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Single-cell atlas of human liver development
reveals pathways directing hepatic cell fates
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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 limita-
tion by describing the developmental trajectories of different cell types that make up 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 utilized this information to derive bipotential hepatoblast
organoids and then exploited this model system to validate the importance of signalling pathways in hepatocyte and cholangio-
cyte 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.

detoxification, metabolite storage, lipid/glucose metabolism

and secretion of serum proteins. These critical tasks are per-
formed mainly by the hepatocytes, which are supported by a diversity
of cell types. Kupffer cells are tissue-specific resident macrophages
responsible for liver homoeostasis and immunity'. Hepatic stellate
cells sequester vitamin A in healthy organs while promoting fibro-
sis through collagen secretion during disease’. Cholangiocytes form
the epithelial lining of the biliary tree, which transports bile into
the intestine’, 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 characterized using
diverse methods, including detailed single-cell transcriptomic analy-
ses”"'?. However, the study of these cell types during foetal life remains
limited, especially in humans, owing 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.
In this article, we addressed this limitation by performing single-cell

| he liver fulfils a broad spectrum of functions including blood

RNA sequencing (scRNA-seq) analyses on human foetal and adult
livers (Fig. 1a). This single-cell map uncovered not only the develop-
mental trajectories of the different cell types that make up 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 utilized this developmental
map to assess the differentiation path of human pluripotent stem
cells (hPSCs) into hepatocyte-like cells (HLCs) and uncovered tran-
scription factors capable of improving the resemblance of HLCs to
adult hepatocytes. Together, our results provide insights into liver
development that allow the establishment of an in vitro platform for
modelling human liver development while providing the knowledge
necessary to improve the production of hepatocytes in vitro'”.

Single-cell transcriptomic map of the developing human liver
To characterize the cellular landscape of the developing human
liver (Fig. 1a), single-cell transcriptomes were derived from primary
tissue using methods tailored to each stage of liver development as
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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 foetal and adult human hepatic cells generated using the 10x Genomics workflow; annotation indicates
PCW +days (left) and the cell-specific lineages (right). ¢, Gene expression values of selected DEGs for each hepatic cell lineage. 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 expression [log-normalized, scaled counts]’. d, UMAP visualization of hepatocyte developmental trajectory (left) and annotation of
developmental stages based on Louvain analysis (right). e, Characteristic genes induced at each stage of hepatocyte differentiation and corresponding
Gene Ontology (GO). Plots integrate scRNA-seq data from n=17 independent foetal livers aged 5-17 PCWs and n=16 independent adult livers.
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well as from existing datasets (for dataset references, see Methods).
Droplet-based scRNA-seq was performed to profile a total of 237,978
hepatic cells”, of which 87% passed quality control""’. Uniform
Manifold Approximation and Projection (UMAP) dimensionality
reduction’® and subclustering'** of these cellular transcriptomes
showed that our approach captured the main cell types that make
up the liver (Fig. 1b,c). Of note, cholangiocytes were the least repre-
sented cell type in our collection, confirming the difficulty of isolat-
ing these cells from liver tissue®. In addition, cholangiocytes were
identified at only 7 post-conceptional weeks (PCWs), reinforcing
previous studies indicating that these cells differentiate from hepa-
toblasts after 7-8 PCWs?"*2. Concerning endothelial cells, the first
cells were captured from 5 PCWs at the time when liver vasculature
is known to be established****. Tissue-resident Kupffer cells could be
distinguished from monocyte-derived macrophages by the expres-
sion of MARCO, CD163, FCGR3A and CD5L?® and the absence of
LSP1 and CD48 expression (Fig. 1c). Finally, hepatic stellate cells
were captured from 5 PCWs, supporting studies in mice suggest-
ing that these cells could be derived from the septum transversum
at 3-5 PCWs>*%. All data generated by this study are available for
visualization through our online portal”: https://collections.cellat-
las.io/liver-development. Importantly, transcriptomic observations
were validated by immunostaining on primary human foetal liver
(Extended Data Fig. 1a). Collectively, these results show that our
single-cell atlas captured the major cell types of the human 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) analyses®®” defined five hepatocyte developmental stages
(Fig. 1d and Extended Data Fig. 1): hepatoblast stages 1 and 2
(HB1 at 5 PCWs and HB2 at 6 PCWs), foetal hepatocyte stages
1 and 2 (FH1 at 7-11 PCWs and FH2 at 12-17 PCWs) 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 SPINKI1 for hepatoblasts, GSTA1 for foetal hepatocytes
and haptoglobin (HP) for adult hepatocytes. We also observed that
each stage of hepatocyte development was marked by the induc-
tion 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 foetal life.

We then performed similar analyses on cholangiocytes, stellate
cells, endothelial cells and Kupffer cells (Fig. 2). Briefly, only chol-
angiocytes 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 DPT allowed for the
distinction of an embryonic stage at 5-6 PCWs, intermediate foetal
stage between 7 and 17 PCWs, and an adult state (Fig. 2a,c.e,g).
This suggested that these cell types may not undergo substantial
functional maturation during foetal life after their initial embry-
onic specification. Interestingly, these three stages correspond to
major modifications in the liver environment: liver bud forma-
tion, colonization by the haematopoietic system at 7 PCWs and
the shift from foetal to adult cells*’. 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
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revealed a population of cells expressing mesenchymal markers,
one population with an endothelial bias and a third population
expressing markers for both lineages (endothelial: CDH5, LYVEI,
KDR and STAB2; stellate cells: PDGFRB, VIM, DES and COL1A1;
Fig. 3a—c). DPT analyses confirmed that foetal endothelial and
stellate cells could originate from this stellate-endothelial progeni-
tor population, termed SEpro (Fig. 3c-f), while gene expression
analyses revealed that these cells expressed genes associated with
proliferation and DNA replication characteristic of a stem or pro-
genitor state. Immunohistochemistry validations on primary tissue
revealed cells expressing both PDGFRB and CDHS5 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 demonstration®»*'. To further address this limi-
tation, we decided to validate the existence of such progenitors dur-
ing differentiation of hPSCs in vitro. We first performed scRNA-seq
analyses on hPSCs differentiating into endothelial’* and hepatic
stellate cells. UMAP, PCA and DPT comparison of these differen-
tiations reveal an overlapping stage sharing the expression of mark-
ers specific for both lineages (Extended Data Fig. 2a-d). To confirm
that this stage could include a common progenitor, hPSCs were dif-
ferentiated into endothelial cells for 3.5 days and then grown in cul-
ture conditions inductive for hepatic stellate cells. The resulting cells
were able to transition away from the endothelial pathway charac-
terized 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-cell observations can be combined with in vitro differ-
entiation to further understand the developmental process leading
to stellate cell production.

Human HBO derivation and differentiation

We subsequently used our single-cell analyses to direct the isolation
and in vitro growth of 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
these early liver stem cells. Indeed, these cells expressed WNT tar-
get genes associated with adult stem cells such as LGR5, high levels
of cell cycle regulators suggesting self-renewal capacity, and mark-
ers specific for both biliary and hepatocytic lineages indicative of
bipotential capacity of differentiation (Extended Data Fig. le). On
the basis of these observations and previous reports showing the
crucial role of WNT?*, we hypothesized that this signalling could
support the growth of hepatoblasts in vitro. To explore this possibil-
ity, 6 PCW livers were dissociated into single-cells that were sorted
on the basis of EPCAM expression and then grown in 3D culture
conditions supplemented with WNT (Fig. 4a). The isolated cells
formed branching organoids that could be expanded for more than
20 passages (Extended Data Fig. 3a,b). These hepatoblast organ-
oids (HBOs) homogeneously expressed hepatoblast markers (Fig.
4b and Extended Data Fig. 3¢,d), and scRNA-seq analyses demon-
strated that they closely resembled their in vivo counterparts, espe-
cially the HB2 stage (Fig. 4c and Extended Data Fig. 3e,f). Of note,
neither HBOs nor HB1/2 cells express NCAM, thereby excluding
the presence of hepatic stem cells in our analyses™. To confirm HBO
bipotentiality, we transplanted tdTomato-HBO into Fah™/Rag2~/
I12rg~ (FRG) mice™ using an approach developed for primary hepa-
tocytes’**. After 27 days, implants were recovered, and red fluores-
cent cells could be observed in all the grafts (Extended Data Fig. 3g),
indicating that HBOs had engrafted efficiently. Haematoxylin and
eosin 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
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Fig. 2 | Mapping non-parenchymal 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, foetal
cholangiocyte; AC, adult cholangiocyte. b, Heat map 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, foetal stellate cell 1; FS2, foetal stellate cell 2; AS, adult stellate cell. These three developmental stages correlate with the onset of
haematopoietic function of the liver and birth. d, Heat map 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, foetal endothelial cell 1; FE2, foetal endothelial cell 2; FE3, foetal endothelial cell 3; AE, adult endothelial cell. f, Heat map 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, foetal Kupffer cell 1; FK2, foetal
Kupffer cell 2; FK3, foetal Kupffer cell 3; AK, adult Kupffer cell. h, Heat map showing time-related DEGs specific to each stage of primary Kupffer cell
development. Heat map colour scales show ‘gene expression [log-normalized, scaled counts]'. Plots integrate scRNA-seq data from n=17 independent
foetal livers aged 5-17 PCW and n=16 independent adult livers.
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Fig. 3 | Identification of a hepatic stellate and endothelial cell progenitor in the early foetal liver. a, Left: t-distributed stochastic neighbour embedding
(t-SNE) visualization based on Louvain clustering of 6 PCW human foetal liver cells identifying stellate-endothelial progenitors or ‘SEpro’. Right: gene
expression t-SNE plots showing the co-expression of specific markers for both hepatic stellate and endothelial lineages by SEpros (n=3 independent
foetal livers). b, Immunofluorescence staining of 6 PCW human liver identifying the SEpro population on the basis of co-expression of stellate (PDGFRB)
and endothelial (CDH5) markers; scale bars, 50 pm. ¢, DPT analyses of stellate and endothelial cell developmental trajectories showing that each lineage
originated from SEpro (integrated scRNA-seq data from n=17 independent foetal livers aged 5-17 PCWs); DC, diffusion component. d, DPT analyses of
specific markers for each lineage (top row stellate cells, bottom row endothelial cells). e f, Heat map of time-related genes during foetal endothelial cell
development (e) and foetal hepatic stellate cell development (f) starting with SEpro and progressing towards 17 PCWSs. DPT pseudotime colour scale
shows ‘geodesic distance [distance between nodes]’; heat map colour scale shows ‘gene expression [log-normalized, scaled counts]'.
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was markedly decreased by day 27 (Fig. 4d), suggesting differen-  organoids (Fig. 4e). Finally, some KRT18" nodules were found to
tiation into hepatocytes in vivo. Accordingly, numerous cells in  contain cells expressing KRT19 (Fig. 4f), either as a mixed popula-
hepatic nodules stained positively for ARG1, A1AT and ALB while tion or as a pure KRT19* population. Together, our results demon-
significant levels of human albumin were identified in mouse serum  strate that HB2 hepatoblasts can be grown in vitro while maintaining
compared to control, suggesting functional activity of implanted their capacity to differentiate into hepatocytes and cholangiocytes.
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Fig. 4 | Modelling early hepatic development in vitro using HBOs. a, Schematic representation of HBO derivation and subsequent analyses. b, Immunostaining
of hepatoblast markers in HBOs grown in vitro; scale bars, 100 pm. ¢, UMAP visualization of foetal hepatoblast/hepatocyte differentiation stages along with
HBOs, confirming that HBOs share the transcriptional profile of the HB2 stage of hepatocyte development. d, Immunostaining showing decrease of the foetal
hepatocyte marker (AFP) in HBOs after 27 days of engraftment while hepatocyte markers (KRT18, ALB, ARG1 and SERPINAT) were maintained, indicative of
differentiation into mature hepatocytes. Immunostaining for biliary markers identified KRT19-positive cells in a subset of nodules, which organized into bile
duct-like structures. Unless otherwise stated, pictures show grafts 27 days post-transplantation; scale bars, 20 pm. e, ELISA analyses showing secretion human
ALB in the serum of HBO recipient mice 27 days after engraftment (n=5 independent animals). f, Quantification (percentage) of KRT19-positive cells within
KRT18-positive nodules. g, PCA showing the divergence in gene expression profile between HBOs (n=4 lines derived from four independent foetal livers),

