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Theliver has aunique ability to regenerate'? however, in the setting of acute liver

failure (ALF), this regenerative capacity is often overwhelmed, leaving emergency
liver transplantation as the only curative option®>. Here, to advance understanding
of human liver regeneration, we use paired single-nucleus RNA sequencing combined
with spatial profiling of healthy and ALF explant human livers to generate a single-cell,
pan-lineage atlas of human liver regeneration. We uncover a novel ANXA2" migratory
hepatocyte subpopulation, which emerges during human liver regeneration,and a
corollary subpopulationinamouse model of acetaminophen (APAP)-induced liver
regeneration. Interrogation of necrotic wound closure and hepatocyte proliferation
across multiple timepoints following APAP-induced liver injury in mice demonstrates
that wound closure precedes hepatocyte proliferation. Four-dimensional intravital
imaging of APAP-induced mouse liver injury identifies motile hepatocytes at the

edge of the necrotic area, enabling collective migration of the hepatocyte sheet to
effect wound closure. Depletion of hepatocyte ANXA2 reduces hepatocyte growth
factor-induced human and mouse hepatocyte migrationin vitro, and abrogates
necrotic wound closure following APAP-induced mouse liver injury. Together, our
work dissects unanticipated aspects of liver regeneration, demonstrating an
uncoupling of wound closure and hepatocyte proliferation and uncovering a novel
migratory hepatocyte subpopulation that mediates wound closure following liver
injury. Therapies designed to promote rapid reconstitution of normal hepatic
microarchitecture and reparation of the gut-liver barrier may advance new areas of
therapeutic discovery in regenerative medicine.

ALF isasyndrome of severe liver injury in the absence of chronic liver
disease®”. ALF is often unexpected, affecting previously healthy indi-
viduals, and has a rapid onset with a frequently fatal outcome (30%
mortality)®. The major causes of ALF in the UK and the USA are APAP
(paracetamol) toxicity, non-A-E hepatitis, ischaemia, drug-induced
liver injury, hepatitis B virus and autoimmunity, with APAP toxicity
representing the most common cause in the UK (65.4% of cases) and the
USA (45.7%). By contrast, viral hepatitis A, Band E are the main causes

of ALFin Asia®. Insevere cases of ALF, emergency liver transplantation
remains the only curative option. Therefore, effective pro-regenerative
therapies, designed to harness and augment the inherent regenerative
and reparative capacity of the liver, are urgently required.
Recentsingle-cellhumanliver studies have largely focused on chronic
liver disease rather than ALF, with emphasis on non-parenchymal cell
populations”®. Hepatocytes, the major parenchymal (epithelial) com-
ponent of the liver accounting for approximately 80% of its mass,

'Centre for Inflammation Research, Institute for Regeneration and Repair, University of Edinburgh, Edinburgh, UK. 2MRC Institute of Genetics and Cancer, University of Edinburgh, Edinburgh,
UK. ®School of Informatics, University of Edinburgh, Edinburgh, UK. “Cancer Research UK Beatson Institute, Glasgow, UK. *University Department of Clinical Surgery, University of Edinburgh,
Edinburgh, UK. °Edinburgh Transplant Centre, Royal Infirmary of Edinburgh, Edinburgh, UK. "Division of Transplant Surgery, CLINTEC, Karolinska Institutet, Stockholm, Sweden. ®The Alan Turing
Institute, London, UK. °Cancer Research UK Edinburgh Centre, Institute of Genetics and Cancer, University of Edinburgh, Edinburgh, UK. “Institute for Liver and Digestive Health, University
College London, London, UK. "Department of Cellular Pathology, Royal Free London NHS Foundation Trust, London, UK. UCL Cancer Institute, University College London, London, UK.
BEuropean Foundation for the Study of Chronic Liver Failure, Barcelona, Spain. “Department of Hepatology, University of Edinburgh and Scottish Liver Transplant Unit, Royal Infirmary of
Edinburgh, Edinburgh, UK. ®Department of Internal Medicine, University of Texas, Southwestern Medical Center, Dallas, TX, USA. "®Early Cancer Institute, University of Cambridge, Cambridge,
UK. "Department of Medicine, University of Cambridge, Cambridge, UK. ®NIHR Birmingham Biomedical Research Centre, University Hospitals Birmingham NHS Foundation Trust and University
of Birmingham, Birmingham, UK. *Institute of Immunology and Immunotherapy, University of Birmingham, Birmingham, UK. 2°Cancer Research UK Cambridge Institute, University of
Cambridge, Cambridge, UK. ?’European Molecular Biology Laboratory, European Bioinformatics Institute, Cambridge, UK. 2?Wellcome Genome Campus, Wellcome Sanger Institute,
Cambridge, UK. 2Department of Physics, Cavendish Laboratory, Cambridge, UK. %*School of Cancer Sciences, University of Glasgow, Glasgow, UK. ®MRC Human Genetics Unit, Institute of
Genetics and Cancer, University of Edinburgh, Edinburgh, UK. *These authors contributed equally: J. R. Wilson-Kanamori, J. R. Portman, C. A. Kapourani. ®e-mail: Neil.Henderson@ed.ac.uk

