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SUMMARY

Enhanced hepatic progenitor cell proliferation and stellate
cell activation, as observed in ductular reaction with liver
fibrosis, can be mimicked in an in vitro 3D co-culture. This
provides a novel approach to elucidate the cellular in-
teractions in liver diseases.

BACKGROUND & AIMS: Following liver damage, ductular re-
action often coincides with liver fibrosis. Proliferation of he-
patic progenitor cells is observed in ductular reaction, whereas
activated hepatic stellate cells (HSCs) are the main drivers of
liver fibrosis. These observations may suggest a functional
interaction between these 2 cell types. Here, we report on an
in vitro co-culture system to examine these interactions and
validate their co-expression in human liver explants.

METHODS: In a 3D organoid co-culture system, we combined
freshly isolated quiescent mouse HSCs and fluorescently
labeled progenitor cells (undifferentiated intrahepatic chol-
angiocyte organoids), permitting real-time observation of cell
morphology and behavior. After 7 days, cells were sorted based
on the fluorescent label and analyzed for changes in gene
expression.
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RESULTS: In the 3D co-culture system, the proliferation of
progenitor cells is enhanced, and HSCs are activated, recapit-
ulating the cellular events observed in the patient liver. Both
effects in 3D co-culture require close contact between the 2
different cell types. HSC activation during 3D co-culture differs
from quiescent (3D mono-cultured) HSCs and activated HSCs
on plastic (2D mono-culture). Upregulation of a cluster of genes
containing Aldh1a2, Cthrc1, and several genes related to frizzled
binding/Wnt signaling were exclusively observed in 3D co-
cultured HSCs. The localized co-expression of specific genes
was confirmed by spatial transcriptomics in human liver
explants.

CONCLUSION: An in vitro 3D co-culture system provides evi-
dence for direct interactions between HSCs and progenitor
cells, which are sufficient to drive responses that are similar to
those seen during ductular reaction and fibrosis. This model
paves the way for further research into the cellular basis of
liver pathology. (Cell Mol Gastroenterol Hepatol
2025;19:101472; https://doi.org/10.1016/j.jcmgh.2025.101472)

Keywords: Ductular Reaction; Intrahepatic Cholangiocyte
Organoid; Liver Fibrosis; Retinoic Acid.

pproximately 2 million people worldwide die of
Abbreviations used in this paper: AAF, N-2-acetylaminofluorene;
Acta2, alpha-smooth muscle actin; Aldh1a2, aldehyde dehydrogenase
family 1, subfamily A2; ANOVA, analysis of variance; aPF, activated
portal fibroblast; Apln, apelin; BDL, bile duct ligation; BSA, bovine
serum albumin; CCl4, carbon tetrachloride; Col1a1, collagen 1a1;
Cthrc1, collagen triple helix repeat containing-1; DDC, 3,5-
diethoxycarbonyl-1,4-dihydrocollidine; DEG, differentially expressed
gene; DMEM, Dulbecco’s Modified Eagle Medium; ECM, extracellular
matrix; ECO, extrahepatic cholangiocyte organoid; ELISA, enzyme-
linked immunosorbent assay; EM, expansion medium; FACS, fluores-
cence-activated cell sorting; FBS, fetal bovine serum; Gfap, glial
fibrillary acidic protein; GO, Gene Ontology; Gpc3, glypican 3; GSEA,
gene set enrichment analysis; HSC, hepatic stellate cell; ICO, intra-
hepatic cholangiocyte organoid; LGR5, leucine rich repeat containing
G protein-coupled receptor 5; Lrat, lecithin:retinol acyltransferase;
MASLD, metabolic dysfunction-associated steatotic liver disease;
MICO, mouse intrahepatic cholangiocyte organoid; Mmp7, matrix
metallopeptidase 7; NAFLD, non-alcoholic fatty liver disease; NF-kB,
nuclear factor-kappa B; ORA, over representation analysis; PBC, pri-
mary biliary cholangitis; PBS, phosphate-buffered saline; PBST,
phosphate-buffered saline with Tween; PCA, principal component
analysis; PF, portal fibroblast; PINP, procollagen type I N-terminal
propeptide; Plk1, polo-like kinase 1; PSC, primary sclerosing chol-
angitis; RA, retinoic acid; RT-qPCR, real time quantitative polymerase
chain reaction; TAA, thioacetamide; TGFb1, transforming growth fac-
tor beta 1; 3D, three-dimensional.
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Aliver diseases each year. The causes of chronic liver
diseases include viral infection leading to hepatitis, exces-
sive alcohol consumption or metabolic deficiencies leading
to steatotic liver disease, or defects in the production and
secretion of bile or bile duct inflammation leading to biliary
diseases.1 In chronic liver diseases such as metabolic
dysfunction-associated steatotic liver disease (MASLD),
previously known as non-alcoholic fatty liver disease
(NAFLD),2 ductular reaction is commonly observed.3,4

Ductular reaction is a ductular phenotype5 that has classi-
cally been described in biliary disorders. Histologically,
ductular reaction can be recognized by bile duct prolifera-
tion or hyperplasia. The cellular source differs, depending
on the type of liver injury, but ductular reaction may orig-
inate from: (1) pre-existing cholangiocytes; (2) trans-
differentiation of hepatocytes to cholangiocytes; or (3) he-
patic progenitor cells around bile ducts that are able to
differentiate towards cholangiocytes and hepatocytes.3,5

Studies on primary biliary epithelium have been limited
by poor access to tissue. Organoid technology has enabled
growth of cholangiocyte progenitor cells in three-
dimensional (3D) culture conditions with the propagation
of both intrahepatic (ICOs) and extrahepatic (ECOs) chol-
angiocytes from primary tissue.6–9 Both types of chol-
angiocyte organoids have rather similar gene expression
profiles with cholangiocyte fate differentiation capacity, but
only ICOs can also differentiate to hepatocytes, suggestive of
a bipotential nature.8,10,11 Mouse ICOs (mICOs) expressed
multiple progenitor cell (Lgr5, Cd44, Sox9, Prom1, EpCAM,
Foxl1, Trop2) markers, as well as hepatocyte (Krt8, Krt18,
HNF4a Ttr), and cholangiocyte (Krt7, Krt19) markers.
Lineage tracing demonstrated that the ICO-initiating cells
are in fact derived from adult intrahepatic cholangiocytes
that undergo Tet1-mediated epigenetic reprogramming to
1014
assume a stem/progenitor cell state, both in vitro and
in vivo.11 The expansion of Lgr5þ liver stem cells is induced
by Wnt-driven regeneration, mediated by the leucine rich
repeat containing G protein-coupled receptor 5 (LGR5) , a
receptor for R-spondins.12 By changing the growth factors in
the medium, it is possible to differentiate ICOs, reducing the
progenitor cell markers and increasing either hepatocyte
markers or cholangiocyte markers.13,14

The degree of ductular reaction correlates with the
severity of liver fibrosis.15,16 When the cause for liver
damage persists, liver fibrosis can develop into liver
cirrhosis, which impairs liver function, and also provides a
favorable environment for the development of hepatocel-
lular carcinoma.17 Liver fibrosis is characterized by the
excessive accumulation of extracellular matrix (ECM) pro-
teins like collagen. The main cell type producing these ECM
proteins in liver fibrosis is the hepatic stellate cell (HSC).18