DBO (n=2), foetal hepatocyte organoids (FHO; n=6), primary adult hepatocytes (PAH; n=2) and primary foetal liver (PFH; n=2). Data are presented as

mean +s.e.m.; unpaired two-tailed t-tests.

Of note, two types of human liver organoid system have been
described previously by Huch et al. (2015)***° and Hu et al. (2018)™*.
The former is composed of intra-hepatic cholangiocytes that can
differentiate towards HLCs**' (differentiated biliary organoids,
DBO), while the latter derives organoids from hepatocytes™.
Therefore, we characterized both systems against HBOs (Fig. 4g).
Organoids derived from intra-hepatic cholangiocytes expressed
markers such as KRT19, but did not express hepatocyte mark-
ers in either the undifferentiated or differentiated state (Extended
Data Fig. 3i,j). Transcriptomic comparison also demonstrated the
transcriptional divergence between HB2/HBO, DBO and hepato-
cyte organoids (Fig. 4g). Analysis of the genes driving this separa-
tion revealed hepatocyte and biliary markers, with HBOs 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 organo-
genesis, we captured the interactions between the hepatoblasts/
hepatocytes and other liver cell types using the CellPhone data-
base (CellPhoneDB)*>** (Fig. 5a and Extended Data Fig. 4). This
approach revealed that most interactions began with hepatoblasts,
stabilized in foetal hepatocytes and finally disappeared in the adult
stage (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
organization, haematopoietic development and innate immu-
nity (Extended Data Fig. 4a). Thus, our analysis could reveal the
source of signalling pathways controlling liver development. Several
of these interactions were validated using RNAScope on primary
liver tissues (Extended Data Fig. 4b-d). For example, NOTCH4/
DLL4 was expressed by endothelial cells and interacted with DLK1/
NOTCH2 on hepatoblasts/hepatocytes (Fig. 5b and Extended Data
Fig. 4c). These bidirectional interactions suggest that hepatoblasts
may be involved in the vascularization of the liver and thus 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-
LGR4/5 interactions were detected between hepatoblasts and stel-
late cells at 5-6 PCWs (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. To induce hepatocyte differentiation, we selected
five growth factors indicated by our CellphoneDB analyses: vas-
cular endothelial growth factor A (VEGFA), complement C3
(C3), neuregulin 1 (NRG1) erythropoietin (EPO) and oncostatin
M (OSM) (Fig. 5a and Extended Data Fig. 4). The effect of these
factors was then analysed on HBOs grown in the absence of WNT
to enable their differentiation. Several factors (EPO, OSM and
VEGFA) were associated with a decrease in hepatoblast markers
(AFP, LGR5 and MKI67) and an increase in hepatocyte markers
(albumin and G6PC) (Figs. 5¢ and 6a), suggesting a differen-
tiation towards foetal hepatocytes. Other factors either blocked
the expression of hepatocyte markers (NRG1) or had limited
effect (C3). To further reinforce these observations, we decided
to characterize the effect of OSM by performing scRNA-seq on
HBOs induced to differentiate into hepatocytes. These analyses
confirmed the transcriptional shift of HBO towards hepatocyte
after treatment with OSM (Fig. 6b,c). Furthermore, this differen-
tiation was associated with gain of hepatocyte functions includ-
ing cytochrome P450 activity (Fig. 6d) and lipid accumulation
(Fig. 6¢). Together, these data confirm that HBOs can differenti-
ate 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 medium with TGFB for 7 days and observed
a marked switch towards cholangiocyte identity illustrated by the
induction of biliary markers KRT19 and loss of hepatoblast mark-
ers (Fig. 6d,f-h). These observations were confirmed by scRNA-seq
analyses showing that the transcriptome of HBOs grown in the pres-
ence of TGFB resemble that of cholangiocyte organoids (Fig. 6d,1,j)
Taken together, these data confirm the potential of our single-cell
analyses to identify cell-cell interactions directing liver develop-
ment and also the potential of HBOs 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 associ-
ated with hPSC* differentiation. It is well established that most
protocols currently available to differentiate hPSCs result in cells

>
>

Fig. 5 | Cell-to-cell interaction networks 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 indicates log, mean expression of interacting molecules and dot size
shows —log,,P values (integrated scRNA-seq data from n=17 independent foetal livers ranging in age from 5 to 17 PCWSs; n=16 independent adult livers).
b, RNAScope validating ligand-receptor interactions that establish the hepatoblast niche in 6 PCW liver. Top: RSPO3 is expressed in hepatic stellate cells,
and its LGR5 receptor is expressed by hepatoblasts. Bottom: DLL4 is expressed by endothelial cells, while NOTCH2 receptor is expressed on hepatoblasts.
Scale bars, 50 pm. ¢, gPCR showing the expression of hepatocyte maturation genes following treatment with key signalling molecules discovered using the
single-cell liver development atlas (n=>5 independent experimental replicates); Undiff. control, HBOs grown in upkeep culture conditions to maintain their
self-renewal capacity; HZ, HepatoZYME basal medium. Data are presented as mean +s.e.m.; unpaired two-tailed t-tests.
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with foetal characteristics*’ rather than fully functional, adult-like
cells. Accordingly, single-cell analyses and detailed character-
izations have demonstrated the foetal identity of hPSC-derived
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hepatocytes***; however, the mechanisms blocking progress
towards an adult phenotype remain unclear. To address this ques-
tion, we performed scRNA-seq on hPSCs differentiating into HLCs
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(Fig. 7a). PCA analyses confirmed the progressive process driving

aligned to the second hepatoblast stage, after which their differen-

the acquisition of a hepatocytic identity (Fig. 7b,c). This differen-
tiation trajectory was then compared with the developmental tra-
jectory of primary hepatoblasts/hepatocytes by DPT alignment
(Fig.7d), UMAP, PAGA analyses and PCA (Extended Data Fig. 5a,b).
These comparisons showed that HLCs at day 14 of differentiation

tiation follows an in vitro specific process. Differential gene expres-
sion 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
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Fig. 6 | Characterization of the differentiation capacity of HBOs into both hepatocyte and cholangiocyte mature lineages. a, Immunostaining showing
that HBOs differentiated into hepatocytes (HBO + HZ) maintain expression of ALB while losing the foetal marker AFP; scale bars, 100 pm. b, PCA showing
that HBO differentiation in vitro follows the developmental trajectory of foetal primary hepatocyte development. ¢, 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 TGFB (HBO + TGF) (n=6 independent experimental replicates using lines derived from two independent
foetal livers); RLU, relative light unit. e, BODIPY assay showing differences in lipid uptake in HBO compared with HBO + HZ and primary adult hepatocytes
(PAH). f, Immunocytochemistry of HBO, HBO + TGF, and BO stained for KRT19 and ASGRY1; scale bars, 100 pm. g, gPCR analyses showing the expression
of denoted genes in HBO and HBO + TGF (n=35, each point represents an HBO line derived from a unique primary foetal liver). h, ELISA analyses showing
the concentration of protein in medium secreted by HBOs (n=38, each line derived from an independent foetal liver), and HBOs treated with TGFB
(n=3) after 48 h of freshly applied medium. Values are normalized to cell number (that is, per million cells) with albumin as micrograms per litre,
and a-fetoprotein as units per millilitre. i, PCA plot of scRNA-seq data comparing the in vitro differentiation of HBOs towards cholangiocytes (HBO + TGF)
to adult BOs and in vivo differentiation of hepatoblasts. j, sScRNA-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 BO control. Data are presented as mean+s.e.m.;

unpaired two-tailed t-tests.

from primary development was observed in other cell types gen-
erated from hPSCs including cholangiocytes™, endothelial cells**"',
stellate cells*® and macrophages™ (Extended Data Fig. 5¢c-f). Thus,
hPSC differentiation could systematically deviate from a natural
developmental path after embryonic stages, preventing the produc-
tion of adult cells.

