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Abstract

The liver has been studied extensively due to the broad number of diseases affecting its

vital functions. However, therapeutic advances have been hampered by the lack of knowledge
concerning human hepatic development. Here, we addressed this limitation by describing the
developmental trajectories of different cell types comprising the human liver at single-cell
resolution. These transcriptomic analyses revealed that sequential cell-to-cell interactions direct
functional maturation of hepatocytes, with non-parenchymal cells playing essential roles during
organogenesis. We utilised this information to derive bipotential hepatoblast organoids and then
exploited this model system to validate the importance of signalling pathways in hepatocyte and
cholangiocyte specification. Further insights into hepatic maturation also enabled the identification
of stage-specific transcription factors to improve the functionality of hepatocyte-like cells
generated from human pluripotent stem cells. Thus, our study establishes a platform to investigate
the basic mechanisms directing human liver development and to produce cell types for clinical
applications.

The liver fulfils a broad spectrum of functions including blood detoxification, metabolite
storage, lipid/glucose metabolism and secretion of serum proteins. These critical tasks are
mainly performed by the hepatocytes which are supported by a diversity of cell types.
Kupffer cells are tissue-specific resident macrophages responsible for liver homeostasis and
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immunity?. Hepatic stellate cells sequester vitamin A in healthy organs while promoting
fibrosis through collagen secretion during disease?. Cholangiocytes form the epithelial lining
of the biliary tree, which transports bile into the intestine3, and play a role in liver repair
during chronic injury*®. Finally, sinusoidal endothelial cells provide a permeable interface
with circulating blood and promote regeneration after liver damage®. Importantly, adult liver
cells have been broadly characterised using diverse methods, including detailed single-cell
transcriptomic analyses’~10. However, the study of these cell types during fetal life remains
limited, especially in humans due to the scarcity of descriptive studies exploring early

liver development at high resolution!®, This knowledge gap presents a major challenge in
the advancement of new therapies, especially for applications of regenerative medicine.
Here, we addressed this limitation by performing single-cell RNA sequencing (SCRNA-

seq) analyses on human fetal and adult livers (Fig. 1a). This single-cell map not only
uncovered the developmental trajectories of the different cell types comprising the liver,

but also the cell-to-cell interactions controlling organogenesis. We took advantage of this
information to isolate human hepatoblasts, which serve as the early progenitors of the

liver parenchyma, and demonstrated that they can be propagated as organoids to model
developmental processes. Finally, we utilised this map to assess the differentiation path

of human pluripotent stem cells (hPSCs) into hepatocyte-like cells (HLCs) and uncovered
transcription factors capable of improving the resemblance of HLCs to adult hepatocytes.
Together our results present insights into liver development which allow the establishment of
an in vitro platform for modelling human liver development while providing the knowledge
necessary to improve the production of hepatocytes Jn vitro'2.

Single-cell transcriptomic map of the developing human liver

To characterise the cellular landscape of the developing liver (Fig. 1a), human single-cell
transcriptomes were derived from primary tissue using methods tailored to each stage

of development as well as from existing data sets (see Methods for dataset references).
Droplet-based scRNA-sequencing was performed to profile a total of 237,978 hepatic
cells!3, of which 87% passed quality control4-17, UMAP dimensionality reduction!® and
sub-clustering1920 of these cellular transcriptomes showed that our approach captured the
main cell types comprising the liver (Fig. 1b,c). Of note, cholangiocytes were the least
represented cell type in our collection confirming the difficulty of isolating these cells
from liver tissue®. In addition, cholangiocytes were only identified at 7 post-conception
weeks (PCW) reinforcing previous studies indicating that these cells differentiate from
hepatoblasts after 7-8 PCW?21.22_ Concerning endothelial cells, the first cells were captured
from 5 PCW at the time when liver vasculature is known to be established?3:24, Tissue-
resident Kupffer cells could be distinguished from monocyte-derived macrophages by the
expression of MARCO, CD163, FCGR3A and CD5L8 and the absence of LSP1 and CD48
(Fig. 1c). Finally, hepatic stellate cells were captured from 5 PCW, supporting studies

in mice suggesting that these cells could be derived from the septum transversum at 3-5
PCW2:2526 Al data generated by this study is available for visualization through our
online portal?’: https://collections.cellatlas.io/liver-development. Importantly, transcriptomic
observations were validated by immunostaining on primary human fetal liver (Extended
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Data Fig. 1a). Collectively, these results show that our single-cell atlas captured the major
cell types of the liver and their dynamic diversity during development.

Developmental trajectory of liver cells

Using this dataset, we examined the developmental trajectory of each cell type, starting

with hepatocytes. Principal component analysis (PCA), Louvain clustering and diffusion
pseudotime (dpt) analyses28:2° defined 5 hepatocyte developmental stages (Fig. 1d;
Extended Data Fig. 1): hepatoblast stages 1 and 2 (HB1 at 5 PCW and HB2 at 6 PCW), fetal
hepatocyte stages 1 and 2 (FH1 at 7-11 PCW and FH2 at 12-17 PCW) and adult hepatocytes
(AH). Each stage displayed distinct transcriptional changes indicative of unique cell states
(Extended Data Fig. 1b-e). Accordingly, this analysis identified markers specific to each
stage including SPINKZ1 for hepatoblasts, GSTAL for fetal hepatocytes, and haptoglobin
(HP) for adult hepatocytes. We also observed that each stage of hepatocyte development was
marked by the induction of genes associated with specific liver function (Fig. 1e). Thus,
hepatocytes follow a progressive functional maturation during organogenesis corresponding
to the acquisition of hepatic activity during fetal life.

We then performed similar analyses on cholangiocytes, stellate cells, endothelial cells, and
Kupffer cells (Fig. 2). Briefly, only cholangiocytes seemed to gradually differentiate from
the HB2 stage, whereas PCA analyses did not reveal major differences among sequential
timepoints for most non-parenchymal hepatic cell types. More precisely, Louvain clustering
and diffusion pseudotime allowed for the distinction of an embryonic stage at 5-6 PCW,
intermediate fetal stage between 7-17 PCW, and an adult state (Fig. 2a,c,e,g). This suggested
that these cell types may not undergo a significant functional maturation during fetal life
after their initial embryonic specification. Interestingly, these three stages correspond to
major modifications in the liver environment: liver bud formation, colonisation by the
haematopoietic system at 7 PCW and the shift from fetal to adult cells?4. Thus, these

data suggest that the developmental trajectory of hepatic cells is influenced by major
developmental events while only hepatocytes seem to undergo a progressive functional
maturation.

We then further demonstrated the utility of our single-cell map in defining the embryonic
origin of specific cell types. We decided to focus on hepatic stellate cells, since

previous studies have reached divergent conclusions?. Louvain clustering on early stellate
cells revealed a population of cells expressing mesenchymal markers, one population
with an endothelial-bias, and a third population combining markers for both lineages
(endothelial: CDH5, LYVEL, KDR and STAB2 and stellate cells: PDGFRB, VIM, DES
and COL1A1; Fig. 3a-c). Diffusion pseudotime confirmed that fetal endothelial and
stellate cells could originate from this stellate-endothelial progenitor population, termed
SEpro (Fig. 3c-f), while gene expression analyses reveal that these cells expressed genes
associated with proliferation and DNA replication characteristics of a stem cell or progenitor
state. Immunohistochemistry validations on primary tissue revealed cells expressing both
PDGFRB and CDH5 located within the vasculature of the 6 PCW liver (Fig. 3b),

thereby confirming the existence of this progenitor /in vivo. Of note, previous studies

in model organisms have suggested the existence of such progenitors without functional
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demonstration30:31, To further address this limitation, we decided to validate the existence
of such progenitors during differentiation of hPSCs /n vitro. We first performed scRNA-seq
analyses on hPSCs differentiating into endothelial32 and hepatic stellate cells33. UMAP,
PCA and diffusion pseudotime comparison of these differentiations reveal an overlapping
stage sharing the expression of markers specific for both lineages (Extended Data Fig. 2a-d).
To confirm that this stage could include a common progenitor, hPSC were differentiated
into endothelial cells for 3.5 days and then grown in culture conditions inductive for hepatic
stellate cells. The resulting cells were able to transition away from the endothelial pathway
characterised by the expression of CDH5, KDR and VWF while acquiring the stellate

cells markers PDGFRA, COL1A1, ACTA2, and NCAM (Extended Data Fig. 2e-f). Taken
together, these results illustrate how single cells observations can be combined with in

vitro differentiation to further understand the developmental process leading to stellate cells
production.

Human hepatoblasts organoids derivation and differentiation

We then decided to use our single-cell analyses to isolate and grow /n vitro hepatoblasts,

as they represent the natural stem cell of the liver during development. Our single-cell
analyses showed that hepatoblast HB1 and HB2 display characteristics of early these liver
stem cells. Indeed, these cells expressed WNT target genes associated with adult stem

cells such as LGRS, high levels of cell cycle regulators suggesting self-renewal capacity,
and markers specific for both biliary and hepatocytic lineages indicative of bi-potential
capacity of differentiation (Extended Data Fig. 1e). Based on these observations and
previous reports showing a crucial role for WNT34, we hypothesised that this signalling
could support the growth of hepatoblasts /n vitro. To explore this possibility, 6 PCW

livers were dissociated into single cells which were sorted based on EPCAM expression
and grown in 3D culture conditions supplemented with WNT (Fig. 4a). The isolated

cells formed branching organoids which could be expanded for more than 20 passages
(Extended Data Fig. 3a-b). These hepatoblast organoids (HBO) homogeneously expressed
hepatoblast markers (Fig. 4b; Extended Data Fig. 3c-d) and single cell RNA-seq analyses
demonstrated that they closely resembled their /n vivo counterparts, especially the HB2
stage (Fig. 4c; Extended Data Fig. 3e-f). Of note, neither HBO nor HB1/2 cells express
NCAM, thereby excluding the presence of hepatic stem cells in our analyses3®. To confirm
HBO bipotentiality, we transplanted tdTomato-HBO into Fah-/Rag2-/I12rg- (FRG) mice36
using an approach developed for primary hepatocytes3”:38. After 27 days, implants were
recovered, and red fluorescent cells could be observed in all the grafts (Extended Data Fig.
3g) indicating that HBO had engrafted efficiently. H&E staining of explanted tissue sections
revealed the presence of numerous nodules resembling densely packed hepatocytes, as well
as biliary epithelial-like cells assembled into structures resembling bile ducts (Extended
Data Fig. 3h). Engrafted organoids stained positive for both KRT18 and AFP at the time

of implant, but AFP was markedly decreased by day 27 (Fig. 4d) suggesting differentiation
into hepatocytes /in vivo. Accordingly, numerous cells in hepatic nodules stained positively
for ARG1, AL1AT, and ALB while significant levels of human albumin were identified in
mouse serum suggesting functional activity of implanted organoids (Fig. 4e). Finally, some
KRT18+ nodules were found to contain cells expressing KRT19 (Fig. 4f), either as a mixed
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population or as a pure KRT19+ population. Together, our results demonstrate that HB2
hepatoblasts can be grown /n vitro while maintaining their capacity to differentiate into
hepatocytes and cholangiocytes.

