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Abstract

In the past decade, liver organoids have evolved rapidly as valuable research

tools, providing novel insights into almost all types of liver diseases, including

monogenic liver diseases, alcohol-associated liver disease, metabolic-

associated fatty liver disease, various types of (viral) hepatitis, and liver

cancers. Liver organoids in part mimic the microphysiology of the human liver

and fill a gap in high-fidelity liver disease models to a certain extent. They hold

great promise to elucidate the pathogenic mechanism of a diversity of liver

diseases and play a crucial role in drug development. Moreover, it is

challenging but opportunistic to apply liver organoids for tailored therapies

of various liver diseases. The establishment, applications, and challenges of

different types of liver organoids, for example, derived from embryonic, adult,
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or induced pluripotent stem cells, to model different liver diseases, are

presented in this review.

INTRODUCTION

Approximately 2 million people worldwide die each
year from liver diseases, many of which are tricky to
treat. Liver transplantation is the only option in the
advanced stage, leading to an increased medical and
economic burden.[1] Therefore, there is an urgent need
for innovative tools to better understand the pathology
of liver diseases to develop better treatments. Immor-
talized cell lines are the most common models in a lab
but are limited by numerous genetic and functional
alterations that compromise the authenticity of model-
ing liver disease.[2] Primary human hepatocytes,
regarded as the gold standard for evaluating hepatic
metabolism, are limited by their loss of proliferative
capacity in vitro.[3] Liver organoids, defined as organ-
specific 3-dimensional (3D) structures grown from
pluripotent stem cells (PSCs), liver-resident adult stem
cells (ASCs), and/or hepatocytes, are capable of
overcoming the proliferation limitation and confer
advantages for the maintenance of metabolic function.
In addition, organoids, which allow the generation of
cell-cell or cell-ECM interactions in all 3 dimensions,
could more closely resemble the architectural and
functional properties of in vivo tissues and show the
potential to serve as personalized hepatic model
systems toward disease modeling, drug screening,
and drug toxicity testing, whereas in 2-dimensional
monolayer cultures, interactions are limited to the
horizontal plane.[4,5]

Stem cell–derived organoids can be differentiated into
multiple liver cell types and can self-organize by cell
sorting and lineage commitment to form organ-like
tissues that recapitulate the key features of the liver.[6–8]

To mimic the cell niche, the hepatic progenitors or
differentiated hepatic cells are placed in an artificial
extracellular matrix (ECM), such as Matrigel or non-
canonical bioengineered supporting matrix, which allows
the development of 3D organoids.[7] PSCs, including
induced PSCs (iPSCs) and embryonic stem cells,
differentiate into liver organoids through 3 major
stages[3,9,10] (Figure 1). Compared with liver tissue–
derived organoids, organoids generated with PSCs are
more accessible and achieve comparable maturity in
functional metabolism.[3] Furthermore, PSCs-derived
liver organoids present fetal characteristics before differ-
entiation, opening avenues for the exploration of liver
development. Nonetheless, attention should also be paid
to the ethical issue in the use of embryonic stem cells as
primary materials for liver organoid establishment.[11]

ASCs include leucine-rich repeat-containing G protein–
coupled receptor 5–positive (Lgr5+) hepatic progenitors[12]

and epithelial cell adhesion molecule–positive (EpCAM+)
biliary epithelial cells.[13] Hepatic epithelial cells, including
primary cholangiocytes[14,15] or primary hepatocytes,[16,17]

can be isolated from the human liver, intrahepatic[14] or
extrahepatic bile duct,[15] gallbladder,[15,18] or bile[19–21]

samples by surgical resections, needle biopsies, or
endoscopic retrograde cholangiopancreatography brush-
ing. Organoids derived from ASCs, primary hepatocytes,
or cholangiocytes can be expanded in vitro before
differentiating into liver organoids when cued with selected
growth factors and small molecules[22] (Figure 1). Liver
tissue–derived epithelial organoids exhibit high-grade
genetic stability and represent the tissue of origin, making
them an attractive research tool for disease modeling,[5]

whereas tissue-derived liver organoids are limited in
accessibility to human samples and have a relatively
narrow differentiation capacity, although these organoids
are expandable and could maintain mature functionality.[3]

Although transgenic reprogramming is needed for iPSCs,
they are also promising alternatives for disease modeling,
as they can be derived from nonhepatic cells, which
circumvents the need for primary liver tissue that can only
be obtained through invasive procedures.[23]

Liver organoids have rapidly advanced our knowledge
of hepatic biology[24] and serve as preclinical tools for
drug screening and toxicity assessment,[25] personalized
treatment,[26] regenerative medicine,[27] and disease
mechanism investigation[28] in modeling of liver diseases
(Figure 2). With substantial reviews dealing with the
generation and application of liver organoids,[5,25,27,29–32]

we concentrate here on the advancements of liver
organoids in modeling the variety of liver diseases. At
the end of the review, the frontier advancements of liver
organoids are addressed and outstanding questions are
discussed.

LIVER ORGANOIDS IN MODELING
MONOGENIC AND/OR NEONATAL
LIVER DISEASES

Alagille syndrome

Alagille syndrome (AGS) is a multisystem disorder
caused by heterozygous mutations in the neurogenic
locus notch homolog protein (Notch) signaling pathway,
including Jagged1 (JAG1) and/or NOTCH2, which
is manifested by bile duct paucity and chronic
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cholestasis.[33] Utilizing biopsy from an AGS patient,
Huch and colleagues constructed human 3D AGS
organoids, displaying pronounced apoptosis of biliary
cells in the organoid lumens.[13] Andersson et al[34]

cultured handpicked bile duct fragments into liver
organoids from JAG1Ndr/Ndr mice and human controls
and found that AGS organoids derived from JAG1Ndr/Ndr

mice showed delayed and uncontrolled differentiation
and collapsed after a few days in culture, indicating
structural rather than developmental defects (Table 1).
To validate the role of Notch signaling in the bile duct–
specific differentiation of liver organoids, Vyas et al[68]

added a Notch inhibitor to the culture medium and
observed an attenuated maturation of bile duct structures
and a significant reduction in the expression of tran-
scription factors regulating bile duct development, imply-
ing a similar phenotype of AGS.

