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ARTICLE INFO ABSTRACT
Keywords: The liver has a unique ability to regenerate in response to injury or disease with hepatocytes and
Liver stem/progenitor cell biliary epithelial cells (BECs) driving the regenerative response. Liver progenitor cells (LPCs) also

Hepatobiliary organoid

play role in regeneration with the ability to differentiate into either hepatocytes or BECs. How-
Liver endothelial cell

ever, during chronic liver disease, the regenerative capacity of the liver is impaired. The use of
LPCs is a promising therapeutic strategy for patients with chronic liver diseases. LPCs can be
expanded in vitro as self-renewing organoids, however, most approaches to LPC organoids do not
include critical cells from the LPC niche in 3D organoid cultures. In this study, we highlight the
role of liver endothelial cells (LiECs), as a part of LPC niche, in supporting the hepatobiliary
organoids in long-term culture even in the absence of defined growth supplements, such as Wnt
agonists. Furthermore, LiECs alter the gene expression profile of hepatobiliary organoids involved
in inflammation, migration, extracellular matrix organization, and receptor signaling pathway
through paracrine manner. Our findings expand the role of LiECs for regulating stemness of LPCs
and elucidate a role for niche cells in a LPC organoid co-culture model with a reduction in growth
supplements.

1. Introduction

Tissue-resident adult stem cells (AdSCs) play a critical role in maintaining homeostasis of adult tissues through self-renewal and
multi-lineage differentiation [1]. However, unlike other organs, the liver exhibits a distinct regeneration strategy with remarkable
regenerative capacity. First, during homeostasis and even after partial hepatectomy, regeneration occurs through the proliferation and
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hypertrophy of resident hepatocytes [2]. Second, adult liver stem/progenitor cells (LPCs), which dedifferentiate from biliary epithelial
cells (BECs), undergo self-renewal and differentiation into both hepatocytes and BECs, particularly when hepatocyte-mediated
regeneration is impaired [3,4]. Ductular reaction (DR) is the expansion of LPCs after liver injury, and is strongly correlated with
the severity of liver diseases [5]. However, the regenerative capacity is eventually compromised in chronic liver diseases due to the
eventual dysfunction of LPCs and their niche cells, caused by chronic inflammation and fibrosis. Similar to the use of mesenchymal
stem cells or hepatocyte transplantation, promoting liver regeneration utilizing LPCs may be a promising therapeutic strategy for
patients with chronic liver diseases.

Organoid culture models, utilizing 3D matrix and specialized growth supplements, enable the massive expansion of AdSCs with
genetic stability, emerging as a valuable scientific tool for understanding regenerative biology with potential implications for
personalized medicine [6]. Adult liver organoid culture models have been successfully established by isolating Lgr5" or Epcam ™ LPCs
or biliary duct fragments [7,8]. However, current approaches for liver organoid models lack interactions with other cellular pop-
ulations in the liver. Tissue regeneration by AdSCs relies not only on the inherent plasticity of the cells but also on the dynamic in-
teractions with their specialized microenvironment [9,10]. A recent study showed that SCA1+PDGFRa+ mesenchymal cells contribute
to the stemness of LPCs through the secretion of paracrine factors or direct cell-to-cell interactions in vitro [11]. However, the specific
roles of other niche cells remain largely unknown.

Endothelial cells (ECs), have been demonstrated to be critical in other organ stem cell niches, with specialized tissue-specific
angiocrines and contribution to stemness in a tissue-specific manner [12]. Bone marrow ECs are essential for self-renewal and
maintenance of hematopoietic stem cells via secretion of stem cell factor [13,14]. Similarly, brain ECs derived vascular endothelial
growth factor regulates self-renewal and homeostasis of neural stem cell population [15,16], while lung ECs support the differentiation
of lung stem cells into multilineage (alveolar, bronchiolar, bronchioalveolar) through thrombospondin-1 secretion [17]. Our previous
study also demonstrated that testicular ECs support the self-renewal of spermatogonial stem cells by producing glial cell-derived
neurotrophic factor [18]. However, the role of liver ECs (LiECs) in the LPCs niche remains to be examined.