Of note, two types of human liver organoid systems have been described previously by
Huch et al. (2015)3940 and Hu et al. (2018)36. The former is composed of intrahepatic
cholangiocytes which can differentiate towards hepatocyte-like cells3941 (differentiated
biliary organoids or DBO), whilst the latter derives organoids from hepatocytes36. Therefore,
we characterised both systems against HBO (Fig. 4g). Organoids derived from intrahepatic
cholangiocytes expressed markers such as KRT19, but did not express hepatocyte markers in
either the undifferentiated nor differentiated state (Extended Data Fig. 3i-j). Transcriptomic
comparison also demonstrated the transcriptional divergence between HB2/HBO, DBO

and hepatocyte organoids (Fig. 4g). Analysis of the genes driving this separation revealed
hepatocyte and biliary markers, with HBO having intermediate levels of both these sets

of markers (Extended Data Fig. 3i-1). Taken together, these data demonstrate that our single-
cell analyses have identified a unique self-renewing population of hepatoblasts that can be
propagated long-term in vitro.

Dynamic intercellular interactions of the developing liver

To further understand the mechanisms directing liver organogenesis, we captured the
interactions between the hepatoblasts/hepatocytes and other cell types using the CellPhone
database (CellPhoneDB)*243 (Fig. 5a; Extended Data Fig. 4). This approach revealed that
most interactions begin in hepatoblasts, stabilise in fetal hepatocytes and finally disappear
in adult cells (Extended Data Fig. 4a). Furthermore, a diversity of unknown interactions
was captured between stellate cells, Kupffer cells and endothelial cells indicating potential
roles in extracellular matrix organisation, haematopoietic development and innate immunity
(Extended Data Fig. 4a). Thus, our analysis could reveal the source of signalling pathways
controlling liver development. Several of these interactions were validated using RNA-
Scope on primary liver tissues (Extended Fig. 4b-d). As an example, NOTCH4/DLL4 was
expressed by endothelial cells and could interact with DLK1/NOTCH2 on hepatoblasts/
hepatocytes (Fig. 5b and Extended Data Fig. 4c). These bidirectional interactions suggest
that hepatoblasts could be involved in the vascularisation of the liver and thus could direct
the construction of their own niche. In return, endothelial cells could control hepatoblast
differentiation into cholangiocytes, a process known to require NOTCH signalling®®.
Similarly, RSPO3-LGRA4/5 interactions were detected between hepatoblasts and stellate
cells at 5-6 PCW (Fig. 5a-b). Thus, stellate cells could support hepatoblast self-renewal by
boosting WNT signalling.

We then decided to test if these analyses could also be used to identify pathways controlling
hepatocyte and cholangiocyte differentiation. For the former, we selected 5 growth factors
suggested by CellphoneDB analyses (EGF, VEGFA, C3 NRG1 and EPO, Oncostatin-M

or OSM) (Fig. 5a, Extended Data Fig. 4). The effect of these factors was then analysed

on HBO grown in the absence of WNT to allow their differentiation. Several factors

(EPO, OSM and VEGFA) were associated with a decrease in hepatoblast markers (AFP,
LGR5 and MKI67) and increase in hepatocyte markers (albumin and G6PC) (Fig. 5c;
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Fig. 6a) suggesting a differentiation toward fetal hepatocytes. Other factors either blocked
the expression of hepatocytes markers (NRG1) or have limited effect (C3). To further
reinforce these observations, we decided to characterise the effect of OSM by performing
scRNA-seq on HBO induced to differentiate into hepatocytes. These analyses confirmed
the transcriptional shift of HBO toward hepatocyte after treatment with OSM (Fig. 6b,c).
Furthermore, this differentiation was associated with gain of hepatocyte functions including
cytochrome P450 activity (Fig. 6d) and lipid accumulation (Fig. 6e). Together, these

data confirm that HBO can differentiate into hepatocytes in the absence of WNT upon
stimulation of specific factors such as OSM.

Focusing next on cholangiocyte differentiation, CellphoneDB analyses reinforced previous
reports*® suggesting an important function for TGFB in this process*® (Fig. 6a). To test
this hypothesis, we supplemented HBO media with TGFB for seven days and observed a
marked switch toward cholangiocyte identity illustrated by the induction of biliary markers
KRT19 and loss of hepatoblast markers (Fig. 6d,f-h). These observations were confirmed
by scRNA-seq analyses showing that the transcriptome of HBO grown in the presence

of TGFB resemble that of cholangiocyte organoids (Fig. 6d,i,j) Taken together, these data
confirm the interest of our single cell analyses to identify cell-cell interactions directing
liver development and also the interest of HBO for validating the function of the signalling
pathways involved.

Liver atlas informs the maturation of hiPSC-derivatives

To further exploit our single-cell map and the data generated above, we addressed the
challenge of cellular maturation associated with human pluripotent stem cell (hPSC)%46
differentiation. It is well established that most protocols currently available to differentiate
hPSCs result in cells with fetal characteristics®’ rather than fully functional, adult-like
cells. Accordingly, single-cell analyses and detailed characterisations have demonstrated
the fetal identity of hPSC-derived hepatocytes#849, however, the mechanisms blocking
progress toward an adult phenotype remain unclear. To address this question, we performed
scRNA-seq on hPSCs differentiating into hepatocyte-like cells (Fig. 7a). PCA analyses
confirmed the progressive process driving the acquisition of a hepatocytic identity (Fig.
7b,c). This differentiation trajectory was then compared to the developmental trajectory

of primary hepatoblasts/hepatocytes by diffusion pseudotime alignment (Fig. 7d), UMAP,
PAGA analyses and PCA (Extended Data Fig. 5a,b). These comparisons showed that
HLCs at day 14 of differentiation aligned to the second hepatoblast stage, after which

their differentiation follows an /n vitro specific process. Differential gene expression
analyses yielded a list of genes related to xenobiotic metabolism, bile acid transport,

and lipid metabolism pathways, which suggests that the divergence between HLCs and
primary cells prevents the acquisition of fully adult function. Importantly, a similar
divergence from primary development was observed in other cell types generated from
hPSCs including cholangiocytes®?, endothelial cells32:51, stellate cells33 and macrophages®?
(Extended Data Fig. 5¢-f). Thus, hPSC differentiation could systematically deviate from a
natural developmental path after embryonic stages preventing the production of adult cells.
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Comparison of /n vivoto in vitro hepatocyte differentiation also revealed transcription
factors expressed in fetal hepatocytes (FH1) that were missing in hPSC-derived cells
(Extended Data Fig. 6a-c). To validate their functional relevance, these factors were
overexpressed in hPSCs differentiated into HLCs for 15 days. The phenotype of the
resulting cells was assayed by scRNA-seq 8 days after transduction (Extended Data Fig.
6d). Of particular interest, NFIX or NFIA expression changed the transcriptional profile

of HLCs (Fig. 7e,f). This shift was characterised by a decrease in fetal markers and the
induction of markers indicative of the adult state (ALB, HP, C3; Fig. 7e-f). Furthermore,
pathway enrichment analyses showed an increase in specific functions associated with adult
hepatocyte identity, including metabolic and complement-related pathways (Extended Data
Fig. 6e). Thus, NFIX or NFIA overexpression during differentiation of hiPSCs appear

to increase the expression of specific markers likely downstream of these transcription
factors. These results were further validated by inducing the expression of NFIX, NFIA, and
CAR during differentiation of hPSCs toward HLCs using the Opti-OX system33:54, Stable
induction of NFIX, and to a lesser extent NFIA, upregulated an array of functional markers
including ALB, SAA1, SAA2, LRP1, CES2, AOX1 while downregulating AFP (Extended
Data Fig. 7). Taken together, these results show that mis-expression of key developmental
regulators during HLC differentiation could explain their limited capacity to become adult
hepatocytes, and that expression of these factors at an early step of differentiation could
augment their similarity to adult cells.

Discussion

Our study provides a detailed map of human liver development and shows that the
developmental trajectory of liver cells is influenced by changes in liver environment.
Colonisation by the haematopoietic system®>® appears to initiate the functional maturation of
hepatocytes, which progressively acquire intrinsic hepatic functions. Of note, the activation
of the liver after birth24.56 represents another key change allowing the full maturation

of cells. However, this stage could not be included in our analyses since collection of
neonatal tissue in human are extremely rare and ethically problematic. Nonetheless, our
results established that the step-by-step differentiation of hepatocytes and cholangiocytes
originates from a crosstalk among parenchymal and non-parenchymal cells. Of particular
interest, stellate cells appear to have an underestimated importance in supporting hepatoblast
self-renewal while building the hepatic niche. Such key developmental roles could be shared
by many tissue specific fibroblasts involved in organ fibrosis®”-58 during chronic diseases.

In addition, hepatoblasts/hepatocytes are likely to also influence the surrounding cells to
establish their own niche and to direct their functional maturation through interactive
feedback loops. Utilisation of this knowledge has enabled us to develop a culture system

to grow hepatoblasts /n7 vitro which provide a promising model system not only to study
liver organogenesis, but also to produce cells for clinical applications. Nonetheless, it is
important to note that further investigations are necessary to demonstrate the capacity

of HBO to differentiate into fully functional hepatocytes and cholangiocytes after clonal
isolation. Finally, our developmental map has revealed that differentiation of hPSCs diverge
from a natural path of development at an early stage and then follow an /n vitro-specific
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process. This divergence explains the fetal nature of cells generated by current protocols®9-
64 and suggests that improving the intermediate, specification steps of these protocols may
be necessary to generate adult cells. Thus, understanding organ development remains the
best approach for generating fully functional cell types /in vitro. Our study illustrates how
single-cell analyses can be combined with /n vitro models to uncover the mechanisms
driving the generation of functional hepatic cells /n vivo and thus paves the way toward
identifying factors for improving differentiation /in vitro. This methodology and the resulting
knowledge are likely to be transferable to other organs and will be useful for generating a
diversity cell types for disease modelling and cell-based therapies.

General statement on experimental design

Data collection and analysis were not performed blind to the conditions of the experiments.
In addition, there was no randomization in the organization of the experimental conditions or
stimulus presentation.