HSCs in a healthy liver are quiescent, vitamin A-storing cells.
Upon liver damage, they become activated, trans-
differentiate into myofibroblasts, and release vitamin A, at
least partially as retinoic acid (RA).19 Classical markers of
HSC activation include downregulation of lecithin:retinol
acyltransferase (Lrat) and glial fibrillary acidic protein
(Gfap), as well as upregulation of collagen and alpha-smooth
muscle actin (Acta2) expression.20 In vitro activation of
HSCs by 2D culture on plastic surfaces mimics most of these
characteristics, but some differences have been observed.21

In vivo, there is also a certain level of variation. Differences
in gene expression in activated HSCs exist depending on the
type of liver damage,21 and single-cell RNA sequencing has
revealed heterogenicity among activated HSCs, with differ-
ences in the level of classical activation markers in the
identified clusters.22,23
72
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It has been questioned whether ductular reaction and
liver fibrosis are 2 separate responses to liver injury or if
they drive each other.24 If the 2 responses drive each other,
it can be questioned which cell type initiates the reaction
and whether this would then involve direct interactions
between the cells.24,25 Studies in rodent models suggest that
HSC activation and collagen deposition precedes26 or is
required27 for progenitor cell proliferation, whereas another
study finds that liver fibrosis is induced via a nuclear factor-
kappa B (NF-kB)-inducing kinase/cholangiokine/HSC axis in
several mice models for ductular reaction, suggesting
proliferating cholangiocytes initiate the response.28

Investigating interactions between cell types in an ani-
mal model is complicated by the many additional factors
being present, such as the other cell types in close vicinity
that may also respond to liver damage. To better understand
the correlation between ductular reaction and liver fibrosis,
we questioned whether ICOs, as hepatic progenitor cells,
and HSCs can directly communicate with each other. Three-
D cultures are more representative for the native tissue as it
allows the cells to grow and migrate in all directions.
Therefore, we co-cultured ICOs and freshly isolated (quies-
cent) mouse HSCs in 3D conditions using a hydrogel
generated from solubilized basement membrane matrix (ie,
Matrigel). These hydrogels have been shown to prevent HSC
activation,29,30 whereas stiffer matrixes including plastic can
activate HSCs.31 We found that ICOs and HSCs in 3D co-
culture directly influence each other, resulting in
increased proliferation of ICOs and activation of HSCs. The
interaction depends on close contact between the 2 cell
types.

Results
HSCs in 3D Mono-culture Remain Quiescent but
can be Activated by TGFb1

HSCs 3D-cultured in Matrigel remain quiescent in Dul-
becco’s Modified Eagle Medium (DMEM) with 10% (v/v)
fetal bovine serum (FBS), whereas HSCs 2D-cultured on a
plastic surface become activated. We first assessed whether
isolated HSCs behave similarly in co-culture medium, con-
sisting of 50% ICO culture medium (expansion medium)
and 50% HSC culture medium (DMEM with 10% FBS).
Freshly isolated quiescent HSCs were cultured in Matrigel
(HSC 3D mono-culture) or plated on plastic (HSC 2D mono-
culture) and cultured in co-culture medium. After 7 days of
culture, HSC 3D mono-cultures had high expression of Lrat,
a quiescence marker,32 whereas the expression level of
activation marker Acta232 was low (Figure 1A). HSC 2D
mono-cultures gave the opposite results with low Lrat
expression and high Acta2 expression (Figure 1A). The
secretion of type I collagen in the medium was also lower in
HSC 3D mono-cultures as compared with HSC 2D mono-
cultures. Together, these results strongly suggest that
HSCs remain quiescent in Matrigel and become activated on
plastic surfaces. Addition of transforming growth factor beta
1 (TGFb1), a factor involved in the HSC activation process,
to HSC 3D mono-cultures lowered Lrat expression and
increased Acta2 and Col1a1 expression. HSCs with TGFb1
1014
also secreted more collagen type 1 compared with non-
treated cultures (Figure 1B). These results indicate that
quiescent HSC 3D mono-cultures can be activated by a
proper stimulus like TGFb1. It is also noticeable that
whereas HSC culture in 2D leads to a pronounced increase
in Acta2, HSC activation in 3D Matrigel culture via TGFb
gave a more pronounced increase in Col1a1 with moderately
increased Acta2.

Co-culture of HSCs and ICOs
We next analyzed the interaction between HSCs and ICOs

by 3D co-culturing these cells in Matrigel for 7 days. We
observed clear morphologic changes in both cell types
during 3D co-culture as compared with 3D mono-cultures of
the individual cell types under the same conditions
(Figure 2). ICOs increased in size faster than mono-cultured
controls. The measured increase in metabolic activity under
these conditions was consistent with higher proliferation in
co-culture (Figure 2B). HSCs in 3D mono-cultures remained
small and contained large lipid droplets filled with vitamin A
(as retinyl ester), which are autofluorescent (Figure 2C). In
3D co-culture, HSCs that were in close proximity to ICOs
became elongated, with a reduced autofluorescent signal.
Secretion of type I collagen increased in 3D co-cultures as
compared with 2D mono-cultures of HSCs (Figure 2D).

To obtain in-depth understanding of the effect which the
2 cell types have on each other, we performed RNA
sequence analysis on both cell types before and after mono-
and co-culture in Matrigel and compared differences in gene
expression. Before RNA isolation, the cell types were sorted
by fluorescence-activated cell sorting (FACS) based on
tdTomato-positive (ICOs) vs tdTomato-negative (HSCs)
(Figure 3). For reference, samples were also taken from
freshly isolated quiescent HSCs (day 0), and of 2D mono-
cultured HSCs (day 7). The heatmap and the principal
component analysis (PCA) of the cultured samples shows
that major differences can be found between the different
HSC sample groups, with 3D co-cultured HSCs moving from
3D mono-cultured HSCs towards the 2D mono-cultured
HSCs. Differences between mono-cultured and co-cultured
ICOs are more subtle than the differences between the
HSC groups. As both cell types change their gene expression
profile in co-culture, our results indicate an interaction be-
tween HSCs and ICOs.

Co-culture With HSCs Enhances ICO
Proliferation

To assess the effect of cell-cell interactions, the differ-
entially expressed genes in ICOs due to co-culture were
analyzed. The top 75 differentially expressed genes (DEGs)
are depicted in a heatmap (Figure 4A; Supplementary
Table 2). Two of the most upregulated genes in ICOs by
co-culture with HSCs were matrix metallopeptidase 7
(Mmp7) and Glypican 3 (Gpc3) (Figure 4A and E;
Supplementary Tables 2 and 3). Mmp7 has been found
upregulated in proliferating progenitor cells,33 whereas
Gpc3 has been described as a marker for liver progenitor
cells34 and hepatocellular carcinoma.35 Overrepresentation
72