Alpha-1 antitrypsin deficiency

Alpha-1 antitrypsin (A1AT) deficiency (AATD) is a
genetic disorder resulting from mutations in the A1AT

gene (SERPINA1) encoding the serine protease
inhibitor family A member 1. The most common,
nondisease-causing mutation is named the “M” allele,
and the most frequent disease-associated mutations
are referred to as the “S” and “Z” alleles.[69] A1AT is
produced primarily by hepatocytes and acts as a
serine protease inhibitor, protecting against tissue
damage and destruction caused by neutrophil elas-
tase. Patients with AATD have low serum A1AT levels
and manifest with hepatic dysfunction and chronic
obstructive lung disease.[70] Biopsies from 3 patients
with AATD were used to generate organoids, in which
A1AT protein aggregation, reduced protein secretion,
and decreased elastase inhibition seemed similar to
matched donor tissue.[13] Furthermore, Gómez-
Mariano and colleagues established and compared
organoids with normal, MM, and deficient MZ and ZZ
genotypes. They observed the reduced expression of
hepatocyte markers, such as albumin, apolipoprotein
B, and SERPINA1, and higher intracellular Z-A1AT
polymers in ZZ and MZ organoids[35] (Table 1),
suggesting that liver organoids are bona fide models
of AATD phenotype.

F IGURE 1 Scheme of liver organoid formation. Adult stem cells (ASCs), primary hepatocytes, or cholangiocytes could be obtained from
primary liver tissue, intrahepatic/extrahepatic bile duct, gallbladder, or human bile by means of surgical resection, needle biopsy, and endoscope
brushing. After mechanical or enzymatic dissociation, single hepatocytes or cholangiocytes are plated on ECM that contains exclusive growth
factors and chemical molecules. In addition, liver organoids can be derived from PSCs, including iPSCs and ESCs. PSCs are firstly induced into
definitive endoderm and then into hepatoblasts, which can differentiate into hepatocyte or cholangiocyte organoids with careful modulation of
specific signaling pathway modeling liver development (relative growth factors in the medium are listed above). Abbreviations: BMP4, bone
morphogenetic protein 4; ESCs, embryonic stem cells; iPSCs, induced pluripotent stem cells; PSCs, pluripotent stem cells.
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Wilson disease

Wilson disease, caused bymutations in theATP7B gene,
is a rare autosomal recessive disorder characterized by
excessive copper accumulation in the liver and brain,
leading to severe hepatic and subsequent neurological
dysfunction.[71] ATP7B interacts with the copper metab-
olism domain containing 1 (COMMD1), a protein that is
mutated in Bedlington terriers with hereditary copper
toxicosis similar to human Wilson disease.[72] Nantasanti
et al[36] generated organoids from livers of these dogs
with COMMD1 deficiency, which exhibited higher copper
accumulation. With Dsred-expressing lentiviral vectors,
the COMMD1 gene was transferred to COMMD1-
deficient organoids, which normalized the intracellular
copper concentrations.[36] Furthermore, 24 hours after
the exposure to copper, COMMD1-deficient organoids
exhibited reduced cell viability, whereas gene-corrected
and wild-type organoids were not affected.[36] COMMD1-
deficient dogs undergoing autologous intraportal trans-
plantation of single cells derived from gene-corrected
organoids survived up to 2 years.[37] Notably, intrahepatic
cholangiocyte organoids (ICOs) have been developed
with biopsy sample of 1 patient with ATP7B mutation,

and ICOs displayed reduced cell viability after copper
treatment[38] (Table 1).

Urea cycle disorders

The liver converts excess ammonia to urea through the urea
cycle, and congenital defects in urea cycle enzymes or
transporters can lead to urea cycle disorders. Defects in 2
enzymes of the urea cycle, ornithine transcarbamylase
(OTC) and argininosuccinate synthetase 1 (ASS1), result in
OTC deficiency (OTCD) and citrullinemia type 1 (CT1),
respectively.[73] Matsumoto and colleagues generated iPSC-
derived organoids from a severe OTCD patient and
subsequently corrected the mutation through CRISPR/
Cas9[39] (Table 1). The gene-edited organoids showed
significant improvement in urea production.[39] The
expression level of 26 key genes of hepatocytes was
evaluated at different stages. However, except for OTC and
HNF4α, no significant differences in gene expression
between gene-edited iPSC-derived organoids and their
unedited counterparts were observed, which might be
because of the instability of the mutant transcript in
unedited iPSC organoids.[39] To assess the role of an

F IGURE 2 Biomedical applications of liver organoids. Healthy liver organoids derived from healthy donors can mimic organogenesis, and thus
hold great promise for developmental science. Healthy organoid transplantation into injured individuals showed terrific therapeutic effects,
indicating that healthy organoids are prospective in regenerative medicine. Both healthy organoids and diseased organoids derived from patients
with different types of liver diseases, including monogenic liver diseases, infectious hepatitis, AALD, MAFLD, and liver carcinoma, could be
cryopreserved as biobanks for further experiments such as disease mechanism investigation. Diseased organoids are also subjected to drug
screening and toxicity testing, indicating great candidates for personalized treatment. Abbreviations: AALD, alcohol-associated liver disease;
MAFLD, metabolic-associated fatty liver disease.
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TABLE 1 Summary of liver organoids modeling noncancer liver diseases