Adult human liver collection and dissociation

Liver samples were obtained under sterile conditions from deceased transplant organ donors
as rapidly as possible after cessation of circulation. Tissue samples were transferred to the
laboratory at 4°C in University of Wisconsin (UW) organ preservation solution. Biopsy
tissue was taken from the patient, placed in room temperature HepatoZY ME-SFM media
and processed immediately. Protocols were developed from information in a previously
published dissociation method3. The liver tissue was washed twice with warm DPBS with
Ca*2Mg*2 + 0.5 mM EDTA, transferred into a petri dish and diced into small pieces
(roughly 1 cm? for resections and 0.25 cm? for biopsies) using a scalpel. The tissue was
distributed evenly into multiple GentleMacs Tissue Dissociation C Tubes, or a single 1.5 ml
Eppendorf tube for biopsies. 37 °C 0.2 Wiinsch/ml Liberase enzymatic digestion solution
reconstituted in HepatoZYME media (without growth factors) containing DNAse | (2000
U/ml) was added to each tube: 5 ml per tissue dissociator C tube and 1 ml per Eppendorf
tube. The enzymatic digestion occurred in an incubating shaker at 37 °C and 200 RPM for
30 mins. The partially degraded extracellular tissue matrix was mechanically dissociated

by running two “B” cycles using the “C tube” in the Miltenyi Biotec GentleMACS tissue
dissociator. A 1:1 ratio of 20% FBS to 80% DPBS was added to terminate the enzymatic
reaction and the cell suspensions were filtered through 70 um filters, with large pieces gently
mashed through the filter. Cells dissociated from donor resections were centrifuged at 50

X g, 4 °C for 5 mins to pellet the hepatocyte fraction, followed by centrifugation of the
supernatant at 300 x g, 4 °C for 5 mins and subsequently at 650 x g, 4 °C for 7 mins

to collect nonparenchymal cell fractions. The hepatocytes were pooled in 5 ml of DPBS,
pipetted onto cold 25% percoll solution and centrifuged at 1250 x g, 4 °C for 20 mins
without brake. The purified hepatocyte pellet was incubated for 10 mins in 5ml of red blood
cell (RBC) lysis solution (Miltenyi Biotec 130-094-183) and pelleted by centrifuging at 50
x g, 4 °C for 5 mins, yielding a cleaned hepatocyte fraction that was resuspended in cold
HepatoZYME-SFM for scRNA-seq. The remaining two NPC fractions were pooled together
in 3.1ml of DPBS, to which 900pl of debris removal solution is added. The Miltenyi
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Biotec Debris Removal (Miltenyi Biotec 130-109-398) protocol was followed according to
manufacturer’s guidelines to yield a clean cell pellet. The cell pellets were incubated for
7-10 mins in 2 ml of RBC lysis buffer at room temperature and pelleted by centrifuging

at 650 x g, 4 °C for 5 mins, yielding a clean NPC fraction that was resuspended in cold
HepatoZYME-SFM. Non-parenchymal cell types were isolated from liver biopsies by first
centrifuging the total cell suspension at 400 x g, 4 °C for 5 mins and incubating for 10

mins in RBC lysis solution room temperature. Debris removal solution was used to clean
remaining debris and dead cells according to manufacturer’s instructions. The clean pelleted
cells were resuspended in cold HepatoZY ME-SFM media for analyses.

Fetal human liver collection and dissociation

Primary human fetal tissue was obtained from patients undergoing elective terminations
(ethical approval obtained from East of England - Cambridge Central Research Ethics
Committee REC-96/085). The liver was dissected from the abdominal cavity and placed
into a solution containing Hanks’ buffered saline solution (HBSS) supplemented with
1.07 Winsch units/ml Liberase DH (Roche Applied Science) and 70 U/ml hyaluronidase
(Sigma-Aldrich), and placed on a microplate shaker at 37 °C, 750 RPM, for 15 mins. The
sample was subsequently washed three times in HBSS using centrifugation at 400 x g for
5 mins each. The single-cell suspension was then sorted for EPCAM/CD326 positive cells
using CD326 microbeads (Miltenyi Biotec 130-061-101), according to the manufacturer’s
guidelines.

Establishment of hepatoblast organoids

The single cell suspension was resuspended in the hepatoblast organoid media (HBO-M);
Advanced DMEM/F12 supplemented with HEPES, penicillin/streptomycin and glutamax,
2% B27, 20mM Nicotinamide, 2mM n-acetlycysteine, 50% WNT3A conditioned medium,
10% R-Spondin, 50ng/ml EGF, and 50uM A83-01. For long term culture (greater than 4
passages) 10uM Y 27632 was required. To the resuspended cells was added a volume of
Growth Factor Reduced Phenol Free Matrigel (Corning) to make the final solution up to
55% Matrigel by volume, and the mixture pipetted into 48 well plates (20uL per well). The
plates were placed at 37°C for fifteen minutes to allow the mixture to set, and subsequently
200uL of fresh HBO-media applied to each well.

Establishment of biliary organoids (BO) and differentiation

Biliary organoids were derived from samples taken from the livers of adult human deceased
donors (National Research Ethics Committee East of England — Cambridge South 15/EE/
0152). These were maintained and differentiated as per author’s guidelines39:40,

HBO differentiation into hepatocytes

Hepatocyte differentiation medium was made using complete HepatoZYME (Life
Technologies 17705-021). This media was comprised of basal HepatoZYME supplemented
with nonessential amino acids (ThermoFisher 11140050), chemically defined lipid
concentrate (ThermoFisher 11905031), L-glutamine (2 mM), insulin (14 ng/ml), and
transferrin (10 ng/ml). To this media was added either oncostatin-M (Sigma Aldrich) at
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a concentration of 20 ng/ml, EPO (R&D systems) at a concentration of 50 U/ml, or VEGFA
(R&D systems) at a concentration of 50 ng/ml. This supplemented Hepatozyme was applied
to HBO for seven days, applying fresh medium every 48 hours.

HBO differentiation into cholangiocytes

HBO Maintenance medium was supplemented with TGF-f (2 ng/ml) and applied to
established HBO lines for a total of seven days, applying fresh medium every 48 hours.

Cytochrome P450 enzyme activity

Cytochrome P450 enzymatic activity was assessed using Promega® P450-Glo™ assay
systems using Luciferin-1PA for and Luciferin-PFBE as surrogate markers for cytochrome
P450 3A4 and cytochrome p450 3A5/7 respectively. Each substrate was diluted 1:1000

in freshly applied media as per manufacturer’s guidelines and placed on organoids in
three-dimensional culture. After incubation at 37°C for four hours the media was collected
and 50pl placed into a detection plate with 50ul detection reagent. The solution was then left
for twenty minutes prior to being read via a luminometer. Readings were adjusted for the
average of three control readings, with the control consisting of the medium and reagents
that was kept at 37°C for four hours without contact with cells.

Media protein analysis

Albumin, alpha-fetoprotein, apolipoprotein-B, and alpha-1-antitrypsin were detected in
media by enzyme linked immunosorbent assay (performed by core biomedical assay
laboratory, Cambridge University Hospitals). Concentrations were normalized to cell
number.

Murine blood protein analysis

Blood was drawn retro-orbitally for human albumin ELISA (Bethyl Laboratories)
immediately prior to sacrifice at the termination of the experiment (27 days). Serum was
separated by centrifugation and levels of human albumin were determined by an enzyme-
linked immunosorbent assay (ELISA) using goat polyclonal capture and horseradish
peroxidase—conjugated goat anti-human albumin detection antibodies (Bethyl Laboratories).
Non-implanted FNRG mouse blood serum was included as a negative control.

Implantation of HBO and induction of liver injury in mice

All surgical procedures were conducted according to protocol 4388-01 approved by the
University of Washington Institutional Animal Care and Use Committees. 7 female FRGN
(Fah-/-, Rag2-/-, l12rg—/-, on a NOD background) mice aged 14 to 18-weeks were used
for implant procedures. 14 to 18-week-old female Fah—/- backcrossed to NOD, Rag2-/-,
and 112rg-null (FNRG) mice (Yecuris) were administered sustained release buprenorphrine
and anesthetized with isofluorane. Three organoid tissues were sutured onto the inguinal
fat pads of each mouse. Three mice received organoid tissues with Donor 4 hepatoblasts
and 2 mice received organoid tissues with Donor 5 hepatoblasts. Incisions were closed
aseptically. Nitisinone (NTBC) was withdrawn from animals’ drinking water immediately
after implantation of organoid tissues and for 14 days after implantation to induce liver
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injury. NTBC was then reintroduced to the drinking water to allow for recovery, and then
removed again after 4 days for the remainder of the experiment. Animals were sacrificed

27 days after implantation of organoid tissues. No statistical methods were used to pre-
determine sample sizes as this was not relevant for our study; our sample sizes are similar to
those reported in previous publications38.

Immunostaining of harvested constructs from mice

Implants were harvested and fixed in 4% paraformaldehyde for 48 hours at 4°C. Excess fat
was trimmed off of the implants, which were then dehydrated in graded ethanol (50-100%),
embedded in paraffin, and sectioned using a microtome (6 mm). Some sections were
histochemically stained with hematoxylin and eosin. For immunostaining, sections were
blocked with normal donkey serum and incubated with primary antibodies against human
(see Supplementary Tables for antibodies). To semi-quantify KRT19 distribution in nodules,
graft nodules in which all cells were KRT18+/KRT19+ were tallied as “+”. Nodules with
both KRT18+/KRT19+ and KRT18+/KRT19- cells were tallied as “+/-”. Nodules with only
KRT18+/KRT19- cells were tallied as “-”. Nodules in each category were summed across
each tissue section and divided by total KRT18+ grafts in the section to acquire percentages
in each animal, with each data point representing one animal.

Fluorescent in situ mRNA hybridization

Primary fetal human liver tissue was fixed in 10% formalin and embedded in paraffin
(FFPE), sectioned on to slides and stored for smFISH. FFPE slides were baked at 65°c
for 1 hour. Slides were deparaffinized with two washes for 10mins each in xylene solution
(Bond™ Dewax Solution, Leica AR9222) and two washes for 5 mins each in PBS and air
dried.

Multiplex smFISH was performed on a Leica BondRX fully automated stainer, using
RNAScope© Multiplex Fluorescent V2 technology (Advanced Cell Diagnostics 322000).
Slides underwent heat-induced epitope retrieval with Epitope Retrieval Solution 2 (pH 9.0,
Leica AR9640) at 95°C for 5 mins. Slides were then incubated in RNAScope®© Protease

I11 reagent (ACD 322340) at 42°C for 15 mins, before being treated with RNAScope©
Hydrogen Peroxide (ACD 322330) for 10 mins at RT to inactivate endogenous peroxidases.

All double-Z mRNA probes were designed by ACD for RNAScope on Leica Automated
Systems. Slides were incubated in RNAScope 2.5 LS probes (designed against human
genes RSPO3, LGRS5, ALB, PDGFRB, LRP5, DES, DKK1, EPCAM, NOTCH2, KDR,
DLL4, WNT2B and WNT4) for 2 hours at RT. DNA amplification trees were built

through consecutive incubations in AMP1 (preamplifier, ACD 323101), AMP2 (background
reduction, ACD 323102) and AMP3 (amplifier, ACD 323103) reagents for 15 to 30 mins
each at 42°C. Slides were washed in LS Rinse buffer (ACD 320058) between incubations.

After amplification, probe channels were detected sequentially via HRP-TSA labelling. To
develop the C1-C3 probe signals, samples were incubated in channel-specific horseradish
peroxidase (HRP) reagents for 30 mins, TSA fluorophores for 30 min and HRP-blocking
reagent for 15 min at 42 °C. The probes in C1, C2 and C3 channels were labelled

using Opal 520 (Akoya FP1487001KT), Opal 570 (Akoya FP1488001KT), and Opal 650
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(Akoya FP1496001KT) fluorophores (diluted 1:500) respectively. The C4 probe complexes
were first incubated with TSA-Biotin (Akoya NEL700A001KT, 1:250) for 30 min at

RT, followed by streptavidin-conjugated Atto425 (Sigma 56759, 1:400) for 30 min at

RT. Samples were then incubated in DAPI (Sigma, 0.25ug/ml) for 20 mins at RT, to

mark cell nuclei. Slides were briefly air-dried and manually mounted using ~90 ul of
Prolong Diamond Antifade (Fisher Scientific) and standard coverslips (24 x 50 mm?; Fisher
Scientific). Slides were dried at RT for 24 hrs before storage at 4°C for >24 hrs before
imaging.

