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Abstract

Background The generation of liver organoids recapitulating parenchymal and non-parenchymal cell interplay is
essential for the precise in vitro modeling of liver diseases. Although different types of multilineage liver organoids
(mLOs) have been generated from human pluripotent stem cells (hPSCs), the assembly and concurrent differentiation
of multiple cell types in individual mLOs remain a major challenge. Particularly, most studies focused on the vascu-
larization of mLOs in host tissue after transplantation in vivo. However, relatively little information is available on the

in vitro formation of luminal vasculature in mLOs themselves.

Methods The mLOs with luminal blood vessels and bile ducts were generated by assembling hepatic endoderm,
hepatic stellate cell-like cells (HscLCs), and endothelial cells derived entirely from hPSCs using 96-well ultra-low attach-
ment plates. We analyzed the effect of HscLC incorporation and Notch signaling modulation on the formation of both
bile ducts and vasculature in mLOs using immunofluorescence staining, qRT-PCR, ELISA, and live-perfusion imaging.
The potential use of the mLOs in fibrosis modeling was evaluated by histological and gene expression analyses after
treatment with pro-fibrotic cytokines.

Results We found that hPSC-derived Hscl.Cs are crucial for generating functional microvasculature in mLOs. HscL.C
incorporation and subsequent vascularization substantially reduced apoptotic cell death and promoted the survival
and growth of mLOs with microvessels. In particular, precise modulation of Notch signaling during a specific time
window in organoid differentiation was critical for generating both bile ducts and vasculature. Live-cell imaging, a
series of confocal scans, and electron microscopy demonstrated that blood vessels were well distributed inside mLOs
and had perfusable lumens in vitro. In addition, exposure of mLOs to pro-fibrotic cytokines induced early fibrosis-
associated events, including upregulation of genes associated with fibrotic induction and endothelial cell activation
(ie, collagen |, a-SMA, and ICAM) together with destruction of tissue architecture and organoid shrinkage.

Conclusion Our results demonstrate that mLOs can reproduce parenchymal and non-parenchymal cell interactions
and suggest that their application can advance the precise modeling of liver diseases in vitro.
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Background
The liver is a complex organ composed of parenchy-
mal hepatocytes and non-parenchymal cells of distinct
embryological origins. Although hepatocytes are respon-
sible for most liver functions [1], non-parenchymal cells
such as cholangiocytes, endothelial cells (ECs), hepatic
stellate cells (HSCs), and Kupffer cells also play impor-
tant roles in the normal and diseased liver. Cholangio-
cytes are biliary epithelial cells that form intrahepatic
and extrahepatic bile ducts and were recently identified
as a source of pro-inflammatory cytokines and facultative
hepatic stem cells in the liver [2—4]. HSCs are specialized
liver pericytes that serve as a vitamin A reservoir in the
healthy liver [5]. In pathological conditions, activated
HSCs are transformed into myofibroblasts that produce
a large amount of extracellular matrix (ECM) and pro-
inflammatory cytokines that induce wound-healing reac-
tions. However, prolonged activation of HSCs results in
liver fibrosis and subsequent cirrhosis [5—7]. Liver sinu-
soidal ECs are activated in response to pro-inflammatory
cytokines and contribute to the progression of liver fibro-
sis and regeneration by releasing angiocrine growth fac-
tors including Wnt2, HGF, TGFf, and BMP2 [7]. These
non-parenchymal cells also affect entire stages of liver
development, including liver bud formation [1, 8-11], by
secreting cytokines or transducing direct cell—cell con-
tact-mediated signals such as Notch that modulate vas-
cularization [12-15] and biliary morphogenesis [16, 17].
Technological advances in generating multilineage liver
organoids (mLOs) from human pluripotent stem cells
(hPSCs) have recently provided an alternative model for
investigating liver development and disease [18, 19]. Recent
studies demonstrate that mLOs consisting of parenchy-
mal and non-parenchymal cells partially reflect complex
interactions between diverse cell types under physiological
and pathological conditions in the liver [20, 21]. The first
such study generated liver bud-like organoids composed
of human induced pluripotent stem cell (hiPSC)-derived
hepatic endoderm (HE), primary mesenchymal stem cells,
and human umbilical vein endothelial cells [22]. Based
on this approach, subsequent studies generated different
types of mLOs consisting of various combinations of cell
types obtained directly from primary liver tissue [23-27]
or entirely from hPSCs for modeling liver diseases [20, 28].
Recent studies produced mLOs containing HSCs, ECs,
or Kupffer cells to model liver diseases, including non-
alcoholic steatohepatitis [29-31]. However, most studies
focused on the vascularization of mLOs in host tissue after
transplantation in vivo, with relatively little information

available on the in vitro formation of luminal vasculature in
mLOs themselves. Other studies generated organoids with
bile duct structures and biliary cysts from human hepatic
progenitors [32] or hPSCs [33], but these organoids did not
contain HSCs and ECs. Overall, despite recent advances in
hPSC and organoid technologies, incorporating multiple
non-parenchymal cell types and inducing structural matu-
ration of mLOs with both luminal blood vessels and bile
ducts remains a major challenge.

We previously showed that hepatic functions of hPSC-
derived cells can be increased by generating 3D hepatic
spheroids [34, 35]. We also demonstrated that genome-
edited mLOs derived from a patient with hemophilia A
(HA) secrete significant amounts of blood coagulation
factor, FVIII [36]. In the present study, we focused on the
generation of both luminal vasculature and bile ducts in
mLOs entirely from hPSCs in vitro. We found that the
inclusion of HscLCs and regulation of Notch signaling
during mLO assembly and maturation inhibited apop-
totic cell death and promoted both vascularization and
biliary duct formation in mLOs. Furthermore, the mLOs
produced capillary-like vessels with perfusable lumens
and were sensitive to fibrosis-associated cytokines,
reflecting multiple early aspects of fibrotic induction.

Materials and methods

Generation and culture of hPSC-derived mLOs

The generation of mLOs is summarized in Fig. 2A.
BGO1-derived HEs, ECs, and HscLCs were dissoci-
ated into single-cell suspensions by treatment with Try-
pLE (12604-021, Gibco) for 3 min and collected using
DMEM (12100-046, Gibco) containing 10% FBS (16000-
044, Gibco). 1.5x10* HE, 3x10* ECs, and 5x 10°
HscLCs were seeded together in ultra-low attachment
96-well plates (ULA PrimeSurface® 96U, MS-9096UZ,
SIMADZU) in cold multilineage liver organoid dif-
ferentiation medium [37-40] [DM, advanced DMEM/
F12 media supplemented with 1 x HEPES (15630-080,
Gibco), 1 x GlutaMAX (35050-061, Gibco), 1 x penicil-
lin/streptomycin (15140-122, Gibco), 0.1 mg/ml BSA
(A7096, Sigma), 1 x B27 supplement minus vitamin A
(12587-010, Gibco), 25 ng/ml BMP7 (120-03p, Pepro-
tech), 100 ng/ml FGF19 (100-32, Peprotech), 25 ng/
ml HGF (CYT-244, Prospec), 10 nM (Leul5)-Gastrin I
(G9145, Sigma), 1.25 mM N-acetyl-L-cysteine (A9165,
Sigma), 0.5 pM A83-01 (2939, Tocris Bioscience), 10 pM
DAPT (ab120633, Abcam), 3 uM dexamethasone (D4902,
Sigma), 0.566 mg/ml growth factor-reduced Matrigel
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(M354230, Corning), 100 ng/ml VEGF-165 (100-20, Pep-
rotech), 50 ng/ml bFGF (100-18b, Peprotech), and 10 uM
ROCK inhibitor Y27632 (1254, Tocris Bioscience)]. On
days 1 and 3, cold DM was added to the organoid culture.
Five days after aggregation, mLOs were transferred to
ultra-low attachment 24-well plates (3473, Corning) and
further cultured in DM. The medium was replaced every
3 days. To optimize the ratio and the composition of cell
types in mLOs (total of 5x 10* cells), different ratios
(HE/EC/HscLC, 3:6:1; 5:4:1; 7:2.5:0.5) and combinations
(HE+EC+ HscLC; HE+ HscLC; HE only) of cell types
were assembled in ULA 96-well plates and cultured as
described above.

Gene expression analysis

Total RNA was isolated from 2D cells and organoids
using TRIzol (15596-018, Invitrogen) and homogeniz-
ers. cDNA was synthesized using a reverse-transcription
system (Thermo Fisher Scientific). Quantitative reverse-
transcription polymerase chain reaction (qRT-PCR)
was performed using a CFX-96 real-time PCR detec-
tion system (Bio-Rad) in triplicate with iQ" SYBR Green
SuperMix (170-8882, Bio-Rad). Primer sequences are
presented in [Additional file 1: Table S1]. Relative expres-
sion levels of target genes were normalized to the level of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or
beta-actin (ACTB) mRNA.