Modeled disease
Species
source(s) Cell sources Culture system Modeled phenotypes References

Alagille syndrome Human Liver biopsies from 3 AGS patients Matrigel Failure to upregulate biliary makers (CK19 and
CK7);

Inability to integrate into epithelium;
Increased apoptosis in the organoid lumen

[13]

Alagille syndrome Mouse Bile duct fragment from JAG1Ndr/Ndr mice Matrigel Disrupted bile duct morphogenesis and delayed
differentiation

[34]

Alpha-1 antitrypsin
deficiency

Human Liver biopsies from AATD patients Matrigel A1AT protein aggregation, reduced A1AT protein
secretion, and increased apoptosis within the
differentiated organoids;

Reduced ability of supernatants from differentiated
organoids to block elastase activity

[13]

Alpha-1 antitrypsin
deficiency

Human Liver biopsies from ZZ, MZ AATD patients Matrigel Intracellular aggregation and lower secretion of
A1AT protein;

Lower expression of albumin and apolipoprotein B

[35]

Wilson disease Canine iPSCs from COMMD1-deficient dog models Matrigel Higher intracellular copper accumulation [36,37]

Wilson disease Human Intrahepatic cholangiocytes from patients
with Wilson disease

Matrigel Increased sensitivity to copper treatment [38]

Ornithine transcarbamylase
deficiency

Human iPSCs from a OTCD patient Matrigel Reduced urea cycle activity [39]

Cystic fibrosis–associated
liver disease

Human iPSCs from CF patients Matrigel Formation of branched ductal structures and
impaired FIS

[40]

Cystic fibrosis–associated
liver disease

Human iPSCs from a CF patient Matrigel Loss of function to regulate intracellular chloride
concentration

[41]

Cystic fibrosis–associated
liver disease

Human Intrahepatic cholangiocytes from CF patients Matrigel Impaired FIS [38]

Wolman disease Human iPSCs from Wolman disease patients Matrigel Prominent steatosis and fibrosis [42]

Polycystic liver disease Human iPSCs from a PLD patient Matrigel Increased organoid size responsive to secretin
and decreased organoid size responsive to
octreotide and somatostatin

[41]

Biliary atresia Human Liver biopsies from BA patients Matrigel Lack of basal positioning nucleus, misorientation
of cilia, and lower expression of ZO-1;

Lower expression of developmental and functional
markers;

Increased permeability;
Aberrant expression of F-actin, β-catenin, and

Ezrin

[43]

Biliary atresia Human EPCAM+ cells from liver biopsies of BA
patients

Matrigel Aberrant morphology and apical-basal
organization;

Beta-amyloid deposition around bile duct

[44]

Biliary atresia Mouse [45]
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TABLE 1 . (continued)

Modeled disease
Species
source(s) Cell sources Culture system Modeled phenotypes References

Murine neonatal extrahepatic
cholangiocytes

Collagen-Matrigel
mixture

Disrupted cellular polarity and increased
permeability of biliary epithelium

Biliary atresia Human Fetal liver, adult liver, and bile duct Matrigel Morphological changes consistent with BA [46]

Methylmalonic acidemia Human Intrahepatic cholangiocytes from MMA
patients

Matrigel Increased propionylcarnitine concentration
compared with controls

[38]

Alcohol-associated liver
disease

Human EtOH-treated hFLMC/hEHO Matrigel Enhanced oxidative stress;
Responsive injury and fibrogenesis to EtOH

treatment;
Upregulation of genes encoding the lipogenic-

associated enzymes and transcription factors

[47]

NAFLD Feline FFA-treated liver organoids derived from
ASCs

Matrigel Increased intracellular lipid accumulation;
Upregulation of PLIN2, CPT1A, and PPARG

[48,49]

NAFLD Human FFA-treated liver organoids derived from
PSCs

Matrigel Increased intracellular lipid accumulation;
Increased metabolites regarding lipid metabolism;
Enriched gene sets for fatty acid metabolism

[3]

NAFLD Human Oleic acid-treated liver organoids derived
from healthy and diseased PSCs

Matrigel Increased intracellular lipid accumulation;
Enlarged cells size and hepatocyte ballooning;
Overexpression of inflammatory cytokines

[42]

NAFLD Human Lactate, pyruvate, and octanoic acid-treated
liver organoids derived from intrahepatic

cholangiocytes

Matrigel Increased intracellular lipid accumulation,
triglyceride, diacylglycerol, and glucose level;

Distinct mitochondrial impairment

[2]

NASH Mouse Liver organoids derived from MCD diet-
induced NASH mice models

Matrigel Upregulation of collagen I and α-SMA;
Occurrence of EMT

[50]

NASH Human Liver organoids derived from liver tissue of
NASH patients

Matrigel Increased intracellular lipid accumulation [51]

Hepatitis B Human iPSCs Microwell culture system Upregulation of HBV infection-promoting factors,
including NTCP, glypican 5, PPARA, and
CEBPA;

Permissiveness of HBV infection and progeny
HBV propagation;

Hepatic dysfunction after HBV infection

[52]

Hepatitis B Human Differentiated liver progenitor-like cells Matrigel Expression of host factors essential to HBV entry
and replication, including NTCP, RXRA, and
HNF4A;

Permissive of HBV infection

[53]

Hepatitis B Human ASCs from HBV-infected patients Matrigel Expression of NTCP;
Permissiveness for HBV infection and replication,

and progeny HBV propagation

[54]

Hepatitis C Human iPSC-derived hepatic progenitors Inverted colloid crystal
scaffold

Expression of proteins responsible for HCVcc
entry and HCV packaging;

[55]

6
|

H
E
P
A
T
O
LO

G
Y

C
O
M
M
U
N
IC
A
T
IO

N
S



Permissiveness for genotype 2a HCV reporter
virus infection

Hepatitis E Human ASCs from human adult and fetal liver Matrigel Permissiveness for HEV infection and replication;
Activation of innate defense;
Positive response to recombinant IFN-α

[56]

COVID-19 Human Human PSC-derived adult hepatocyte and
cholangiocyte.