SmFISH stained fetal liver slides were imaged on an Operetta CLS high-content screening
microscope (Perkin Elmer). Image acquisition was controlled using Perkin Elmer’s
Harmony software. High resolution smFISH images were acquired in confocal mode using
an sCMQOS camera and x40 NA 1.1 automated water-dispensing objective. Each field and
channel were imaged with a z-stack of 20 planes with a 1um step size between planes.

All appropriate fields of the tissue section were manually selected and imaged with an 8%
overlap.

Differentiation of hPSCs into hepatocyte-like cells

The differentiation of hiPSCs to HLCs followed the protocol previously published by the
Vallier 1ab%9-60, Prior to differentiation, 12-well plates were coated with 0.1% gelatin for

an hour at 37 °C followed by MEF medium overnight at 37 °C and washed with DPBS
before use. The hiPSC were passaged at 70-90% confluency by incubating at 37 °C

for 4 mins with Accutase cell dissociation reagent (ThermoFisher A1110501). The cell
suspension was diluted at a 1:1 ratio with complete E8 media (Gibco A1517001), pipetted
gently to mechanically break any clumps into single cells, and pelleted by centrifuging

at ~350 x g for 3 mins. The hiPSCs were plated at a density of 50,000-60,000 cells/cm?

in 12-well plates in complete E8 media supplemented with Y27632 ROCK inhibitor (10
uM) on 0.1% gelatin/MEF-coated plates. The medium was changed the following day to
complete E8 without ROCK inhibitor. On day 1 of differentiation (2 days after plating),
CDM-PVA media supplemented with activin (100 ng/ml), FGF2 (80 ng/ml), BMP4 (10 ng/
ml), LY294002 (10 uM), and CHIR99021 (3 uM) was added to the cells to induce endoderm
formation (see Supplementary Tables for all complete media compositions). CHIR99021
was removed from this medium on day 2 of differentiation. On day 3, RPMI-1640 with
nonessential amino acids (ThermoFisher 11140050) and B27 supplement (ThermoFisher
17504044) was supplemented with activin (100 ng/ml) and FGF2 (80 ng/ml). Foregut
differentiation was initiated on day 4 and carried out until day 8 by changing media

to complete RPMI media supplemented with activin (50 ng/ml). The hepatoblast and
subsequent hepatocyte phenotype was induced by changing medium to HepatoZY ME-SFM
(Life Technologies 17705-021) supplemented with nonessential amino acids (ThermoFisher
11140050), chemically defined lipid concentrate (ThermoFisher 11905031), L-glutamine
(2 mM), insulin (14 ng/ml), transferrin (10 ng/ml), oncostatin M (OSM) (20 ng/ml) and
hepatocyte growth factor (HGF) (50 ng/ml) from day 9 to day 33.
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Differentiation of hPSCs into cholangiocyte-like cells

Differentiation of hPSCs to CLCs followed the protocol previously published in our lab®°.
Prior to differentiation, 12-well plates were coated with 0.1% gelatin for an hour at 37 °C
followed by MEF medium overnight at 37 °C and washed with DPBS before use. The hiPSC
were passaged at 70-90% confluency by incubating at 37 °C for 4 mins with Accutase cell
dissociation reagent (ThermoFisher A1110501). The cell suspension was diluted at a 1:1
ratio with complete E8 media (Gibco A1517001), pipetted gently to mechanically break any
clumps into single cells, and pelleted by centrifuging at ~350 x g for 3 mins. The hPSC
were plated in complete E8 medium supplemented with ROCK inhibitor Y27632 (10 uM)
at a density of 50,000-60,000 cells/cm? on 0.1% gelatin/MEF-coated plates. The media was
changed the following day to E8 without ROCK inhibitor, and two days after plating, the
differentiation was started by changing the media to CDM-PVA supplemented with activin
(100 ng/ml), FGF2 (80 ng/ml), BMP4 (10 ng/ml), LY294002 (10 uM), and CHIR99021

(3 uM) to induce endoderm formation. The same medium was used the following day

(day 2) without CHIR99021. On day 3, RPMI-1640 with nonessential amino acids and

B27 supplement (ThermoFisher 17504044) (RPMI+ media) was supplemented with activin
(100 ng/ml) and FGF2 (80 ng/ml) only. Hepatoblasts were induced from day 9 to day 12
using RPMI+ medium supplemented with SB (10 uM) and BMP4 (50 ng/ml). This bipotent
progenitor was directed toward the cholangiocyte lineage from day 13 to day 16 by feeding
with RPMI+ media supplemented with retinoic acid (3 uM), FGF10 (50 ng/ml), and activin
(50 ng/ml). The mature cholangiocyte phenotype was induced by re-plating the cells in 3D
culture using a 1:2 ratio of cell suspension to Matrigel. The cells matured from day 17 to day
26 in 3D culture with common bile duct media (CBD media) supplemented with EGF (50
ng/ml) and forskolin (10 uM), yielding CLCs at day 26 of differentiation.

Differentiation of hPSC into hepatic stellate-like cells

This differentiation protocol was gathered from a previously published paper33. Prior to
differentiation, 12-well plates coated with a 1:50 ratio of reduced growth factor Matrigel
and low glucose DMEM medium overnight at 37 °C and washed with DPBS before

use. The hiPSC were passaged at 70-90% confluency by incubating at 37 °C for 4 mins
with Accutase cell dissociation reagent (ThermoFisher A1110501). The cell suspension
was diluted at a 1:1 ratio with complete E8 media (Gibco A1517001), pipetted gently to
mechanically break any clumps into single cells, and pelleted by centrifuging at ~350 x g
for 3 mins. The hiPSC were plated in complete E8 media supplemented with Y27632 (10
uM) on 12-well plates coated with a 1:50 ratio of reduced growth factor Matrigel and low
glucose DMEM overnight at a concentration of 90,000 cells/cm?2. The media was changed
to E8 without ROCK inhibitor the following day. The cells were differentiated to mesoderm
by adding DMEM-MCDB 201 media supplemented with BMP4 (20 ng/ml) on day 1 and
day 3 of differentiation. On day 5, a mesenchymal phenotype was induced by adding
DMEM-MCDB 201 media with BMP4 (20 ng/ml), FGF1 (20 ng/ml), and FGF3 (20 ng/ml).
These cells transitioned to liver mesothelium by adding DMEM-MCDB 201 supplemented
with retinoic acid (RA) (5 uM), palmitic acid (PA) (100 uM), FGF1 (20 ng/ml), and FGF3
(20 ng/ml) on day 7. From days 9 to 13, the cells were fed every 2 days with RA (5 uM) and
PA (100 uM) to attain a fetal hepatic stellate-like cell phenotype (HSLC).
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Differentiation of hPSC into endothelial-like cells

This protocol was adapted from previously published papers32:5, Prior to differentiation,
12-well plates were coated with 0.1% gelatin for an hour at 37 °C followed by MEF

media overnight at 37 °C and washed with DPBS before use. The hiPSC were passaged

at 70-90% confluency by incubating at 37 °C for 4 mins with Accutase cell dissociation
reagent (ThermoFisher A1110501). The cell suspension was diluted at a 1:1 ratio with
complete E8 media (Gibco A1517001), pipetted gently to mechanically break any clumps
into single cells, and pelleted by centrifuging at ~350 x g for 3 mins. The hiPSC were plated
in E8 media supplemented with Y27632 (10 uM) at a density of 45,000 cells/cm? on 0.1%
gelatin/MEF-coated plates. Differentiation was begun the follow day (day 1) by inducing
mesoderm using CDM-PVA media supplemented with FGF2 (20 ng/ml), BMP4 (10 ng/ml),
and LY294002 (10 uM). On day 2.5, the cells were fed with Stempro-34 media with VEGFA
(200 ng/ml), forskolin (2 uM), and L-ascorbic acid (1 mM). The media was changed every
day until day 5.5 to yield fetal endothelial-like cells (ELCs).

Differentiation of hiPSC into macrophage-like cells

This protocol was adapted from a previously published protocol®2. The hiPSC were
passaged at 70-90% confluency and plated onto an ultra-low adherence 96-well plate with
embryoid body (EB) media consisting of E8 supplemented with Y27632 (10 uM), BMP4
(50 ng/ml), SCF (20 ng/ml), and VEGF (50 ng/ml). The cells were incubated for 4 days
with half of the media in each well being replaced with fresh media after 2 days. On day 4,
the EBs were transferred to a 6-well plate coated with 0.1% gelatin in DPBS, and X-VIVO
15 media supplemented with Glutamax (2 mM), 2-mercaptoethanol (55 uM), M-CSF (100
ng/ml), and 1L-3 (25 ng/ml) was added to the wells. Every 5 days, for roughly 10 days,

2/3 of the media in each well was changed. On day 14, the EBs began production of
macrophage progenitors. These floating progenitors were collected with the supernatant and
plated on uncoated dishes in RPMI + 10% FBS supplemented with M-CSF (100 ng/ml) On
day 7 after macrophage progenitor plating, the differentiated macrophages were collected for
downstream analyses.

hIPSCs derived stellate-endothelial progenitor cells

Cells were plated and differentiated according to the endothelial-like cell (ELC)
differentiation protocol described (see Methods). At day 3.5 of this protocol, the SEpro cells
were present in culture and collected to analyses. To test the bipotentiality of these cells,
they were dissociated from the palte into a single-cell suspensions by incubating with TryplE
for 20 min at 37 °C, resuspending in culture media and replating at a density of 100,000
cells/cm?2. These cells were subjected to the hepatic stellate-like cell (HSLC) differentiation
conditions beginning at day 7 of this protocol and continuing for at least 4 days to produce
HSLCs.

Lentiviral transduction

Lentiviral aliquots were thawed on ice and added to the desired wells of D15 or
D23 differentiating HLCs under sterile conditions. Polybrene (PB) was added to a final
concentration of 10 ug/ml to each of the wells, and the plates were rocked gently to ensure
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even distribution of lentivirus on the adherent cells. The cells were incubated at 37 °C for 24
hrs to allow the lentivirus to infect the cells and stably integrate the transgene into the host
genome. After 24 hrs, the cells were washed with DPBS and complete HepatoZYME-SFM
with OSM (20 ng/ml) and HGF (50 ng/ml) was added to the cells. This washing procedure
was repeated again at 48 hrs and 72 hrs post-transduction to ensure the removal of any
remaining lentivirus. hiPSC-derived hepatocyte-like cells were transduced on day 15 of
differentiation and assayed on day 23/25.

Single-cell RNA-Sequencing

Single cell-suspensions from primary tissue and /n vitro culture were loaded onto the
Chromium controller by 10X Genomics, which is a droplet-based single-cell capture
platform. The individual cells flowed through the microfluidic chip, were lysed and tagged
by a bead containing unique molecular identifiers (UMIs) and were encapsulated in an oil
droplet. This resulting emulsion was amplified through reverse-transcription, and follows
library preparation as dictated by the 10X Genomics manual. The resulting libraries

were sequenced on the lllumina HiSeq 4000 platform. These files were aligned to the
GRCh38 human genome and pre-processed using the CellRanger 10X Genomics software
for downstream analyses.

Quality control

Cells expressing fewer than 1000 counts, fewer than 500 genes or more than 40%
mitochondrial content were excluded. Application of such filter selected a total number
of 237978 cells, which is 87% of the raw number of cells. Genes expressed in fewer

than 3 cells were filtered out, leaving 29907 genes (89% of the total number of genes).
Doublets were identified by applying two doublet prediction methods: Doubletdetection6
and Scrublet’.