Comparison of in vivo to in vitro hepatocyte differentiation also
revealed transcription factors expressed in foetal hepatocytes (FH1)
that were missing in hPSC-derived cells (Extended Data Fig. 6a—c).
To validate their functional relevance, these factors were overex-
pressed in hPSCs differentiated into HLCs for 15days. The phe-
notype 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 characterized by a decrease in foetal mark-
ers and the induction of markers indicative of the adult state (ALB,
HP and C3; Fig. 7e,f). Furthermore, pathway enrichment analy-
ses 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 overex-
pression during differentiation of human induced pluripotent stem
cells (hiPSCs) appears to increase the expression of specific markers
probably downstream of these transcription factors. These results
were further validated by inducing the expression of NFIX, NFIA
and CAR during differentiation of hPSCs towards HLCs using the
Opti-OX system®**. Stable induction of NFIX, and to a lesser extent
NFIA, upregulated an array of functional markers including ALB,
SAA1, SAA2, LRP1, CES2 and AOX1 while downregulating AFP
(Extended Data Fig. 7). Taken together, these results show that
misexpression of key developmental regulators during HLC dif-
ferentiation 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 influ-
enced by changes in liver environment. Colonization by the hae-
matopoietic system® appears to initiate the functional maturation
of hepatocytes, which progressively acquire intrinsic hepatic func-
tions. Of note, the activation of the liver after birth*** 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 prob-
lematic. 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™*
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 interac-
tive feedback loops. Utilization of this knowledge has enabled us to
develop a culture system to grow hepatoblasts in vitro that 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 HBOs to differentiate into fully func-
tional 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 in vitro-specific process. This divergence explains
the foetal nature of cells generated by current protocols™-** 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 in vitro models
to uncover the mechanisms driving the generation of functional
hepatic cells in vivo and thus paves the way towards identifying fac-
tors 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 of cell types for disease
modelling and cell-based therapies.
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Fig. 7 | Temporal overexpression of key transcription factors in hPSC-derived hepatocytes increases their similarity to adult primary hepatocytes.

a, Schematic representation of experimental processes to validate the functional transcription factors in hepatocyte differentiation. b, PCA showing the
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Methods

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 organ preservation solution.

Biopsy tissue was taken from the patient, placed in room temperature (RT)
HepatoZYME-SFM medium and processed immediately. Protocols were developed
from information in a previously published dissociation method". The liver tissue
was washed twice with warm DPBS with Ca*?Mg*?+ 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 1.5ml Eppendorf
tube for biopsies. 37°C 0.2 Wiinschml™! Liberase enzymatic digestion solution
reconstituted in HepatoZYME medium (without growth factors) containing
DNAse I (2,000 U ml™") was added to each tube: 5ml 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 min. 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 pm filters, with large pieces gently mashed
through the filter. Cells dissociated from donor resections were centrifuged at
50g, 4°C for 5min to pellet the hepatocyte fraction, followed by centrifugation of
the supernatant at 300g, 4 °C for 5min and subsequently at 650g, 4°C for 7 min

to collect non-parenchymal cell fractions. The hepatocytes were pooled in 5ml
of DPBS, pipetted onto cold 25% percoll solution and centrifuged at 1,250g, 4°C
for 20 min without brake. The purified hepatocyte pellet was incubated for 10 min
in 5ml of red blood cell (RBC) lysis solution (Miltenyi Biotec, 130-094-183)

and pelleted by centrifuging at 50g, 4 °C for 5min, yielding a cleaned hepatocyte
fraction that was resuspended in cold HepatoZYME-SFM for scRNA-seq. The
remaining two non-parenchymal cell (NPC) fractions were pooled together

in 3.1 ml of DPBS, to which 900 pl of debris removal solution is added. The
Miltenyi Biotec Debris Removal (Miltenyi Biotec, 130-109-398) protocol was
followed according to the manufacturer’s guidelines to yield a clean cell pellet.
The NPC pellets were incubated for 7-10 min in 2 ml of RBC lysis buffer at RT
and subsequently pelleted by centrifuging at 650g, 4 °C for 5min, yielding a clean
non-parenchymal cell 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 400g, 4 °C for 5min and incubating for 10 min in RBC
lysis solution at RT. Debris removal solution was used to clean remaining debris
and dead cells according to the manufacturer’s instructions. The clean pelleted cells
were resuspended in cold HepatoZYME-SFM medium for analyses.

Foetal human liver collection and dissociation. Primary human foetal 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 Wiinsch units ml~! Liberase DH (Roche Applied Science) and 70 Uml™!
hyaluronidase (Sigma-Aldrich), and placed on a microplate shaker at 37°C, 750
RPM, for 15 min. The sample was subsequently washed three times in HBSS using
centrifugation at 400g for 5min 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 HBOs. The single-cell suspension was resuspended in
hepatoblast organoid medium (HBO-M); Advanced DMEM/F12 supplemented
with HEPES, penicillin-streptomycin and GlutaMAX, 2% B27, 20 mM
nicotinamide, 2mM N-acetylcysteine, 50% WNT3A conditioned medium, 10%
R-Spondin, 50 ngml~' EGF and 50 uM A83-01. For long-term culture (more than
four passages) 10 uM Y27632 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 (20 pl per well). The plates were placed at 37 °C for 15min to allow the
mixture to set, and subsequently 200 pl of fresh HBO medium applied to each well.

Establishment of BOs and differentiation. Biliary organoids (BOs) 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 the author’s guidelines®*.

HBO differentiation into hepatocytes. Hepatocyte differentiation medium was

made using complete HepatoZYME (Life Technologies, 17705-021). This medium
comprised basal HepatoZYME supplemented with non-essential amino acids

NATURE CELL BIOLOGY | www.nature.com/naturecellbiology

(Thermo Fisher, 11140050), chemically defined lipid concentrate (Thermo Fisher,
11905031), L-glutamine (2mM), insulin (14 ngml™") and transferrin (10ngml™").
To this medium was added either OSM (Sigma Aldrich) at a concentration of
20ngml™!, EPO (R&D systems) at a concentration of 50 Uml~! or VEGFA (R&D
Systems) at a concentration of 50 ngml~'. This supplemented HepatoZYME was
applied to HBOs for 7 days, applying fresh medium every 48 h.

HBO differentiation into cholangiocytes. HBO maintenance medium was
supplemented with TGF-f (2ngml™) and applied to established HBO lines for a
total of 7 days, applying fresh medium every 48 h.

Cytochrome P450 enzyme activity. Cytochrome P450 enzymatic activity was
assessed using Promega P450-Glo assay systems using Luciferin—IPA for and
Luciferin-PFBE as surrogate markers for cytochrome P450 3A4 and cytochrome
p450 3A5/7, respectively. Each substrate was diluted 1:1,000 in freshly applied
medium as per the manufacturer’s guidelines and placed on organoids in
three-dimensional culture. After incubation at 37 °C for 4h, the medium was
collected and 50 pl placed into a detection plate with 50 pl detection reagent. The
solution was then left for 20 min before 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 4h without contact with cells.

Medium protein analysis. Albumin, a-fetoprotein, apolipoprotein-B and
a-1-antitrypsin were detected in medium by ELISA (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 before mice were killed at the
termination of the experiment (27 days). Serum was separated by centrifugation, and
levels of human albumin were determined by ELISA using goat polyclonal capture
and horseradish peroxidase (HRP)-conjugated goat anti-human albumin detection
antibodies (Bethyl Laboratories). Non-implanted FNRG (Fah~'~, Rag2™/~, Il2rg™',
on a NOD background) mouse blood serum was included as a negative control.

Implantation of HBOs 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. Seven
female FRGN mice aged 14-18 weeks were used for implant procedures. Fourteen-
to 18-week-old female FNRG mice (Yecuris) were administered sustained-release
buprenorphrine and anaesthetized 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 two mice received organoid tissues with
Donor 5 hepatoblasts. Incisions were closed aseptically. Nitisinone was withdrawn
from animals’ drinking water immediately after implantation of organoid tissues
and for 14 days after implantation to induce liver injury. Nitisinone was then
re-introduced to the drinking water to allow for recovery, and then removed
again after 4 days for the remainder of the experiment. Animals were killed

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 publications®.

Immunostaining of collected constructs from mice. Implants were collected
and fixed in 4% paraformaldehyde for 48 h 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 haematoxylin and eosin. For immunostaining,
sections were blocked with normal donkey serum and incubated with primary
antibodies against human (for antibodies, see Supplementary Tables). To
semi-quantify KRT19 distribution in nodules, graft nodules in which all cells
were KRT18*/KRT19* were tallied as ‘4. 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 foetal human liver tissue was
fixed in 10% formalin and embedded in paraffin, sectioned on to slides and stored
for smFISH. Formalin-fixed paraffin-embedded slides were baked at 65°C for

Lh. Slides were deparaffinized with two washes for 10 min each in xylene solution
(Bond Dewax Solution, Leica AR9222) and two washes for 5min 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 5min. Slides were then incubated
in RNAScope Protease III reagent (ACD 322340) at 42°C for 15 min, before being
treated with RNAScope Hydrogen Peroxide (ACD 322330) for 10 min at RT to
inactivate endogenous peroxidases.
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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, LGR5, ALB, PDGFRB, LRP5, DES, DKK1, EPCAM,
NOTCH2, KDR, DLL4, WNT2B and WNT4) for 2h at RT. DNA amplification trees
were built through consecutive incubations in AMP1 (pre-amplifier, ACD 323101),
AMP2 (background reduction, ACD 323102) and AMP3 (amplifier, ACD 323103)
reagents for 15-30 min 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 HRP reagents for 30 min, 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 (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, 0.25 ugml™") for 20 min 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 h before storage at 4 °C for >24h before imaging.

Single-molecule fluorescence in situ hybridization (smFISH)-stained foetal
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 sCMOS 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 1 um step size
between planes. All appropriate fields of the tissue section were manually selected
and imaged with an 8% overlap.