Matrigel Expression of ACE2;
Permissiveness for SARS-CoV-2 infection;
Upregulation of chemokines and relative

inflammatory pathways similar as primary
pulmonary autopsy samples from patients with
COVID-19

[57]

COVID-19 Human Bile duct–derived progenitor cells Matrigel Expression of ACE2 and TMPPSS2;
Significant cholangiocyte tropism of SARS-CoV-2

infection;
Disrupted cholangiocyte barrier and bile acid

transportation

[58]

Hepatic Plasmodium
infection

Human and
simian

Primary hepatocytes Macroporous
cellusponge

Expression of CD81;
Maturation of schizonts and hypnozoites of

Plasmodium cynomolgi and Plasmodium vivax
into blood-invasive merosomes

[59]

Drug-induced liver injury Human iPSCs and ESCs Matrigel Higher expression and induction rate of CYP450
enzymes (CYP3A4, 1A2, 2C9);

Hepatic injury caused by APAP

[60]

Drug-induced liver injury human iPSCs Perfusable chip system Higher expression and induction rate of CYP450
enzymes (CYP3A4, 2C9, 2B6);

Hepatic injury caused by APAP

[61]

Drug-induced liver injury Human iPSCs and ESCs Matrigel Higher expression of CYP450 enzymes (CYP3A4,
1A2, 2A6, 2E1);

Hepatic injury caused by APAP, trovafloxacin, and
troglitazone

[3]

Drug-induced liver injury Human iPSCs and ESCs 384-well based high-
speed live imaging

platform

Expression of CYP450 enzymes (CYP3A4, 1A2,
2C9, 7A1);

Hepatic response to 283 drugs

[62]

Drug-induced liver fibrosis Human HepaRG cell line and iPSC-derived HSCs Matrigel Expression of CYP450 enzyme (CYP3A4);
APAP-induced HSC activation, collagen secretion,

and deposition

[63]

Drug-induced
phospholipidosis

Human ASCs Matrigel Expression of CYP450 enzyme (CYP3A4);
Upregulation of LAMP2 and presentation of

characteristic lamellar bodies with exposure to
amiodarone, sertraline, and amikacin

[64]

Primary sclerosing
cholangitis

Human Cholangiocytes from patients with primary
sclerosing cholangitis

Matrigel Cellular senescence and macrophage
accumulation;

Smaller size and slower growth rate compared with
normal controls;

Lack of central lumens

[65]
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ASS1 mutation in liver organoids, Akbari and colleagues
transfected CT1 patient-derived iPSCs with vectors
containing full-length ASS1 cDNA or empty control vectors
and thereby generated corresponding transgenic organoids.
Higher ammonia concentrations and lower ureagenesis
levels were detected in conditionedmedia of CT1 organoids,
and theseCT1phenotypeswere rescued to normal levels by
the re-expression of wild-typeASS1 in the CT1 organoids.[74]

Cystic fibrosis–associated liver disease

Cystic fibrosis (CF) is caused by mutations in the CF
transmembrane conductance regulator (CFTR), which
helps to maintain the balance of salt, particularly chloride,
and water on many surfaces in the body.[75] Defective
chloride channels lead to various epithelial dysfunctions,
including the biliary epithelium.[75] Patients with CF-
associated liver disease (CFLD) are often present with
hepatic dysfunction due to biliary cirrhosis.[76] hPSC-
derived cholangiocyte organoids could form epithelialized
cystic structures, which express markers found in mature
bile ducts, including the CFTR.[40] Those cholangiocyte
organoids displayed epithelial functions, such as CFTR-
mediated fluid secretion, validated by the regulation of cyst
swelling. Forskolin, an activator of the adenosine 3′, 5′-
cAMP pathway, is widely used to induce swelling in the
cyst, which could functionally indicate CFTR function and
provide insights for the CF organoid studies. CF organoids
were formed by iPSC-derived cholangiocytes from
patients homozygous for the most common CFTR
F508del mutation and liver samples from a patient
compound heterozygous for CFTR F508del and
R1162X[40,41] (Table 1). Because of CFTR mutations,
impaired forskolin-induced swelling occurred in these CF
organoids, which indicated the malfunction of CFTR to
transport chloride and corresponded to bile viscosity seen
in CF patients.[38,40,41] CFTR correctors (VX-809 and VX-
661) stabilize CFTR by filling into a hydrophobic pocket in
the first transmembrane domain and linking together 4
helices that are thermodynamically unstable.[77] CFTR
potentiator (VX-770) binds at the site involved in channel
gating and stabilizes the open conformation of CFTR.[78]

A relevant clinical trial has been successfully
completed.[79,80] As expected, impaired forskolin-induced
swelling in human CF organoids was salvageable by a
combination of CFTR correctors (VX-809 and VX-661)
and CFTR potentiator (VX-770).[38,40,41]

Wolman disease

Wolman disease is caused by mutations in the enzyme
lysosomal acid lipase (LAL) that hydrolyzes cholesteryl
esters and triglycerides. Hepatocytes from patients with
Wolman disease have a massive accumulation of
cholesteryl esters and triglycerides, accompanied byT
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lethal steatohepatitis and fibrosis.[71] Wolman disease–
specific iPSC-derived multicellular organoids composed
of hepatocyte-like, stellate-like, and Kupffer-like cells
showed prominent steatosis, aggressive fibrosis, and
increased stiffness, consistent with the clinical presen-
tation of Wolman disease[42] (Table 1). Increased lipid
accumulation in the hepatocyte could be rescued by
exposure to recombinant LAL protein.[42] Importantly,
FGF19 could ameliorate steatosis and fibrosis in the
Wolman organoids by alleviating oxidative stress.[42]