Pseudotemporal ordering and alignment

Time-related genes were selected as markers in collection time (Wilcoxon-Rank-Sum test, z-
score>10). Diffusion pseudotime of time-related genes was derived using the DPT2 routine
implemented in SCANPY. Comparison of pseudotemporal trajectories was performed
within the cellAlign2® framework. cellAlign applies dynamic time warping to compare the
dynamics of two single-cell trajectories using a common gene set and to identify local

areas of highly conserved expression. The algorithm calculates pairwise distances between
ordered points along the two trajectories in gene expression space. cellAlign then finds

an optimal path through the matrix of pairwise distances which preserves pseudotemporal
ordering and minimises the overall distance between the matched cells. We applied cellAlign
onto all corresponding pairs of hiPSCs and primary cell types by selecting genes used

for calculating diffusion pseudotime both in hiPSCs and primary cell types. Cells whose
distances were lower than a 0.25 quantile threshold were annotated as aligned in Fig. 7a.

CellPhoneDB analyses

The significance of cellular interactions between cell types was calculated with a publicly
available repository of curated receptors, ligands and their interactions (CellPhoneDB43,
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v2.0). Normalised data for primary tissues at each collection time point were used as input.
Significance of interactions was calculated based on random permutations of cluster labels
to generate a null distribution. Interactions were considered significant based on the default
p-value threshold (p-value<0.05).

Statistics and reproducibility

Cell lines

Primary cell-specific stage-identification was determined based on the standard Louvain
clustering routine of ScCRNA-seq data in SCANPY. Calculation of differentially expressed
genes was calculated using a p-value threshold (p<0.01) and absolute log-fold change
threshold (|log-fold change| > 1.0). Calculation of time-related genes were selected based
on z-score (z-score>10) thresholds for statistical significance using the Wilcoxon-Rank-
Sum test, as stated above. Diffusion pseudotime was calculated using the SCANPY
computational routine. Significant values for CellPhoneDB ligand-receptor interactions
were selected based on a p-value threshold for significance (p-value<0.05). Traditional
ORA pathway enrichment of the interactions revealed by CellPhoneDB were selected

for statistical significance based on a p-value threshold (p<le-16). Transcriptomic shifts
between control hPSC-derived cells and control, untreated cells were determined based on
Louvain clustering with standard parameters in SCANPY, as well as through differential
gene expression based on a p-value threshold (p<0.01) and absolute log-fold change
threshold (|log-fold change| > 1.0).

Statistical tests comparing groups in qPCR analyses were calculated using GraphPad Prism.
Unpaired samples were compared for each condition using unpaired, two-tailed t-tests, as
annotated in the corresponding figure legends (data points and error bars correspond to mean
values = SEM). Data distribution was assumed to be normal unless stated otherwise, but this
was not formally tested. Outlying data points were excluded based known experimental error
or statistical significance of an outlier test (P < 0.05). All immunofluorescent and histology
stains are representative and correlate to sequencing results, with each micrograph repeated
at least twice. All biologically-independent replicates are stated explicitly in their respective
figure legends.

The hiPSC CA1ATD was was published in Yusa & Rashid et al., 201160, The hiPSC lines
FSPS13B, YEMZ, and KOLF were produced and extensively characterized by the Wellcome
Trust Sanger Institute HipSci initiative. The HEK239T line is commercially available from
ATCC (CRL-11268) and the HUVEC line is available from Lonza (C2519A). The human
fetal hepatoblast organoid lines were generated and characterized thoroughly in this study.
None of the cross-contaminated or misidentified cell lines on the list maintained by the
International Cell Line Authentication Committee (ICLAC) were used in this study.

Nat Cell Biol. Author manuscript; available in PMC 2024 December 07.



Page 18

Wesley et al.

Extended Data

<
i

 1d9ZV
r 99.1ASH

I E€1LdONV

r Idvdd

r TAAXd

r THLLI
 T'68EVOTOV

Ko

aWo. :o__._.. .m__wI TWA p = HHd 8L/8M

6110

WNT5A

Nat Cell Biol. Author manuscript; available in PMC 2024 December 07.

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wesley et al.

Page 19
a c
b s ELC-D3.5
s ELC-D5.5
s HSLC-D7
e HSLC-D9
s HSLC-D13
&
N
g g 8
=]
d PC1 UMAP1 DC1
e COL1A1
25
EOMES = PDGFRB »
5
< 3 15
4 10
3 2 2 5
A . H
2 1 1 DTN
\"oooooo
1 a O L&
b 0 ® e‘-’;;o‘?..,«ﬂ RN
0 Q ~b‘=
o3
s NCAM
PDGFRA . COL1A1 o 5
a ‘
3 .
L
1 , 2 .
o]
°
0 18§ RN FICIE IR
2 A ;{' RS
3 £ 53 Q‘o £ S S ‘0'0\
0 L L S FLLL0
4 g e?" &
5
Differentiation ~
07 f cD31 34 KDR
6 ; 15 ﬂ 151 H
0.5 5
5
5 0.010 . 0.3 .
4 0.008
3 4 0.006 .. 0.2 5
0.004
8 A 0.002 o4 :
2 2 0.000 0.0
1 L. \\9 S o"d‘ BS :o"-’jo"so‘i\"&
A
0 o 9 L e‘*‘ g"’,}f@&i &
o & &
- S100A16 - = CDH5 e VWE
® 3 2 é
5 o 18 04
£ 10
4
2 - 1 g 0.2
3 = 5
[
N 2 1 & ‘E' ° 0.0
S ECIRIR IS
< 1 p 2 @"\ & o"éol gé’s\ 0@“;{.‘9:0"655;\.\&
= 0 4 5| & SSSSS gi,«&,««"‘g«ip"‘
UMAP1 & p & o
Differentiation i

Nat Cell Biol. Author manuscript; available in PMC 2024 December 07.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wesley et al. Page 20

cg ALB SERPINA1 AFP KRT18
a b = 150 88,400 é 50 _P=0020 oo P=0012 . P<00001 o, [P<00001
2 + 13,591 ['4
e 2 804 * *
[ 15
Q Ag 1004 o & .
%) = H %
3 % . e 10
= c 40 ”
1) 2 = s . s
= 2 ][] 20
dl d4 d8 £ | .
X 0
d days after passage w HEO PFL AH HBO PFL AH HBO PFL AH HBO PFL AH
€ as KRTIS  APOC3 G6PC
8 Y? 4 A @ * 3
=
S |
& & 2‘ 0 0 O+-=>o
Cc3 GSTA1 SOX9 SPINK1
4l

-~

TN

e HB1 « HBO « HB2 « FH1 « FH2

HB1- 0.0 43 03 27.0 g

X 2,9
- 43 L‘; 2 0.0 31.1
FH2- 03 29 0.0 39
HEO—27.031,1 3.9 0.0

=
]
[N

Connectivity
z

2 8 ¥ T 8 =
T r & = I
i ASGR1 KRT19

AFP
COL5A2

NREP
SERPINI1
ViM

Albumin AFP Alpha-1-Antitrypsin

P =0.0008 1500: =0, 1500
8000 P =0.0050 P = 00005 ] I

6000

<
E)
2
H
s
2
g
€
§
8
8
£
E
3
2
=

1000 3 1000

2 4000 .

per million cells.

500

@
8
s

2000

AFP Uiml per million cells
A1AT ng/ml per million cells

Héo Déo Héo Déo Héo Déo
k  as KRT7 APOE APOC3
7

‘ty {Wuo%‘f

c2
ARGH1 SOX9 TF ASGR1 THEMI 768
SERPINF2

&
3 P |
YIRS A =

e« HB2 « HBO « BO « DBO

 Hvd

1"oga
Z7o08a
1"08H
2 08H
¥ 08H
LOHd
¥ OH4
1 "Hdd
S OH4
2 Hvd
2 OH4
€ OH4
97OH4
2 Hdd

€ OHHI

Nat Cell Biol. Author manuscript; available in PMC 2024 December 07.



Page 21

Wesley et al.

-:p............
0000000 00

. @ @
.o @ ©
D -0 o -
[ ]
. °-
°-
e @
@
®
o
[ ]
o
o
i X J
[ ]
[ [ ]
[ ]
P .
X ] [ °
[ ] [ ]
® -0
.
00 e -0
RN J o -0
||||||||||||||||||| [ JERNCEN.
c@®- -
. ° ®-0
RN
o
o
®
. ®-0
. [ ]
. [ ]
@
R R L R T T
w x dJoaqa 2 oo <SICTXom
6R2EIE 2R PR RERES5%E2
2Fr N8QE3z52500085892
FpE8ALOoT g UFRT W00 IS
£ 02 IS "R/t~ s
Foexyosuwegomacu I /008
gajlscomonaligslzy <8
T x $how Yo Ga g
e g @
g
s <
S !
<
3
© ?

TpneY JHY
o+LL
z+oL
o [THd
e
2
)
]
2
wv
9t [ZHd
e+vL
-
et | e
€411 W
5+6 &)
wo |tug [
ve || D Attt
9+L
<
9 JZgH
s _JuaH/| _
< pmev Jyy
0+LL
29l
T (4 E ]
E+pL m
k43 o W
£+1L m
[
5+6 s
+
ol BN E
148
oz J
9 JeaH
s Jua
ey JRy T
0+L1
2+oL
o fend |5
e+pl =
2 2
= =
e+l °
©
Wm 2
146 TH4 w
148
9+
-
o _JdzaHl _
ey Jry 1T
0+L1 @
9k £
ety [CHA W
2 =]
e+LE s
5+6 < ISEEEEEEE
o
wo [THE | 2
9+L
<
9 JzaH
oram
(] ]
(anjead) Bo|-

‘| 9INodjoN)
ueaw zbo7 <

mMuODm 7LNM

[ 8ZINM 84849ad  vINM g7V |

NVOd3

vhzg

S3a_

NVOd3

Nat Cell Biol. Author manuscript; available in PMC 2024 December 07.

® Europe PMC Funders Author Manuscripts

® Europe PMC Funders Author Manuscripts



siduosnuel Joyiny siepund DA 8doin3 ¢

sydosnue Joyiny siepund DA @doin3 g

Wesley et al.

a hipsc ~ Primary g
D9 5
@ D12 6
® D14 7+6
® D17 o 8+1
® D23 e 9+5
® D33 o 11+3
o 12 D9
e 1443
e 16
® 16+2
8 ® 17+0
o
PC1
c

PC2

PC2

PC1

PC2

o
0 LITRS
PC1 £5352

= PC1

Nat Cell Biol. Author manuscript; available in PMC 2024 December 07.