Differentiation of hPSCs into HLCs. The differentiation of hiPSCs to HLCs
followed the protocol previously published by the Vallier lab™“". Before
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 hiPSCs were passaged at 70-90% confluency by incubating at 37 °C for 4 min
with accutase cell dissociation reagent (Thermo Fisher, A1110501). The cell
suspension was diluted at a 1:1 ratio with complete E8 medium (Gibco A1517001),
pipetted gently to mechanically break any clumps into single cells, and pelleted by
centrifuging at ~350g for 3 min. The hiPSCs were plated at a density of 50,000
60,000 cells cm~ in 12-well plates in complete E8 medium 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 medium supplemented with
activin (100 ngml~'), FGF2 (80 ngml~'), BMP4 (10 ngml™"), LY294002 (10 pM)
and CHIR99021 (3 pM) was added to the cells to induce endoderm formation
(for all complete medium compositions, see Supplementary Tables). CHIR99021
was removed from this medium on day 2 of differentiation. On day 3, RPMI-1640
with non-essential amino acids (Thermo Fisher, 11140050) and B27 supplement
(Thermo Fisher, 17504044) was supplemented with activin (100 ngml~') and
FGF2 (80ngml™). Foregut differentiation was initiated on day 4 and carried out
until day 8 by changing medium to complete RPMI medium supplemented with
activin (50 ngml™'). The hepatoblast and subsequent hepatocyte phenotype was
induced by changing medium to HepatoZYME-SFM (Life Technologies, 17705-
021) supplemented with non-essential amino acids (Thermo Fisher, 11140050),
chemically defined lipid concentrate (Thermo Fisher, 11905031), L-glutamine
(2mM), insulin (14 ngml™), transferrin (10 ngml™"), OSM (20 ngml~') and
hepatocyte growth factor (50 ngml™) from day 9 to day 33.

Differentiation of hPSCs into CLCs. Differentiation of hPSCs to
cholangiocyte-like cells (CLCs) followed the protocol previously published in

our lab™. Before differentiation, 12-well plates were coated with 0.1% gelatin for
1h at 37°C followed by MEF medium overnight at 37 °C and washed with DPBS
before use. The hiPSCs were passaged at 70-90% confluency by incubating at
37°C for 4min with accutase cell dissociation reagent (Thermo Fisher, A1110501).
The cell suspension was diluted at a 1:1 ratio with complete E8 medium (Gibco
A1517001), pipetted gently to mechanically break any clumps into single cells, and
pelleted by centrifuging at ~350g for 3 min. The hPSCs were plated in complete

E8 medium supplemented with ROCK inhibitor Y27632 (10 pM) at a density

of 50,000-60,000 cellscm™ on 0.1% gelatin/MEF-coated plates. The medium

was changed the following day to E8 without ROCK inhibitor, and 2 days after
plating, the differentiation was started by changing the medium to CDM-PVA
supplemented with activin (100 ngml™'), FGF2 (80ngml™'), BMP4 (10ngml™),
L£Y294002 (10 pM) 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 non-essential amino acids and B27 supplement (Thermo Fisher,
17504044) (RPMI + medium) was supplemented with activin (100ngml™') and
FGF2 (80ngml™") only. Hepatoblasts were induced from day 9 to day 12 using
RPMI + medium supplemented with SB (10 uM) and BMP4 (50 ngml™"). This
bipotent progenitor was directed towards the cholangiocyte lineage from day 13 to

day 16 by feeding with RPMI + medium supplemented with retinoic acid (3 pM),
FGF10 (50 ngml™) and activin (50 ngml™). 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 medium supplemented with EGF (50 ngml~') and forskolin (10 pM),
yielding CLCs at day 26 of differentiation.

Differentiation of hPSC into HSLCs. This differentiation protocol was gathered
from a previously published paper™. Before differentiation, 12-well plates were
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 min with accutase cell
dissociation reagent (Thermo Fisher, A1110501). The cell suspension was diluted
at a 1:1 ratio with complete E8 medium (Gibco A1517001), pipetted gently to
mechanically break any clumps into single cells, and pelleted by centrifuging at
~350g for 3min. The hiPSCs were plated in complete E8 medium supplemented
with Y27632 (10 pM) 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 medium was changed to E8 without ROCK inhibitor the
following day. The cells were differentiated to mesoderm by adding DMEM-
MCDB 201 medium supplemented with BMP4 (20ngml™') on day 1 and day 3

of differentiation. On day 5, a mesenchymal phenotype was induced by adding
DMEM-MCDB 201 medium with BMP4 (20 ngml~'), FGF1 (20ngml~') and FGF3
(20ngml™"). These cells transitioned to liver mesothelium by adding DMEM-
MCDB 201 supplemented with retinoic acid (5pM), palmitic acid (100 uM), FGF1
(20ngml~') and FGF3 (20 ngml™') on day 7. From days 9 to 13, the cells were fed
every 2 days with retinoic acid (5pM) and palmitic acid (100 pM) to attain a foetal
hepatic stellate-like cell (HSLC) phenotype.

Differentiation of hPSCs into ELCs. This protocol was adapted from previously
published papers®>*'. Before differentiation, 12-well plates were coated with

0.1% gelatin for 1 h at 37 °C followed by MEF medium overnight at 37°C and
washed with DPBS before use. The hiPSCs were passaged at 70-90% confluency
by incubating at 37 °C for 4 min with accutase cell dissociation reagent (Thermo
Fisher, A1110501). The cell suspension was diluted at a 1:1 ratio with complete

E8 medium (Gibco, A1517001), pipetted gently to mechanically break any clumps
into single cells, and pelleted by centrifuging at ~350g for 3 min. The hiPSCs were
plated in E8 medium supplemented with Y27632 (10 pM) at a density of 45,000
cellscm™ on 0.1% gelatin/MEF-coated plates. Differentiation was begun the follow
day (day 1) by inducing mesoderm using CDM-PVA medium supplemented with
FGF2 (20ngml™"), BMP4 (10 ng ml™') and LY294002 (10 pM). On day 2.5, the cells
were fed with Stempro-34 medium with VEGFA (200 ng ml™), forskolin (2 pM)
and L-ascorbic acid (1 mM). The medium was changed every day until day 5.5 to
yield foetal endothelial-like cells (ELCs).

Differentiation of hiPSCs into macrophage-like cells. This protocol was adapted
from a previously published protocol™. The hiPSCs were passaged at 70-90%
confluency and plated onto an ultra-low adherence 96-well plate with embryoid
body (EB) medium consisting of E8 supplemented with Y27632 (10 pM), BMP4
(50ngml~'), SCF (20ngml™') and VEGF (50 ngml™). The cells were incubated

for 4 days with half of the medium in each well being replaced with fresh medium
after 2 days. On day 4, the EBs were transferred to a six-well plate coated with
0.1% gelatin in DPBS, and X-VIVO 15 media supplemented with GlutaMAX
(2mM), 2-mercaptoethanol (55 pM), M-CSF (100ngml~') and IL-3 (25ngml™)
was added to the wells. Every 5 days, for roughly 10 days, two-thirds of the medium
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
(100ngml™") On day 7 after macrophage progenitor plating, the differentiated
macrophages were collected for downstream analyses.

hIPSC-derived stellate-endothelial progenitor cells. Cells were plated and
differentiated according to the ELC differentiation protocol described (Methods).
At day 3.5 of this protocol, the SEpro cells were present in culture and collected

for analyses. To test the bipotentiality of these cells, they were dissociated from the
plate into single-cell suspensions by incubating with TryplE for 20 min at 37°C,
resuspending in culture medium and replating at a density of 100,000 cellscm™.
These cells were subjected to the 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 was added to a final concentration of 10 pgml™" to each of the wells,
and the plates were rocked gently to ensure even distribution of lentivirus on the
adherent cells. The cells were incubated at 37 °C for 24 h to allow the lentivirus to
infect the cells and stably integrate the transgene into the host genome. After 24h,
the cells were washed with DPBS and complete HepatoZYME-SFM with OSM
(20ngml™') and hepatocyte growth factor (50 ngml™") was added to the cells. This
washing procedure was repeated again at 48h and 72 h post-transduction to ensure
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the removal of any remaining lentivirus. hiPSC-derived HLCs were transduced on
day 15 of differentiation and assayed on day 23 or 25.

scRNA-seq. Single-cell suspensions from primary tissue and in 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

and were encapsulated in an oil droplet. This resulting emulsion was amplified
through reverse transcription, followed by library preparation as dictated by the

10x Genomics manual. The resulting libraries were sequenced on the Illumina

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 1,000 counts, fewer than 500 genes
or more than 40% mitochondrial content were excluded. Application of this filter
selected a total of 237,978 cells, which is 87% of the raw number of cells. Genes
expressed in fewer than 3 cells were filtered out, leaving 29,907 genes (89% of
the total number of genes). Doublets were identified by applying two doublet
prediction methods: Doubletdetection'® and Scrublet'”.

Pseudotemporal ordering and alignment. Time-related genes were selected

as markers in collection time (Wilcoxo rank-sum test, z score > 10). DPT of
time-related genes was derived using the DPT" routine implemented in SCANPY.
Comparison of pseudotemporal trajectories was performed within the cellAlign®
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 that preserves
pseudotemporal ordering and minimizes 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 DPT 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 magnitude and significance of cellular interactions
between cell types were calculated using a publicly available repository of curated
receptors, ligands and their interactions (CellPhoneDB*, v2.0). Normalized data
for primary tissues at each collection timepoint were used as input. P values of
interactions were calculated on the basis of random permutations of cluster labels
to generate a null distribution; interactions were considered statistically significant
on the basis of the default P value threshold (P value <0.05).

Statistics and reproducibility. Primary cell-specific stage identification was
determined on the basis of the standard Louvain clustering routine of scRNA-seq
data in SCANPY. Calculation of differentially expressed genes (DEGs) 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 was selected on the basis of z score
(z score > 10) thresholds for statistical significance using the Wilcoxon rank-sum
test, as stated above. DPT was calculated using the SCANPY computational routine.
Significant values for CellPhoneDB ligand-receptor interactions were selected

on the basis of a P value threshold for significance (P value <0.05). Traditional
over-representation analysis (ORA) pathway enrichment of the interactions revealed
by CellPhoneDB were selected for statistical significance on the basis of a P value
threshold (P <1x 107'¢). Transcriptomic shifts between control hPSC-derived cells
and control, untreated cells were determined on the basis of Louvain clustering with
standard parameters in SCANPY, as well as through differential gene expression on
the basis of a P value threshold (P <0.01) and absolute log-fold change threshold
(|log-fold change| > 1.0).

Statistical tests comparing groups in quantitative PCR (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 + standard error
of the mean (s.e.m.)). Data distribution was assumed to be normal unless stated
otherwise, but this was not formally tested. Outlying data points were excluded on
the basis of known experimental error or statistical significance of an outlier test
(P<0.05). All immunofluorescence 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.