Polycystic liver disease

iPSC-derived organoids were established from polycystic liver
disease (PLD) patients. In PLD, increased cholangiocyte
proliferation and fluid secretion are key features, and chol-
angiocyte cAMP is an important regulator of these processes.
Octreotide is a synthetic analog of somatostatin known to inhibit
cAMP and clinically used to suppress and/or revere PLD
progression[41] (Table 1). Importantly, octreotide treatment
significantly reduced the size of PLD organoids and
reproduced the effects of the drug in vitro.[41]

Biliary atresia

Biliary atresia (BA) is an obstructive cholangiopathy often
occurring in neonates and involving both extrahepatic
and intrahepatic bile ducts.[81] Cholangiocyte organoids
derived from liver biopsies of infants with BA exhibited
halted development, reduced the expression of devel-
opmental and functional markers (Cytokeratin 7, CK7;
EpCAM; transporters Aquaporin 1, AQP1; CFTR; Soma-
tostatin receptor 2, SSTR2), reduced the population of
ciliated cells, abnormal cell polarity, and increased
epithelial permeability.[43,44] Furthermore, it has been
reported that the FGF2 and EGF promote the maturation
of BA organoids and repair the cellular defects when
added to the organoid culture medium.[43] Biliatresone, a
plant toxin, resulted in monolayer disruption and lumen
obstruction of mouse extrahepatic cholangiocyte organo-
ids, phenotyping the pathology of BA.[45,82] Beta-amyloid,
mainly recognized in Alzheimer disease, has been
shown to accumulate around BA organoids and beta-
amyloid treatment–induced aberrant morphology and
transcriptional changes reminiscent of BA organoids over
normal organoids[44] (Table 1). Moreover, cholangiocyte
organoids were sensitive to rotavirus and supported the
entire life cycle of rotavirus. Rotavirus-infected
organoids were shriveled and disorganized, partially
recapitulating the development of BA. In addition,
mycophenolic acid, interferon-alpha, and monoclonal
neutralizing antibody targeting rotavirus VP7 protein
could prevent cytopathogenesis of rotavirus-infected
cholangiocyte organoids.[46] Biliatresone-induced, beta-
amyloid-induced, and rotavirus-induced organoids that

recapitulated BA, to some extent, might contribute to the
identification of key cellular and molecular targets
involved in epithelial injury and bile duct obstruction. In
contrast, these organoids are in a dilemma to fully feature
BA as their phenotypes might come from different
pathological mechanisms.

Methylmalonic acidemia

ICOs have been generated from liver tissues from
methylmalonic acidemia patients.[38] Propionylcarnitine
was an intermediate product of branched-chain amino
acid metabolism and was used as a clinical biomarker.
Compared with controls, expanded ICO cells and
culture media exhibited a significant increase in
propionylcarnitine[38] (Table 1).

LIVER ORGANOIDS IN MODELING
ALCOHOL-ASSOCIATED LIVER
DISEASE

Alcohol-associated liver disease is a complex process that
includes a wide spectrum of hepatic lesions from steatosis
to cirrhosis, even severe liver failure. It is characterized by
oxidative stress, disturbed metabolism, inflammation,
modifications in the regeneration process, and bacterial
translocation.[83] By incorporating hepatic stellate cells
(HSCs substitute and human fetal mesenchymal cells
(hFLMCs) into human embryonic stem cells–derived
hepatic organoids (hEHOs), Wang et al[47] created a
coculture hepatic multitissue organoid, referred to as
hFLMC/hEHO, that carries both alcohol dehydrogenase
and cytochrome P450 (CYP450) protein 2E1 (CYP2E1),
which metabolizes ethanol (EtOH) to acetaldehyde accom-
panied byROS production, further inducing oxidative stress
and steatosis in AALD (Table 1). After EtOH treatment,
enhanced activity of CYP2E1, responsive damage, such as
upregulated secretion of alanine aminotransferase,
aspartate aminotransferase, and lactate dehydrogenase,
and reduced organoid viability were observed, and hFLMC/
hEHO displayed enhanced fibrogenesis and enhanced
oxidative stress.[47] Moreover, excessive fat accumulation,
upregulation of genes encoding lipogenic-associated
enzymes and transcription factors, as well as activated
proinflammatory IL-1 and IL-17 signaling were observed in
hFLMC/hEHO compared with controls without EtOH
treatment.[47]

LIVER ORGANOIDS IN MODELING
METABOLIC ASSOCIATED FATTY
LIVER DISEASE

There has been a significant rise in the prevalence of
metabolic associated fatty liver disease (MAFLD) with
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complex pathogenesis. The need for effective and
safe therapy has spurred the development of both
in vivo and in vitro models to elucidate the disease
pathogenesis and provides insights for the identifica-
tion of potential treatment targets and preclinical tests
of the therapeutic efficacy of drugs.[84] Liver organoids
have extended the map of the MAFLD models. Liver
organoids have been generated from different species,
including cats,[48,49] dogs,[48] mice,[2,50] and
humans,[2,3,42] and used to model MAFLD (Table 1).
Kruitwagen et al[48] established the long-term feline
liver organoids, which, compared with their mouse,
human, and dog counterparts, exhibited more
pronounced intracellular lipid accumulation when
treated with excess free fatty acids. Moreover, free
fatty acid–treated organoids exhibited typical MAFLD
features, including a distinct increase in the metabo-
lites from lipid metabolism, inflammatory cytokines,
intracellular lipid droplets[3,42,48] and hepatocyte bal-
looning, and a fibrogenic response.[42] They found
that supplementation with T863 (a diacylglycerol
O-acyltransferase 1 inhibitor) and 5-aminoimidazole-
4-carboxamide 1-β-D-ribofuranoside (an AMP kinase
activator) significantly alleviated lipid (triacylglycerol)
accumulation and enhanced the viability of lipid-
loaded hepatic organoids.[48,49] Although liver organo-
ids aided in the approaches to explore potential drug
targets and detect the toxicity of potential therapeutic
compounds for MAFLD, the application of this system
was limited because of the failure to replicate the
multicellular milieu of the intact liver.