D9

D33 D23 D17 D14 D12

Page 22

Connectivity

-0.05 0.81 0.06 0.29 0.00
-0.26 157 0.18 0.30 0.06
212 4.23 2.1
-0.06 0.39 0.35 0.23 1.08
-0.01 0.08 0.05 0.06 0.77

-0.01 0.09 0.02 0.02 0.48

HB1 HB2 FH1 FH2 AH




siduosnuel Joyiny siepund DA 8doin3 ¢

sydosnue Joyiny siepund DA @doin3 g

Wesley et al. Page 23

a 20— < Adultliver b Adult liver P=0027
:g * Fetal liver 207+ Fetal liver .
5 o . 10-+ HLC:D23 P=002¢ p-0044
4 5 p=0o1z & *

Expression relative to PBGD & RPLPO
Expression relative to PBGD & RPLPO

R SV LD N (D o
O e

¢ @O & F O
¥ Q+Q~OQ‘ P Q}QS” &

[+ o NFIX

e
o D23 GFP ctrl
o NFIX
o NFIA
h o CAR
% *:RORC |Vitamin B12 metabolism
ATFS [IL1 regulation of extracellular matrix -
hingl Selenium pathway
©RXRA - 4 IEMECIORYHMIGIG activity
s.FXR [RESEOS- to elevated platelet cytosolic calcium
Oncostatin M

FSH regulation of apoptosis
TGFB regulation of extracellular matrix
Response to elevated platelet cytosolic calcium

[ECNIregeptorinteraction

Focal adhesion
[Pl&teIetEctivation, signaling, and aggregation
|B&t& lintegrin cell surface interactions

>

Pathway enrichment

P-value score

Nat Cell Biol. Author manuscript; available in PMC 2024 December 07.



siduosnuel Joyiny siepund DA 8doin3 ¢

sydosnue Joyiny siepund DA @doin3 g

Wesley et al. Page 24

a scRNA-seq

DO & D12-15 D33

G — D = 1D —

nPSCs Definitive endoderm Antenov 1oregut Hepatoblast « b like cells
"h e-like cells ’
\ epatocyt

%DB 25 +’
b _ @‘ - ’@

nepatocyt&lkeoells =
Cc
D9 =
~ D9 =
< D12 D12
D14
D17 D14 =
D23
D3
3 by —
D23 =
BRI e L e e
mNHHHN?SMZHZMmKH(&(vNNWQNNNmﬂHmHlHN(ﬂlAﬂﬁQOUHgmmﬂﬁmEEUm
wEdml(x XOELOALAOYAS XX I TTIVNAH RS OLdINMYOINTZINZE T AS XL i SNg D
SE8OENOLERL 5-ES= 00028 Y nnE 0L RESH>0INZONIIEOFI<E0Es23ZR S
el Rl e e R i e
114 =T a [ - e o w
Time ke “ s 5 o
~ = -
10 & &
5 4
|6 _6
| | 7+6
8+1 e Transduction ALB AFP
9+5
11+3
12 :
- N
+ W
|| 14+3 g
— ol | |16 @
N 16+2
\ =
\ L |17
f \
ALB ] ‘ L O ONAL T O O
AFP Ij1
c3 | I II\II‘ I \”
SA“A? Il [ [ \( ‘
SAA2 \ ‘\ HM“ o
RARRES2 L1 W L TN EIELE H, w
LRP1 U0 \ Hi Ji 1 4+ 5
NR1H4 | | 1 I \‘ H =
NNMT ‘ | | H‘IJI
HPD | ‘ “
CES2 il ’H Hl lo
AOKT il mx I I\HI‘ m a
| | S . —
gess| T ol AR SNET
e ‘ . o GFPctrl o NFIA

QI X R s N X
X P Q?*qu QQO \§< éQ\ v

D e
N

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

With thanks to Komal Nayak (University Department of Paediatrics, Cambridge) for help with maintenance of

cell lines and technical support and Christina Usher for the illustrations in Figures 1a, 1le and 4a. We thank the
Cellular Genetics department at Cambridge University Hospital (Dr Ingrid Simonic) for performing comparative
genomic hybridisation, the Core Biochemical Assay Laboratory at Cambridge University Hospitals (Keith Burling)

Nat Cell Biol. Author manuscript; available in PMC 2024 December 07.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wesley et al.

Page 25

for ELISA analysis of culture media, Roger Barker and Xiaoling He (John Van Geest Centre for Brain Repair,
University of Cambridge) for their help accessing tissue, Fredrik Johansson (University of Washington) for surgical
and animal support, and the Tietze Foundation for funding support. C.A. and D.G received funding from the Open
Targets consortium (OTARO026 project) and the Wellcome Sanger core funding (WT206194). We acknowledge

the Cambridge Biorepository for Translational Medicine for the provision of human tissue used in the study.

We acknowledge the NHS Addenbrooke’s Hospital Tissue Bank for sectioning samples for histology and the
Histopathology and Cytology service for immunohistochemistry staining of primary liver tissue. We thank the
Cambridge Stem Cell Institute and the Imaging facility. B.W. was supported by the Gates Cambridge funding
program. A.R. was supported by Wellcome Translational Medicine and Therapeutics Clinician PhD programme.
The L.V. lab is funded by the ERC Proof of Concept grant Relieve-Chol, by the ERC advanced grant New-Chol, the
Cambridge University Hospitals National Institute for Health Biomedical Research Centre and the core support
grant from the Wellcome Trust and Medical Research Council of the Wellcome—Medical Research Council
Cambridge Stem Cell Institute. C.M.M. is funded by the NC3Rs Training Fellowship. AW.J., F.S., L.V., A E.M.
and K.S.-P. gratefully acknowledge support from the Rosetrees Trust (REAG/240 and NMZG/233).

Data availability

Sequencing data that support the findings of this study have been deposited in ArrayExpress
under accession code E-MTAB-8210. Fetal liver sequencing data has been deposited

to ArrayExpress under accession E-MTAB-7189. Previously published fetal liver ScRNA-
seq data from Popescu et al. has been deposited in ArrayExpress under accession E-
MTAB-7407. Previously published adult liver sScRNA-Seq data from MacParland et al. and
Ramachandran et al. have been deposited in NCBI GEO under accession GSE115469 and
GSE136103, respectively. All data sources are described in the Supplementary Tables. All
additional raw numerical source data presented in plots and graphs in this study are found in
the Source Data files. Any additional data is available upon reasonable request.

Code availability

All Python and R scripts supporting the findings of this paper are available upon reasonable
request.

References

1. Bilzer M, Roggel F, Gerbes AL. Role of Kupffer cells in host defense and liver disease. Liver Int.
2006; 26: 1175-1186. [PubMed: 17105582]

2. Asahina K, et al. Mesenchymal origin of hepatic stellate cells, submesothelial cells, and perivascular
mesenchymal cells during mouse liver development. Hepatology. 2009; 49: 998-1011. DOI:
10.1002/hep.22721 [PubMed: 19085956]

3. Maroni L, et al. Functional and structural features of cholangiocytes in health and disease. Cell Mol
Gastroenterol Hepatol. 2015; 1: 368-380. DOI: 10.1016/j.jcmgh.2015.05.005 [PubMed: 26273695]

4. Raven A, et al. Cholangiocytes act as facultative liver stem cells during impaired hepatocyte
regeneration. Nature. 2017; 547 doi: 10.1038/nature23015 [PubMed: 28700576]

5. Lu W-Y, et al. Hepatic progenitor cells of biliary origin with liver repopulation capacity. Nat Cell
Biol. 2015; 17: 971-983. DOI: 10.1038/nch3203 [PubMed: 26192438]

6. Poisson J, et al. Liver sinusoidal endothelial cells: Physiology and role in liver diseases. Journal of
Hepatology. 2017; 66 [PubMed: 27423426]

7. Aizarani N, et al. A human liver cell atlas reveals heterogeneity and epithelial progenitors. Nature.
2019; 1 doi: 10.1038/541586-019-1373-2 [PubMed: 31292543]

8. MacParland SA, et al. Single cell RNA sequencing of human liver reveals distinct intrahepatic
macrophage populations. Nat Commun. 2018; 9 4383 doi: 10.1038/s41467-018-06318-7 [PubMed:
30348985]

9. Ramachandran P, et al. Resolving the fibrotic niche of human liver cirrhosis at single-cell level.
Nature. 2019; 1. doi: 10.1038/s41586-019-1631-3 [PubMed: 31597160]

Nat Cell Biol. Author manuscript; available in PMC 2024 December 07.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wesley et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Page 26

Segal JM, et al. Single cell analysis of human foetal liver captures the transcriptional profile of
hepatobiliary hybrid progenitors. Nat Commun. 2019; 10 3350 doi: 10.1038/s41467-019-11266-x
[PubMed: 31350390]

Wang X, et al. Comparative analysis of cell lineage differentiation during hepatogenesis in humans
and mice at the single-cell transcriptome level. Cell Res. 2020; doi: 10.1038/s41422-020-0378-6
[PubMed: 32690901]

Forbes SJ, Alison MR. Knocking on the door to successful hepatocyte transplantation. Nat Rev
Gastroenterol Hepatol. 2014; 11: 277-278. [PubMed: 24662276]

Kegel V, et al. Protocol for Isolation of Primary Human Hepatocytes and Corresponding Major
Populations of Non-parenchymal Liver Cells. J Vis Exp. 2016; 1-10. DOI: 10.3791/53069
[PubMed: 27077489]

Zheng GXY, et al. Massively parallel digital transcriptional profiling of single cells. Nat Commun.
2017; 8 14049 doi: 10.1038/ncomms14049 [PubMed: 28091601]

Svensson V, Teichmann SA, Stegle O. SpatialDE: identification of spatially variable genes. Nat
Methods. 2018; 15: 343-346. DOI: 10.1038/nmeth.4636 [PubMed: 29553579]

Gayoso A, Shor J. DoubletDetection. 2018; doi: 10.5281/ZENODQ.2658730

Wolock SL, Lopez R, Klein AM. Scrublet: Computational Identification of Cell Doublets in
Single-Cell Transcriptomic Data. Cell Syst. 2019; 8: 281-291. €9 doi: 10.1016/j.cels.2018.11.005
[PubMed: 30954476]

Mcinnes L, Healy J, Saul N, Gro3berger L. UMAP: Uniform Manifold Approximation and
Projection. J Open Source Softw. 2018; doi: 10.21105/joss.00861

Wolf FA, Angerer P, Theis FJ. SCANPY: large-scale single-cell gene expression data analysis.
Genome Biol. 2018; 19: 15. doi: 10.1186/s13059-017-1382-0 [PubMed: 29409532]

Van Der Maaten L, Courville A, Fergus R, Manning C. Accelerating t-SNE using Tree-Based
Algorithms. Journal of Machine Learning Research. 2014; 15

Godlewski G, Gaubert-Cristol R, Rouy S, Prudhomme M. Liver development in the rat and in
man during the embryonic period (Carnegie stages 11-23). Microsc Res Tech. 1997; 39: 314-327.
[PubMed: 9407542]

Antoniou A, et al. Intrahepatic Bile Ducts Develop According to a New Mode of Tubulogenesis
Regulated by the Transcription Factor SOX9. Gastroenterology. 2009; 136: 2325-2333. DOI:
10.1053/j.gastro.2009.02.051 [PubMed: 19403103]

Si-Tayeb K, Lemaigre FP, Duncan SA. Organogenesis and Development of the Liver.
Developmental Cell. 2010; 18: 175-189. [PubMed: 20159590]

Collardeau-Frachon S, Scoazec J-Y. Vascular Development and Differentiation During Human
Liver Organogenesis. Anat Rec Adv Integr Anat Evol Biol. 2008; 291: 614-627. [PubMed:
18484606]

Asahina K, Zhou B, Pu WT, Tsukamoto H. Septum transversum-derived mesothelium gives rise to
hepatic stellate cells and perivascular mesenchymal cells in developing mouse liver. Hepatology.
2011; 53: 983-995. DOI: 10.1002/hep.24119 [PubMed: 21294146]

Loo CKC, Wu XJ. Origin of stellate cells from submesothelial cells in a developing human liver.
Liver Int. 2008; 28: 1437-1445. [PubMed: 18482267]

Horsfall, D, McGrath, J. Adifa software for Single Cell Insights. Zenodo; 2022.