Immunofluorescence staining of 2D cells and organoid
cryosections

2D cells were fixed in 4% paraformaldehyde solution for
20 min at room temperature and then washed three times
with PBS. Organoids were fixed in 4% paraformaldehyde
solution for 1 h at room temperature and incubated over-
night at 4 °C in 20% sucrose for cryo-protection. Fixed
organoids were embedded in optimum cutting tempera-
ture (OCT) compound (4283, Tissue-Tek) and cut into
30- or 50-um frozen sections. Fixed cells or organoid
cryosections were incubated with blocking solution [10%
donkey serum (ab7475, Abcam) in PBS with or with-
out 0.3% Triton X-100] for 45 min at room temperature
and then incubated with primary antibodies (Additional
file 1: Table S2) overnight at 4 °C. After washing several
times with PBS, cells were incubated with Alexa Flour
488-, 568-, 594-, or 647-conjugated secondary antibodies
(Additional file 1: Table S2) for 1.5 h at room tempera-
ture in the dark. Cells were rinsed several times with PBS,
and nuclei were stained with 1 pg/ml 4;5-diamidino-
2-phenylindole (DAPI, D8417, Sigma) for 10 min at room
temperature. Fluorescence images were obtained using
a confocal laser scanning microscope (LSM800, Carl
Zeiss). Image quantification was performed using Image].
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Whole-mount immunofluorescence staining and clearing
of organoids

Organoids were washed three times with cold PBS and
fixed in 4% paraformaldehyde solution for 1 h at room
temperature on a rocker. Fixed organoids were rinsed
with PBS three times and incubated with organoid-block-
ing solution [10% donkey serum (ab7475, Abcam), 1%
BSA (BSA 0.1, Bovogen), and 0.3% Triton X-100 in PBS]
for 3 h at room temperature. The organoids were probed
with primary antibodies (Additional file 1: Table S2)
overnight at 4 °C on a rocker. After washing three times
with PBS, organoids were incubated with Alexa Flour
488-, 568-, or 647-conjugated secondary antibodies
(Additional file 1: Table S2) for 3 h at room temperature.
Organoids were washed three times with PBS, and nuclei
were stained with 1 pg/ml DAPI (D8417, Sigma) in PBS
for 1 h. After washing several times with PBS, organoids
were dehydrated by serial incubation with 30% and 50%
ethanol in PBS and 70%, 90%, and 100% ethanol in dis-
tilled water for 20 min each at room temperature. Dehy-
drated organoids were then cleared with CytoVista 3D
Cell Culture Clearing Reagent (V11326, Invitrogen) for
3—4 days in the dark. Fluorescence images were obtained
using a confocal laser scanning microscope (LSM800,
Carl Zeiss). Image quantification was performed using
Image] and AngioTool.

Live perfusion of organoids with UEA-I lectin

Organoids were washed twice with cold organoid basal
media (advanced DMEM/F12 media containing 0.1 mg/
ml BSA, 1xHEPES, 1 x penicillin/streptomycin, and
1 x GlutaM AX) and transferred to a p-Slide Angiogenesis
Glass Bottom (81507, iBiDi) for live time-lapse imaging.
Organoids were treated with 20 pg/ml rhodamine-con-
jugated Ulex Europaeus Agglutinin 1 (UEA-I-rhodamine,
RL-1062-2, Vector Laboratory) in organoid basal media.
Live time-lapse images were obtained by a confocal laser
scanning microscope (LSM800, Carl Zeiss). For whole-
mount immunofluorescence staining after live perfusion,
organoids were incubated with 20 pg/ml UEA-I-rhoda-
mine in organoid basal media at 37 °C for 30 min. After
washing three times with cold PBS, organoids were fixed
using 4% paraformaldehyde in PBS for 1 h, and whole-
mount staining and clearing were performed as described
above.

Statistical analysis

Statistical analyses of qRT-PCR data and quantification
data from immunofluorescence images were performed
using GraphPad Prism software. All data are presented
as mean =+ standard deviation (SD) from three independ-
ent experiments performed in triplicate unless otherwise
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indicated. Statistical significance was assessed using
unpaired Student’s ¢ tests. p<0.05 was considered statis-
tically significant.

Details of additional experimental methods and data
are available in the supporting information.

Results

Generation and characterization of multiple cell types
from hPSCs for the generation of mLOs

To generate liver organoids consisting of different cell
types, we first differentiated hepatic endoderm (HE),
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ECs, and HscLCs from hPSCs. Schematic depictions of
the generation of HE, ECs, and HscLCs from hPSCs are
shown in Fig. 1A, C. HE and ECs were generated using
our previously described protocols [34-36, 41, 42]. hPSC-
derived HE contained a homogeneous population of epi-
thelial cells expressing endoderm makers [forkhead box
A2 (FOXAZ2) and SRY-box 17 (SOX17)] and early hepatic
markers [hepatocyte nuclear factor 4-alpha (HNF4a)
and hepatocyte nuclear factor 1-beta (HNF1p)] (Fig. 1B).
Flow cytometry analysis revealed that 95% and 96.9% of
all cells expressed alpha-fetoprotein (AFP) and epithelial
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Fig. 1 Generation and characterization of HE, ECs, and HscLCs from hPSCs. A Schematic protocol for differentiation of HE from hPSCs (created

with BioRender.com). B Phase-contrast and immunofluorescence images of endodermal markers (FOXA2 and SOX17) and HE markers (HNF4a and
HNF18) in hPSC-derived HE. Scale bar, 100 um. C Schematic protocol for differentiation of EC and HscLCs from hPSCs (created with BioRender.com).
D gRT-PCR analysis of genes associated with pluripotency (POU5FT), mesendoderm (T and MIXLT), endothelium (PECAMT), and pericytes (PDGFRB)
in differentiating vascular progenitor cells on the indicated days of differentiation. Data are expressed as mean £ SD (n =3, normalized to GAPDH). E,
F Phase-contrast and immunofluorescence images of EC markers (CD31, VECAD, and vWF) and HSC markers (a-SMA, PDGFRB, GFAP, and Nestin) in
hPSC-derived ECs and Hscl.Cs. Scale bar, 100 pm. G Flow cytometry analysis of HSC markers NG2 and PDGFRS in hPSC-derived HsclLCs. H, gRT-PCR
analysis of genes associated with HE, ECs, and HSCs in hPSC-HE, ECs, and HscLCs at the end of differentiation. Data are expressed as mean £ SD
(n=3, normalized to GAPDH)
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cell adhesion molecule (EPCAM), which are markers of
early hepatic progenitors (Additional file 1: Fig. S1A).

EC and pericytes are derived from a common set of
mesodermal progenitor cells [43-45]. During EC dif-
ferentiation, Magnetic-activated cell sorting (MACS)-
purified CD31+cells were further differentiated into
ECs in Stemline II media supplemented with VEGF-165
for 6 days (Fig. 1C). The remaining CD31- fraction was
used to produce HscLCs in the culture medium specially
formulated to grow pericytes in the presence of PDGE-
BB and bFGF [43, 44]. As hPSCs progressively committed
to mesoderm and vascular progenitor cells, the pluri-
potency marker POUSF1 (OCT4) was downregulated
concomitantly with transient upregulation of mesendo-
dermal markers T and MIXL1 on day 2 of differentiation
(Fig. 1D). Expression of the endothelial marker PECAM I
and pericyte marker PDGFRB increased upon differ-
entiation into ECs and HscLCs (Fig. 1D). At the end of
differentiation (day 12), hPSC-derived ECs expressed dif-
ferent EC markers including CD31, vascular endothelial
cadherin (VECAD), and von Willebrand factor (VvWF)
(Fig. 1E). Most (~99.9%) hPSC-derived ECs expressed
CD31 as determined by flow cytometry analysis (Addi-
tional file 1: Fig. S1B) and were negative for a mural cell
marker, platelet-derived growth factor receptor-beta
(PDGEFRP) (Fig. 1E). HSCs are specialized pericytes resid-
ing in the liver whose differentiation and maturation
require retinoic acid signaling [5, 46—48]. To endow the
MACS-sorted CD31- cell fraction with pericyte phe-
notypes, CD31- cells were differentiated in the pericyte
medium supplemented with 10 ng/ml PDGEF-BB and
10 ng/ml bFGF in the presence of retinol for an additional
6 days. After a total of 12 days of differentiation, MACS-
sorted CD31- cells expressed multiple pericyte or HSC
markers including a-smooth muscle actin (a-SMA), and
PDGFRS, and also expressed other genes, glial fibrillary
acidic protein (GFAP) and Nestin, which are expressed in
HSCs [46, 49, 50] (Fig. 1F). FACS analysis indicated that
CD31- cells predominantly differentiated into HscLCs

(See figure on next page.)
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expressing neural/glial antigen 2 (NG2) (98.1%) and
PDGFRS (62.8%) (Fig. 1G). CD31- cell-derived HscLCs
exhibited upregulation of genes associated with HSC
activation, ACTA2 (a-SMA) and NESTIN, as previously
reported [51, 52], along with morphological changes
upon 2 days of treatment with the pro-inflammatory
cytokine TGFfS1 (Additional file 1: Fig. S2A, B). hPSC-
derived HE, ECs, and HscLCs preferentially expressed
each lineage marker at the mRNA level (Fig. 1H).

HscLCs support the generation and growth of mLOs

mLOs were recently demonstrated to produce blood ves-
sels that join to host vasculature following transplanta-
tion [22, 23, 28, 53]. However, most liver organoids lack
functional vasculatures in vitro and harbor scattered
ECs or EC networks, hampering accurate modeling of
tissue architecture and diseases. Pericytes are vascular
mural cells that promote the formation and maturation of
functional vasculature [54-56]. Liver-specific pericytes,
HSCs, are closely associated with liver sinusoidal ECs of
the liver lobule and contribute to liver development and
tissue regeneration after injury [5-7]. Thus, we hypoth-
esized that hPSC-derived HscLCs promote functional
maturation of mLOs harboring vascular networks.