A subset of patients with MAFLD will progress to
NASH, characterized by inflammation and fibrosis that
usually progresses to cirrhosis and predisposes to
HCC.[85] In the search for a diagnostic marker for
NASH, Elbadawy et al[50] generated NASH organoids
from mice fed a methionine-deficient and choline-
deficient diet and found that Areg (amphiregulin) and
Igf2bp2 (insulin-like growth factor 2 mRNA-binding
protein 2) were the promising diagnostic biomarkers
for NASH, as they were specifically elevated in all
NASH organoids compared with those from control
mice. Nonetheless, these NASH findings in animal
organoid models might not correspond to the findings
in humans. Thus, future studies are needed to clarify
the efficacy of these genes in the diagnosis of NASH,
because mouse models cannot fully recapitulate the
pathological mechanism underlying human NASH
disease. Notably, McCarron et al[51] demonstrated that
human organoids generated from irreversibly dam-
aged NASH livers exhibited distinct upregulation of
inflammation, liver fibrosis, and tumor biomarkers.
Intriguingly, NASH organoids exhibited significant
permissiveness to the severe acute respiratory
syndrome-coronavirus 2 (SARS-CoV-2) vesicular
stomatitis pseudovirus, which might play a role in
NASH-related COVID-19.[51]

LIVER ORGANOIDS IN MODELING
INFECTIOUS HEPATITIS

Hepatitis B/C/E

Liver organoids derived from hiPSCs have been shown
to be highly susceptible to HBV infection,[52] as are liver
organoids generated from primary hepatocytes.[53,54]

Liver organoids displayed high expression of the HBV
entry receptor, the sodium-taurocholate cotransporting
polypeptide[52–54] (Table 1). Replication and production
of the infectious progeny HBV by organoids have also
been observed when challenged by the sera of HBV-
infected patients.[52,54] Moreover, HBV-induced hepatic
dysfunction of liver organoids was decreased by
treatment with myrcludex (an HBV entry inhibitor) and
entecavir (an anti-HBV nucleotide).[52] In addition to
in vitro infection of originally HBV-free liver organoids,
also HBV-containing organoids were generated from
HBV-infected patients.[53,54] Fu et al[53] validated the
potency of entecavir and Cas9/HBV-single guide RNAs
(targeting HBV covalent closed circle DNA) either
independently or in combination to prevent the
rebound of HBV replication in hepatitis B patient–
derived organoids. De Crignis et al[54], by transcriptome
analysis of patient-derived liver organoids, identified a
novel early gene signature for liver cancers, providing a
potential biomarker to surveil and prevent the progres-
sion from HBV infection to HCC. In addition, human liver
organoids might serve as a promising preclinical plat-
form to monitor the hepatotoxicity caused by drugs used
to treat hepatitis B.[54].

Liver organoids, demonstrating a high expression of
HCV entry-related proteins (scavenger receptor, class
B, type 1; cluster of differentiation 81, CD81), were
highly permissive to HCV infection, while 2D cells were
less susceptible to HCV infection[55] (Table 1).

Human liver–derived hepatocyte and cholangiocyte
organoids have been shown to support HEV replication
throughout the life cycle[56] (Table 1). HEV infection
impacted liver organoids mildly on morphological
characteristics but robustly on metabolic response,
especially in the IFN signaling pathway, which
mattered in the early innate immune defense against
a broad range of viruses.[56] After screening HEV-
infected liver organoids with anti-HEV drugs, brequinar
and homoharringtonine were identified as potent
inhibitors of HEV infection, which were also effective
against the ribavirin-resistant variant harboring the
G1634R mutation.[56]

COVID-19–induced hepatitis

SARS-CoV-2, which caused the COVID-19 pandemic,
typically leads to severe respiratory failure, but some-
times also affects other organs like liver, heart, and
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kidney.[86] Yang et al[57] showed that human PSC
(hPSC)–derived hepatocyte and cholangiocyte organo-
ids expressing angiotensin 1 converting enzyme 2
(ACE2, a putative receptor of SARS-CoV-2) were highly
permissive to SARS-CoV-2 infection. SARS-CoV-2–
infected cholangiocyte organoids induced a robust
increase in secreted chemokines and upregulation of
inflammatory pathways, as also seen in the primary
human COVID-19 pulmonary biopsy specimens.[57] In
addition, Zhao et al[58] reported the existence of a
proportion of ACE2+/transmembrane serine protease 2+

(TMPPSS2+) cholangiocytes in bile duct organoids, to
which the SARS-CoV-2 displayed notable tropism
(Table 1). Notably, SARS-CoV-2 deteriorated the bile
duct cell barrier and bile acid transport by regulating the
expression of tight junctions and bile acid transport–
related genes and stimulating the expression of several
key apoptotic factors. This indicated that hepatic
dysfunction in COVID-19 patients was partly due to the
direct cholangiocyte injury caused by SARS-CoV-2.[58]

Protozoan parasite–induced hepatitis

Liver organoids were capable of demonstrating the
intact liver stage of Plasmodium cynomolgi and
Plasmodium vivax and have been validated as pre-
dictive platforms for antiplasmodial and antirelapse drug
screening[59] (Table 1).