Figure 1. Activation of HSCs in mono-
culture. Freshly isolated HSCs were
cultured on plastic or in Matrigel (±10 ng/
mL TGFb1) for 7 days in co-culture me-
dium. (A) Cells were harvested for RNA
isolation with subsequent rt-qPCR on
Lrat, Acta2, and Col1a1 gene expres-
sion. (B) Medium was collected and
secretion of type I collagen was analyzed
by ELISA. Cells were cultured in tripli-
cate. Gene expression results were
repeated for 5 different cell isolations.
Data shown are from a representative
experiment. *P < .05; **P < .01; ***P <
.001; ****P < .0001
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analysis shows that many of the DEGs are associated with
cell division (Figure 4B). These results are consistent with
the morphological observations that the ICOs grew faster in
co-culture (Figure 2A), suggesting enhanced proliferation.
ICOs have been shown to be able to differentiate and gain
cholangiocyte or hepatocyte characteristics.10 Although
Lgr5 showed a slight increase in co-culture (log2 ratio 0.69;
P < .001), which was confirmed by real time quantitative
polymerase chain reaction (RT-qPCR) (data not shown),
there were no large overall effects on genes related to dif-
ferentiation of the ICOs towards hepatocytes or chol-
angiocytes (Figure 4C and D).
1014
Co-culture With ICOs Induces HSC Activation
Similarly, the DEGs in HSCs due to co-culture were also

analyzed. The top 75 DEGs are depicted in a heatmap
(Figure 5A). For comparison, the expression of the same
genes in HSCs directly after isolation (day 0, quiescent) and
2D mono-cultured HSCs is also shown. Three-D mono-
cultured HSCs cluster closely to the day 0 HSCs, consistent
with their quiescent state. Three-D co-cultured HSCs, on the
other hand, have more resemblance with 2D mono-cultured
HSCs. Many DEGs in co-cultured HSCs are related to wound
healing and ECM organization, indicating active fibroblast
function (Figure 5B and C). Combined with the morphologic
72



Figure 2. ICOs and HSCs in 3D co-
culture influence each other. (A) Mi-
croscopy images of a 3D co-culture of
HSCs and ICOs and a 3D mono-culture
of ICOs after 7 days of culture. Scale
bar ¼ 400 mm. (B) In co-culture, one-half
of the amount of HSCs and one-half of
the amount of ICOs was plated as
compared to their respective mono-
culture. Therefore, the expected meta-
bolic activity (when no interaction be-
tween different cell types takes place) is
defined as the 0.5� (the metabolic ac-
tivity of ICO 3D mono-culture þ the
metabolic activity of HSC 3D mono-
culture). The signal measured in the 3D
co-culture was significantly (P < .001)
higher. (C) Confocal images of 3D mono-
and 3D co-cultured HSCs in Matrigel.
Blue ¼ autofluorescence from retinyl
esters; red ¼ tdTomato from ICOs; ar-
rows indicate HSCs. Scale bar ¼ 36.6
mm. (D) Type 1 collagen secretion of 3D
mono HSC culture vs 3D co-culture,
data collected from 2 different experi-
ments performed in triplicate. *P < .05;
**P < .01; ***P < .001; ****P < .0001
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changes and increase in type 1 collagen secretion as shown
in Figure 2, these data indicate activation of HSCs due to co-
culture with ICOs. Indeed, the classic HSC activation
markers Acta2 and Col1a1 are both upregulated in 3D co-
cultured HSCs and 2D mono-cultured HSCs (which we will
refer to from here on as co-culture- vs plastic-activated
HSCs). Col1a1 was more pronounced in co-culture-
activated HSCs than in plastic-activated HSCs, whereas
Acta2 was more pronounced in plastic-activated HSCs
(Figure 5D). Interestingly, this trend is similar to the acti-
vation of 3D mono-cultured HSCs by TGFb1 (Figure 1).
1014
There are also some differences in gene expression be-
tween co-culture-activated HSCs and plastic-activated HSCs
(Figure 5A). Overrepresentation analysis of these DEGs
contains Gene Ontology (GO) terms like ECM organization,
actin filament organization, and cell adhesion (Figure 5E–J).
Many types of collagen (as markers for HSC activation) are
upregulated in plastic and /or co-culture activation, as
demonstrated by an increase in Col3a1, Col12a1, and Col1a1
expression (Figure 5D). Some genes are specifically upre-
gulated in co-culture-activated HSCs only as compared with
all other conditions of HSC culture (Figure 5A and D; see
72



Figure 3. Workflow of RNA sequence analysis in co-culture experiments. HSCs were freshly isolated from healthy mice, a
day 0 sample was taken. tdTomato-positive mouse ICOs from EM culture conditions were fragmented. Both cell types were
cultured for 7 days under various conditions as shown, with medium refreshed every 3 days. Cells were harvested and
trypsinized to obtain single cells, after which the cells were sorted based on the tdTomato signal in the ICOs. Mono-cultures
were taken through the same sorting procedure. Bulk RNA was isolated and sequenced. Data analysis panel shows a heatmap
of differential gene expression (Log2 fold change of normalized counts) and the PCA for gene expression of both mono- and
co-cultured HSCs and ICOs.
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also Figure 3 magenta cluster). A list of the magenta cluster
(Figure 3) representing the specifically upregulated genes in
co-culture activated HSCs is presented in Supplementary
Table 4.
1014
Specifically Upregulated Genes in Co-cultured
HSCs: Involvement of RA and Wnt

The specific upregulation of aldehyde dehydrogenase
family 1, subfamily A2 (Aldh1a2, also known as retinaldehyde
72



Figure 4. Changes in gene expression of ICOs during co-culture. (A) Heatmap of the top 75 DEGs comparing co-cultured
ICOs with mono-cultured ICOs. (B) ORA of biological processes (BP) related to DEGs in co-cultured vs mono-cultured ICOs.
(C) Heatmap of a selection of genes related to differentiation of progenitor state of ICOs. Also included are 3 genes (Gpc3,
Mmp7, Cyp261b) from the top DEGs to show contrast. (D) Same genes from A shown in a volcano plot. (E) Bar charts from the
RNA sequencing normalized counts for Mmp7 and Gpc3 expression over all samples.
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dehydrogenase 2) in co-cultured HSCs vs plastic-activated
HSCs (Figure 5D) was verified by rt-qPCR after sorting of
the cells (Figure 5G). Aldh1a2 encodes for an enzyme pro-
ducing RA, a metabolite of vitamin A, which is thought to be
synthesized by HSCs during HSC activation.36 To investigate
the possibility that production of retinoic acid might play a
role in the signaling between the 2 cell types, all-trans-RA
1014
was added to ICO mono-cultures. This did not affect their
proliferation (Figure 6A) but increased the expression of a
subset of genes which were also induced in ICOs by co-
culture with HSCs. All-trans-RA upregulated the expression
of Mmp7 and Gpc3 (Figure 6B and C), whereas gene expres-
sion of Polo-like kinase 1 (Plk1) (related to proliferation, and
one of the DEGs related to the GO term cell division)
72