Cell lines. The hiPSC CA1ATD was was published by Yusa et al. (2011).
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 foetal HBO
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 was used in this study.
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Ethical approval. Primary human adult liver samples were obtained from
deceased transplant organ donors (National Research Ethics Committee East of
England—Cambridge South 15/EE/0152) following consent by family following
organ donation procedure. Primary human adult liver biopsies were collected
from living patients under ethical consent to be used in research (North West—
Preston Research Ethics Committee 14/NW/1146) following informed consent
by the patient. Primary human foetal liver tissue was obtained from patients
undergoing elective terminations (East of England—Cambridge Central Research
Ethics Committee, REC-96/085) after informed consent. Detailed information
was provided on the objective of the research. Ethical approval covers the use
of liver tissues for research and follow the UK rules for the use of human foetal
tissues, which exclude compensation for tissue donation. All human tissue was
used after obtaining informed consent for use in research following the organ
transplantation procedure.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Sequencing data that support the findings of this study have been deposited in
ArrayExpress under accession code E-MTAB-8210. Foetal liver sequencing data
have been deposited to ArrayExpress under accession E-MTAB-7189. Previously
published foetal liver scRNA-seq data from Popescu et al. have been deposited

in ArrayExpress under accession E-MTAB-7407. Previously published adult

liver scRNA-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 are available upon reasonable request. Source
data are provided with this paper.

Code availability
All Python and R scripts supporting the findings of this paper are available upon
reasonable request.
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Extended Data Fig. 1| Characterisation of the proliferation and differentiation of cells within the developing human liver. a, Histology sections of key
transcriptional and morphological events of primary foetal and adult liver spanning the key developmental ages analysed in this study; early foetal (6
PCW + 4-5 days), intermediate foetal (10 PCW) and adult developmental stages; scale bars =100 um. These immunostainings show transcriptional and
morphological events including loss of AFP and increase of hepatocyte-specific antigen during development. Induction of CK19 occurs as cholangiocytes
are specified from hepatoblasts, with observable increases in expression in areas of duct formation in the 10 PCW sample. Note the increase of CK8/18
expressing cells as the liver develops, and the necessary increase in vasculature indicated by CD31 expression. Importantly, VIM and CD45, staining for
mesenchymal (stellate) cells and resident immune (Kupffer) cells respectively, are present throughout all stages of liver development. Scale bars =100
um. b, Heatmap of the top 10 time-related differentially expressed genes (DEG) at each primary human hepatocyte developmental stage; Wilcoxon-Rank-
Sum test, z-score>10; HB1=hepatoblast stage 1, HB2 =hepatoblast stage 2, FH1=foetal hepatocyte stage 1, FH2 =foetal hepatocyte stage 2, AH=adult
hepatocyte. ¢, Immunostaining analyses showing the expression of stage-specific markers on liver tissue sections; scale bars = 50 um. HB, sample aged
between 5-7 PCW; FH, sample dated at 11 PCW; AH, adult liver. d, PCA of foetal hepatoblasts/hepatocytes from 5-17 PCW and adult hepatocytes showing
the progression of stages correlating to developmental time. e, UMAP representation of hepatoblast/foetal hepatocyte markers (SPINK1, G6PC, and BRI3)
and WNT pathway markers (WNT5A, LGR5 and RSPO3). UMAP visualization also shows cell proliferation markers and cell cycle regulators across the
hepatocyte developmental stages, showing progressive loss of proliferative capacity until the FH2 stage, which may mark commitment to the hepatocyte
lineage (integrated scRNA-seq data n=17 independent foetal livers ranging in age from 5 to 17 post-conceptional weeks and n=16 independent adult
livers). Heatmap and feature plot colour scales show “gene expression [log-normalized, scaled counts]”.
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Extended Data Fig. 2 | SEpro validation using an in vitro developmental model. a, PCA analysis of hiPSC-derived hepatic stellate cells (HSLC) and
hiPSC-derived endothelial cells (ELC) confirming their common bipotent stellate-endothelial progenitor (SEpro) stage following mesoderm induction and
before cell lineage specification (scRNA-seq integrates n=>5 differentiation timepoints). b, UMAP visualization (30 neighbours, 500 PCs) demonstrating
the highly correlative relationship of SEpros to the transcriptomically similar ELC-D3.5 and HSLC-D7 stages of in vitro differentiation. ¢, Diffusion
pseudotime confirming the specification of foetal-like HSLCs and ELCs from their common bipotent progenitor. d, UMAP visualizations showing the
co-expression of key mesenchymal and endothelial markers such as CDX1, PDGFRB and KDR during the in vitro SEpro stage, followed by upregulation of
lineage-specific markers and loss of co-expression. e, QPCR analyses of hiPSC differentiated first toward endothelial cells, then transitioned into culture
conditions to specify hepatic stellate cells upon reaching the bipotential SEpro stage. These gPCR analyses show the acquisition of hepatic stellate cells
markers and f, the loss of endothelial markers (n=2 independent cell lines). Data are presented as mean values + /- SEM. Feature plot colour scales show
“gene expression [log-normalized, scaled counts]".
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Characterisation of progenitor hepatoblast organoids and their unique developmental identity. a, Representative brightfield
image of HBO; scale bar = 200 um. b, Total number of cells per well averaged over three HBO lines at days 1, 4 and 8 post-passage (n=5). ¢, QPCR
analyses confirming the expression of key hepatoblast markers in HBO. Gene expression is shown as values relative to housekeeping gene RPLPO. Each
dot represents a biological replicate; HBO: ALB, SERPINA1, AFP (n=25: derived from n=9 primary foetal livers at progressive passages from 3 to 15);
HBO: KRT18 (n=14); primary foetal liver (PFL) (n=3); primary adult hepatocytes (PAH) (n=6). d, Fluorescence activated cell sorting (FACS) analysis

on HBO (passage 11) using antibodies to EPCAM (647) and A1AT (488) (left), and EPCAM (647) and AFP (488) (right). e, SCRNA-seq violin plots
comparing key functional markers of different stages of in vivo hepatocyte development (integrated scRNA-seq data from n=17 independent foetal livers
ranging in age from 5 to 17 post-conceptional weeks and n=16 independent adult livers) to in vitro hepatoblast organoids (n=2 cell lines), confirming
their similarity to the HB2 stage. f, PAGA connectivity analysis confirming the resemblance of HBO and HB2. g, TdTomato-positive cell grafts (red) were
identified in mouse fat (black, phase) upon explant of organoid tissues after 27 days of engraftment; scale bar = 20 um. h, Hematoxylin & Eosin staining
of explanted grafts showing nodules (right, 4 images) with cells that morphologically resembled either densely packed hepatocytes (left) or biliary ductal-
like structures (transverse section, right top; longitudinal section, right bottom); scale bars =100 um. i, Immunostaining of HBO and BO for albumin (ALB),
asialoglycoprotein receptor 1 (ASGR1), and cytokeratin-19 (KRT19); scale bars = 100 um. j, Concentration per litre of secreted proteins by HBO (n=5,
each line derived from an independent foetal liver) and DBO (n=2, each line derived from an independent foetal liver) after 48 hours of freshly applied
medium. Values are normalised to cell number (that is per million cells). k, SCRNA-seq violin plots highlighting the similarity in key hepatoblast functional
gene expression between HB2 and HBO, and their dissimilarity to the cholangiocytic BO and DBO cultures. I, Heatmap of the top 50 absolute loadings

in principal component one (32% variance) comparing DBO, FHO, HBO, PAH and PFH. Heatmap colour scales show “gene expression [log-normalized,
scaled counts]”. Data are presented as mean values + /- SEM; unpaired two-tailed t-tests.
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Extended Data Fig. 4 | Identifying dynamic intercellular interactions during development that enable hepatocyte differentiation in the human liver.

a, CellphoneDB analysis of hepatocytes receptors-ligand interactions with cholangiocytes, endothelial cells, hepatocytes, Kupffer cells and stellate