To address this issue, we differentiated HE, ECs,
and HscLCs from hPSCs and assembled them in ULA
96-well round-bottomed plates using three different
ratios (Fig. 2A and Additional file 1: Fig S3). The assem-
bly ratio of three cell types was optimized (HE/EC/
HscLC, 3:6:1) to promote in vitro vascularization of
mLOs, while maintaining hepatic epithelium in the dif-
ferentiation medium (DM) (Additional file 1: Fig. S3).
To support the survival and maturation of ECs during
the following period of mLO generation (16 days), we
also optimized the DM previously used to produce liver
organoids from liver tissue and iPSCs [37-39] by adding
VEGF and bFGF [54, 55]. mLOs were produced with or
without HscLCs in ULA 96-well plates in DM for 5 days
and further differentiated in ULA 24-well plates for

Fig. 2 Characterization of mLOs consisting of hPSC-derived HE, ECs, and HscLCs. A Schematic protocol for self-aggregation and differentiation of
mLOs. mLOs were generated and differentiated with or without HscLCs for 16 days in DM (created with BioRender.com). B Phase-contrast images
of mLOs generated with [mLO(+ HSC)] or without [MLO(-HSC)] HscLCs on the indicated days of differentiation. Enlarged images showing the
periphery of organoids at day 16 are shown separately in C Scale bar, 200 um. D Violin plot showing the size distributions of mLO(4 HSC) and
mLO(-HSC) on the indicated days of differentiation. Each black dot represents a single organoid. E Whole-mount immunofluorescence images

of NG2 (pericytes), CD31 (ECs), and HNF18 (HE) in mLOs at the end of self-aggregation (day 5). High-magnification images of the boxed areas
(CD31) are shown separately in the right panels. Scale bar, 200 um. F Representative immunostaining image showing close association between
CD31 4 ECs and aSMA + HscLCs in mLO(+ HSC) on day 16. Scale bar, 50 um. G Immunofluorescence images of cleaved caspase-3 and EdU in
cryo-sectioned mLOs after 16 days of differentiation. mLOs were pre-incubated with EdU for 6 h before fixation. Scale bar, 200 pm. Quantification
of immunoreactive signals is shown in H. Each black dot represents the percent positive area of the immunoreactive signal in each mLO. **p <0.01
and ***p <0.001 by unpaired t tests. | Whole-mount immunofluorescence images of HNF4a (HLCs), CD31, and E-cadherin (hepatic epithelium)

in mLOs after differentiation (day 16). The insets show high-magnification images of E-cadherin staining. Scale bar, 200 um. J Quantification of
immunoreactive signals in (I). Each black dot represents the percent positive area of the immunoreactive signal in each mLO. ****p <0.0001 by

unpaired t test
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11 days using the same culture medium. hPSC-derived
cells spontaneously adhered to each other and formed
compact spherical clusters without forced aggregation in
both mLOs with (+HSC) and without (-HSC) HscLCs
within 1 day in ULA 96-well plates (Fig. 2B). Interest-
ingly, over the 16 days of culture, mLOs containing
HscLCs [mLO(+HSC)] showed presumptive sprouting
of EC networks at the periphery of organoids, which was
not observed in mLOs devoid of HscLCs [mLO(-HSC)]
(Fig. 2B, C). In addition, a decrease in organoid size was
found for mLO(-HSC), whereas organoid size increased
gradually after day 8 of culture for mLO(+HSC)
(Fig. 2D).

After 5 days of self-aggregation and differentia-
tion, NG2+ HscLCs were predominantly observed in
mLO(+HSC), but only weak NG2 signals were detected
in mLO(-HSC) (Fig. 2E, white). We also found multiple
a-SMA +HscLCs that were preferentially positioned
close to CD31+ECs in mLO(+HSC) (Fig. 2F). Impor-
tantly, CD31 + vascular networks were much longer and
thicker in mLO(+HSC) compared with mLO(-HSC)
(Fig. 2E, red; enlarged images of the boxed area are shown
separately in the right panel). After a total of 16 days of
differentiation, active caspase-3 and 5-ehynyl-2’-deox-
yuridine (EdU) labeling showed that apoptotic events
were markedly reduced, and proliferation was increased
in mLO(+HSC) compared with mLO(-HSC) (Fig. 2G,
H). The numbers of cells expressing CD31, epithelial
cadherin (E-cadherin), and HNF4a were significantly
higher in mLO(+HSC) than in mLO(-HSC) (Fig. 2L, J),
even though the same number of ECs and HE was used
to initiate the generation of mLOs in both groups. These
results suggest that the incorporation of HscLCs is essen-
tial for the survival and growth of mLOs, particularly for
in vitro culture requiring long-term evaluation.

Regulation of Notch signaling for bile duct and vascular
formation in mLOs

Although HscLCs supported the growth of mLOs with
vascular structures, bile ducts were not observed in
mLOs, suggesting that further optimization of culture
conditions is required to produce mLOs representing
liver tissue. Notch signaling regulates angiogenic sprout-
ing via lateral inhibition of endothelial stalk cells [12—
14] and promotes bile duct morphogenesis [16, 17]. To
enrich mature hepatocytes in liver organoids, previous
studies used DM containing a Notch signaling inhibitor,
DAPT, that promotes preferential differentiation of bipo-
tent hepatoblasts into hepatocytes rather than bile duct
cells [37-39]. Notch inhibitors also directly inhibit bile
duct differentiation in 2D [57] or 3D [58, 59] culture of
hepatic progenitors. Therefore, we hypothesized that the
absence of duct-like structures in mLO(+HSC) is due to
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the presence of DAPT in DM. We thus investigated the
optimum time window of DAPT withdrawal for induc-
ing both bile ducts and vasculature during the generation
of mLOs (Fig. 3A). The Notch ligand Jagged1 is essential
for the development of intrahepatic bile ducts, and inhi-
bition of Jaggedl-mediated Notch signaling or mutation
of JAGI disrupts biliary development and regeneration
and leads to Alagille syndrome [17, 60, 61]. As the dura-
tion of DAPT treatment was extended, the Jagged1 + area
in mLOs decreased (Fig. 3B, C). E-cadherin is expressed
in hepatocytes and biliary ductal cells [62]. The percent-
age of E-cadherin + epithelial cells was highest in mLOs
generated in the differentiation medium devoid of DAPT
from day 3 [DM(-DAPT/D3)] or day 5 [DM(-DAPT/D5)]
of differentiation (Fig. 3B, C). qRT-PCR analysis showed
that the expression of hepatocyte marker genes CEBPA
and ALB tended to increase, whereas the expression of
biliary genes ONECUTI and JAGI tended to decrease
as the duration of DAPT treatment increased (Addi-
tional file 1: Fig. S4A). Statistical analyses showed that
the expression JAGI was significantly increased in DM(-
DAPT/D1) and DM(-DAPT/D3) compared to DM, and
the expressions of both CEBPA and ALB were signifi-
cantly higher in DM(-DAPT/D3) over DM(-DAPT/D1).
Overall, DM(-DAPT/D3) showed comparable results in
terms of balanced ratios of cell types and composition.
Thus, DM(-DAPT/D3) was chosen to produce mLOs
for the following experiment. We also confirmed the
modulation of the Notch signaling by counting cell nuclei
labeled with Notchl signals in the presence (DM) and
absence [DM(-DAPT/D3)] of DAPT during the genera-
tion of mLOs (Additional file 1: Fig. S4B). The number of
cell nuclei labeled with Notch signals was significantly
increased by more than threefold in the absence of
DAPT.

We next confirmed the role of Notch signaling regu-
lation in the formation of bile ducts and vasculature by
comparing the gene expression profiles of mLO(DM) and
mLO(-DAPT/D3). mLO(-DAPT/D3) showed a three-
fold to fourfold increase in the expression of Notch tar-
get genes HESI and HEYI1 compared with mLO(DM),
indicating that DAPT withdrawal recovered endog-
enous Notch signaling (Fig. 4A). This regain in Notch
activity led to significant upregulation of various genes
associated with biliary formation, including ONECUT1,
SRY-Box transcription factor 9 (SOX9), JAGI, EPCAM,
y-glutamyltransferase 1 (GGT1), cystic fibrosis trans-
membrane conductance regulator (CFTR), and aquaporin
1 (AQPI) in mLO(-DAPT/D3) (Fig. 4A). Furthermore,
H&E staining showed the presence of multiple bile duct-
like structures in mLO(-DAPT/D3) (Fig. 4B, arrowheads)
that expressed Jagged1/HNF15 and SOX9/cytokeratin-19
(CK19) (Fig. 4C, D). Transmission electron microscopy
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Fig. 3 Optimization of Notch signaling activation for generating mLOs. A Schematic timeline of the differentiation of mLOs for 16 days in
DAPT-containing DM or DM lacking DAPT [DM(-DAPT)]. Days of DAPT removal are indicated in parentheses from day 1 (-DAPT/D1) to 10 (-DAPT/
D10) of differentiation. B Phase-contrast and immunofluorescent images of E-cadherin (hepatic epithelium) and Jagged 1 (Notch ligand) in mLOs
after treatment with DAPT at different time points of differentiation. The insets show high-magnification images of E-cadherin staining. Scale bar,
200 pm. € Quantification of immunoreactive signals for E-cadherin and Jagged 1 in B. Each black dot represents the percent positive area of the
immunoreactive signal in each mLO. **p <0.01, ***p <0.001, and ****p <0.0001 compared to DM by unpaired t tests
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(TEM) imaging also revealed bile duct-like structures
with cell polarity that exhibited well-developed microvilli
at the luminal surface of ducts as well as bile canaliculi
together with junctional complexes (Fig. 4E, F). These bile
duct-like structures were distinguished from hepatocyte-
like cells (HLCs) expressing both HNF4a and alpha-1
antitrypsin (A1AT) (Fig. 4G). The albumin-/SOX9 + cells
and SOX9-/albumin + cells were separately detected in a
single mLO(-DAPT/D3) (Fig. 4H). The level of albumin
secretion in mLO(-DAPT/D3) was lower than in primary
human hepatocytes (PHH) from three different donors
(Fig. 4I). We also measured the level of A1AT, a major
endogenous protease inhibitor secreted by hepatocytes,
and found that it was lower in mLOs than in PHHs, with
the exception of PHHs from one donor (Fig. 4]).