Figure 5. Changes in gene expression of HSCs during co-culture. (A) Heatmap of the top 75 DEGs in 3D mono- versus co-
cultured HSCs, with the expression in HSCs directly after isolation (day 0, quiescent HSCs) and 2D mono-cultured HSCs for 7
days (activated HSCs) for comparison. (B) ORA of biological processes (BP) related to DEGs (upregulated) in 3D co-cultured vs
3D mono-cultured HSCs. (C) Dot plot of genes associated with BP from B. (D) Heatmap of genes related to activation. (E)
Volcano plot of DEG and (F) BP related to DEG both up and down regulated between 3D co- vs mono-cultured HSCs. (G)
Relative gene expression of Aldh1a1, Aldh1a2, and Acta2, measured with rt-qPCR from cells from 3 experiments cultured in
duplicate and sorted with FACS. Aldh1a2 expression was for each experiment highest in the co-cultured HSCs, although there
was variation in the level of upregulation, varying from 2 until 45 times the amount found in 3D mono Matrigel culture. (H)
Volcano plot comparing gene expression of plastic- vs co-culture-activated HSCs. (I) BP related to DEG both up and down
regulated between plastic- vs co-culture-activated HSCs. (J) Network plot showing upregulated genes in plastic culture
compared with co-cultured HSCs related to several BP shown in I.
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Figure 6. Wnt and RA signaling in ICO-HSC co-cultures. (A) Metabolic activity (amount of viable cells) in mono-cultured
ICOs with and without RA suppletion. (B) Concentration range for the effect of all-trans-RA on the expression of Mmp7 in
mono-cultured ICOs. (C) Effect of the addition of 1 mM RA on mono-cultured ICOs on the expression of Mmp7, Gpc3, and
Plk1, repeated 3 times in culture triplicate. (D–E) Effect of co-culture in the presence of the ALDH1A2 inhibitor WIN18,446
(2 mM) on the expression of Mmp7, Gpc3, and Plk1 (D) and Acta2, Col1a1 and Aldh1a2 (E). Data comes from 2 different mouse
isolations for HSCs, cultured in triplicate. (F) Molecular functions (MF) identified by GSEA when comparing co-cultured HSCs
with HSCs at day 0, after 7 days on plastic (2D), mono-cultured in Matrigel (3D), or co-cultured ICOs. Marked in red are the MFs
upregulated in comparison to all other HSC conditions. (G) Dot plot of genes associated with MF frizzled binding,
cytokine activity, and growth factor activity and found upregulated in co-cultured HSCs compared with 3D mono-cultured
HSCs. *P < .05; **P < .01; ***P < .001; ****P < .0001
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(Figure 4B) was not affected. Vice versa, treatment of co-
cultures with an ALDH1A2 inhibitor (WIN18,446) led to
lower levels of Gpc3 (Figure 6D). These data suggest that RA
production by ALDH1A2 and the subsequent secretion by the
HSCs plays a role in the increase in Gpc3 expression in the
1014
ICOs. The ALDH1A2 inhibitor did not affect gene expression
of HSC-related genes (Figure 6E), indicating that HSC acti-
vation is not affected by the inhibitor.

Analysis on the molecular functions related to the DEGs
specific in co-culture-activated HSCs and in comparison to
72
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several other culture conditions indicated a role for the Wnt
signaling pathway. As shown in Figure 5A, co-culture-
activated HSCs show distinct changes in gene expression
as compared with other culture conditions. To investigate
the overall changes, we compared the gene set enrichment
analysis (GSEA) of the DEG from co-cultured HSCs with
those of mono-cultured HSCs (2D and 3D), HSCs (day 0) and
co-cultured ICOs (Figure 6F). The molecular function ‘cyto-
kine activity’ was increased in co-cultured HSCs as
compared with all other HSC groups and also increased as
compared with co-cultured ICOs. The molecular function
‘frizzled binding’ was also increased as compared with all
other HSC groups. This molecular function relates to Wnt
signaling, and our data suggest that this is specifically
upregulated in co-culture-activated HSCs. As there is no
overall difference in the molecular function ‘frizzled binding’
between co-cultured HSCs and organoids, our data suggest
that both co-culture-activated HSCs and ICOs have active
Wnt signaling. For ICOs, it is known that they depend on
Wnt signaling to proliferate.10 They require R-spondin
(which enhances Wnt signaling) but no direct Wnt supple-
mentation,10,12 indicating they are actively producing Wnt.
In Figure 6G, the DEGs between co-cultured vs mono-
cultured HSCs that are related to ‘cytokine activity’ and
‘frizzled binding’ are shown. Several DEGs are related to
both molecular functions (‘cytokine activity’ and ‘frizzled
binding’) including several different Wnt genes. To investi-
gate whether co-culture effects depend on Wnt signaling, we
employed C59 and IWP-2, 2 general Wnt inhibitors affecting
both the canonical and non-canonical Wnt signaling path-
ways by inhibiting porcupine, which is required for Wnt
palmitoylation and secretion.37 As mentioned above, ICOs
require active Wnt signaling, and therefore, proliferation
was reduced by both general Wnt inhibitors in mono-
cultured as well as co-cultured ICOs, together with a
strong reduction in Mmp7 expression (Figure 7A and B).
Addition of C59 to co-cultures deceased collagen secretion
in the medium (Figure 7C and D). C59 did not reduce HSC-
specific Acta2 and Col1a1 gene expression, but there was a
decrease in Aldh1a2 expression (Figure 7E). These data
suggest that a specific part of the co-culture effects on the
HSCs depends on Wnt signaling. To distinguish between
different Wnt signaling pathways, we employed inhibitors
that are specific of the canonical (ICG-001 and LF-3) and
non-canonical (SP600125) pathways.38–40 ICG-001 and LF-3
reduced collagen secretion, but SP600125 showed a stron-
ger inhibitory effect by inhibiting collagen secretion, Mmp7
expression, and proliferation of especially the co-culture
(Figure 7F–H). However, SP600125 did not decrease
Aldh1a2 expression. Thus, inhibition of JNK as part of the
non-canonical Wnt pathway seems more effective as
compared with canonical Wnt inhibition, but only general
Wnt inhibition (C59, IWP-2) inhibits proliferation, collagen
secretion, and both Aldh1a2 and Mmp7 expression.

Activation of HSCs Requires Close Contact With
ICOs

To determine whether the aforementioned interactions
between ICOs and HSCs in co-culture depend on close cell-
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cell contact or are mediated by secreted signaling molecules,
cells were plated together in one droplet of Matrigel (as in
previous experiments) or in separate droplets plated in the
same well. Co-culture in separate droplets did not show the
increase in proliferation of ICOs seen by co-culture with
close contact (Figure 8A and B). In addition, HSCs co-
cultured with ICOs in separate droplets did not display
the elongated morphology as observed in HSCs co-cultured
with ICOs in the same droplets, and there was no increase in
collagen type 1 secretion, and gene expression of Acta2,
Col1a1, and Aldh1a2 was lower (Figure 8A, C and D). These
results suggest that HSCs do not show signs of activation in
the absence of close contact with ICOs.
Localized Expression of Co-culture-specific
Genes in Human Fibrotic Liver Assessed by
Spatial Transcriptomics

To examine whether our observations that the in-
teractions between ICOs and HSCs in co-culture depended
on close cell-cell contact were relevant during liver fibrosis
in vivo, we compared localized gene expression profiles in
human fibrotic tissue from 8 patients with end-stage liver
disease previously analyzed by spatial transcriptomics.41 Of
these patients, 4 suffered from primary sclerosing chol-
angitis (PSC), 2 from primary biliary cholangitis (PBC) and
two from alcohol-related liver disease, and using these
samples, it had previously been shown that parenchymal
and fibrotic liver regions express unique gene content
within cirrhotic liver and that the spatial transcriptomics
method allows localization of gene content and cell line-
ages.41 Signatures of activated HSCs (positive for ACTA2,
COL1A1, and VIM)41 and markers for ductular reaction and
cholangiocyte progenitor cells (KRT7, KRT19, and CD44)
were found to have higher expression in fibrotic areas as
defined by spatial transcriptomics, indicating that both cell
types were in proximity to each other (Figure 9A). Inter-
estingly, the expression of the co-culture specific genes we
had identified in HSCs (COL1A3 and CTHRC1) and in ICOs
(MMP7 and GPC3) showed a similar degree of spatial
overlap (Figure 9B). The expression of other co-culture
specific genes (ALDH1A2, LGR5, WNT5A, WNT11) was
below the detection limit of the method (Figure 9C). Clus-
tering analysis of the differential gene content from all
spatial RNA capture spots in the 8 different patients
revealed 6 different clusters, with clusters 3 to 5 localizing
to fibrotic areas (Figure 9D and E). Most of the genes of
interest (mentioned above) showed highest expression
within cluster 3 as compared with the other clusters
(Figure 9E), including co-expression of the HSC (COL3A1
and CTHRC1) and ICO (GPC3 and MMP7) co-culture-specific
markers (Figure 9F).

