches to metabolic diseases.

* Assembly organoids and organ-on-chip provide unique platforms for understanding
organ—organ communications during the progression of metabolic diseases.

* Organoids are adaptable for genome-wide screening to understand the mechanism
of disease development and high-throughput drug screening for new therapies for
metabolic diseases.

Disadvantages

* Human organoids fail to represent all the cell types and lack the complex tissue
structure characteristic of metabolic tissues.

* Human organoids remain functionally immature, similar to fetal tissue.

* Undesired heterogeneity and poor reproducibility of organoids causes difficulty
in data interpretation.

* The usage of Matrigelin organoid culture increases cost, reduces reproducibility
and presents a barrier to the translational research in metabolic diseases.

Structural and functional limitations

Current adipose organoids and liver organoids often
lack specific cell types found in the native tissue and
fail to recapitulate the full functional repertoire of target
organs. For example, most liver organoid models contain
only one or two cell types, and are missing functional
bile canaliculi networks®. Even the best multicellular
liver organoid models lack the normal liver zonation
patterns. Furthermore, due to the epigenetic barrier of
hPSC differentiation into mature cells and the limited
time span of organoid culture, hPSC-derived organoids
usually fail to functionally mature beyond the fetal stage.
Introduction of a vascular system, which is essential for
gas and nutrient exchange, and utilization of a tissue
engineering and air-liquid interface culture system,
might allow the maturation of hPSC-derived organoids
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