Notch signaling also affects endothelial tip/stalk
cell specification in the angiogenesis process [12—14].
Many studies show that Notch inhibition in angiogen-
esis results in more branched and abnormal vessels [63,
64]. Interestingly, mLO(-DAPT/D3) had more com-
plex vasculatures with longer and thicker vessels and
fewer branches compared with mLO(DM), in which ECs
were scattered, unorganized, and displayed an exces-
sive branching phenotype (Fig. 4K-M; Additional file 1:
Fig. S5). In line with this observation, qRT-PCR analysis
showed that expression of the endothelial tip cell marker
KDR decreased by more than half in mLO(-DAPT/D3)
(Fig. 4A). Interestingly, the expression of HSC-specific
markers, lecithin retinol acyltransferase (LRAT), and pro-
tocadherin 7 (PCDH?) [46] was significantly increased in
mLO(-DAPT/D3), compared to those in 2D-differenti-
ated hPSC-HscLCs (Additional file 1: Fig. S6).

Verification of luminal vasculature in liver organoids
In vitro formation of luminal vasculature facilitates the

circulation of culture medium (i.e., nutrients and oxygen)

(See figure on next page.)

Page 9 of 17

inside organoids and may also recapitulate physiological
interactions between blood vessels and parenchymal cells
under pathological conditions. Numerous attempts have
been made to recapitulate the human vascular microen-
vironment in 3D organ models in vitro by using micro-
fluidic devices, bioprinting, and biomaterials [65]. To the
best of our knowledge, however, in vitro generation of
perfusable vasculature in self-organized liver organoids
has not been reported. Thus, we further investigated
whether the CD31+networks produced in mLO(-
DAPT/D3) generated capillary vessels with perfusable
lumens. Whole-mount staining and 3D rendering of
mLO(-DAPT/D3) demonstrated that CD31 + vasculature
was distributed throughout whole organoids between
HNF15+HLCs (Fig. 5A, Additional file 2: Video 1). An
orthogonal high-magnification image showed that vessels
in mLOs had multiple lumens (Fig. 5B, boxed areas are
separately shown in the right panels). We next attempted
to directly examine the capillary lumen formation of
vascular structures in mLO(-DAPT/D3) by in vitro live
perfusion of rhodamine-conjugated Ulex Europaeus
Agglutinin 1 (UEA-I-rhodamine). Notably, live time-
lapse imaging of an mLO showed that UEA-I-rhodamine
gradually diffused into vascular lumens over time and
accumulated in vascular structures throughout the entire
organoid (Fig. 5C, Additional file 3: Video 2). Whole-
mount immunofluorescence staining of mLOs after
in vitro live perfusion showed that UEA-I-rhodamine
signals were co-labeled with CD31 4 vascular structures
(Fig. 5D). Electron microscopy confirmed the generation
of capillary lumens produced by one or two ECs in the
organoid (Fig. 5E).

Responses of mLOs to fibrosis-related cytokines
The potential application of mLO(-DAPT/D3) for the
modeling of liver fibrosis was then examined after

Fig. 4 Characterization of bile ducts and endothelial networks in mLOs produced by regulating Notch activity. A gRT-PCR analysis of Notch target
genes (HEST and HEYT), biliary markers (ONECUT1, SOX9, JAG1, EPCAM, GGT1, CFTR, and AQPT), and an endothelial tip cell marker (KDR) in mLOs. Data
are expressed as mean =+ SD (n=3, normalized to ACTB). *p <0.05, **p <0.01, ***p <0.001, and ****p <0.0001 by unpaired t tests. B H&E staining
showing multiple duct-like structures in mLO(-DAPT/D3) (arrowheads). An enlarged image of the boxed area is shown separately in the right panel.
Scale bar, 200 um. C, D Representative immunofluorescence images showing expression of Jagged 1/HNF13 (C) and SOX9/CK19 (D) in duct-like
structures of mLO(-DAPT/D3). Scale bar, 100 um. E, F, TEM images showing the ductal lumen (DL) surrounded by biliary ductal cell-like cells (BD)

in mMLO(-DAPT/D3). A high-resolution image of the boxed area in E is shown separately in the right panel. MV, microvilli; N, nucleus. ATEM image

of bile canaliculi (BC) with junctional complexes (JC) in mLO(-DAPT/D3) is shown in F. Scale bar, 20 um. G, H Immunofluorescence images of cells
expressing both HNF4a and ATAT (G). Albumin-/SOX9 + cells and albumin +/SOX9- cells were distributed separately in a single mLO (H). Scale

bar, 20 um. 1, J Albumin (I) and ATAT (J) secretions from mLO(-DAPT/D3) on day 16 compared with primary human hepatocytes (PHH) from three
different donors. The secretion level was normalized to the number of cells. **p < 0.01, ***p <0.001, and ns (not significant) compared to -DAPT/D3
(unpaired t tests). K Comparison of a single confocal z-section (CD31-immunofluorescence staining) between mLOs produced in DM containing
DAPT throughout the whole period of differentiation [16 days] and mLOs produced in DM containing DAPT for the first 3 days followed by DM
lacking DAPT for the remaining 13 days of differentiation (-DAPT/D3). Serial z-scan images for the two groups of mLOs at the end of differentiation
(day 16) are shown in Additional file 1: Fig. S5. Scale bar, 100 um. L, M Quantification of CD31+ endothelial networks in mLOs for discontinuous
endpoints (L), branching and average length (M) of vessels. Confocal images of vascular structures were analyzed using AngioTool and Imagel. Each
black dot represents a single z-scan image (n > 40 per group, two independent experiments). **p <0.01, ***p <0.001, and ****p <0.0001 by unpaired
t tests
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sustained exposure to a fibrosis-inducing cytokine cock-
tail (FIC, a mixture of TGES1, TNFa, IL-6, and IL-1p).
Treatments of mLOs to FIC for 5 days resulted in the
shrinkage of mLOs (Fig. 6A). Histological analysis of
mLOs demonstrated a substantial decrease in the epi-
thelial cell population and disappearance of cell plate-
like and duct-like structures together with an increased
proportion of ECM area (Fig. 6B, boxed areas are shown
separately in the right panels). Typical marker genes for
hepatocytes (HNF4A, ALB), cholangiocytes (SOX9), and
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ECs (PECAMI, CDHS) were significantly decreased in
mLOs exposed to FIC (Fig. 6C). Notably, in response
to FIC, the expression of activation markers for ECs
(ICAM1 and SELE) and HSCs (ACTA2 and COL1A1I) sig-
nificantly increased, together with upregulation of other
HSC marker genes, PDGFRB and DESMIN (Fig. 6C).
Whole-mount staining images showed that FIC substan-
tially increased the positive area for fibrotic markers col-
lagen I and a-SMA (Fig. 6D, E), suggesting that HscLCs in
mLOs were activated by cytokine exposure. In addition,
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Fig.5 Characterization of luminal vasculature in mLO(-DAPT/D3). A Stereo-projection of confocal images of mLOs expressing the EC and
hepatocyte markers (CD31 and HNF1p) on day 16 of differentiation. B Orthogonal projections (x/y, x/z, and y/z) of confocal z-stacks obtained

from mLOs with vascular networks. Orthogonal views (x/z and y/z) represent planes of intersection at the position of the cross-line (x/y). Note that
luminal structures (boxes #1 and #2) were created by surrounding CD31 + ECs. Two additional vascular lumens are seen in the same image (boxes
#3 and #4). Scale bar, 50 um. C Time-lapse confocal image sequence of mLOs after in vitro live perfusion of UEA-I-rhodamine (red). UEA-I-rhodamine
was perfused into vessels in mLOs and propagated to vascular networks over time (s, seconds). High-magnification images at the periphery of

the organoids are shown separately in the right panel. Arrowheads indicate rhodamine signal. Scale bar, 100 um. D Immunofluorescence images

of CD31 in mLOs after in vitro live perfusion of UEA-I-rhodamine. Scale bar, 100 um. E TEM images showing the vascular lumens (VL) created by a

single EC (left) and multiple ECs (right). N nucleus. Scale bars, 5 um

CD31+and HNF1p5+areas decreased in response to
FIC, representing damage to hepatocytes and ECs in
mLOs (Fig. 6F, G). Furthermore, mLOs treated with FIC
showed an appearance of fibroblastic cells (Fig. 6B) and
aberrant pattern of E-cadherin expression (Fig. 6H), sug-
gesting induction of events associated with epithelial-
to-mesenchymal transition [62]. We also compared the
response of mLOs assembled with different combina-
tions of cell types (HE+EC+ HscLC, HE+HscLC, and
HE only) to FIC (Additional file 1: Fig. S7). Overall, the

highest upregulation of different genes related to the
early fibrotic events (ACTA2, COLIAI, and TGFBI)
and inflammatory cytokines (TNFA, IL-6, and IL-8) was
observed in mLOs consisting of all three cell types.