Growth factor supplements, including FGF10, HGF, Noggin, and Wnt agonists (R-spondin-1 and Wnt3a), mimic the mitogenic
environment that promotes the self-renewal of LPCs during liver regeneration, and are essential for the long-term expansion of LPCs in
organoid cultures [7,8]. It has been reported that angiocrines, such as BMP2, HGF, and Wnt ligands, of LiECs regulate liver regen-
eration through proliferation and maturation of hepatocytes [19-22], although the contribution of LiECs in regulating LPCs remains
unknown. We propose that LiECs are necessary for the maintenance and expansion of LPCs. However, conventional liver organoid
culture medium is supplemented with the defined growth factors or inhibitors for the survival and expansion of LPCs in monoculture
[7]. Those factors could hinder to determine the role of LiECs in liver organoid co-culture. Hence, we modified the conventional
organoid culture medium by removing FGF10, HGF, Noggin, and Wnt agonists to elucidate the specific role of LiECs in LPC organoid
co-cultures. Here, we demonstrate the long-term expansion of hepatobiliary organoids co-cultured with LiECs in a reduced growth
medium, revealing that LiECs can support the self-renewal of LPCs by altering their gene expression profile through paracrine
interactions.

2. Material and methods
2.1. Mice

12-18 week old wild-type mice (C57BL/6) were used for isolating hepatobiliary ducts. Primary murine liver endothelial cells were
isolated from 12 to 18 week old transgenic GFP mice (C57BL/6).

2.2. Primary liver endothelial cell isolation and characterization

Primary liver endothelial cells were isolated from GFP transgenic mice and previously described [18]. In brief, livers were minced
and digested in digestion solution containing 2.5 mg/ml collagenase type II (Worthington) and 100 pg/ml DNase I (Roche) in HBSS
diluted in 1x (ThermoFisher) for an hour at 37°C. Collagenase activity was quenched with an equal volume of FBS and digested cells
were strained through 100 pm then 40 pm strainer. After centrifuging at 930g for 10 min, cells were resuspended and plated on
gelatin-coated 150 mm cell culture dish in ECM. After 4 h, media was gently aspirated and replaced with fresh ECM. Once the cells
reach confluency, cells are detached with Accutase (Milipore) and washed with MACS buffer containing 2 mM EDTA (Invitrogen) and
0.5 % BSA (Gendepot) in DPBS diluted to 1x (Welgene) followed by centrifuge. Cells are resuspended in MACS buffer and incubated
with anti-mouse CD31 antibody conjugated with microbeads (Miltenyi Biotec) and mouse Fc receptor blocker (Miltenyi Biotec) for 15
min at 4°C. After MACS separation, sorted cells were centrifuged at 300g for 5min, then resuspended in DPBS, counted with trypan
blue (Gibco) staining, and plated on gelatin-coated 6-well to 100 mm dish according to cell number. Liver endothelial cells were
cultured in Advanced DMEM (ThermoFisher) medium supplemented with Glutamax (Gibco), HEPES (ThermoFisher), Pen-
icillin/streptomycin (Welgene), Heparin (Sigma), ECGS (Corning) and 10 % FBS (Gemini), which is referred to as Endothelial cell
medium (ECM). Liver endothelial cells were used for experiments between passages 3 and 6.

To confirm the purity of liver endothelial cells, cells were seeded on 10 mm glass coverslips and cultured until reaching confluency,
then fixed with neutral buffered formalin (Sigma) for 10min at 4°C. The cells were permeabilized in 0.3 % Triton X-100 (Sigma) in PBS
for 10min at RT and blocked in 10 % coat serum (Abcam, ab7481), 3 % BSA and 0.1 % tween 20 (Anatrace) in PBS for 2h at RT, then
incubated with primary antibodies (GFP, CD31, VE-cadherin and SMA«) diluted in blocking solution O/N at 4°C. After washing with
0.1 % tween 20 in PBS, cells are incubated with Alexa Fluor-conjugated secondary antibodies diluted in blocking solution for 2h at RT,
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then mounted in Mounting medium (Abcam). Images were acquired using a Thermo Evos FL Auto 2 microscope and processed using
ImageJ software. For tube formation assay, endothelial cells were seeded on Matrigel-coated 96-well plates (15,000 cells/well). Tube
formation was observed after 24 h incubation. For acetylated LDL (Ac-LDL) uptake, endothelial cells were incubated with Dil-ac-LDL
(10 pg/ml, Invitrogen) for 4 h at 37°C. After washing with DPBS 3 times, images were acquired using a Thermo Evos FL Auto 2
microscope.