To further quantify the co-occurrence of co-culture-
induced gene expression in vivo, correlation coefficients
within spatial RNA capture spots were calculated
(Figure 9G). As each RNA capture spot has a diameter of 50
mm and is expected to contain w10 to 30 cells, we reasoned
that a positive correlation between expression of co-culture-
related genes from both cell types within the spots would
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Figure 7. Effects of Wnt inhibitors on co- vs mono-culture proliferation, collagen production, and Aldh1a2 and Mmp7
expression. (A–C) Effect of C59 (100 nM) and IWP-2 (5 mM) on (C) metabolic activity, (D) procollagen secretion, and (E) relative
gene expression (% compared with signal in co-culture) of Aldh1a2 and Mmp7 in co-culture or mono-cultured ICOs. Cells
were cultured in triplicate. (D) Type I collagen secretion in the presence of the Wnt inhibitor C59 (100 nM) in co-culture. (E)
Effect of co-culture in the presence of the Wnt inhibitor C59 (100 nM) on the expression of HSC-associated genes Col1a1,
Acta2, and Aldh1a2 and Mmp7 (ICO-associated), Gpc3 (ICO-associated) and Plk1 (proliferation). (F–H) Effect of C59 (100 nM),
ICG-001 (1 mM), LF-3 (5 mM), and SP600125 (10 mM) on metabolic activity, procollagen secretion, and relative gene
expression. *P < .05; **P < .01; ***P < .001; ****P < .0001.
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indicate that proximity is also a factor in vivo. Indeed, within
cluster 3, the correlation coefficient for MMP7 and COL3A1
was R ¼ 0.5 (P < .0001) (Figure 9H). A significant positive
correlation was also found between MMP7 and CTHRC1
(0.26; P < .0001), despite a lower number of CTHRC1-
1014
positive spots, which negatively affected the correlation
score. Within parenchymal cluster 2, where activated HSCs
and ductular reaction were less present, the correlation
coefficients were considerably lower (0.21 for MMP7 with
COL3A1 and 0.08 for MMP7 with CTHRC1) (Figure 9H).
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Figure 8. HSC activation requires close contact with organoids. (A) Top panels show microscopy pictures of a co-culture
of ICOs (left panel, brightfield image) and HSCs (right panel, confocal microscopy) in close contact (ie, in the same Matrigel
droplet). Bottom panels show the same type of images of a co-culture where HSCs and ICOs were plated without close
contact (ie, in 2 separate Matrigel droplets in the same culture well). Scale bar left panels: 400 mm; right panels: 25 mm. (B)
Metabolic activity (corresponding to cell amounts) expected based on 3D mono-cultured HSCs and ICOs, and the observed
signal in co-culture with and without close contact. (C) Collagen type 1 secretion in the medium from HSCs in 3D mono-
culture, co-culture with and without close contact. (D) Gene expression of HSC associated genes in co-culture with and
without close contact. Data comes from 2 different mouse isolations cultured in triplicate. (E) Model based on the presented
data, where (1) progenitor cells activate HSCs, which requires close contact, and (2) activated HSCs enhance progenitor cell
proliferation. *P < .05; **P < .01; ***P < .001; ****P < .0001.

12 Haaker et al Cellular and Molecular Gastroenterology and Hepatology Vol. 19, Iss. 5
Discussion
Here, we studied the interactions between primary

quiescent HSCs and ICOs (progenitor cells) by co-culturing
them in Matrigel. In many ways, effects observed in our
co-culture mimic the in vivo situation after liver damage.
Similar to liver injury with ductular reaction and liver
fibrosis, co-culture of ICOs and HSCs leads to activation of
the HSC and enhanced proliferation of the ICOs. In the co-
culture, no additional factors (such as the presence of
damaged hepatocytes) were required for HSC activation and
enhanced ICO proliferation. Of note, ICOs in mono-culture
under 3D conditions already actively proliferate. Whether
this more closely mimics progenitor cells in a healthy liver
or in a damaged liver remains to be established, but it
suggests that proliferating intrahepatic cholangiocytes can
induce HSC activation. In vivo, HSCs have been found in very
close proximity to expanding progenitor cells during liver
injury.26,42 This is reflected in our ICO-HSC co-culture
model, in which close proximity is essential for induction of
HSC activation and enhancement of ICO proliferation. These
results were also shown to be relevant in vivo by using
spatial transcriptomics to assess fibrotic areas of human
liver, demonstrating proximity of activated HSCs and chol-
angiocyte progenitor markers, and a correlation between
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expression of specific ‘co-culture-related’ genes. Our hy-
pothesis is that close proximity of HSCs with ICOs is
necessary for the activation of the HSCs, after which the
factors excreted by the activated HSC stimulate ICO prolif-
eration (Figure 8E). Future experiments will be required to
establish the sequence of the events in more detail. It will
also be of interest to include other cell types in the co-
culture (for example, macrophages and other immune
cells) to study their role in modulating the interactions be-
tween ICOs and HSCs.

The co-culture system may also contribute to the dis-
cussion on the origin of myofibroblasts in fibrotic livers.
Major sources of myofibroblasts in liver fibrosis are the
endogenous liver mesenchymal cells, which consists of
portal fibroblasts (PFs) and HSCs. Their contribution may
depend on the etiology of liver disorders and range from
more than 70% by activated PFs (aPFs)43 to HSCs being the
dominant contributors to liver fibrosis.18,44 Possibly, the
interaction between cholangiocytes and aPFs in ductular
reaction is more relevant at the onset of cholestatic liver
injury, after which HSCs become activated and contribute
more to the myofibroblast population.43 It will be inter-
esting to study the interaction between PFs and ICO in the
co-culture system as well.
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Figure 9. Markers of HSCs
and DR colocalize within
fibrotic liver regions of hu-
man explants. (A) Represen-
tative hematoxylin and eosin
(HE) staining and spatial tran-
scriptomics of liver sections
from human liver explants.
Dotted boxes indicate magni-
fied regions. Spatial feature
maps show expression of
indicated genes. (B) Fraction
of total RNA capture spots
positive for indicated gene
expression and located in
parenchymal (pare) or fibrotic
(fibro) regions as classified by
spatial transcriptomics (n ¼ 8
livers). (C) Spatial feature
maps show expression of
indicated genes. (D) Uniform
manifold approximation and
projections (UMAPs) indicate
clustering analysis of differen-
tial gene content measured by
spatial transcriptomics.
Feature maps show spatial
location of annotated clusters.
(E) Heatmap of highly-
expressed differential gene
content per cluster measured
by spatial transcriptomics.
Rows represent genes, col-
umns indicate RNA capture
spots. Top 3 to 5 genes shown
per cluster. (F) UMAPs
showing expression of
COL3A1, CTHRC1, MMP7,
and GPC3 across all clusters.
(G) Correlation matrix of genes
related to HSCs or ductular
reaction/progenitor cells
within cluster 3. (H) Correlation
gene expression matrix for
COL3A1, MMP7, CTHRC1,
and GPC3 within cluster 2 vs
3. * ¼ significant (P < .05).
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Co-culture Mimics the Behavior of Progenitor
Cells and HSCs in Ductular Reaction In Vivo