Discussion

Although recent studies demonstrate the connection of
endothelial networks in mLO transplants to host vessels
[22, 23, 28], in vitro formation of perfusable luminal vas-
culature in self-organized mLOs has not been reported.
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We previously showed that hiPSC-derived mLOs can be
produced by assembling HE, mesenchymal stem cells,
and ECs [36]. We found that mLOs generated EC net-
works that secrete FVIII, correcting the bleeding phe-
notype of HA [36], but whether the ECs created luminal
vessels was not investigated. In the present study, we
reproducibly generated vascularized mLOs and assessed
the perfusability of vascular lumens in vitro.

Previous studies reported that the presence of meso-
dermal progenitor [66—68] or pericytes [54, 55] is criti-
cal for vasculature formation in various organoids. In
agreement with these findings, we found that hPSC-
derived HscLCs were crucial to the development of func-
tional microvasculature in mLOs. We also confirmed
the presence of luminal tubular networks of vasculature
by live-cell imaging, showing that the microvessels of
mLOs were gradually perfused with a culture medium
containing rhodamine-UEA-I in vitro. A series of confo-
cal z-scans of mLOs revealed that the vessels were well
distributed inside mLOs. TEM analysis supported these
findings by revealing luminal vascular structures with
cell polarity produced by ECs. A recent study generated
vascular organoids consisting of ECs and pericytes from
hPSCs and showed that a close association between ECs
and pericytes is required to generate endothelial tubes
in vitro [54, 55]. Therefore, the previous and present
studies suggest that the incorporation of cells display-
ing features of pericytes is required for promoting the
in vitro formation of functional vasculature in mLOs.

We found that the inclusion of HscLCs and subse-
quent vascularization substantially inhibited apoptotic
cell death and promoted the growth of mLOs in vitro.
Technically, in vitro formation of mLOs with functional
vasculature facilitate the delivery of nutrients, oxygen,
and growth factors from culture medium into the core
of organoids. In particular, recent organoid studies have
begun to use assembloids that are produced by combin-
ing multiple organoids, each resembling different tissues,
to obtain a better understanding of the crosstalk between
different tissues in pathological conditions [69-74]. Thus,
generating mLOs with functional vessels may allow

(See figure on next page.)
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the formation of relatively large organoids or assemb-
loids that more closely mimic the complexity of tissue
architecture without necrotic cores. Therefore, in vitro
generation of luminal vascular structures is crucial for
producing usable mLOs from both biological and techni-
cal aspects.

To the best of our knowledge, there are no studies
showing the generation of both functional vasculature
and bile ducts in individual mLOs. The asymmetric acti-
vation of signaling pathways by paracrine cytokines and
cell—cell interaction is required for the differentiation of
diverse cell lineages and typical tissue morphogenesis
during normal development processes [12, 13, 16, 75—
78]. Notch signaling is activated by cell—cell direct inter-
actions and plays an important role in both biliary ductal
formation and vascular development [12-14, 16, 17].
During bile duct formation, portal fibroblasts that express
the Notch ligand Jaggedl transduce Notch signaling and
induce preferential differentiation of nearby bipotent
hepatoblasts into cholangiocytes rather than hepatocytes
[16, 17]. The Notch pathway also mediates endothelial
cell—cell interactions and contributes to functional vessel
patterning and outgrowth. Endothelial tip cells express-
ing another Notch ligand, Delta-like 1, activate Notch on
ECs to laterally inhibit neighboring cells from becoming
tip cells, implying that Notch signaling is important for
vascular outgrowth by preventing the excessive branch-
ing of vessels [12, 15, 63, 64]. The DM that is widely used
to differentiate mLOs contains DAPT, a Notch signal-
ing inhibitor, to enrich the parenchymal hepatocyte
population by inhibiting biliary differentiation in orga-
noids [37-39]. On the other hand, proper activation of
Notch signaling is necessary for the generation of bile
ducts in cholangiocyte organoids [58, 59]. In our study,
we attempted to modulate the duration of inhibition
and activation of endogenous Notch signaling in mLOs
by removing DAPT in the DM at different time points
across 16 days of differentiation. We found that inhibi-
tion of endogenous Notch signaling by DAPT for an ini-
tial 3—5 days followed by a release of inhibition using DM
lacking DAPT for the remainder of the differentiation

Fig. 6 Exposure of mLO(-DAPT/D3) to fibrosis-associated cytokines. A Phase-contrast images after treatments of mLOs with (+ FIC) or without
(Control) fibrosis-inducing cytokine cocktail (FIC, a mixture of TGFS1, TNFa, IL-6, and IL-18) for 5 days. Scale bar, 100 um. B H&E staining showing

a change in tissue architecture in mLOs after treatment with FIC. Note that cell platelike epithelial structures were destroyed by exposure to FIC.
Scale bar, 100 pm. C, gRT-PCR analysis of changes in gene expression associated with hepatic epithelium (HNF4A, ALB, and SOX9), endothelium
(PECAM1, CDHS5, ICAM1, and SELF), and HSCs (PDGFRB, DESMIN, ACTA2, and COL1AT). Data are expressed as mean = SD (n =3, normalized to ACTB).
*p<0.05, **p<0.01,***p <0.001, ****p <0.0001, and NS (not significant) by unpaired t tests. D Whole-mount immunofluorescence images of mLOs
for the expression of human collagen | and a-SMA, which are key markers of HSC activation. Scale bar, 200 um. E Quantification of immunoreactive
signals for human collagen | and a-SMA. Each black dot represents the percent positive area of immunoreactive signal in each mLO (n=13 per
group, **p<0.01 and ****p <0.0001 by unpaired t test). F Whole-mount immunofluorescence images of EC and hepatocyte marker (CD31 and
HNF18) expression in mLOs. Scale bar, 200 um. G Quantification of immunoreactive signals for HNF4a and CD31. Each black dot represents the
percent positive area of the immunoreactive signal in each mLO (n >4 per group, *p <0.05 and **p < 0.0001 by unpaired t tests. H Single z-scan
immunofluorescence images of E-cadherin expression in control and FIC-treated mLOs. Scale bar, 100 pm
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period [11-13 days] increased Jaggedl expression and
led to the production of multiple biliary ducts express-
ing Jaggedl, HNF1p, SOX9, and CK19 in mLOs. Further-
more, in the resulting mLOs, the number of endpoints
and branching index of vasculature decreased, whereas
average vessel length increased, suggesting that the out-
growth of blood vessels was promoted by optimizing
Notch activity. Therefore, our observation strongly sug-
gests that the exact time window for the modulation of
Notch signaling is essential for the generation of both bile
ducts and vasculature in mLOs. The molecular mecha-
nism underlying the Notch-mediated fate choices and
differentiation of hepatocytes, biliary cells, and ECs in
individual mLOs remains to be investigated. Further
studies using single-cell RNA sequencing and functional
network analysis would allow a better understanding of
the concurrent differentiation and functional association
of multiple cell types in mLOs.

A limitation of our study is the absence of immune
cells in mLOs. Kupffer cells are liver-resident mac-
rophages that secrete a variety of inflammatory
cytokines and play critical roles in the pathogenesis
of liver diseases [79]. There are no reports demon-
strating the successful derivation of Kupffer cells from
iPSCs, probably due to controversial issues regarding
their embryonic origin [80]. A recent report shows that
iPSCs can be differentiated into functional Kupffer cells
that display multiple phenotypes of human primary
Kupfter cells by exposing iPSC-derived macrophage
precursors to hepatic cues [81]. This report also dem-
onstrates that iPSC-derived Kupffer cells are applicable
to the modeling of liver diseases and drug toxicity test-
ing. Therefore, we expect that the inclusion of iPSC-
derived Kupffer cells in the mLOs produced in our
study would allow the generation of organoids contain-
ing all major parenchymal and non-parenchymal cells,
which more precisely reflects inflammation-associated
pathogenic events in acute and chronic liver diseases.
Nonetheless, a pro-fibrotic cytokine cocktail appears
to drive fibrotic events in mLOs produced in our study,
as evidenced by the upregulation of fibrotic markers
(collagen I and a-SMA) and an EC activation marker
(ICAM) together with the destruction of tissue archi-
tecture and cell death in the organoids. In light of our
observation, incorporating Kupffer cells in our mLOs
is a pressing priority for accurately modeling chronic
diseases that cause liver fibrosis, such as non-alcoholic
steatohepatitis and Wilson’s disease.

Although we previously showed that HLCs can be
generated from hPSCs [41, 82], mesenchymal stem
cells [83], and directly reprogrammed fibroblasts [84],
stem cell-derived HLCs exhibited fetal phenotypes
and showed low drug-metabolizing activity. We also
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previously demonstrated that the generation of 3D
HLC spheroids from hPSCs increased drug-metabo-
lizing activity but at a level lower than that of human
primary hepatocytes [34, 35]. In the present study, we
found that the capacity of mLOs to secrete albumin and
A1AT is still lower than PHHs. Therefore, enhancing
the hepatic functions of parenchymal HLCs is urgently
needed for applying mLOs in drug-screening and
regenerative medicine. Recent studies reported that 3D
bioprinting of hiPSC-derived HLC spheroids with ECs
and MSCs resulted in enhanced expression of drug-
metabolizing enzymes [85]. Furthermore, other stud-
ies showed that microfluidic devices and tissue-derived
ECM promoted structural and functional maturation
of organoids that recapitulate key features of the liver
[26, 32, 86—90] and other organs [91, 92]. Thus, utiliz-
ing microfluidic chips and tissue-specific ECM could
be a breakthrough to achieve the functional matura-
tion of mLOs. Nevertheless, our studies suggest the
feasibility of using mLOs containing multiple non-
parenchymal cells to model liver diseases. Indisputably,
non-parenchymal cells create a complex hepatic niche
for retaining normal liver function and contribute to
the initiation, progression, and manifestation of liver
diseases. Therefore, the incorporation of Kupffer cells
into mLOs with enhanced drug-metabolizing activity
may pave the way toward precise in vitro modeling of
liver diseases and innovative drug-screening systems.