2.3. Hepatobiliary organoid culture

Livers isolated from mice were minced into fine pieces and resuspended with washing medium (1 % FBS, 2 mM L-glutamine, 50U/
ml penicillin and 50 pg/ml streptomycin in DMEM) and incubated for 5 min on ice. The supernatant was aspirated and liver pieces
were resuspended with washing medium and repeated two times. After discarding the supernatant, digestion solution was added and
incubated with liver pieces for 1 h at 37°C. An equivalent volume of FBS was added to quench collagenase activity and the supernatant
was then strained through a 100 pm strainer. After washing the strainer to flush out remaining single cells and debris, hepatobiliary
duct fragments remaining on the strainer were flushed into a conical tube using HBSS and the tube was centrifuged at 300g for 5min.
The fragments were resuspended with basal medium (advanced DMEM supplemented with 25 mM HEPES, 100 pg/ml heparin (Sigma),
GlutaMAX (Gibco), 5 % Knock-out serum replacement (Gibco), 100 pg/ml ECGS, 10 mM Nicotinamide (Sigma), 100 pg/ml Primocin
(Invitrogen), 50U/ml penicillin and 50 pg/ml streptomycin) and mixed with GFR Matrigel (Corning) at a ratio of 1:2 (total 60 pl), then
plated on the center of each well of a 24-well cell culture dish. After incubation at 37°C for 50 min, growth medium (basal medium
supplemented with 10 pg/ml Y-27632 (Tocris), 50 ng/ml EGF (Peprotech) was added to each well. The medium was changed every
3-4 days. For serial passage, hepatobiliary organoids were harvested and transferred to ice-cold recovery solution (BD) for 10min. The
organoids were gently resuspended with using a blunt tip every 5 min until Matrigel was not visible. The organoids were transferred to
a 1.5 ml tube with recovery solution, then incubated while gently rotating at 4°C for 30 min. The supernatant was carefully discarded
after all the organoids settled to the bottom. TrypLE (Gibco) solution was added and the organoids were mechanically disrupted into
small pieces by pipetting, then incubated at 37°C for 10min. An equal volume of basal medium was added and centrifuged at 300g for
5min. Cells were counted with trypan blue staining and 5000 single cells were mixed with Matrigel for serial passages. For co-culture,
LiECs (P3~P6) were harvested prior to serial passages and counted. 100,000 cells were resuspended in basal medium and mixed with
hepatobiliary duct fragments (Passage 0) or 5000 single cells (Passage 1~), then mixed with Matrigel. Hepatobiliary organoid alone
(HO) or co-cultured with LiECs (HO:LiEC) were subcultured every 7 days. For co-cultures using Transwell plates, 5000 single cells in
Matrigel were seeded on Transwell alone with or without 100,000 LiECs in Matrigel on the bottom beneath the Transwell. All bright-
field images were acquired using a Thermo Evos FL Auto 2 microscope. Organoid numbers and sizes were quantified by Celleste Image
Analysis software using stitched images, for organoids greater than 100 pm of diameter.

2.4. Whole mount immunofluorescence staining

Hepatobiliary organoids were harvested and gently resuspended in ice-cold recovery solution to removing Matrigel, then incubated
for 30 min in ice. Organoids were transferred to ice-cold Neutral buffered formalin (NBF) for 30 min on ice. Organoids were then
transferred to ice-cold quenching solution (0.5M glycine, 0.1 % BSA in PBS) for 10 min, transferred to washing solution (0.1 % BSA in
PBS), and either stored at 4°C or processed for staining. Organoids were transferred to permeabilization solution (0.2 % tritonX100, 5
% DMSO in PBS) for 15 min, then transferred to PBST solution (0.1 % tween 20 in PBS). After washing three times with PBST,
organoids were transferred to blocking solution (10 % coat serum, 3 % BSA, 0.1 % tween 20 in PBS) for 2 h at RT and incubated at 4°C
overnight with the following primary antibodies: EpCAM (1:100, eBioscience), CK19 (1:200, Abcam), SOX9 (1:100, Merck Millipore),
Lgr5 (1:100, Abcam), Ki67 (1:200, Invitrogen), and F-actin (1:200, Thermo Fisher). Organoids were washed with PBST and incubated
with secondary antibodies diluted in blocking buffer at RT for 2 h or overnight at 4°C. Images were obtained using a confocal laser
scanning microscope (LSM710, Carl Zeiss).