LIVER ORGANOIDS IN MODELING
DRUG-INDUCED LIVER INJURY

DILI is a hepatic adverse reaction to drugs or other
chemical agents.[62] hPSC-derived liver organoids
expressed a phase II detoxification enzyme at the liver
tissue level[3] and modulated the DILI of acetaminophen
(APAP),[60,61] trovafloxacin, and troglitazone.[3] Impor-
tantly, Shinozawa et al[62] designed a liver organoid–
based toxicity screening (LoT) assay to analyze the
hepatoxicity of 238 marketed drugs (32 negative
controls and 206 reported DILI agents) and showed
high predictive values of the LoT system with 88.7%
sensitivity and 88.9% specificity. The results of the LoT
system were comparable to or higher than those of
primary hepatocyte-based models.[62] Furthermore, liver
organoids emulated DILI susceptibility in individuals in
different disease contexts. For example, liver organoids
exposed to troglitazone after unsaturated fatty acid
treatment exhibited substantial fragmentation due to cell
death, recapitulating potential DILI in the context of
MAFLD.[62] In addition, Howell et al[87] generated murine
hepatocyte organoids that expressed a variety of drug
metabolism and transport proteins required for drug
metabolisms, such as CYP3A, glutathione-S-transfer-
ase alpha, and multidrug resistance protein 1A. Despite

there being continual increased CTP3A4 activity in
iPSC-derived hepatic organoids after a month of
culture, fetal markers such as AFP and CYP3A7
remained highly expressed in the organoids, which
might lead to the deviation of drug assessment
results.[9]

Aside from acute DILI, Leite et al[88] developed liver
organoids as a readout to model chronic drug-induced
liver fibrosis by analyzing the gene expression asso-
ciated with HSC activation, as well as collagen
accumulation in the liver organoids after repeated
exposure to fibrotic compounds, such as methotrexate
and allyl alcohol. Intriguingly, APAP, which causes
acute liver injury, could also result in chronic liver
fibrosis through the activation of HSCs.[63,88] In addition,
ASC-derived liver organoids treated with amiodarone,
sertraline, or amikacin showed significant upregulation
of lysosome-associated membrane protein 2, lamellar
bodies, and reduction of cell viability, as manifested in
drug-induced phospholipidosis, a phospholipid storage
disease caused by the formation of phospholipid-drug
complexes in lysosomes[64] (Table 1).

LIVER ORGANOIDS IN MODELING
PRIMARY SCLEROSING
CHOLANGITIS

Primary sclerosing cholangitis (PSC) is a progressive
fibroinflammatory biliary disorder characterized by multi-
focal bile duct strictures and dilations, and distressfully, it
lacks definitive etiology and efficient pharmacotherapy.[89]

Cholangiocyte senescence and immune responsiveness
have been reported to be predominant phenotypes of
PSC.[89,90] Loarca and colleagues established senescent
cholangiocyte organoids with senescent cholangiocytes,
or cholangiocytes from patients with PSC, and secretory/
normal controls with healthy human cholangiocytes.
Senescent cholangiocyte organoids responded negatively
to secretin stimulation, whereas secretory controls
enlarged in the luminal area after secretin stimulation.[65]

Compared with secretory organoids, senescent organoids
showed higher expression of cellular senescence
markers, smaller size, slower growth rate, and more
significant macrophage accumulation. This recapitulated
the cellular senescence and immune responsiveness in
the primary sclerosing cholangitis.[65] Notably, half of the
senescent organoids and all of the PSC-derived organo-
ids failed to form central lumens while secretory controls
developed integrated lumens.[65] Soroka et al[20,21]

extracted human cholangiocyte organoids from bile speci-
mens of PSC patients who underwent diagnostic or
therapeutic endoscopic retrograde cholangiopancreatog-
raphy (Table 1). On the basis of the methodology of
Soroka and colleagues, Reich et al[91] constructed human
bile-derived organoids and found that IL8 stimulation
declined the expression of biliary epithelium–protective
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Takeda G protein–coupled receptor-5 (TGR5) mRNA,
indicating the pathogenesis of PSC.

LIVER ORGANOIDS IN MODELING
HYPERURICEMIA

The liver is the major organ for purine anabolism and
uric acid production, and hyperuricemia (HUA) is a
metabolic disorder resulting from abnormal purine
metabolism.[66] Hou et al[66,67] established liver organo-
ids from human paracarcinomatous tissue and found a
high expression of key enzymes of purine metabolism,
including adenosine deaminase and xanthine oxidase.
Then, they induced liver organoids to HUA organoids by
the xanthine oxidase substrate xanthine. A higher uric
acid level in the supernatant of HUA organoids was
detected, and allopurinol, the most common drug for
gout, significantly lowered uric acid production by HUA
organoids[66,67] (Table 1). Puerarin was reported to have
obvious therapeutic effects on HUA.[92] In a range of
concentrations, the puerarin[66] and 2 histidine
dipeptides, carnosine and anserine,[67] had uric acid–
lowering effects with HUA organoids.