Wolf FA, et al. PAGA: graph abstraction reconciles clustering with trajectory inference

through a topology preserving map of single cells. Genome Biol. 2019; 20: 1-9. DOI: 10.1186/
$13059-019-1663-x [PubMed: 30606230]

Alpert A, Moore LS, Dubovik T, Shen-Orr SS. Alignment of single-cell trajectories to compare
cellular expression dynamics. Nat Methods. 2018; 15: 267-270. [PubMed: 29529018]
Pérez-Pomares JM, et al. Contribution of mesothelium-derived cells to liver sinusoids in avian
embryos. Dev Dyn. 2004; 229: 465-474. [PubMed: 14991702]

Lotto J, et al. Single-Cell Transcriptomics Reveals Early Emergence of Liver Parenchymal and
Non-parenchymal Cell Lineages. Cell. 2020; 183: 702—716. e14 doi: 10.1016/j.cell.2020.09.012
[PubMed: 33125890]

Nat Cell Biol. Author manuscript; available in PMC 2024 December 07.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wesley et al.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Page 27

Patsch C, et al. Generation of vascular endothelial and smooth muscle cells from human
pluripotent stem cells. 2015; doi: 10.1038/nch3205 [PubMed: 26214132]

Coll M, et al. Generation of Hepatic Stellate Cells from Human Pluripotent Stem Cells Enables In
Vitro Modeling of Liver Fibrosis. Cell Stem Cell. 2018; 0 [PubMed: 30049452]

Prior N, et al. Lgr5+ stem and progenitor cells reside at the apex of a heterogeneous embryonic
hepatoblast pool. Development. 2019; 146 doi: 10.1242/dev.174557 [PubMed: 31142540]
Schmelzer E, Wauthier E, Reid LM. The Phenotypes of Pluripotent Human Hepatic Progenitors.
Stem Cells. 2006; 24: 1852-1858. [PubMed: 16627685]

Hu H, et al. Long-Term Expansion of Functional Mouse and Human Hepatocytes as 3D Organoids.
Cell. 2018; 175: 1591-1606. 19 [PubMed: 30500538]

Li B, et al. Adult Mouse Liver Contains Two Distinct Populations of Cholangiocytes. Stem Cell
Reports. 2017; 9: 478-489. DOI: 10.1016/j.stemcr.2017.06.003 [PubMed: 28689996]

Stevens KR, et al. In situ expansion of engineered human liver tissue in a mouse model of chronic
liver disease. Sci Transl Med. 2017; 9 doi: 10.1126/scitransimed.aah5505 [PubMed: 28724577]

Huch M, et al. Long-Term Culture of Genome-Stable Bipotent Stem Cells from Adult Human
Liver. Cell. 2015; 160: 299-312. DOI: 10.1016/j.cell.2014.11.050 [PubMed: 25533785]

Huch M, et al. In vitro expansion of single Lgr5+ liver stem cells induced by Wnt-driven
regeneration. Nature. 2013; 494: 247-250. DOI: 10.1038/nature11826 [PubMed: 23354049]

Marsee A, et al. Building consensus on definition and nomenclature of hepatic, pancreatic, and
biliary organoids. Cell Stem Cell. 2021; 28: 816-832. [PubMed: 33961769]

Vento-Tormo R, et al. Single-cell reconstruction of the early maternal—fetal interface in humans.
Nature. 2018; 563: 347-353. DOI: 10.1038/s41586-018-0698-6 [PubMed: 30429548]

Efremova M, Vento-Tormo M, Teichmann SA, Vento-Tormo R. CellPhoneDB: inferring cell-
cell communication from combined expression of multi-subunit ligand—receptor complexes. Nat
Protoc. 2020; 15: 1484-1506. [PubMed: 32103204]

Geisler F, et al. Liver-specific inactivation of Notch2 , but not Notchl , compromises intrahepatic
bile duct development in mice. Hepatology. 2008; 48: 607-616. [PubMed: 18666240]

Clotman F, et al. Control of liver cell fate decision by a gradient of TGFf signaling modulated
by Onecut transcription factors. Genes Dev. 2005; 19: 1849-1854. DOI: 10.1101/gad.340305
[PubMed: 16103213]

Takahashi K, Yamanaka S. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult
Fibroblast Cultures by Defined Factors. Cell. 2006; 126: 663-676. [PubMed: 16904174]

Baxter M, et al. Phenotypic and functional analyses show stem cell-derived hepatocyte-like cells
better mimic fetal rather than adult hepatocytes. J Hepatol. 2015; 62: 581-9. DOI: 10.1016/
j.jhep.2014.10.016 [PubMed: 25457200]

Takebe T, et al. Vascularized and Complex Organ Buds from Diverse Tissues via Mesenchymal
Cell-Driven Condensation. Cell Stem Cell. 2015; 16: 556-65. [PubMed: 25891906]

Gray Camp J, et al. Multilineage communication regulates human liver bud development from
pluripotency. Nature. 2017; 546 [PubMed: 28614297]

Sampaziotis F, et al. Cholangiocytes derived from human induced pluripotent stem cells for
disease modeling and drug validation. Nat Biotechnol. 2015; 33: 845-852. DOI: 10.1038/nbt.3275
[PubMed: 26167629]

Challet Meylan L, Challet Meylan L, Patsch C, Thoma E. Endothelial cells differentiation from
hPSCs. Nat Protoc Exch. 2015; doi: 10.1038/protex.2015.055

van Wilgenburg B, Browne C, Vowles J, Cowley SA. Efficient, Long Term Production of
Monocyte-Derived Macrophages from Human Pluripotent Stem Cells under Partly-Defined
and Fully-Defined Conditions. PL0oS One. 2013; 8 71098 doi: 10.1371/journal.pone.0071098
[PubMed: 23951090]

Bertero A, et al. Optimized inducible shRNA and CRISPR/Cas9 platforms for in vitro studies
of human development using hPSCs. Development. 2016; 143: 4405-4418. DOI: 10.1242/
dev.138081 [PubMed: 27899508]

Nat Cell Biol. Author manuscript; available in PMC 2024 December 07.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wesley et al.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Page 28

Pawlowski M, et al. Inducible and Deterministic Forward Programming of Human Pluripotent
Stem Cells into Neurons, Skeletal Myocytes, and Oligodendrocytes. Stem Cell Reports. 2017; 8:
803-812. DOI: 10.1016/j.stemcr.2017.02.016 [PubMed: 28344001]

Popescu D-M, et al. Decoding human fetal liver haematopoiesis. Nature. 2019; 1-7. DOI: 10.1038/
$41586-019-1652-y [PubMed: 31597962]

Septer S, et al. Yes-associated protein is involved in proliferation and differentiation during
postnatal liver development. Am J Physiol Liver Physiol. 2012; 302: G493-G503. DOI: 10.1152/
ajpgi.00056.2011 [PubMed: 22194415]

Edeling M, Ragi G, Huang S, Pavenstédt H, Susztak K. Developmental signalling pathways in
renal fibrosis: the roles of Notch, Wnt and Hedgehog. Nature Reviews Nephrology. 2016; 12:
426-439. DOI: 10.1038/nrneph.2016.54 [PubMed: 27140856]

Martinez FJ, et al. Idiopathic pulmonary fibrosis. Nature Reviews Disease Primers. 2017; 3
[PubMed: 29052582]

Hannan NRF, Segeritz C-P, Touboul T, Vallier L. Production of hepatocyte-like cells from human
pluripotent stem cells. Nat Protoc. 2013; 8: 430-437. DOI: 10.1038/nprot.2012.153 [PubMed:
23424751]

Yusa K, et al. Targeted gene correction of al-antitrypsin deficiency in induced pluripotent stem
cells. Nature. 2011; 478: 391-4. DOI: 10.1038/nature10424 [PubMed: 21993621]

Touboul T, et al. Generation of functional hepatocytes from human embryonic stem cells under
chemically defined conditions that recapitulate liver development. Hepatology. 2010; 51: 1754—
1765. [PubMed: 20301097]

Gieseck RL, et al. Maturation of induced pluripotent stem cell derived hepatocytes by 3D-culture.
PL0S One. 2014; 9 doi: 10.1371/journal.pone.0086372 [PubMed: 24466060]

Gieseck, RL, Vallier, L, Hannan, NRF. Generation of Hepatocytes from Pluripotent Stem Cells for
Drug Screening and Developmental Modeling. Humana Press; New York, NY: 2015. 123-142.
Berger DR, Ware BR, Davidson MD, Allsup SR, Khetani SR. Enhancing the functional maturity
of induced pluripotent stem cell-derived human hepatocytes by controlled presentation of cell-cell
interactions in vitro. Hepatology. 2015; 61: 1370-1381. [PubMed: 25421237]

Nat Cell Biol. Author manuscript; available in PMC 2024 December 07.



siduosnuel Joyiny siepund DA 8doin3 ¢

sydosnue Joyiny siepund DA @doin3 g

Wesley et al.

Page 29

Hepatic artery branch c
a Portal vein branch
2.5 weeks 4 weeks 6 weeks 8 weeks 10 weeks

%IUB O
- sav(c'o;edle# 2

Hepatic endoderm Hepatoblast { Kupffer cell

I aejes
- eyay
e
|- Jaydan
|- 81A001

Herr

2 3 2
" » Hepatocyte i)
.7K % & B | Stellate cell ?
/

b & Arp
Endothelial cell APOA1 ]
melelelelalw sl APOC3
istic \ ! - TTR -4

Mesenchyme

Liver i i fios
Foregut disticulen Liver bud Hepatic lobule Adult liver aré?:e g

2 4 6 8 10 Adult Aroct ]
1 | | 1 Il Il | | Il Il | |
f ‘ | | { { { | | f |

Endoderm L Liver bud Liver bud growth H r i APOM
iver diverticulum RBP4

Colonization Hepatoblast differentiation AMBP J
of HSCs / MT1E
et SERPINA1
Haematopoiesis ALB J
VTN
KRT8
KRT18
TM4SF4 -
FXYD2

7+6
8+1
9+1
9+5
10+2
11+3
12
14+3
16
16+2
17+0
Adult

C34
SERPING1 4
DEFB1

UMAP2
00000000

23
i
i ]

i PKHD1 4
cholangiocytes Al
endothelial CDSL
hepatocytes LILRBS |
kupffer FCGR3A
stellate CD163 -

UMAP1

HB1 CD6s |
HB2 HLA-DPA1 |
FH1 LsP1
FH2
AH

UMAP2
e o 0 0o o

V1
UMAP1 LDB2

HB1 HB2 FH1 FH2 AH o ]
SPINK1, BRI3, MT1H, IGF2, AMN, AFP, CYP3A7, F2, ALB, ANGPTL3, CYP2E1, SAA1, HP, C9,  MYZi1]
NPW, FST, APOM, DLK1, RSPO3, AHSG, APOA1, CFHR1, LEPR, APOB, ADH1B, F9, CES1, TAT, HESAM-
MAP2K2 GSTP1. BAAT LIPC, AGT GC, VTN, AKR1C1 AZGP1, APCS, NNMT  clecia]

" — —
/ _’e _>

Translational initiation HDL clearance Detoxification processes ~ Complement activation ~ Xenobiotic metabolism MEST -
Positive reg. cell growth Linoleic acid metabolism  Xenobiotic metabolism  Triglyceride catabolic proc. Steroid metabolism LRRCA7 ]

o
£
[¢]
B-02n03
£5258m2
™ ear U
el QWWN
il ey
® o - 000 0000
o0 ©

Cellular detoxification ~Detoxification of metal ions Blood coagulation Gluconeogenesis Bile acid/bile salt transport

Fig. 1. Single-cell transcriptomic map of human liver development.
a, Schematic representation of human liver development. b, UMAP visualization of all

integrated single-cell transcriptomic data of fetal and adult human hepatic cells generated
using the 10x Genomics workflow; annotation indicates post-conceptional weeks (PCW)

+ days (left panel) and the cell-specific lineages (right panel). c, Gene expression values

of selected differentially expressed genes (DEGS) for each hepatic cell lineages. Gene-
expression frequency (fraction of cells within each cell type expressing the gene) is indicated
by dot size and level of expression by colour intensity; colour intensity shows “gene

Nat Cell Biol. Author manuscript; available in PMC 2024 December 07.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wesley et al.