2.5. RNA isolation, sequencing, and analysis

Total RNA was extracted from HO (p1) or HO:LiEC (p8) cultured in Transwell using Arcturus picopure RNA isolation kit (Thermo
fisher) following manufacturer’s instructions and processed for mRNA-sequencing. Quant-IT RiboGreen (Invitrogen) was used to
determine total RNA concentration. Samples were analyzed on the TapeStation RNA screentape (Agilent), and only samples with RIN
greater than 7 were used for RNA library construction. 1ug of total RNA was used to prepare libraries by Illumina TruSeq Stranded
mRNA Sample Prep Kit (Illumina, Inc., San Diego, CA, USA). First, the poly-A containing mRNA were purified using poly-T-attached
magnetic beads. And then, the mRNA is sheared into small pieces with divalent cations under increasing temperature. The fragmented
RNA was copied into first strand cDNA by SuperScript II reverse transcriptase (Invitrogen) and random primers. After that, DNA
Polymerase I, RNase H and dUTP were used to synthesize second strand cDNA, which were further proceed into end repair process. The
addition of a single ‘A’ base then was ligated with adapters. This was followed by purification and enrichment by PCR to access final
cDNA library. The quantification/qualification of the library were measured by KAPA Library Quantification kits (KAPA BIOSYSTEMS)
and TapeStation D1000 ScreenTape (Agilent Technologies). Indexed libraries were then uploaded to an Illumina NovaSeq (Illumina,
Inc., San Diego, CA, USA), and paired-end (2 x 100 bp) sequencing was conducted by Macrogen Incorporated. The total mRNA
sequencing reads were aligned to the mus musculus genome (version GRCm38) utilizing the Spliced Transcripts Alignment to a
Reference (STAR) alignment software. The raw read counts and transcripts per kilobase million (TPM) counts were generated through
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RNA-Seq by Expectation-Maximization (RSEM). RNA-seq analysis in this study was performed using Software R version 4.1.2. Dif-
ferential expressed genes (DEGs) analysis was executed through R package DESeq2. In the DEGs result, genes for pathway analysis are
selected by g-value cut-off (q-value <0.05). For gene ontology (GO) enrichment analysis, the selected genes were subjected to analysis
using web based tool (https://genenontology.org). All RNA sequencing data are accessible through GEO:GSE2594 35 in the NCBI Gene
Expression Omnibus.

2.6. Measurement of hepatobiliary organoid formation and size

Organoid formation numbers and sizes were quantified by counting the total number of the organoids greater than 100 pm of
diameter at 7 days after culture by using Celleste Image Analysis software. Organoid-forming efficiency is normalized by the total
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Fig. 1. Liver endothelial cells support formation and growth of hepatobiliary organoids. (A) Schematic depicting isolation and organoid
culture derived from hepatobiliary ducts. (B) Representative stitched and 40x bright-field images at day 3 and 7 (passage 0) of HO or HO:LiEC. Scale
bar, 2 mm (stitch) and 500 pm (40x). (C) Quantitation of the total number of whole organoids formed in HOs alone and HOs + LiECs, categorized by
size (100-200 pm, 200-400 pm, >500 pm, and total) and (D) the average organoid size at day 7 (passage 0). Data are means + SEM obtained from n
= 4 independent biological replicates. *p < 0.05; **p < 0.01.
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number of single cells seeded (5,000).
2.7. Statistical analysis

Data were analyzed as detailed in Figure legends. Significance between two groups was determined using Student’s two-tailed
unpaired t-test in GraphPad prism.