cells across all developmental timepoints. These dynamic, temporal interactions with the nonparenchymal cells establish the hepatoblast/hepatocyte
developmental extracellular environment. The Y-axis shows ligand-receptor/receptor-ligand interactions, with the hepatocyte protein listed first in the
pair; x-axis shows developmental time of each interacting cell type; intensity shows log2 mean of interacting molecules; size of dot shows -log10(P) values
(n=16 independent foetal livers ranging in age from 5 to 17 post-conceptional weeks and n=16 independent adult livers). b, RNAScope images showing
DES + hepatic stellate cells expressing DKK1 which interacts with the LRP5 receptor on EPCAM + hepatoblasts (left panel). RNAScope images also reveal
hepatoblasts expressing WNT4 and stellate cells expressing WNT2B, which is necessary for the proliferation and expansion of the early foetal liver
hepatoblasts (right panel); scale bars = 50 um. ¢, RNAScope images including DAPI nuclear stain to visualise the co-expression of markers demonstrated
by the RNAScope images in Fig. 5; scale bars = 50 um. d, RNAScope of entire human foetal liver tissue sections, both without (top row) and with (bottom
row) DAPI nuclear staining; thus demonstrating the tissue architecture and validity of selected RNAScope imagines in Fig. 5; scale bars = Tmm.
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Extended Data Fig. 5 | Comparison of hPSC-derived liver cell types to their primary counterparts during human liver development. a, PCA plot of
HLC diffusion map alignment to primary hepatoblast/hepatocyte development, validating the similarity of D14 HLC to HB2 shown in Fig. 7. b, PAGA
connectivity plots and connectivity values comparing HLC timepoints to primary developmental timepoints/stages, confirming the similarity of the
differentiation state of HLCs at day 14 (D14) to primary HB2. ¢, PCA plot of cholangiocyte-like cell (CLC) differentiation timepoints (top) and pseudotime
(bottom) with 0.0 being the earliest pseudo-timepoint and 1.0 being the latest for all pseudotime analyses. Alignment of CLCs differentiation time
course (n=4 sequential timepoints) to primary cholangiocyte development (right), revealing the divergence of in vitro and in vivo differentiation at an
early timepoint explaining the inability of CLCs to fully resemble primary adult cells. d, PCA plot of endothelial-like cells (ELC) differentiation timepoints
(top) and pseudotime (bottom). Alignment of ELC differentiation time course (n=3 sequential timepoints) to primary endothelial cell development
(right) revealing the divergence of in vitro and in vivo differentiation at an early timepoint. e, PCA plot of hepatic stellate-like cell (HSLCs) differentiation
timepoints (top) and pseudotime (bottom). Alignment of HSLCs differentiation time course (n=4 sequential timepoints) to primary hepatic stellate
cell development (right) revealing the divergence of in vitro and in vivo differentiation at an early timepoint. f, PCA plot of macrophage-like cell (MLC)
differentiation timepoints (top) and pseudotime (bottom). Alignment of MLC differentiation time course (n=3 sequential timepoints) to primary
Kupffer cell development (right) revealing the divergence of in vitro and in vivo differentiation at an early timepoint. Dpt pseudotime colour scale shows
“geodesic distance [distance between nodes]”; cell alignment plot red colour shows regions of misalignment/dissimilarity, blue colour shows regions of
close alignment/similarity. Sequential hPSC differentiation timepoints integrate scRNA-seq data from one replicate per timepoint; plots of primary liver
development integrate scRNA-seq data from n=16 independent foetal livers ranging in age from 5 to 17 post-conceptional weeks.
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Extended Data Fig. 6 | Improving in vitro functionality of hPSC-derived hepatocytes using the human liver developmental map. a, QPCR analyses
showing the expression of transcription factors known to affect hepatocyte maturation in adult (n=3) and foetal (n=3, 6-10 PCW) human liver as well as
b, factors identified from the scRNA-seq human liver development map (full lists included in Source Data). €, UMAP visualization of transcription factors
identified in Fig. 7 during all stages of hepatocyte development annotated in Fig. 1 (integrated scRNA-seq data from n=17 independent foetal livers ranging
in age from 5 to 17 post-conceptional weeks and n=16 independent adult livers). Note that NFIX and NFIA are expressed at low levels in foetal stages and
reach a maximum in adult hepatocytes. Colour scale shows “gene expression [log-normalized, scaled counts]”. d, t-SNE visualization of hPSC-derived
hepatocytes transduced with selected transcription factors (TFs) or day 23 (D23) GFP control (top). Unique, separate Louvain clusters signify differences
in expression profile among transduced cells compared to the GFP control (bottom) (n=1sample sequenced per transduction). e, Pathway enrichment of
top 150 DEGs comparing transduced HLCs to D23 GFP control for NFIA (top) and NFIX (bottom) using the NCATS BioPlanet pathway database. Feature
plot colour scales show “gene expression [log-normalized, scaled counts]”. Data are presented as mean values + /- SEM; unpaired two-tailed t-tests.
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Extended Data Fig. 7 | Validating the maturation of in vitro derived hepatocytes using an inducible expression culture system. a, Schematic of the
experimental design for doxycycline (DOX) induction of key transcription factors during hepatocyte-like cell differentiation from hPSCs. HiPSC cells

were edited to include the transcription factor in an inducible cassette, which was upregulated at day 15 of differentiation using DOX and continued to be
expressed until day 23 when the HLCs were assays for maturation via gPCR; created with BioRender.com. b, QPCR analysis showing expression of NFIX,
NFIA or CAR by day 23 hepatocyte-like cells (HLCs) that were induced to express their respective transcription factors since day 15 of differentiation
using a doxycycline-inducible expression system (n>3). The induced expression levels are compared to primary foetal and adult human liver, showing that
expression is within physiological bounds. ¢, In addition to the increase in mature albumin expression and the decrease of foetal AFP expression, gPCR
shows the increase in a wide array of functional and metabolic hepatocyte markers, thus, indicating maturation due to temporally-relevant expression of
key transcription factors (n=6). Data are presented as mean values + /- SEM; Mann-Whitney unpaired two-tailed t-tests.
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Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
Q

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|Z| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name, describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

O 0O Ooo ol

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OO0 X X XX X

X X X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection The |0X single cell sequencing data were mapped with the Cell ranger program (version 2.0.2)15 to the reference 'refdata-cellranger-
GRCh38-1.2.0', which is the human genome 'GRCh38' downloaded from (https://support.lOxgenomics.com/single-cell-gene-expression/
software/downloads/latest). Reads for each sample were first imported into an 'AnnData' object (https://anndata.readthedocs.io/en/
latest/ index.html) in the SCANPY30 framework, count matrices were then concatenated into a total matrix of 273,033 cells and 33,694
genes.

Data analysis All packages used throughout the computational analyses:
Scanpy (vl.4), Anndata (v0.6.18), Numpy (vI.15.4), Scipy (vI.1.0), Pandas (v0.25.1), Scikit-learn (v0.21.3), Statsmodels (v0.10.1), Python-
igraph (v0.7.1), Louvain (v0.6.1), CellphoneDB (V2.0.0)
R (v3.5.0), dplyr (v0.8.0.1), RColorBrewer (vl.1-2), pheatmap (vI.0.12), reshape2 (vl.4.3), ggplot2 (v3.1.1), cellAlign (v0.1.0), packrat
(v0.5.0)
Read counts were log-normalised in the SCAN PY framework using total count normalisation (scaling factor 10,000). Highly variable genes
were selected for downstream analysis based on their normalised dispersion, obtained by scaling with the mean and standard deviation
of the dispersions for genes falling into a given bin for mean expression of genes ('highly_variable_genes' routine in SCANPY). Technical
variation was regressed out using a linear regression model ('regress_out' function from the python package of 'NaiveDE'), which allows
the user to specify wanted variance when cell types or stages are known. Alternatively, the 'COMBAT' function from the svaseq package
could have been equivalently used. Regressed values were scaled by maintaining the default maximum value of 10 for each gene
expression in each cell ('scale' routine in SCANPY).
Clusters were detected by applying the graph-based, community detection method 'Louvain'. Annotation of clusters was based on the
expression of known markers. Since Louvain clustering does not necessarily correlate with biologically meaningful clusters and can over-
cluster cells associated with the same cell type, clusters with the same annotation were merged. Principal Component Analysis (PCA), t-
Distributed Stochastic Neighbor Embedding (tSNE) and Uniform Manifold Approximation and Projection (UMAP) plots were calculated
with the SCAN PY routines.

Transcriptional similarity among stages was quantified and visualised using the method: Partition-Based Graph Abstraction (PAGA). PAGA
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generates a graph-like map of cells based on estimated connectivities which preserves both the continuous and disconnected structure
of the data at multiple resolutions. In a PAGA graph, nodes correspond to cell groups and edge weights quantify the connectivity
between groups. Such weights represent the confidence in the presence of an actual connection by allowing discarding spurious, noise-
related connections. The highest the connectivity values, the highest the confidence of a connection. In our PAGA graphs, we used
connectivity estimates to analyse the relative similarity among stages.

Time-related genes were selected as markers in collection time (Wilcoxon-Rank-Sum test, z-score>|0). Diffusion pseudo-time of time-
related genes was derived using the DPT46 routine implemented in SCAN PY. Comparison of pseudo-temporal trajectories was
performed within the cellAlign 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 pseudo-time both in hiPSCs
and primary cell types. Cells whose distances were lower than a 0.25 quantile threshold were annotated as aligned in Fig. 7.

The significance of cellular interactions between cell types was calculated with a publicly available repository of curated receptors,
ligands and their interactions (CellPhoneDB48, 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).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All data generated by this study is available for visualization through our online portal: https://collections.cellatlas.io/liver-development

Source Data files include complete lists of outputs from all computational analyses and parameters used for each specific analysis used throughout the main figures
and extended data figures. The Supplementary Tables list all markers used to annotate cell type lineages (Fig. 1). Fig. 1 Source Data annotates all differentially
expressed genes (DEGs) and gene ontology (GO) terms for the 5 hepatoblast/hepatocyte developmental stages discovered in this study using single-cell RNA
sequencing (scRNA-seq) (Fig. 1d,e; Extended Data Fig. 1). Fig. 2 Source Data annotates all DEGs and GO terms for other primary human liver cell types discussed in
this study: cholangiocytes, hepatic stellate cells, endothelial cells and Kupffer cells (Fig. 2). Fig. 3 Source Data shows the DEG and the cell clustering corresponding to
the pseudotemporal specification of the stellate-endothelial progenitor cells (SEpro) toward endothelial and hepatic stellate lineages (Fig. 3). Validation of this
finding was performed by generating this stellate-endothelial progenitor in vitro and differentiating this cell population into hepatic stellate-like cells (Extended Data
Fig. 2). Fig. 4 Source Data shows the DEG comparison of hepatoblast organoids generated in vitro (HBOs) to the in vivo developmental stages to hepatoblasts to
hepatocytes, thus confirming their similarity to the bipotential progenitor stem cells in the developing liver (Fig. 4). HBOs were differentiated toward hepatocytes in
vitro, and the scRNA-seq DEG analyses comparing the transcriptomes of these differentiated organoids to the primary hepatocyte developmental stages are
annotated in Fig. 5 Source Data (Fig. 5). Similarly, confirming the bipotentiality of these cells, they were differentiated in vitro toward cholangiocytes, with scRNA-
seq DEG analyses comparing these differentiated cells to their primary counterparts annotated in Fig. 5 Source Data (Fig. 5). These complete differentially expressed
gene lists show how the HBOs progress toward either hepatocytes or cholangiocytes by decreasing their similarities to the primary hepatoblasts and increasing their
transcriptomic similarities to the mature lineages. Source Data Fig. 6 provides all interactions calculated from CellPhoneDB, with an emphasis on how each cell type
interactions with the developing hepatocyte throughout liver organogenesis (Fig. 6, Extended Data Fig. 4). Fig. 6 Source Data also annotates ORA pathway
enrichment using the Reactome database (www.reactome.org) for all interactions calculated using CellPhoneDB. The in-depth pairwise DEG characterisation of
human pluripotent stem cell-derived (hPSC-derived) hepatocytes at each stage of differentiation, and the comparison of this differentiation timecourse to the
developmental path of primary hepatocytes is annotated in Fig. 7 Source Data (Fig. 7 and Extended Data Fig. 5). The DEGs associated with each stage of hPSC
differentiation for the other liver cell lineages are annotated in full in Fig. 7 Source Data. DEG analyses of hPSC-derived hepatocytes that have been transduced with
key transcription factors and profiled using scRNA-sequencing are annotated in Fig. 7 Source Data (Fig. 7 and Extended Data Fig. 6).