Concurrent differentiation of the various cell types
under a single culture condition may differentially
affect the survival or proliferation of each cell type in
organoids. Given that hepatic endodermal cells are
highly proliferative, and DM is the medium previously
designed for the growth and differentiation of hepatic
progenitors, we reduced the assembling ratio of HE in
mLOs and increased the relative proportion of ECs to
support the luminal vascularization of organoids. How-
ever, the hepatic parenchymal cells occupy the main
part of the normal liver and play a central role in a wide
range of hepatic functions. Therefore, the assembly
ratio of multiple cell types should be carefully adjusted
based on culture conditions to produce functional
mLOs.

Conclusion

In conclusion, we developed mLOs with vasculature
and bile ducts by combining HE, ECs, and HscLCs
derived entirely from hPSCs. Our findings indicate that
HscLCs play a crucial role in vessel formation in mLOs.
Furthermore, we found that precise control of Notch
activity is required for both bile duct development
and vascular outgrowth in mLOs. Our mLOs gener-
ated perfusable microvessels with vascular lumens and
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showed early fibrotic events in response to pro-fibrotic
cytokines at cellular and molecular levels. These hPSC-
derived mLOs are a promising tool for the modeling
of liver diseases mediated by parenchymal and non-
parenchymal interplay.

Abbreviations

mLOs Multilineage liver organoids

HsclCs Hepatic stellate cell-like cells

ECs Endothelial cells

HSCs Hepatic stellate cells

ECM Extracellular matrix

hPSCs Human pluripotent stem cells

hiPSC Human induced pluripotent stem cell

HE Hepatic endoderm

DM Differentiation medium

qRT-PCR Quantitative reverse-transcription polymerase chain
reaction

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

ACTB Beta-actin

FOXA2 Forkhead box A2

SOX17 SRY-box 17

HNF4a Hepatocyte nuclear factor 4-alpha

HNF18 Hepatocyte nuclear factor 1-beta

AFP Alpha-fetoprotein

EPCAM Epithelial cell adhesion molecule
MACS Magnetic-activated cell sorting
VECAD Vascular endothelial cadherin

VWF Von Willebrand factor

PDGFRB Platelet-derived growth factor receptor-beta
a-SMA Alpha-smooth muscle actin
GFAP Glial fibrillary acidic protein

EdU 5-Ehynyl-2"-deoxyuridine

SOX9 SRY-box transcription factor 9

GGT1 Glutamyltransferase 1

CFTR Cystic fibrosis transmembrane conductance regulator
AQP1 Aquaporin 1

CK19 Cytokeratin 19

HLCs Hepatocyte-like cells

ATAT Alpha-1 antitrypsin

PHH Primary human hepatocyte

LRAT Lecithin retinol acyltransferase

PCDH7 Protocadherin 7

UEA-I-rhodamine Rhodamine-conjugated Ulex Europaeus Agglutinin |
FIC Fibrosis-inducing cytokine cocktail

TGFB1 Transforming growth factor beta 1
TNFa Tumor necrosis factor alpha

IL-6 Interleukin-6

I-18 Interleukin-1 beta

CEBPA CCAAT enhancer-binding protein alpha
ALB Albumin

LRAT Lecithin retinol acyltransferase

PCDH7 Protocadherin 7

IL-8 Interleukin-8

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513287-023-03235-5.

Additional file 1. Supplementary tables and figures.

Additional file 2. Video 1. 3D rotation of stereo-projection of mLOs
expressing the EC and hepatocyte makers

Additional file 3. Video 2. Live perfusion of luminal vasculature in
mLO(-DAPT/D3).

Page 150f 17

Acknowledgements
Not applicable.

Author contributions

HJK and JHK developed the conceptual framework of the study, designed the
experiments, and drafted and revised the manuscript. HIK, GK, KYC, HK, YJJ, SJ,
JL, and YL performed the experiments and interpreted the results. DHW, CH,
SKK, and HJP revised the manuscript. JHK supervised the project and acquired
the funding. All authors read and approved the final manuscript.

Funding

This research was supported by a National Research Foundation of Korea
(NRF) Grant (No. 2018M3A9H1019504) and the Technology Innovation
Program (No. 20009350, Development of the standard metrology for organoid
based drug metabolism and toxicity testing) of the Korea Evaluation Institute
of Industrial Technology funded by the Ministry of Science & ICT (MSIT),
Republic of Korea.

Availability of data and materials

All data generated or analyzed during this study are included in this published
article and its supplementary information files. Additional experimental details
and more detailed data used or analyzed during the current study are avail-
able from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

All experimental procedures were approved by the Institutional Review Board
of Korea University, Seoul, Korea (IRB nos. 2019-0334-04 and 2020-0319-03).
The human embryonic stem cell (hESC) line BGO1 was obtained from the
WiCell Research Institute (Madison, WI, USA).

Consent for publication
Not applicable; our manuscript contains no individual person’s data.

Competing interests
The authors declare that they have no competing interests.

Author details

'Laboratory of Stem Cells and Tissue Regeneration, Department of Biotech-
nology, College of Life Sciences and Biotechnology, Korea University, 145
Anam-Ro, Seongbuk-Gu, Seoul 02841, South Korea. 2Department of Predic-
tive Toxicology, Korea Institute of Toxicology, Daejeon 34114, South Korea.
3Department of Molecular Biosciences, The University of Texas at Austin,
Austin, TX 78712, USA. “Department of Stem Cell Biology, NEXEL Co, Ltd,
Seoul 07802, South Korea. °College of Pharmacy, Chungnam National Univer-
sity, Daejeon 34134, South Korea.

Received: 4 August 2022 Accepted: 3 January 2023
Published online: 03 February 2023

References

1. Si-Tayeb K, Lemaigre FP, Duncan SA. Organogenesis and development of
the liver. Dev Cell. 2010;18(2):175-89.

2. Banales JM, Huebert RC, Karlsen T, Strazzabosco M, LaRusso NF, Gores
GJ. Cholangiocyte pathobiology. Nat Rev Gastroenterol Hepatol.
2019;16(5):269-81.

3. Raven A, LuWY, Man TY, Ferreira-Gonzalez S, O'Duibhir E, Dwyer BJ, et al.
Cholangiocytes act as facultative liver stem cells during impaired hepato-
cyte regeneration. Nature. 2017;547(7663):350-4.

4. Planas-Paz L, SunT, Pikiolek M, Cochran NR, Bergling S, Orsini V, et al. YAP,
but not RSPO-LGR4/5, signaling in biliary epithelial cells promotes a duct-
ular reaction in response to liver injury. Cell Stem Cell. 2019;25(1):39-53.

5. Yin C, Evason KJ, Asahina K, Stainier DY. Hepatic stellate cells in liver devel-
opment, regeneration, and cancer. J Clin Invest. 2013;123(5):1902-10.

6. Bataller R, Brenner DA. Liver fibrosis. J Clin Invest. 2005;115(2):209-18.


https://doi.org/10.1186/s13287-023-03235-5
https://doi.org/10.1186/s13287-023-03235-5

Kim et al. Stem Cell Research & Therapy

20.

21

22.

23.

24.

25.

26.

27.

28.

(2023) 14:19

Iwakiri Y, Shah V, Rockey DC. Vascular pathobiology in chronic liver
disease and cirrhosis—current status and future directions. J Hepatol.
2014,61(4):912-24.

Zorn AM, Wells JM. Vertebrate endoderm development and organ forma-
tion. Annu Rev Cell Dev Biol. 2009;25:221-51.

Matsumoto K, Yoshitomi H, Rossant J, Zaret KS. Liver organogenesis
promoted by endothelial cells prior to vascular function. Science.
2001;294(5542):559-63.

Duncan SA. Mechanisms controlling early development of the liver. Mech
Dev. 2003;120(1):19-33.

. Lemaigre FP. Development of the intrahepatic and extrahepatic biliary

tract: a framework for understanding congenital diseases. Annu Rev
Pathol. 2020;15:1-22.

Phng LK, Gerhardt H. Angiogenesis: a team effort coordinated by notch.
Dev Cell. 2009;16(2):196-208.

Benedito R, Roca C, Sorensen |, Adams S, Gossler A, Fruttiger M, et al. The
notch ligands DII4 and Jagged1 have opposing effects on angiogenesis.
Cell. 2009;137(6):1124-35.

Siekmann AF, Affolter M, Belting HG. The tip cell concept 10 years

after: new players tune in for a common theme. Exp Cell Res.
2013;319(9):1255-63.

Lobov |, Mikhailova N. The role of DIl4/Notch signaling in normal and
pathological ocular angiogenesis: DIl4 controls blood vessel sprouting
and vessel remodeling in normal and pathological conditions. J Ophthal-
mol. 2018;2018:3565292.

Zong Y, Panikkar A, Xu J, Antoniou A, Raynaud P, Lemaigre F, et al. Notch
signaling controls liver development by regulating biliary differentiation.
Development. 2009;136(10):1727-39.