:LiEC

HO

Fig. 2. Immunofluorescence analysis of HO and HO:LiEC. Z-stack projection of confocal images of intact whole organoids of HO and HO:mLiEC
at day 7 (passage 0). Sox9, EpCAM, Ki67 (green), Lgr5, CK19, F-actin (red), and DAPI (blue). White dot squares indicate magnified images. Scale
bar, 50 pm.
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3. Results

3.1. Liver endothelial cells support formation and growth of adult hepatobiliary organoid

To co-culture hepatobiliary organoids with liver endothelial cells (LiECs), we isolated primary LiECs from an adult GFP transgenic
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Fig. 3. LiECs maintain formation and growth of hepatobiliary organoids in long-term expansion. (A) Schematic depicting hepatobiliary
organoid passage strategy. 5000 single cells from HO or HO:LiEC (P0) were passaged for long-term expansion. For co-culture, LiECs were harvested
between P3 to P6 prior to serial passages. (B) Representative stitched and bright-field images from each group at P1, P2, and P8 (day 7). Scale bar, 2
mm (stitched image) and 500 pum (bright-field image). (C) Quantitation of whole organoid-forming number HO and HO:LiEC and (D) average
organoid size at P1, P2, and P8 (day 7). (E) LiECs maintain expansion of hepatobiliary organoids for >8 passages (>2 months). Data are means +
SEM obtained from at least n = 3 independent biological replicates. ND; non-detected. *p < 0.05; **p < 0.01 (compared to HO at P1).
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mouse and then characterized them by immunofluorescence staining with the endothelial markers CD31 and VE-cadherin and
functionally by tube formation and Dil-Ac-LDL uptake to obtain greater than 98 % LiEC purity (Figs. SIA-C).

We isolated hepatobiliary duct fragments containing LPCs to establish hepatobiliary organoids, then embedded them alone (HO) or
co-cultured with LiECs (HO:LiEC) in Matrigel (Fig. 1A). The organoids were formed at the ends of hepatobiliary duct fragments
(Fig. 1B) and we measured the number and size of all organoids at day 7. HO:LiEC demonstrate significantly greater number of
organoids and much larger average size (Fig. 1C-D). Characterization of HO and HO:LiEC by immunofluorescence analysis of pro-
genitor cell, epithelial and proliferation markers, demonstrate robust expression of progenitor markers (LGR5, SOX9), biliary epithelial
marker (EpCAM, CK19), and proliferation marker (Ki67) in both HOs grown alone or in co-culture with LiECs (Fig. 2). Expression of
LGRS5 and SOX9 indicate the presence of LPCs in the established organoids. These results also indicate that hepatobiliary organoids can
successfully grow in the modified growth medium and that the addition of LiECs enhance both the formation and growth of the
organoids.

3.2. Liver endothelial cells maintain hepatobiliary organoids in long-term expansion

LPCs gradually lose their self-renewal capacity when cultured in a reduced growth medium lacking the defined growth supplements
in early passages [7]. To test whether LiECs support the self-renewal and growth of LPCs without the essential growth supplements in
long-term expansion, single cells were isolated from HO (PO) or HO:LiEC (PO) and serially passaged (Fig. 3A). Notably, HO showed
reduced organoid formation and growth at passage 1, while HO:LiEC exhibited a 5-fold higher efficiency in organoid formation
(around 2-3%) and the average size was 2-fold larger compared to HO (Fig. 3B-E). Additionally, we observed that organoid formation
of HO cultures alone was significantly reduced at passage 2, whereas HO:LiEC consistently exhibited both organoid formation and
expansion in serial passages.

We analyzed expression of progenitor and epithelial cell markers in HO:LiEC after long-term passage and found robust expression
of progenitor marker SOX9, biliary epithelial markers EpCAM and CK19 (Fig. S2). Interestingly, there was no LGR5 expression, which
is an essential component of the Wnt signaling pathway and a receptor activated by one of the Wnt agonists, R-spondin-1. This suggests
that LGR5-independent Wnt signaling pathway or other signaling pathways may be involved in the self-renewal of LPCs in our LiEC co-
cultures.

To determine whether LiEC-derived factors was sufficient to support HO maintenance or of hepatocyte-LiEC contact was necessary,
we used Transwell culture plates to prevent cell-to-cell contact. We cultured single cells isolated from HO (PO) on top of the Transwell
with or without LiEC on the bottom and quantified organoid growth (Fig. 4A). Under these conditions, we consistently observed a
significant increase in the number of organoid formation and in the average organoid size of HO:LiEC compared to HO (Fig. 4B-D).
Furthermore, we observed significantly increased in the average organoid size of HO:LiEC (mixed co-culture) compared to HO:LiEC
using Transwell (Figs. S3A-C), suggesting that the paracrine factors produced by LiECs support self-renewal of LPCs.