LIVER ORGANOIDS IN MODELING
LIVER CANCERS

Primary liver cancer (PLC), mainly comprising HCC and
cholangiocarcinoma, accounts for the second highest
cancer-related mortality worldwide.[93] Liver cancer orga-
noids, also termed “tumoroids,” provide an amenable
system to study the occurrence and progression of PLC,
as well as a drug-testing platform (Table 2). From
surgically resected PLC tissues, Broutier et al,[94] Li
et al,[95] and Wang et al[96] have successfully established
organoids that in part preserve the histological
characteristics, tumorogenic and metastatic properties,
and genomic and transcriptomic landscapes of the
parental tumor tissues even after long-term expansion
in vitro, thereby facilitating patient-specific drug testing.
PLC organoids generated by diagnostic needle biopsies
of PLC patients and diethylnitrosamine-induced murine
liver tumors have also been reported.[97] However,
establishing PLC organoids from very well-differentiated
liver tumor tissues (with <5% of proliferating cells)
remained infeasible so far.[5,94] In addition, organoids of
hepatoblastoma, the most common childhood liver
cancer, have been successfully developed in the dish
with freshly resected patient tumors for drug
screening.[98] Coculture systems with other hepatic cell
types, such as endothelial cells and cancer-associated
fibroblasts (CAFs), allowed the investigation of the tumor
microenvironment as well.[99,100] Importantly, Neal and
colleagues reported PDOs from tumor biopsies
consisting of bile duct ampullary adenocarcinoma. TheT
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PDOs preserved diverse immune cells, including T, B,
natural killer, natural killer T cells, and macrophages, as
well as fibroblast stroma. These PDOs faithfully
recapitulated the TCR repertoire of parental tumor
tissue and immune checkpoint blockade in vitro.[101]

CONCLUSIONS

Liver organoids are now robustly established models for
diverse liver diseases, including monogenic liver dis-
eases, alcohol-associated liver disease, MAFLD, various
types of hepatitis, and liver cancers, to study the
pathogenesis, immune interaction, drug toxicity, and
drug efficacy in a personalized manner. In addition,
PDOs competent for long-term deposition in liquid-
nitrogen or −80 °C environment[21,65] are eligible to
constitute a valuable biobank for preclinical and/or
clinical research. This was extremely vital to the research
on rare liver diseases such as monogenic inherited liver
diseases due to the rarity of the primary tissue materials.
Owning stable genomic recapitulation of in vivo tissues,
liver organoids manipulated by gene-editing technology,
including but not limited to CRISPR/Cas9, also holds
great promise for investigating selected gene function in
various liver diseases.[17,102,103] Recently, large-scale
preclinical and even clinical trials were designed to
validate the efficacy and safety of drugs[62,104] based on
the high-throughput liver organoids, which would boost
the prospect of liver organoids serving as an exciting
platform for the pharmaceutical industry to minimize the
potential for DILI. The successful generation of liver
organoids that combine hepatocytes and cholangiocytes
with hepatobiliary connections would further the drug
development.[105] Despite the visible progress of liver
organoids, certain issues still remain.

hPSC-derived organoids have been reported to be
less mature.[106] Although hPSC-derived liver organo-
ids showed the key features of mature hepatocytes
such as significant albumin secretion, potent mito-
chondrial respiration, enriched gene sets involved in
the drug metabolism, bile acid, and lipid metabolism,[3]

PSC-derived organoids retain a fetal-like state even in
prolonged culture, which might be explained by the
culture conditions that support both hepatic and biliary
cells, hindering the further maturation of these cells.[9]

Similarly, adult liver organoids were also positive for
progenitor markers and early hepatocyte specification
markers, indicative of cell immaturity.[48] In some cell
clusters within single organoids, mature hepatocyte
markers such as albumin were negative, indicating
that there were different maturation levels within an
organoid.[48] It has been found that the gut microbiome
or microbiome-derived metabolites enhanced the
maturity of PSC-derived liver organoids, which
could partially promote the terminal differentiation of
hepatocytes.[107]T
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As is known, a pathological microenvironment plays
a crucial role in disease development. However, most of
the hitherto reported liver organoids comprise only
hepatic parenchymal cells (hepatocytes and/or cholan-
giocytes), limiting those liver organoids to modeling
disease components such as the interaction of other
nonparenchymal cells (such as hepatic stellate cells,
kupffer cells, and immune cells) in the pathogenesis of
specific liver diseases. Indeed, coculture systems
containing HSCs[63,88,108] and Kupffer cells,[42,109] but
still without adaptive immune components, have been
reported. Hopefully, Neal et al[101] reported that PDOs
might direct further incorporation of immune cells and
nonimmune stromal elements into organoids to
advance the pathological interpretation of the liver
disease microenvironment.

Despite robust development in the last decade, the
liver organoid technique has several unsolved ques-
tions, including the following: (1) experimental liver
organoids particularly used for drug screening are
constrained by commercially expensive growth factors
and significant methodology variations, including vari-
ous tissue sources or cell lines, different organoid
protocols among different labs, interbatch or intrabatch
effect; (2) there is a lack of advanced liver organoid
differentiation protocols for obtaining more complex
integrity of liver organoids en bloc with multiple cell
types and de novo vasculature; (3) given the immuno-
logical disadvantage of Matrigel, which is extracted from
the ECM of the Engelbreth-Holm-Swarm mouse sar-
coma and negatively impacts the therapeutic applica-
tion of organoids, alternative xenofree bioengineered
materials such as polyethylene glycol hydrogel enzy-
matically cross-linked by the activated transglutaminase
factor XIIIa, polyisocyanopeptides, and their derivatives
have been developed for the safe application of liver
organoids in regenerative medicine.[110] Also, a nano-
fibrillar hydrogel with controllable stiffness for organoid
culture was developed to overcome the complex and
heterogeneous ingredients of Matrigel.[111] However,
the current knowledge of xenofree hydrogels is still
limited, and biocompatible and immuotolerant biomate-
rials are in need to be developed to support liver
organoid formation for clinical approaches.

Collectively, liver organoids hold vital promise to
model various liver diseases and recapitulate their
pathological characteristics at different stages. Revising
the methodologies, reinforcing the supporting materials,
and incorporating multiple cell types will make liver
organoids a leading platform from bench to bedside
(Table 3).
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