Hofmann JJ, Zovein AC, Koh H, Radtke F, Weinmaster G, Iruela-Arispe

ML. Jagged1 in the portal vein mesenchyme regulates intrahepatic

bile duct development: insights into Alagille syndrome. Development.
2010;137(23):4061-72.

Telles-Silva KA, Pacheco L, Komatsu S, Chianca F, Caires-Junior LC, Araujo
BHS, et al. Applied hepatic bioengineering: modeling the human liver
using organoid and liver-on-a-chip technologies. Front Bioeng Biotech-
nol. 2022;10: 845360.

Jin M, Yi X, Liao W, Chen Q, Yang W, LiY, et al. Advancements in stem cell-
derived hepatocyte-like cell models for hepatotoxicity testing. Stem Cell
Res Ther. 2021;12(1):84.

Goulart E, de Caires-Junior LC, Telles-Silva KA, Araujo BHS, Kobayashi GS,
Musso CM, et al. Adult and iPS-derived non-parenchymal cells regulate
liver organoid development through differential modulation of Wnt and
TGF-beta. Stem Cell Res Ther. 2019;10(1):258.

Kim'Y, Kim YW, Lee SB, Kang K, Yoon S, Choi D, et al. Hepatic patch by
stacking patient-specific liver progenitor cell sheets formed on multiscale
electrospun fibers promotes regenerative therapy for liver injury. Bioma-
terials. 2021;274: 120899.

Takebe T, Sekine K, Enomura M, Koike H, Kimura M, Ogaeri T, et al.
Vascularized and functional human liver from an iPSC-derived organ bud
transplant. Nature. 2013;499(7459):481-4.

Camp JG, Sekine K, Gerber T, Loeffler-Wirth H, Binder H, Gac M, et al.
Multilineage communication regulates human liver bud development
from pluripotency. Nature. 2017,546(7659):533-8.

Koike H, Zhang RR, Ueno Y, Sekine K, Zheng YW, Takebe T, et al. Nutritional
modulation of mouse and human liver bud growth through a branched-
chain amino acid metabolism. Development. 2017;144(6):1018-24.
Ayabe H, Anada T, Kamoya T, Sato T, Kimura M, Yoshizawa E, et al. Optimal
hypoxia regulates human iPSC-derived liver bud differentiation through
intercellular TGFB signaling. Stem Cell Rep. 2018;11(2):306-16.

JinY, Kim J, Lee JS, Min S, Kim S, Ahn D-H, et al. Vascularized liver
organoids generated using induced hepatic tissue and dynamic liver-
specific microenvironment as a drug testing platform. Adv Funct Mater.
2018;28(37):1801954.

Nie YZ, Zheng YW, Ogawa M, Miyagi E, Taniguchi H. Human liver orga-
noids generated with single donor-derived multiple cells rescue mice
from acute liver failure. Stem Cell Res Ther. 2018;9(1):5.

Takebe T, Sekine K, Kimura M, Yoshizawa E, Ayano S, Koido M, et al.
Massive and reproducible production of liver buds entirely from human
pluripotent stem cells. Cell Rep. 2017;21(10):2661-70.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 16 of 17

OuchiR, Togo S, Kimura M, Shinozawa T, Koido M, Koike H, et al. Modeling
steatohepatitis in humans with pluripotent stem cell-derived organoids.
Cell Metab. 2019;30(2):374-84.

Koike H, lwasawa K, Ouchi R, Maezawa M, Giesbrecht K, Saiki N, et al.
Modelling human hepato-biliary-pancreatic organogenesis from the
foregut-midgut boundary. Nature. 2019,574(7776):112-6.

Kumar M, Toprakhisar B, Van Haele M, Antoranz A, Boon R, Chesnais F, et al.
A fully defined matrix to support a pluripotent stem cell derived muilti-cell-
liver steatohepatitis and fibrosis model. Biomaterials. 2021;276: 121006.
Viyas D, Baptista PM, Brovold M, Moran E, Gaston B, Booth C, et al. Self-
assembled liver organoids recapitulate hepatobiliary organogenesis

in vitro. Hepatology. 2018,67(2):750-61.

Ramli MNB, Lim YS, Koe CT, Demircioglu D, Tng W, Gonzales KAU, et al.
Human pluripotent stem cell-derived organoids as models of liver
disease. Gastroenterology. 2020;159(4):1471-86.

Lee G, Kim H, Park JY, Kim G, Han J, Chung S, et al. Generation of uniform
liver spheroids from human pluripotent stem cells for imaging-based
drug toxicity analysis. Biomaterials. 2021;269: 120529.

Kim JH, Jang YJ, An SY, Son J, Lee J, Lee G, et al. Enhanced metabolizing
activity of human ES cell-derived hepatocytes using a 3D culture system
with repeated exposures to xenobiotics. Toxicol Sci. 2015;147(1):190-206.
Son JS, Park CY, Lee G, Park JY, Kim HJ, Kim G, et al. Therapeutic correction
of hemophilia A using 2D endothelial cells and multicellular 3D orga-
noids derived from CRISPR/Cas9-engineered patient iPSCs. Biomaterials.
2022;283:121429.

Kim H, Im I, Jeon JS, Kang EH, Lee HA, Jo S, et al. Development of human
pluripotent stem cell-derived hepatic organoids as an alternative model
for drug safety assessment. Biomaterials. 2022;286: 121575.

Huch M, Gehart H, van Boxtel R, Hamer K, Blokzijl F, Verstegen MM, et al.
Long-term culture of genome-stable bipotent stem cells from adult
human liver. Cell. 2015;160(1-2):299-312.

Hu H, Gehart H, Artegiani B, Lopez-Iglesias C, Dekkers F, Basak O, et al.
Long-term expansion of functional mouse and human hepatocytes as
3D organoids. Cell. 2018;175(6):1591-606.

Jeong J, Kim TH, Kim M, Jung YK, Kim KS, Shim S, et al. Elimination of
reprogramming transgenes facilitates the differentiation of induced
pluripotent stem cells into hepatocyte-like cells and hepatic organoids.
Biology (Basel). 2022;11(4):493.

Park JY, Han J, Jung HS, Lee G, Kim HJ, Cho GS, et al. Synthetic probes

for in vitro purification and in vivo tracking of hepatocytes derived from
human pluripotent stem cells. Biomaterials. 2019,222: 119431.

Park CY, Kim DH, Son JS, Sung JJ, Lee J, Bae S, et al. Functional correction
of large factor VIll gene chromosomal inversions in hemophilia a patient-
derived iPSCs using CRISPR-Cas9. Cell Stem Cell. 2015;17(2):213-20.
Orlova VWV, van den Hil FE, Petrus-Reurer S, Drabsch Y, Ten Dijke P, Mum-
mery CL. Generation, expansion and functional analysis of endothelial
cells and pericytes derived from human pluripotent stem cells. Nat
Protoc. 2014;9(6):1514-31.

Kumar A, D'Souza SS, Moskvin OV, Toh H, Wang B, Zhang J, et al. Speci-
fication and diversification of pericytes and smooth muscle cells from
mesenchymoangioblasts. Cell Rep. 2017;19(9):1902-16.

Yamashita J, Itoh H, Hirashima M, Ogawa M, Nishikawa S, Yurugi T, et al.
Flk1-positive cells derived from embryonic stem cells serve as vascular
progenitors. Nature. 2000;408(6808):92-6.

Coll M, Perea L, Boon R, Leite SB, Vallverdu J, Mannaerts |, et al. Genera-
tion of hepatic stellate cells from human pluripotent stem cells enables
in vitro modeling of liver fibrosis. Cell Stem Cell. 2018;23(1):101-13.
ljpenberg A, Perez-Pomares JM, Guadix JA, Carmona R, Portillo-Sanchez
V, Macias D, et al. Wt1 and retinoic acid signaling are essential for stellate
cell development and liver morphogenesis. Dev Biol. 2007;312(1):157-70.
Han L, Chaturvedi P, Kishimoto K, Koike H, Nasr T, lwasawa K, et al. Single
cell transcriptomics identifies a signaling network coordinating endoderm
and mesoderm diversification during foregut organogenesis. Nat Commun.
2020;11(1):4158.

Kordes C, Sawitza |, Gotze S, Haussinger D. Hepatic stellate cells support
hematopoiesis and are liver-resident mesenchymal stem cells. Cell Physiol
Biochem. 2013;31(2-3):290-304.

Knittel T, Kobold D, Piscaglia F, Saile B, Neubauer K, Mehde M, et al. Localiza-
tion of liver myofibroblasts and hepatic stellate cells in normal and diseased



Kim et al. Stem Cell Research & Therapy

51

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74,

75.

(2023) 14:19

rat livers: distinct roles of (myo-)fibroblast subpopulations in hepatic tissue
repair. Histochem Cell Biol. 1999;112(5):387-401.

Chen H, Cai J,Wang J, Qiu'Y, Jiang C, Wang Y, et al. Targeting Nestin(+)
hepatic stellate cells ameliorates liver fibrosis by facilitating ToetaRI degrada-
tion. J Hepatol. 2021,74(5):1176-87.

Niki T, Pekny M, Hellemans K, Bleser PD, Berg KV, Vaeyens F, et al. Class VI
intermediate filament protein nestin is induced during activation of rat
hepatic stellate cells. Hepatology. 1999,29(2):520-7.