We found that the expression of Mmp7 and Gpc3 is
upregulated in co-cultured ICOs upon interaction with HSCs.
Both genes are also upregulated in livers with ductular re-
action. MMP7 is a biomarker for fibrosis in the serum of
patients with MASLD,45 and in children with a cholangiop-
athy that obliterates the bile ducts, leading to cholestasis
and liver fibrosis called biliary atresia.46 The serum level of
MMP7 in patients with biliary atresia correlates with an
increased MMP7 gene expression in their livers. Histology
analysis revealed increased ductal proliferation, and
immunohistochemistry confirmed increased MMP7 in
intrahepatic bile ducts.47 In mice, treatment with thio-
acetamide (TAA) or 3,5-diethoxycarbonyl-1,4-
dihydrocollidine (DDC) induced expression of both Mmp7
and Ctgf in bile ducts.48 Similarly, in our co-cultured ICOs,
the expression of Ctgf is also slightly increased compared
with mono-cultured ICOs (log2ratio 0.89; P < .001). In rats,
induction of hepatic progenitor cell (oval cell) proliferation
by N-2-acetylaminofluorene (AAF)/carbon tetrachloride
(CCl4) or partial hepatectomy also led to increased gene
expression of, respectively, Mmp733 and Gpc334 in whole
livers and specific immune-staining of progenitor cells.
Furthermore, in hepatocellular carcinoma (and several
other types of cancers), both MMP7 and GPC3 are upregu-
lated and associated with increased proliferation.49–53 We
showed relevance of our co-culture model system in vivo by
reanalyzing a spatial transcriptomics dataset in human
fibrotic tissue from 8 different patients. We showed a sig-
nificant enrichment of the co-culture specific expression of
HSC genes (COL3A1 and CTHRC1) and ICO genes (MMP7 and
GPC3) in fibrotic areas of the liver. In addition, we showed a
significant correlation between COL3A1 and MMP7 in single
RNA capture spots. The validation of expression of several
other co-culture-specific genes (ALDH1A2, LGR5, WNT5A,
WNT11) could not be performed by spatial transcriptomics
due to low expression levels. Several other previously re-
ported factors further support the validation of our system.
We observed that HSCs in co-culture decrease expression of
Gdf2/BMP9. BMP9 is mainly produced by HSCs in the
liver54 and shows an initial decrease following liver injury,
which enhances liver regeneration and ductular reac-
tion.54,55 Apelin (Apln), which was upregulated in HSCs in
our co-culture model, has also been shown to increase
cholangiocyte proliferation and HSC activation, and Apelin-/-

mice had reduced cholangiocyte proliferation and fibrosis
after bile duct ligation (BDL).56

In our ICO-HSC coculture model, HSCs co-cultured in
Matrigel with ICOs showed key hallmarks of activation,
including enlarged cell size with cellular protrusions,
increased secretion of type I collagen, and elevated Acta2
expression compared with quiescent HSCs. Several genes
related to wound healing and ECM organization (including
multiple types of collagen, Mmp9, and Timp1) are increased
in expression in co-cultured HSCs. Interestingly, Mmp9 and
Timp1 are also upregulated in HSCs exposed to chol-
angiokines.28 MMP7, which is upregulated in co-cultured
1014
ICOs, is a matrix metalloproteinase that not only remodels
the ECM (eg, collagen type IV, laminin, and elastin)46,57 but
also activates pro-MMP9 by proteolytic cleavage.58 Thus,
remodeling of the ECM represents an important functional
outcome and a possible mechanism of HSC-ICO interactions.
Differences Between Plastic or Co-culture
Activation of HSCs

Differences between plastic culture activation and in vivo
activation have been observed before.21 Culturing HSCs in
soft gel may be physiologically more relevant and closer to
the in vivo situation. Indeed, HSCs remain quiescent in the
absence of external stimuli (Figure 1). Activation of HSCs in
Matrigel by either TGFb1 or co-culture with ICOs induces
the gene expression of the ECM protein Col1a1 more than
the expression of Acta2, as compared with plastic activation
of HSCs. Direct comparison between activation in Matrigel
and in vivo activation is still lacking, but analysis of HSC
activation in co-culture shows some intriguing differences
with HSC activation on plastic. Several genes are specifically
upregulated, including Cthrc1, Aldh1a2, Mmp9, Col3a1, and
Apln.

Collagen triple helix repeat containing-1 (CTHRC1) has
been shown to induce low-grade activation of TGFb
signaling in adipose tissue,59 and to be upregulated specif-
ically in fibrosis-related fibroblasts in lung and cardiac
fibrosis.60,61 It was hardly induced in plastic-activated HSCs
but upregulated in HSCs from BDL- or CCL4-treated livers.21

CTHRC1 was found to form an autocrine loop in activating
HSCs, enhancing TGFb signaling and non-canonical Wnt,
with the Wnt signaling enhancing migration and
contractility.62

Upregulation of Aldh1a2 in co-culture activated HSCs
suggests an involvement of RA in the interaction between
HSCs and ICOs. Quiescent HSCs store around 80% of the
vitamin A in the body.63 These stores are reduced during
HSC activation64 and liver regeneration, where lack of reti-
noid stores reduces the initial regeneration response.65 RA
is an active metabolite of vitamin A that can bind nuclear
receptors. The activation of HSCs by ICOs in combination
with the significant increase in Aldh1a2 expression suggests
that part of the stored retinol/vitamin A is used to produce
RA. At the receiving end, ICOs in co-culture enhance
expression of Cyp26b1, which was shown by others to
represent a RA hydroxylase.66 Co-culture in the presence of
the ALDH1A2 inhibitor WIN18,446 reduced the expression
of ICO marker Gpc3, and addition of RA to mono-cultured
ICOs did increase expression of both Gpc3 and Mmp7. This
indicates that RA production can be responsible for some of
the effects of co-culture seen on gene expression in ICOs.
Unfortunately, attempts to measure RA production in
cultured HSCs and in the medium by mass spectrometry
were unsuccessful, most likely due to the combination of
low cell numbers, low RA concentrations as a signaling
molecule, and its chemical instability.67

The upregulation of frizzled binding/Wnt-related genes
(including Wnt5a and Wnt11) was also specific for co-
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cultured HSCs as compared with other HSCs and suggests
that Wnt signaling is active in co-cultured HSCs. Upregula-
tion of Wnt signaling has been described during liver
damage/regeneration and fibrosis and in activating HSCs
both in vitro and in vivo.68–71 ICOs also exhibit active Wnt
signaling under proliferating conditions,10 and, both in
mono- and co-cultured ICOs, Wnt7b and Wnt7a are highly
expressed (data not shown). In agreement with this, active
Wnt signaling is also seen in vivo in a Cd44-positive popu-
lation of biliary epithelial cells after DDC treatment in
mice,72 and after BDL in mice and rats.73 Consistent with
(additional) Wnt secretion in co-culture, expression of
Cthrc1 and Aldh1a2 (in co-cultured HSCs) and Mmp7 (in co-
cultured ICOs) was increased. Expression of Cthrc1, Aldh1a2,
and Mmp7 can all be regulated by Wnt signaling.74–76