Page 30

expression [mean-scaled, log-normalized counts]”. d, UMAP visualization of hepatocyte
developmental trajectory (left panel) and annotation of developmental stages based on
Louvain analysis (right panel): HB1, hepatoblast stage 1; HB2, hepatoblast stage 2;

FH1, fetal hepatocyte stage 1; FH2, fetal hepatocyte stage 2; AH, adult hepatocyte. e,
Characteristic genes induced at each stage of hepatocyte differentiation and corresponding
gene ontology (GO). Plots integrate sScRNA-seq data from /7=17 independent fetal livers
aged 5-17 PCW and /=16 independent adult livers.
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Fig. 2. Mapping nonparenchymal cell identity during human liver development.
a, PCA (top) and UMAP (middle) plots of primary human cholangiocyte sample timepoints

and UMAP annotation of discrete cholangiocyte developmental stages (bottom); HB1 =
hepatoblast 1, HB2 = hepatoblast 2, FC = fetal cholangiocyte, AC = adult cholangiocyte. b,
Heatmap showing time-related DEGs of each stage of primary cholangiocyte development.
¢, PCA (top) and UMAP (middle) plots of primary human hepatic stellate cell sample
timepoints and UMAP annotation of discrete stellate cell developmental stages (bottom);
FS1 = fetal stellate cell 1, FS2 = fetal stellate cell 2, AS = adult stellate cell. These three
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developmental stages correlate with the onset of haematopoietic function of the liver and
birth. d, Heatmap showing time-related DEGs of each stage of primary hepatic stellate

cell development. e, PCA (top) and UMAP (middle) plots of primary human endothelial
cell sample timepoints and UMAP annotation of discrete endothelial cell developmental
stages (bottom); FE1 = fetal endothelial cell 1, FE2 = fetal endothelial cell 2, FE3 = fetal
endothelial cell 3, AE = adult endothelial cell. f, Heatmap showing time-related DEGs of
each stage of primary endothelial cell development. Endothelial cells are closely associated
with haematopoietic stem cell differentiation, with changes of function associated with
haematopoietic and vascularization events. g, PCA (top) and UMAP (middle) plots of
primary human Kupffer cell sample timepoints and UMAP annotation of discrete Kupffer
cell developmental stages (bottom); FK1 = fetal Kupffer cell 1, FK2 = fetal Kupffer cell

2, FK3 = fetal Kupffer cell 3, AK = adult Kupffer cell. h, Heatmap showing time-related
DEGs specific to each stage of primary Kupffer cell development. Heatmap colour scales
show “gene expression [mean-scaled, log-normalized counts]”. Plots integrate SCRNA-seq
data from 7=17 independent fetal livers aged 5-17 PCW and /=16 independent adult livers.
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Fig. 3. Identification of a hepatic stellate and endothelial cell progenitor in the early fetal liver.
a, tSNE visualization based on Louvain clustering of 6 PCW human fetal liver cells

identifying stellate-endothelial progenitors or “SEpro” (left panel). Gene expression tSNE
plots show the co-expression of specific markers for both hepatic stellate and endothelial
lineages by SEpros (right panel) (/=3 independent fetal livers). b, Immunofluorescence
staining of 6 PCW human liver identifying the SEpro population based on co-expression

of stellate (PDGFRB) and endothelial (CDH5) markers; scale bars = 50 um. ¢, Diffusion
pseudotime analyses of stellate and endothelial cells developmental trajectories showing that
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each lineage originated from SEpro (integrated scRNA-seq data from 7=17 independent
fetal livers aged 5-17 PCW). d, Diffusion pseudotime analyses of specific markers for each
lineage (top row stellate cells, bottom row endothelial cells). e, Heatmap of time-related
genes during fetal endothelial cell development and f, fetal hepatic stellate cell development
starting with SEpro and progressing toward 17 PCW. Dpt pseudotime colour scale shows
“geodesic distance [distance between nodes]”; heatmap colour scale shows “gene expression
[mean-scaled, log-normalized counts]”.
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a, Schematic representation of hepatoblast organoid (HBO) derivation and subsequent

analyses. b, Immunostaining of hepatoblast markers in HBO grown /n vitro; scale bars
=100 um. ¢, UMAP visualisation of fetal hepatoblast/hepatocyte differentiation stages
along with HBO, confirming that HBO share the transcriptional profile of the HB2 stage
of hepatocyte development. d, Immunostaining showing decrease of the fetal hepatocyte
marker (AFP) in HBO after 27 days of engraftment while hepatocyte markers (KRT18,
ALB, ARG1, and SERPINA1) were maintained, indicative of differentiation into mature
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hepatocytes. Immunostaining for biliary markers identified KRT19-positive cells in a subset
of nodules, which organised into bile duct-like structures. Unless otherwise stated, pictures
show grafts 27 days post-transplantation; scale bars = 20 um. e, ELISA analyses showing
secretion human ALB in the serum of HBO recipient mice 27 days after engraftment
(n=5independent animals). f, Quantification (percentage) of KRT19-positive cells within
KRT18-positive nodules. g, Principal component analysis (PCA) showing the divergence

in gene expression profile between hepatoblast organoids (HBO; n=4 lines derived from

4 independent fetal livers), differentiated biliary organoids (DBO; n=2), fetal hepatocyte
organoids (FHO; n=6), primary adult hepatocytes (PAH; n=2), and primary fetal liver (PFH;
n=2). Data are presented as mean values +/- SEM; unpaired two-tailed t-tests.
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Fig. 5. Cell-to-cell interaction networ ks during human liver development.
a, CellphoneDB analysis of the receptor-ligand interactions of hepatocytes with other

hepatic cells across all developmental timepoints. Y-axis shows ligand-receptor/receptor-
ligand interactions, with the hepatocyte protein listed first in each pairing; x-axis shows
developmental timeline of each cell type; dot colour signifies log2 mean expression of
interacting molecules and dot size shows -log10(P) significance (integrated SCRNA-seq
data from 7=17 independent fetal livers ranging in age from 5 to 17 post-conceptional
weeks; /=16 independent adult livers). b, RNAscope validating ligand-receptor interactions
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that establish the hepatoblast niche in 6 PCW liver. RSPO3 is expressed in hepatic

stellate cells and its LGR5 receptor is expressed by hepatoblasts (top panels). DLL4 is
expressed by endothelial cells while NOTCH2 receptor is expressed on hepatoblasts (bottom
panels); scale bars = 50 um. ¢, Quantitative PCR showing the expression of hepatocyte
maturation genes following treatment with key signalling molecules discovered using

the single-cell liver development atlas (/7=5 independent experimental replicates); Undiff.
control = HBO grown in upkeep culture conditions to maintain their self-renewal capacity,
HZ = HepatoZYME basal medium. Data are presented as mean values +/- SEM; unpaired
two-tailed t-tests.
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Fig. 6. Characterisation of the differentiation capacity of hepatoblast organoidsinto both
hepatocyte and cholangiocyte mature lineages.

a, Immunostaining showing that HBO differentiated into hepatocytes (HBO+HZ) maintain
expression of ALB while losing the fetal marker AFP; scale bars = 100 um. b, PCA
showing that HBO differentiation /n vitro follows the developmental trajectory of fetal
primary hepatocyte development. c, Violin plots of key functional markers corresponding to
the acquisition of an adult hepatocyte phenotype after HBO differentiation. d, Cytochrome
P450 3A5/7 and cytochrome P450 3A4 activity in HBO, HBO+HZ, and HBO treated with
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TGFB (HBO+TGF) (/=6 independent experimental replicates using lines derived from 2
independent fetal livers). e, BODIPY assay showing differences in lipid uptake in HBO
compared to HBO + HZ and primary adult hepatocytes (PAH). f, Immunocytochemistry of
HBO, HBO+TGF, and BO stained for KRT19 and ASGR1; scale bars = 100 um. g, QPCR
analyses showing the expression of denoted genes in HBO and HBO+TGF (7=5, each point
represents an HBO line derived from a unique primary fetal liver). h, ELISA analyses
showing the concentration of protein in media secreted by HBO (7=8, each line derived from
an independent fetal liver), and HBO treated with TGFB (/7=3) after 48 hours of freshly
applied medium. Values are normalised to cell number (i.e. per million cells) with albumin
as micrograms per litre, and alpha-fetoprotein as units per ml. i, PCA plot of scRNA-seq
data comparing the /n vitro differentiation of HBO toward cholangiocytes (HBO+TGF)

to adult biliary organoids and /n7 vivo differentiation of hepatoblasts. j, SCRNA-seq violin
plots showing the loss of hepatocyte functional genes and the acquisition of a biliary
transcriptome, thus demonstrating the similarity of HBO+TGF cholangiocytes to the positive
biliary organoid control. Data are presented as mean values +/- SEM; unpaired two-tailed
t-tests.
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Fig. 7. Temporal overexpression of key transcription factorsin hPSC-derived hepatocytes
increasestheir similarity to adult primary hepatocytes.

a, Schematic representation of experimental processes to validate the functional transcription
factors in hepatocyte differentiation. b, PCA showing the step-by-step differentiation of
hPSCs into hepatocytes. D: day of differentiation (/7=6 sequential differentiation timepoints,
with one replicate sequenced per timepoint). ¢, Heatmap of top 10 differentially expressed
genes (DEG) specific between each stage of differentiation; Wilcoxon-Rank-Sum test,
z-score>10. d, Alignment of primary hepatocyte developmental trajectory to hiPSC
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differentiation using the CellAlign software; red colour shows regions of misalignment/
dissimilarity, blue colour shows regions of close alignment/similarity (integrated SCRNA-seq
data from =17 independent fetal livers ranging in age from 5 to 17 post-conceptional
weeks and /=16 independent adult livers). e, UMAP visualization of HLCs transduced with
transcription factors NFIX, NFIA and GFP (control) showing that TFs can increase ALB
expression while decreasing the expression of the fetal marker AFP. f, Heatmap showing the
acquisition of functional hepatocytes markers in transduced hepatocytes derived from hPSCs
(=1 sample sequenced per transduction). Heatmap colour scales show “gene expression
[mean-scaled, log-normalized counts]”.
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