Sasaki K, Akagi T, Asaoka T, Eguchi H, Fukuda Y, Iwagami Y, et al. Construction
of three-dimensional vascularized functional human liver tissue using a
layer-by-layer cell coating technique. Biomaterials. 2017;133:263-74.
Wimmer RA, Leopoldi A, Aichinger M, Kerjaschki D, Penninger JM. Genera-
tion of blood vessel organoids from human pluripotent stem cells. Nat
Protoc. 2019;14(11):3082-100.

Wimmer RA, Leopoldi A, Aichinger M, Wick N, Hantusch B, Novatchkova M,
et al. Human blood vessel organoids as a model of diabetic vasculopathy.
Nature. 2019;565(7740):505-10.

Bergers G, Song S. The role of pericytes in blood-vessel formation and
maintenance. Neuro Oncol. 2005;7(4):452-64.

Kaylan KB, Ermilova V, Yada RC, Underhill GH. Combinatorial microenvi-
ronmental regulation of liver progenitor differentiation by Notch ligands,
TGFbeta, and extracellular matrix. Sci Rep. 2016;6:23490.

Wu F,Wu D, Ren, Huang Y, Feng B, Zhao N, et al. Generation of hepato-
biliary organoids from human induced pluripotent stem cells. J Hepatol.
2019;70(6):1145-58.

Verstegen MMA, Roos FJM, Burka K, Gehart H, Jager M, de Wolf M, et al.
Human extrahepatic and intrahepatic cholangiocyte organoids show
region-specific differentiation potential and model cystic fibrosis-related
bile duct disease. Sci Rep. 2020;10(1):21900.

Strazzabosco M, Fabris L. Development of the bile ducts: essentials for the
clinical hepatologist. J Hepatol. 2012;56(5):1159-70.

Guan', Xu D, Garfin PM, Ehmer U, Hurwitz M, Enns G, et al. Human hepatic
organoids for the analysis of human genetic diseases. JCl Insight. 2017,2:17.
Gonzalez-Sanchez E, Vaquero J, Fouassier L, Chignard N. E-cadherin, guard-
ian of liver physiology. Clin Res Hepatol Gastroenterol. 2015;39(1):3-6.

Kim J, Oh WJ, Gaiano N, Yoshida Y, Gu C. Semaphorin 3E-Plexin-D1 signaling
regulates VEGF function in developmental angiogenesis via a feedback
mechanism. Genes Dev. 2011;25(13):1399-411.

CaoloV, Swennen G, Chalaris A, Wagenaar A, Verbruggen S, Rose-John S,
et al. ADAM10 and ADAM17 have opposite roles during sprouting angio-
genesis. Angiogenesis. 2015;18(1):13-22.

Herron LA, Hansen CS, Abaci HE. Engineering tissue-specific blood vessels.
Bioeng Transl Med. 2019;4(3): e10139.

Worsdorfer P, Dalda N, Kern A, Kruger S, Wagner N, Kwok CK; et al. Genera-
tion of complex human organoid models including vascular networks by
incorporation of mesodermal progenitor cells. Sci Rep. 2019;9(1):15663.
Worsdorfer P, Rockel A, AltY, Kern A, Ergun S. Generation of vascularized
neural organoids by co-culturing with mesodermal progenitor cells. STAR
Protoc. 2020;1(1): 100041.

Dogan L, Scheuring R, Wagner N, UedaY, Schmidt S, Worsdorfer P, et al.
Human iPSC-derived mesodermal progenitor cells preserve their vasculo-
genesis potential after extrusion and form hierarchically organized blood
vessels. Biofabrication. 2021;13(4): 045028.

Hofer M, Lutolf MP. Engineering organoids. Nat Rev Mater. 2021;6(5):402-20.
YinF, Zhang X, Wang L, Wang Y, Zhu Y, Li Z, et al. HiPSC-derived multi-orga-
noids-on-chip system for safety assessment of antidepressant drugs. Lab
Chip. 2021;21(3):571-81.

TaoT, Deng P, Wang Y, Zhang X, Guo Y, Chen W, et al. Microengineered
multi-organoid system from hiPSCs to recapitulate human liver-islet axis in
normal and type 2 diabetes. Adv Sci (Weinh). 2022,9(5): €2103495.

Kothari A, Rajagopalan P The assembly of integrated rat intestinal-hepato-
cyte cultures. Bioeng Transl Med. 2020;5(1): 10146.

Skardal A, Devarasetty M, Rodman C, Atala A, Soker S. Liver-tumor hybrid
organoids for modeling tumor growth and drug response in vitro. Ann
Biomed Eng. 2015;43(10):2361-73.

Devarasetty M, Wang E, Soker S, Skardal A. Mesenchymal stem cells support
growth and organization of host-liver colorectal-tumor organoids and pos-
sibly resistance to chemotherapy. Biofabrication. 2017,9(2): 021002.
Ventrella R, Kaplan N, Getsios S. Asymmetry at cell-cell interfaces direct

cell sorting, boundary formation, and tissue morphogenesis. Exp Cell Res.
2017,358(1):58-64.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Page 17 of 17

Soukup V, Kozmik Z. The Bmp signaling pathway regulates development of
left-right asymmetry in amphioxus. Dev Biol. 2018;434(1):164-74.

Mehta S, Hingole S, Chaudhary V. The emerging mechanisms of wnt secre-
tion and signaling in development. Front Cell Dev Biol. 2021,9: 714746.
Tiemeijer LA, Sanlidag S, Bouten CVC, Sahlgren CM. Engineering tissue
morphogenesis: taking it up a Notch. Trends Biotechnol. 2022.

Krenkel O, Tacke F. Liver macrophages in tissue homeostasis and disease.
Nat Rev Immunol. 2017;17(5):306-21.

Gomez Perdiguero E, Klapproth K, Schulz C, Busch K, Azzoni E, Crozet L, et al.
Tissue-resident macrophages originate from yolk-sac-derived erythro-
myeloid progenitors. Nature. 2015;518(7540):547-51.

. Tasnim F, Xing J, Huang X, Mo S, Wei X, Tan MH, et al. Generation of mature

kupffer cells from human induced pluripotent stem cells. Biomaterials.
2019;,192:377-91.

Woo DH, Kim SK, Lim HJ, Heo J, Park HS, Kang GY, et al. Direct and indirect
contribution of human embryonic stem cell-derived hepatocyte-like cells to
liver repair in mice. Gastroenterology. 2012;142(3):602-11.

An SY, Jang YJ, Lim HJ, Han J, Lee J, Lee G, et al. Milk fat globule-EGF factor 8,
secreted by mesenchymal stem cells, protects against liver fibrosis in mice.
Gastroenterology. 2017;152(5):1174-86.

Lim KT, Lee SC, Gao Y, Kim KP, Song G, An SY, et al. Small molecules facilitate
single factor-mediated hepatic reprogramming. Cell Rep. 2016;15(4):814-29.
Goulart E, de Caires-Junior LC, Telles-Silva KA, Araujo BHS, Rocco SA, Sforca
M, et al. 3D bioprinting of liver spheroids derived from human induced
pluripotent stem cells sustain liver function and viability in vitro. Biofabrica-
tion. 2019;12(1): 015010.

Kim SK, Kim YH, Park S, Cho SW. Organoid engineering with microfluidics
and biomaterials for liver, lung disease, and cancer modeling. Acta Biomater.
2021;132:37-51.

Lee JS, Shin J, Park HM, Kim YG, Kim BG, Oh JW, et al. Liver extracellular
matrix providing dual functions of two-dimensional substrate coating and
three-dimensional injectable hydrogel platform for liver tissue engineering.
Biomacromol. 2014;15(1):206-18.

Baptista PM, Siddiqui MM, Lozier G, Rodriguez SR, Atala A, Soker S.The use
of whole organ decellularization for the generation of a vascularized liver
organoid. Hepatology. 2011;53(2):604-17.

Baptista PM, Moran EC, Vyas D, Ribeiro MH, Atala A, Sparks JL, et al. Fluid flow
regulation of revascularization and cellular organization in a bioengineered
liver platform. Tissue Eng Part C Methods. 2016;22(3):199-207.

Bhushan A, Senutovitch N, Bale SS, McCarty WJ, Hegde M, Jindal R, et al.
Towards a three-dimensional microfluidic liver platform for predicting drug
efficacy and toxicity in humans. Stem Cell Res Ther. 2013;4(Suppl 1):S16.
Cho AN, JinY, AnY, Kim J, Choi YS, Lee JS, et al. Microfluidic device with

brain extracellular matrix promotes structural and functional maturation of
human brain organoids. Nat Commun. 2021;12(1):4730.

Han S, Yang K, Shin Y, Lee JS, Kamm RD, Chung S, et al. Three-dimensional
extracellular matrix-mediated neural stem cell differentiation in a microflu-
idic device. Lab Chip.2012;12(13):2305-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Generation of multilineage liver organoids with luminal vasculature and bile ducts from human pluripotent stem cells via modulation of Notch signaling
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Materials and methods
	Generation and culture of hPSC-derived mLOs
	Gene expression analysis
	Immunofluorescence staining of 2D cells and organoid cryosections
	Whole-mount immunofluorescence staining and clearing of organoids
	Live perfusion of organoids with UEA-I lectin
	Statistical analysis

	Results
	Generation and characterization of multiple cell types from hPSCs for the generation of mLOs
	HscLCs support the generation and growth of mLOs
	Regulation of Notch signaling for bile duct and vascular formation in mLOs
	Verification of luminal vasculature in liver organoids
	Responses of mLOs to fibrosis-related cytokines

	Discussion
	Conclusion
	Acknowledgements
	References