CTHRC1 has been described to induce Wnt signaling in
different cell types.62,77 Gpc3, which is also upregulated in
co-cultured ICOs, has been found to be able to enhance Wnt
signaling by serving as a co-receptor for Wnt.50 Several
studies observed a role for Wnt5a and non-canonical Wnt
signaling in liver damage and fibrosis.48,69–71 Inhibition of
Wnt signaling has been found to reduce fibrosis forma-
tion,48,70 although another study found that elimination of
Wnt specifically in HSCs had no effect on proliferation or
fibrosis formation,78 and Wilson et al suggested that mac-
rophages are the source of Wnt5a instead of fibroblasts.48

Our co-culture model does, however, suggest that Wnt
signaling plays a role in the interaction between ICOs and
HSCs. A possible scenario could be that baseline levels of
Wnt (Wnt7) from ICOs influence HSCs to increase some of
the co-culture specific genes such as Aldh1a2 and Cthrc1. In
turn, HSCs become activated and produce RA and other
Wnts (5 and/or 11). Wnt5a and Wnt-11 and Rho/Rho
kinase/c-Jun NH2-terminal kinase are associated with the
noncanonical Wnt pathway.79 The strong inhibitory effects
of the Wnt inhibitor SP600125 (an inhibitor of JNK) may
suggest that non-canonical Wnt signaling is involved in the
HSC interaction with ICOs, thereby enhancing proliferation
and Mmp7 expression through Wnt and increasing expres-
sion of Gpc3 via RA in ICOs. Enhanced Gpc3 expression in
the ICOs and enhanced Cthrc1 expression in the HSCs then
further enhances Wnt signaling (Figure 8E).

In conclusion, the HSC-ICO 3D co-culture system pro-
vides a novel approach to elucidate the interactions be-
tween ductular reactions and fibrosis in liver diseases that
are relevant for human liver diseases. Ductular reactions in
the liver can be triggered by various etiologies and play an
important role in the fibrogenesis of various liver diseases,
including biliary atresia, MASLD, genetic cholestatic diseases
(eg, progressive familial intrahepatic cholestasis), and
cholestatic cholangiopathies (eg, PBC and PSC).3,46,47 Our
transcriptomics analysis and functional characterization
support that the HSC-ICO 3D co-culture model can be
adapted to model liver diseases characterized by persistent
ductular reaction and progressive fibrosis. By using donor-
matched ICOs and HSCs from patients with liver dis-
ease80,81 or their corresponding murine models, the present
HSC-ICO 3D co-culture platform provides unique opportu-
nities to dissect etiology-specific interactions between the
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HSCs and the hepatic progenitor cells and to obtain new
insight in developing new anti-fibrotic therapies for liver
diseases.

Methods
Murine HSC Isolation

HSCs were isolated from healthy wild-type BALB/c mice
that were minimally 3 months old. Typically, cells from
multiple mice were pooled per experiment, containing both
male and female mice. The isolation protocol of Mederacke
et al was used.82 In short, livers were perfused with pronase
and collagenase solutions, after which HSCs were separated
from other cells by Nycodenz gradient centrifugation. The
purity of isolated HSCs was confirmed by determining the
percentage of UV positive (due to the presence of retinyl-
esters in lipid droplets) HSCs. HSCs were routinely ob-
tained with >96% to 98% purity. Mice experiments were
approved by the Dutch Animal Experimental Licensing
Committee (DEC) (DEC number: AVD1080020174484).

Cell Culture
HSCs were plated on plastic (2D culture) or embedded in

a droplet of growth factor reduced Matrigel (Corning) (3D
culture). ICOs were isolated from mT/mG mice (tissue ma-
terial provided by the lab of Prof Dr N. Geijsen), which ex-
press the fluorescent membrane-targeted protein tandem
dimer Tomato (tdTomato). ICOs were isolated and
expanded in culture as described10 in expansion medium
(EM) containing AdDMEM/F12 (Invitrogen) supplemented
with B27 and N2 (Invitrogen), N-Acetylcysteine (1.25 mM,
Sigma), gastrin (10 nM, Sigma), EGF (50 ng/mL, Peprotech),
FGF10 (100 ng/mL, Peprotech), nicotinamide (10 mM,
Sigma), and HGF (50 ng/mL, Peprotech), with the only dif-
ference being the replacement of RSPO1 conditioned me-
dium for RSPO3 (2% (v/v), ImmunoPrecise Antibodies).
Primary HSCs cultured in Matrigel with 100% EM were not
viable. A mixture of 50% EM and 50% of the regular HSC
culture medium (DMEM with 10% [v/v] FBS) was suitable
for our co-culture experiments, and all experiments were
performed in this medium (termed co-culture medium),
including mono-culture controls. Medium was replaced
every 3 days. ICOs were used at passage number 8-20.
Before co-culture, ICOs were fragmented and mixed with
similar amounts of freshly isolated HSCs. Mono-cultures and
co-cultures were started with similar amounts of total cells
(ie, one-half of the amount of each cell type that was used in
mono-culture was used in co-cultures). Cells were cultured
in 24 wells, 48 wells, or microscopy plates, depending on
the read-out. For a 24-well, a total amount of 100,000 cells/
well were plated in droplets of 50 mL Matrigel with 500 mL
medium. For co-culture in separate droplets, 25 mL of
Matrigel with HSCs and 25 mL of Matrigel with ICOs was
plated in the same well. Bright field images of cultures were
taken with a CKX53 inverted microscope (Olympus Neder-
land B.V.). In some cell culture experiments, the following
materials and chemicals were used: Mouse TGFb1 recom-
binant protein was purchased at ThermoFisher Scientific,
all-trans-RA at Sigma Aldrich, C59 (Wnt inhibitor) at Abcam,
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and WIN18,446 (ALDH1A2 inhibitor), ICG-001, LF-3 and
SP600125 at Sanbio B.V.

Sandwich Enzyme-linked Immunosorbent Assay
for Murine Pro-collagen 1A1

The secretion of type I collagen protein was determined
by measuring the medium concentration of procollagen type
I N-terminal propeptide (PINP), which is cleaved off the type
I collagen fiber during maturation. The capture and detec-
tion antibody pair for the N-terminal peptide of pro-collagen
1A1 was obtained from Abcam (AB216791). The 96-well
high binding enzyme-linked immunosorbent assay (ELISA)
microplate (R&D Systems DY990) was coated with 50 mL 2
mg/mL capture antibody in sterilized 50 mM NaHCO3-
Na2CO3 buffer (pH 9.6) overnight at 4 �C. The unbound
capture antibody was washed away with phosphate-
buffered saline with Tween (PBST) and the plate was
blocked with 1% (w/v) bovine serum albumin (BSA) in
phosphate buffered saline (PBS) (BSA/PBS) for 1 hour at
room temperature. All subsequent incubation steps were
preceded by three wash steps with PBST and performed at
room temperature. After removing the blocking solution,
50-mL samples (diluted 10–100 times with BSA/PBS) and
standards (31.5 to 2000 pg/mL in BSA/PBS) were added to
the well and incubated for 2 hours, followed by incubation
with 50-mL 0.5 mg/mL biotinylated detection antibody in
BSA/PBS for 2 hours, and 1� streptavidin-HRP solution
(R&D Systems DY999). The signal was developed with 100-
mL tetramethylbenzidine solution (R&D Systems DY999)
and stopped with 50-mL 1 M H2SO4. The absorbance was
measured with the spectrophotometer SPECTROstar (BMG
Labtech) at 450 nm with the reference wavelength at 570
nm. Concentration of PINP was calculated based on the
standard curve by 4-parameter logistic regression.