3.3. Gene expression analysis of hepatobiliary organoids co-cultured with liver endothelial cells

It has been reported that alterations of gene expression profile occurs when stem cells are co-cultured with other types of cells [23,
24]. To determine gene expression profile of hepatobiliary organoids co-cultured with LiECs, we isolated total RNA from HO or HO:
LiEC in Transwell culture plates. We identified 583 differentially expressed genes (DEGs) using a threshold of logafold change (FC) >
|0.5| and -log;oFDR >1.3. Of these DEGs, 278 genes were up-regulated and 305 genes were down-regulated in HO:LiEC compared to
HO (Fig. 5A). Gene ontology (GO) enrichment analysis of DEGs identified the genes strongly associated with cell migration (e.g., cell
motility, cell projection, tissue migration), extracellular matrix organization (e.g., tissue remodeling, extracellular space, extracellular
matrix), inflammation (e.g., cytokine production, inflammasome complex, cytokine receptor binding), and cellular signaling activity
(e.g., signaling receptor binding, receptor regulator activity, receptor ligand activity, growth factor activity) (Fig. 5B). We then
analyzed DEGs belonging to selected pathways applying a cutoff of log2(FC) > [1.5|, in particular we focused on the genes associated
with extracellular matrix organization, inflammation, cell migration, receptor signaling pathway (Fig. 5C). Genes associated with
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Fig. 4. LiECs support formation and growth of hepatobiliary organoids by paracrine manner. (A) Schematic depicting organoid culture using
Transwell from 5000 single cells of HO at P0O. (B) Representative stitched image of HO and HO:LiEC at day 7 (passage 1). Scale bar, 1 mm. (C)
Quantitation of the total number of whole organoids formed in HO and HO:LiEC, categorized by size (100-200 pm, >200 pm, and total) and (D) the
average organoid size at day 7 (passage 1). Data are means + SEM obtained from n = 3 independent biological replicates. *p < 0.05; **p < 0.01.
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Fig. 5. Differentially expressed genes analysis of HO and HO:LiEC. Transcriptome analysis of HO and HO:LiEC (at least n = 2 independent
biological replicates). (A) Volcano plot of DEGs comparing HO and HO:LiEC from RNA-seq analysis. Red (HO:LiEC > HO) and blue (HO:LiEC < HO)
dots represent DEGs. Up- and down-regulated top 20 DEGs were indicated. (B) The enrichment bubble plot visualizing selected pathways from GO
analysis of DEGs (BP; biological process, CC; cellular component, MF; molecular function). The size of each circle represents the number of genes.
Red color indicates lower g-value. (C) Heatmap representing up- and down-regulated DEGs in HO:LiEC for selected signaling pathways of GO
analysis involved in pro- and anti-inflammatory response, cell migration, extracellular matrix, and receptor signaling pathway.

inflammation, pro-inflammatory genes were abundantly expressed in HO, such as chemokine-mediated inflammation (Cxcl1, Cxcl5,
Cxcl14), while conversely, anti-inflammatory genes (e.g., Pparg, Ffar4, Cxcl17) were enriched in HO:LiEC. Furthermore, HO showed an
enrichment of genes involved in cell migration (e.g., Cdh2, Sdc2, Bex4, Itga5) and extracellular matrix organization (e.g., Col4a6,
Col3al, Collal). Interestingly, key genes (Cdh2, Axl, Vim, Zeb2, Twist1) associated with epithelial-to-mesenchymal transition (EMT)
were down-regulated in HO:LiEC. For receptor signaling pathway, Wnt signaling components (Tcf712, Fzd2, Lrp4, Gpr35, Porcn, Tle2)
and Pi3K signaling component (PDK1) were up-regulated and genes known as tumor suppressor (Salll, Nkx3.1, Irf5, Ndn) were
down-regulated in HO:LiEC. Moreover, we observed several genes involved in growth factors were up-regulated (Bmp4, Wnt4, Vegfa,
Tgfb3) and down-regulated (Ngf, Wnt9a) in HO:LiEC.

4. Discussion

LPCs participate in liver regeneration through self-renewal and differentiation into hepatocytes and biliary epithelial cells when
hepatocyte-mediated regeneration is impaired in chronic liver disease [3,4]. However, the regenerative potential of native LPCs is not
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sufficient to regenerate end-stage liver due to persisted injuries or altered cellular microenvironment, including chronic inflammation
and extensive fibrosis. Enhancing stemness or increasing population of LPCs to regenerate liver is alternative treatment strategy for the
patients with chronic liver diseases.