Extended Data Fig. 2 Source Data and Extended Data Fig. 3 Source Data annotate the data used to generate the bar plots in these respective figures. Extended Data
Fig. 5 Source Data catalogues the DEGs associated with each stage of hPSC differentiation toward the cholangiocyte, hepatic stellate cell, endothelial cell and
macrophage lineages. This comprises a characterization of these hiPSC differentiation timecourses, which was then used to align the pseudotemporal lineages with
the developmental timecourses of their respective primary human liver cell types. Extended Data Fig. 6 Source Data shows the gPCR data for the comparison of
transcription factor expression levels between primary adult human liver to primary human fetal liver. Extended Data Fig. 7 Source Data shows the gPCR data for
the maturation of HLCs by overexpressing temporally-specific transcription factors using an inducible system

The Supplementary Tables describes the antibodies used for histology and immunochemistry, the probes used for RNAScopy and all media compositions used to
differentiate and upkeep cells in culture for this study. The Supplementary Tables also annotate all primers used for gPCR experiments including the comparison of
adult human liver to fetal human liver and hepatocyte-like cells on day 23 of differentiation, the characterisation of the hepatoblast organoids and their
differentiation into hepatocyte and cholangiocyte lineages, and the validation of novel transcription factors essential to the maturation of hPSC-derived hepatocytes
in vitro.

All raw single-cell RNA sequencing data has been deposited to ArrayExpress under accession E-MTAB-8210. Fetal liver sequencing data has been deposited to
ArrayExpress under accession E-MTAB-7189. Fetal liver sequencing data from Popescu et al. has been deposited to ArrayExpress under accession E-MTAB-7407.
Adult liver sequencing data from MacParland et al. and Ramachandran et al. have been deposited to NCBI GEO under accession GSE115469 and GSE136103,
respectively. All additional raw numerical source data presented in plots and graphs in this study are found in the Source Data files.

CellPhoneDB is available at www.CellPhoneDB.org, along with lists of ligands and receptors and heteromeric complexes.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was determined based on previous literature and information from the Human Cell Atlas white paper (www.humancellatlas.org/
news/13); no independent statistical models were used to determine sample size.

o]
Q
—t
c
=
D
=
(D
w
D
QO
=
(@)
o
=
D
O
O
=
s
=)
(e}
w
c
3
Q
=
=

Data exclusions | Exclusion of data in computational and downstream analyses is described in Methods, with all raw data uploaded to ArrayExpress. As per
standard single-cell RNA sequencing quality control parameters, we excluded cells based on high mitochondrial percentage, algorithms and
high and low number of genes and counts, and doublet detection algorithms: 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: Doubletdetection and Scrublet.

Specific datasets were subset during analyses to include only relevant cells (desired cell types for primary data, on-target differentiation for
hPSC-derived cells as shown in the Extended Data Figs. and successfully transduced cells for overexpression experiments in hPSC-derived
cells).

Replication This study includes scRNA-sequencing data from a total of n=19 human adult livers and n=15 human fetal livers of both male and female
origin to capture all of the relevant cell types and minimize patient background variation. Here, no further attempts at replication were made,
and all data were included.

Randomization  Adult liver that were rejected for transplant were compared against patient data and assessed to be healthy. Fetal liver samples were healthy.
No randomization was performed. The background of the individuals that consented for research is anonymous to the researchers, and as
such, all samples were only identified through numerical identification. All eligible participants for research were made available to
researchers, with no other factors available to facilitate a decision process that could introduce bias.

Blinding Blinding to the origin of the tissue was not possible, as the tissue was provided by the Cambridge Biorepository for Translational Medicine

(CBTM) from deceased adult donors. Blinding was not possible for cell lines nor for data received from collaborating groups. Tissue was
handled systematically in a similar manner based on source/age.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChIP-seq
Eukaryotic cell lines |:| Flow cytometry
|:| Palaeontology |Z |:| MRI-based neuroimaging

|Z Animals and other organisms
|Z Human research participants

|:| Clinical data

ROOXROOS

Antibodies

Antibodies used All antibodies are listed in detail in Supplementary Table 22.
Anti-SPINK1 antibody [EPR17585-116] SPINK1 Hepatoblast Rb 1:200 IHC-P Abcam ab207302
Anti-Hemopexin antibody [EPR5610] HPX Hepatocyte Rb 1:100-1:250 ICC/IF, IHC-P Abcam ab124935
Anti-C3 antibody C3 Hepatocyte Rb 1:100-1:1000 ICC/IF, IHC-P Abcam ab97462
Anti-AKR1C1 antibody AKR1C1 Hepatocyte Rb 7.5 ug/ml IHC-P Abcam ab192785
Anti-GSTA1 antibody GSTA1 Hepatocyte Go 1:1000 ICC/IF, IHC-P Abcam ab53940
Anti-Cytokeratin 7 antibody KRT7 Cholangiocyte Rb 1:200 IHC-P, ICC Abcam ab68459
Anti-Cytokeratin 19 antibody KRT19 Cholangiocyte Mo 1:200 IHC-P/Fr, ICC Abcam ab7754
Anti-a1-AT SERPINA1 Hepatocyte Rb NA IHC-P Dako A0012
Ansti-CD31 PECAM1 Endothelial Mo NA IHC-P Leica PA0414




Validation

Anti-CD45 PTPRC Immune cells Mo NA IHC-P Dako M070101

Anti-CD68 K CD68 Macrophage/Kupffer Mo NA IHC-P Dako M081401

Anti-CK8/18 KRT8/18 Hepatocyte Mo NA IHC-P Leica PAOO67

Anti-CK19 KRT19 Cholangiocyte Mo NA IHC-P Leica PAO799

Anti-Human hepatocyte NA Hepatocyte Mo NA IHC-P Dako M715801

Anti-Vimentin VIM Mesenchyme Mo NA IHC-P Dako M702001

Albumin ALB Hepatoblast/Hepatocyte Go 1:100 IHC/IF Bethyl A50-103A
Alpha-1-Antitrypsin SERPINA1 Hepatoblast/Hepatocyte Rb 1:100 IHC/IF Dako AA0O012
Alpha-Fetoprotein AFP Hepatoblast Rb 1:100 IHC/IF Dako GA500

Arginase 1 ARG1 Hepatocyte Rb 1:400 IHC/IF Sigma-Aldrich SAB5500008
Cytokeratin-18 KRT18 Hepatocyte/cholangiocyte Mo 1:25 IHC/IF Dako GA618
hepatocyte nuclear factor-4-alpha HNF4A Hepatoblast/hepatocyte Mo 1:100 IHC/IF R & D systems PP-H1415-00
SRY-box transcription factor 9 SOX9 cholangiocyte Rb 1:100 IHC/IF Abcam ab185230

SECONDARY ANTIBODIES:
Secondary Antibodies

Goat anti-Mouse 1gG1 Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 568. ThermoFisher. Ref: Ham DJ et al., Distinct and
additive effects of calorie restriction and rapamycin in aging skeletal muscle. Nat Commun. 2022 Apr 19;13(1):2025. doi:
10.1038/541467-022-29714-6.

Goat anti-Mouse 1gG2a Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488. ThermoFisher. Ref: Liao CC, Chiu CJ, Yang YH,
Chiang BL. Neonatal lung-derived SSEA-1+ cells exhibited distinct stem/progenitor characteristics and organoid developmental
potential. iScience. 2022 Apr 16;25(5):104262. doi: 10.1016/j.isci.2022.104262. PMID: 35521516; PMCID: PMC9062680.

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488. ThermoFisher. Ref: Lee HJ, Jung DH, Kim NK,
Shin HK, Choi BT. Effects of electroacupuncture on the functionality of NG2-expressing cells in perilesional brain tissue of mice
following ischemic stroke. Neural Regen Res. 2022 Jul;17(7):1556-1565. doi: 10.4103/1673-5374.330611. PMID: 34916441;
PMCID: PMC8771106.

Donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488. ThermoFisher. Shue YT, Drainas AP, Li NY,
Pearsall SM, Morgan D, Sinnott-Armstrong N, Hipkins SQ, Coles GL, Lim JS, Oro AE, Simpson KL, Dive C, Sage J. A conserved YAP/
Notch/REST network controls the neuroendocrine cell fate in the lungs. Nat Commun. 2022 May 16;13(1):2690. doi: 10.1038/
s41467-022-30416-2. PMID: 35577801; PMCID: PMC9110333.

Donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 568. ThermoFisher. Ref: van Gurp L, Fodoulian L,
Oropeza D, Furuyama K, Bru-Tari E, Vu AN, Kaddis JS, Rodriguez |, Thorel F, Herrera PL. Generation of human islet cell type-
specific identity genesets. Nat Commun. 2022 Apr 19;13(1):2020. doi: 10.1038/s41467-022-29588-8. PMID: 35440614; PMCID:
PMC9019032.

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 568. ThermoFisher. Ref: Yan M, Yu W, Lv
Q,LvQ,BoT, ChenX, LiuY, ZhanY, Yan S, Shen X, Yang B, Hu Q, Yu J, Qiu Z, Feng Y, Zhang XY, Wang H, Xu F, Wang Z. Mapping
brain-wide excitatory projectome of primate prefrontal cortex at submicron resolution and comparison with diffusion
tractography. Elife. 2022 May 20;11:e72534. doi: 10.7554/elife.72534. PMID: 35593765; PMCID: PMC9122499.

Donkey anti-Sheep IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 568. ThermoFisher. Ref: Nabi D, Drechsler H,
Pschirer J, Korn F, Schuler N, Diez S, Jessberger R, Chacon M. CENP-V is required for proper chromosome segregation through
interaction with spindle microtubules in mouse oocytes. Nat Commun. 2021 Nov 11;12(1):6547. doi: 10.1038/
s41467-021-26826-3. PMID: 34764261; PMCID: PMC8586017.

Donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 647. ThermoFisher. Ref: Wells KM et al., Brucella
activates the host RIDD pathway to subvert BLOS1-directed immune defense. Elife. 2022 May 19;11:€73625. doi: 10.7554/
elife.73625. PMID: 35587649; PMCID: PMC9119680.

Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 647. ThermoFisher. Samanta MK, Gayen
S, Harris C, Maclary E, Murata-Nakamura Y, Malcore RM, Porter RS, Garay PM, Vallianatos CN, Samollow PB, lwase S, Kalantry S.
Activation of Xist by an evolutionarily conserved function of KDM5C demethylase. Nat Commun. 2022 May 11;13(1):2602. doi:
10.1038/541467-022-30352-1. PMID: 35545632; PMCID: PMC9095838.

Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 568. ThermoFisher. Mike JK, Wu KY,
White Y, Pathipati P, Ndjamen B, Hutchings RS, Losser C, Vento C, Arellano K, Vanhatalo O, Ostrin S, Windsor C, Ha J, Alhassen Z,
Goudy BD, Vali P, Lakshminrusimha S, Gobburu JV, Long-Boyle J, Chen P, Wu YW, Fineman JR, Ferriero DM, Maltepe E. Defining
longer term outcomes in an ovine model of moderate perinatal hypoxia-ischemia. Dev Neurosci. 2022 May 19. doi:
10.1159/000525150. Epub ahead of print. PMID: 35588703.

All antibodies used are commercially available and were validated by the manufacturer for use in human primary tissue
histology. As required, antibodies were validated against negative controls.

Validation:
Anti-SPINK1/P12 antibody [EPR17585-116] - Produced recombinantly (animal-free) for high batch-to-batch consistency and long
term security of supply. Manufacturer positive control validation: Human pancreas and hepatocellular carcinoma tissues.
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Eukaryotic cell lines

anti-Hemopexin antibody [EPR5610] Ref: Canesin G et al. Scavenging of Labile Heme by Hemopexin Is a Key Checkpoint in
Cancer Growth and Metastases. Cell Rep 32:108181 (2020).. Synthetic peptide within Human Hemopexin aa 400-500. The exact
sequence is proprietary. Manufacturer positive control validation: Human liver tissue.

Anti C3 Ref: Young AMH et al. A map of transcriptional heterogeneity and regulatory variation in human microglia. Nat Genet
53:861-868 (2021).

Anti AKR Ref: Nie J et al. A Novel Ferroptosis Related Gene Signature for Prognosis Prediction in Patients With Colon Cancer.
Front Oncol 11:654076 (2021).

GSTA
Ref: Liu C et al. MiR-144-3p promotes the tumor growth and metastasis of papillary thyroid carcinoma by targeting paired box
gene 8. Cancer Cell Int 18:54 (2018). WB, IHC-P ; Human .

KRT7 Ref: Chen H et al. Potential role of FoxO3a in the regulation of trophoblast development and pregnancy complications. J
Cell Mol Med 25:4363-4372 (2021).

KRT19: Ref: Chumduri C et al. Opposing Wnt signals regulate cervical squamocolumnar homeostasis and emergence of
metaplasia. Nat Cell Biol 23:184-197 (2021).

A1AT: ref: Clausen PP. Immunohistochemical demonstration of alpha-1-antitrypsin in liver tissue. A methodological investigation.

Acta path microbiol scand Sect A 1980,88:299-306.

PECAM1.: Validated by manufacturer (Leica) using human lymphoma tissue (membrane staining of endothelial cells) R—images
available at manufacturer’s website

Anti-CD45 Validated by manufacturer (Agilent, Dako) using tonsillar tissue —images available at manufacturer’s website.
Anti-CD68 - Validated by manufacturer (Agilent, Dako) using tonsillar tissue —images available at manufacturer’s website.
Anti-CK8/18 - Validated by manufacturer (Leica) using colon mucosa cells —images available at manufacturer’s website.
Anti-CK19 - Validated by manufacturer (Leica) using rectal adenocarcinoma —images available at manufacturer’s website.

Anti-human hepatocyte Ref: 1. Minervini MI, Demetris AJ, Lee RG, Carr Bl, Madariaga J, Nalesnik MA. Utilization of hepatocyte-
specific antibody in the immunocytochemical evaluation of liver tumors. Mod Pathol 1997,10:686-92.

Anti-VIM: Validated by manufacturer (Agilent, Dako) using primary liver tissue —images available at manufacturer’s website.

A1AT Ref: 1. Clausen PP. Immunohistochemical demonstration of alpha-1-antitrypsin in liver tissue. A methodological
investigation. Acta path microbiol scand Sect A 1980,88:299-306.

AFP: Validated by manufacturer (Agilent, Dako) using embryonal carcinoma — images available at manufacturer’s website.
AFP: Validated by manufacturer (Sigma Aldrich) using hepatocellular carcinoma — images available at manufacturer’s website.

KRT18 Ref: Lee, J. H., Lee, S., et al.. Human Liver Stem Cell Transplantation Alleviates Liver Fibrosis in a Rat Model of CCl4-
Induced Liver Fibrosis. International Journal of Stem Cells. 30 November 2021

HNF4a. Ref: SH Lee, V Veeriah, F Levine. Liver fat storage is controlled by HNF4-alpha through induction of lipophagy and is
reversed by a potent HNF4-alpha agonist.
Cell Death & Disease, 2021;12(6):603.

SOX9 — Ref: Russell JP, Lim X, Santambrogio A, Yianni V, Kemkem Y, Wang B, Fish M, Haston S, Grabek A, Hallang S, Lodge EJ,
Patist AL, Schedl A, Mollard P, Nusse R, Andoniadou CL. Pituitary stem cells produce paracrine WNT signals to control the
expansion of their descendant progenitor cells. Elife. 2021 Jan 5;10:€59142.

Policy information about cell lines

Cell line source(s)

Authentication

CA1ATD - published in Yusa & Rashid et al., 2011

FSPS13B - Wellcome Sanger Institute HipSci initiative, UK

YEMZ - Wellcome Sanger Institute HipSci initiative, UK

KOLF - Wellcome Sanger Institute HipSci initiative, UK

HEK 293T - ATCC (CRL-11268)

HUVEC - Lonza (C2519A)

Human fetal hepatoblast - University of Cambridge, UK (see below)

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.

Genotyping, morphology, and pluripotent ability to differentiate into 3 germ lineages.
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Mycoplasma contamination All cell lines were tested for mycoplasma and found negative.

Commonly misidentified lines  No commonly misidentified cell lines were used in the study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Female FRGN (Fah-/-, Rag2-/-, 112rg-/-, NOD) mice aged 12-20 weeks old (Yecuris).
Mice were kept in 16h light/24h , temperature 20-25.52C, and humidity 30-70%.
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Wild animals No wild animals were used in this study.
Field-collected samples No field collected samples were used in the study.
Ethics oversight 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-/-, ll2rg-/-, on a NOD background) mice aged 14 to 18-weeks
were used for implant procedures.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Adult liver samples were collected from deceased, declined transplant patients that were screened for infection and free of liver
disease (healthy). All fetal liver samples were collected from elective terminations and ranged from 5-17 post-conceptional
weeks (PCA) in age. All samples used, and their accession numbers, are provided in Extended Data Fig. 2c. All clinical
characteristics for these patients are included in the respective repositories.

Recruitment Human adult liver samples were obtained from deceased organ donors declined for transplant from the Cambridge
Biorepository for Translational Medicine (CBTM) at Addenbrooke's Hospital, Cambridge. Human fetal liver samples were
obtained from patients undergoing elective terminations at Addenbrooke's Hospital, Cambridge (REC-96/085)

Ethics oversight Primary human adult liver samples were obtained from deceased transplant organ donors (National Research Ethics Committee
East of England — Cambridge South 15/EE/0152) following consent by family following organ donation procedure. Primary
human adult liver biopsies were collected from living patients under ethical consent to be used in research (North West - Preston
Research Ethics Committee 14/NW/1146) following informed consent by the patient. Primary human fetal liver tissue was
obtained from patients undergoing elective terminations (East of England - Cambridge Central Research Ethics Committee,
REC-96/085) after informed consent. Detailed information was provided on the objective of the research. Ethical approval covers
the use of liver tissues for research and follow the UK rules for the use of human foetal tissues which exclude compensation for
tissue donation. All human tissue was used after obtaining informed consent for use in research following the organ
transplantation procedure.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Adult liver tissue or in vitro organoids were dissociated as described in Methods. Adult liver tissue was collected from deceased
transplant organ donors and dissociated using enzymatic and mechanical means to obtain hepatocyte and nonparenchymal
single-cell populations, whilst in vitro organoids were removed from matrigel using cell recovery solution and dissociated using
TrypLE enzymatic digestion. Each fraction was pelleted by centrifuging at 350 x g for 3 mins, resuspended in PBS + 1% w/v BSA,
and centrifuged again at 350 x g for 3 mins to pellet. The cells were resuspended in FIX & PERM solution (ThermoFisher GAS003),
incubated for 20 mins at room temperature in the dark and subsequently centrifuged at 350 x g for 3 mins. The cells were
washed twice using PBS + 1% w/v BSA and a third time using PERM & WASH solution. After the third wash, the cells were




Instrument
Software

Cell population abundance

Gating strategy

pelleted by centrifuging at 350 x g for 3 mins and resuspended in 1:100 of primary antibody diluted in PERM & WASH. The
primary antibody was incubated on the cells 1 hr to overnight and washed 3 times with PERM & WASH. The secondary
antibodies were diluted 1:1,000 in PERM & WASH and used to resuspend the cell fractions. After 1 hour of incubation at room
temperature in the dark, the cells were washed 3 times in PERM & WASH and resuspended in PBS for flow cytometry analysis.

Flow cytometry was performed on the Beckman Coulter CyAn ADP instrument.
FlowlJo (v10.4.2)

The abundance of EPCAM+/A1AT+ and EPCAM+/AFP+ cells for single-cell RNA sequencing and in vitro organoid formation was

determined from the FACS sorting, with the total population of cells counted after the sort. The purity of each suspensions was
determined through propagation of the organoid cultures and subsequent QPCR and IF validations. Single-cell RNA sequencing
also confirmed the effectiveness of isolating these populations.

For all flow experiments, cells were identified from cellular debris based on the FSC/SSC plot and singlets were discriminated
from doublets by gating the lower population on the pulse width axis (FSC-W). The expression of EPCAM, A1AT and AFP was
determined by staining with the indicated antibodies. The voltages and gates for this analysis were set according to cells stained
with the respective secondary antibodies alone. All EPCAM+ stained cells were used for single-cell RNA sequencing, to ensure
that the resulting data was representative of the entire EPCAM+ fraction of the liver (primarily consisting of hepatoblasts).
Quadrant gating for EPCAM+/A1AT+ and EPCAM+/AFP+, as to include all cells both positively and negatively stained, are shown
in Supplementary Fig. 3d.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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