Metabolic Activity
Metabolic activity as a measure for viable cell amounts

was determined with Cell Counting Kit-8 (Sigma) which
uses WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium), a tetra-
zolium salt. Assay was performed according to manufac-
turer’s protocol and analysis of the color change of the
medium was analyzed by absorbance at 450 nm using a
spectrophotometer SPECTROstar (BMG Labtech). The ‘ex-
pected signal’ in 3D co-culture represents the expected
metabolic activity when no interaction between different
cell types takes place. Because one-half of the amount of
each cell type that was used in mono-culture was used in co-
cultures, it is defined as 0.5� (the metabolic activity of ICO
3D mono-culture þ the metabolic activity of HSC 3D mono-
culture).

FACS
After 7 days of culture, Matrigel was removed with cold

PBS and digested to single cells using trypsin for 15 minutes
at 37 �C. Cell sorting was performed at the Flow Cytometry
and Cell Sorting Facility of the Faculty of Veterinary Medi-
cine at Utrecht University. Cells were sorted using a BD
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Influx cell sorter (BD Bioscience, San Jose, CA), equipped
with BD Spigot software version 6.1. tdTomato was laser
excited at 561 nm, and fluorescence was detected at 585 nm
using a 42-band pass filter. In every experimental setting,
the same detector settings and sort gates were used; no
scatter gate was included. Cells were solely sorted on
tdTomato positive and tdTomato negative. Cells were sorted
in PBS with 2% (v/v) FBS. PBS served as sheath fluid.

Confocal Microscopy
Cells were grown on CELLView slides (Greiner Bio-One

BV) and kept in the dark until imaging. Images were taken
without prior fixation with a Leica TCSSPE-II confocal mi-
croscope (Leica Microsystems) at the Center of Cellular
Imaging (Faculty of Veterinary Medicine, Utrecht University,
The Netherlands). Auto-fluorescence of retinoids was
imaged by 405 nm laser excitation; the emission was
detected between 415 and 450 nm.

RNA Isolation and rt-qPCR
RNA was isolated using a RNeasy Micro Kit (Qiagen)

including an on-column DNase-I treatment to minimize DNA
contamination. cDNA was synthesized using an iScript cDNA
Synthesis Kit (Bio-Rad). The PCR amplifications were per-
formed using a Bio-Rad detection system with iQ SYBR
Green Supermix (Bio-Rad). A 4-fold dilution series from a
pool of the samples was used to determine relative gene
expression levels normalized to the average levels of
reference genes. Reference genes, primer sequences, and
annealing temperatures are listed in Supplementary Table 1.

RNA Sequencing: Library Preparation and
Sequencing

The libraries were prepared following the protocol for
Smart-seq2.83 Following reverse transcription, an Agilent
4200 TapeStation System was used to evaluate the quality
of the cDNAs. Using an Illumina Nextera XT kit, 1.0 ng of
amplified cDNA from each sample was tagmented and
amplified. The resulting libraries were pooled, double-sided
size selected (0.5� followed by 0.8� ratio using Beckman
Ampure XP beads), and quantified using an Agilent 4200
TapeStation System. The pool of libraries was sequenced
with a depth of around 20 Mio reads per sample in an
Illumina NovaSeq6000 sequencer (single-end 100 bp).

RNA Sequencing: Data Analysis
The RNA sequencing data analysis consisted of the

following steps: The raw reads were first cleaned by
removing adapter sequences and poly-x sequences (>9 nt
used for detection) using fastp (Version 0.20.0).84 Sequence
pseudo alignment of the resulting high-quality reads to the
Mouse reference genome (build GRCm39) and quantifica-
tion of gene-level expression (gene model definition from
GENCODE release M26) was carried out using Kallisto
(Version 0.46.1).85 To detect DEGs, we used the glm
approach implemented in the software package DESeq2 (R
version: 4.2.0, DESeq2 version: 1.36.0).86 Genes showing
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altered expression with P-value � .01 and log2 ratio � 0.5
were considered significant. Over-representation analysis
(ORA) was conducted based on DEGs with P-value < .01 and
log2 ratio >1 using clusterProfiler (Version 4.4.4).87 Terms
with a false discovery rate <.05 were considered significant.
The Multi-DEG app of the Functional Genomics Center
Zurich was used to check for overlaps in DEGs and ontology
terms between the 2-group DE analyses. Data is available
via the Gene Expression Omnibus, accession number:
GSE264276.

Human Liver Samples, Ethics, and Consent
End-stage liver biopsies (n ¼ 8) from patients with PSC

(n ¼ 4), PBC (n ¼ 2), and alcohol-related liver disease (n ¼
2) were collected following liver transplantation.41 Written
informed consent was obtained from all study participants,
and study ethics were approved by regional Committees for
Medical and Health Research Ethics of South East Norway
(reference numbers: 2012-286 and 2016-1540) in accor-
dance with the Declaration of Helsinki.

Spatial Transcriptomics and Bioinformatics
Spatial transcriptomics assessment of the samples has

been previously described.41 Briefly, cryopreserved liver
samples sectioned at 10 mm were permeabilized for 25
minutes and analyzed on RNA capture slides (Visium, 10�
Genomics) following the manufacturer’s protocol (User
guide CG000239 Rev D, 10� Genomics). Sequencing reads
were demultiplexed and aligned to the human genome
(GRCh39) using Space Ranger (v.1.1.0, 10� Genomics) and
visualized using Loupe Browser (v.7.0.1, 10� Genomics).

Spatial transcriptomes were analyzed in RStudio using
Seurat v.5.0.5.88 Pre-processed data was normalized and
variable features were defined using SCTransform v.0.4.1.89

PCA of variable features was computed using the Seurat
RunPCA function and integrated to correct for batch and
technical artifacts using Harmony v.1.2.0.90 Dimensionality
reduction was performed by neighbor graph-based clus-
tering using the Seurat RunUMAP function set to 20 prin-
cipal components, and cluster numbers were adjusted using
the resolution parameter of the Seurat FindClusters function
set between 0.05 to 4. Stable clusters were defined by at
least 10 DEGs of significance (P < .05) detected at greater
than one average count per spot. DEGs of statistical signif-
icance were calculated in Loupe Browser v.7.0.1 (10� Ge-
nomics) using the exact negative binomial test and
Benjamini-Hochberg corrected for multiple testing. All
standard statistical analyses were performed using Prism
v.10.2.2 (GraphPad) unless otherwise stated. P-values for
comparative analysis of positive spots within the paren-
chyma and fibrosis were calculated using parametric 2-
tailed unpaired Student t-test. R-values and P-values from
correlation analysis of indicated gene expression were
calculated using 2-tailed nonparametric Spearman analysis.

Image Design and Statistics
Bar plots were generated using GraphPad Prism version

9.3.1, using either a 1-sample t-test, Welch t-test, Mann-
1014
Whitney test, 1-way or a 2-way analysis of variance
(ANOVA) with a �Sídák’s multiple comparisons correction for
statistics. For (overview) image design, Adobe Illustrator
2023 was used.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the full text version of Cellular and Molec-
ular Gastroenterology and Hepatology at https://doi.org/10.
1016/j.jcmgh.2025.101472.
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