LPCs-derived organoid culture models facilitate the massive expansion of LPCs while preserving their genetic stability and the
functional characteristics of the original tissue [7,8]. These models are emerging as a promising scientific tool for advancing hepatic
biology research and driving therapeutic innovations for chronic liver diseases. Nevertheless, the models face several challenges,
encompassing standardized protocols, reproducibility, and the absence of cellular interactions of niche cells.

LPCs are regulated by their surrounding niche, a complex microenvironment composed of diverse cell types, extracellular matrix
components, and soluble factors [9,10]. This niche orchestrates dynamic cellular communications that are critical for maintaining the
stemness of LPCs and facilitating liver regeneration responses to chronic liver injury. In developing liver organoid culture models,
accurately replicating these multifaceted and dynamic niche interactions remains a formidable challenge, yet it is essential for creating
physiologically relevant and functional organoids. Here, we first established the long-term expansion of HOs by co-cultured with LiECs
and demonstrated that LiECs sustain the formation and proliferation of HOs through a paracrine manner. Further, we analyzed the
transcripts, identifying altered gene expression profiles of HOs co-cultured with LiECs compared to HOs alone. Interestingly, LGR5, one
of the main components of the Wnt signaling pathway, was no longer expressed in late passages of HOs in our culture model.
Furthermore, HOs alone showed low colony formation and proliferation along with up-regulated pro-inflammatory, migration, and
deposition of extracellular matrix (ECM) related genes compared to HOs sustained by LiECs.

Following acute liver injury, LGR5-expressing BECs are identified as LPCs and R-spondin-1 and Wnt3a highlighted as crucial Wnt
agonists for the establishment and long-term maintenance of liver organoids in vitro [7]. However, the activation of EGFR and VEGFR
signaling pathways plays a significant role in LPCs during liver regeneration when hepatocyte ablation [25,26]. Moreover, a recent
report indicates that YAP signaling is essential for self-renewal of LPCs after liver injury, while LGR5-mediated Wnt signaling may be
dispensable for this process [27]. In our observations, HOs co-cultured with LiECs lack LGR5 expression at late passage, yet exhibit
elevated gene expression levels of PDK1 and Wnt signaling components. This suggests that R-spondin-1/LGR5-independent Wnt
signaling or alternative signaling pathways could be involved in the self-renewal of LPCs through interactions with LiECs. Interest-
ingly, PDK1 is a major regulator for RTKs/Pi3K-dependent signaling pathways through the activation of AKT and YAP [28,29], implies
that our model may more similarly represent the physiological aspects of LPC proliferation during liver regeneration. Future research
will focus on elucidating these signaling pathways within HOs co-cultured with LiECs.

Angiogenesis is critical process for tissue regeneration, involving EC proliferation and migration to form new microvasculature [30,
31]. ECs play essential roles in nutrients and oxygen delivery and regulating damaged microenvironment to recover via ECM
remodeling and interactions with surrounding cells, including AdSCs, through angiocrines [12,32]. Ductular reaction (DR) is a
reparative mechanism following liver injury, associated with LPCs proliferation and angiogenesis [33-35]. However, the role of LiECs
in regulating of LPCs is poorly understood. Moreover, despite expansion of DR in chronic liver diseases, it paradoxically contributes to
disease progression [34,36]. Previous studies have indicated that LPCs during DR exhibit increased gene expression related to
inflammation, EMT, and collagen synthesis in chronic liver injury [37-39]. We also observed the downregulation of pro-inflammatory,
EMT, and ECM remodeling related genes in HOs co-cultured with LiECs, suggesting that cellular interactions with functional LiECs
could mitigate the pathological progression of LPCs and enhance regenerative properties.

In conclusion, our findings expand the role of ECs as a critical niche population for AdSCs and provide new perspective for
modifying conventional culture models that elucidate niche cell functions with reducing growth supplements in vitro. Interestingly,
liver organoids from non-alcoholic steatohepatitis mice exhibited significantly reduced growth rates and pathological features similar
to those observed in vivo according to disease progression stages [40]. Exploring whether HOs from chronic liver diseases could be
improved growth or restored pathological characters when co-cultured with LiECs in our culture model presents a promising future
research.
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