Nature | www.nature.com | 1


https://doi.org/10.1038/s41586-024-07376-2
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-024-07376-2&domain=pdf
mailto:Neil.Henderson@ed.ac.uk

Article

performavast array of vital metabolic and synthetic functions and are
therefore fundamental in the maintenance of normalliver function'®",
Hepatocyte replenishment can occur via conversion of cholangiocytes
during severe liver injury’®’; however, recent studies have demon-
strated that hepatocytes are primarily maintained by the proliferation
of pre-existing hepatocytes during liver homeostasis and regenera-
tion***, Despite major advances in our understanding of the modes
of hepatocytereplenishment during liver regeneration, akey question
remains regarding how the liver restores normal microarchitecture,
and hence gut-liver barrier function, following necro-inflammatory
liver injury.

Here, using a cross-species, integrative multimodal approach,
we investigated the cellular and molecular mechanisms regulating
liver regeneration. Our data define: (1) a single-cell, pan-lineage atlas
of human liver regeneration; (2) a novel ANXA2" migratory hepato-
cyte subpopulation that emerges during human liver regeneration;
(3) acorollary migratory hepatocyte subpopulationin APAP-induced
mouse liverinjury; (4) that wound closure precedes hepatocyte prolif-
eration during APAP-induced mouse liver injury; (5) motile hepatocytes
(assessed using 4D intravital imaging) at the edge of the necrotic area
of APAP-induced mouse liver injury enable collective migration of
the hepatocyte sheet to effect wound closure; and (6) that depletion
of hepatocyte ANXA2 expression reduces hepatocyte growth factor
(HGF)-induced human and mouse hepatocyte migration in vitro, and
abrogates necrotic wound closure following APAP-induced mouse
liverinjury.

Ourwork dissects unanticipated aspects of liver regeneration, dem-
onstrating an uncoupling of wound closure and hepatocyte prolifera-
tionand uncovering anovel migratory hepatocyte subpopulation that
mediates wound closure following liver injury.

Deconstructing human liver regeneration

Initially, we screened human liver explant samples from patients trans-
planted for multiple aetiologies of ALF (APAP-induced and non-A-E
hepatitis) and chronic liver disease including metabolic-associated ste-
atoticliver disease; non-alcoholic fatty liver disease; alcohol-induced,
primary biliary cholangitis; primary sclerosing cholangitis; and alco-
holic liver disease to investigate which human liver diseases exhibit
asubstantial hepatocyte proliferative response. Non-lesional liver
resected from patients undergoing surgical liver resection for solitary
colorectal metastasis without exposure to chemotherapy was used
as healthy control tissue. APAP-induced ALF (APAP-ALF) and non-A-E
hepatitis ALF (NAE-ALF) demonstrated markedly increased hepato-
cyte proliferation compared with healthy human liver and all chronic
human liver diseases examined (Fig. 1a); this increase in hepatocyte
proliferation showed no correlation with patient age (Extended Data
Fig.1a). We therefore focused on APAP-ALF and NAE-ALF in this study
of human liver regeneration.

Structurally, the healthy liveris divided into lobules, with each lobule
consisting of a central vein surrounded by portal tracts (each contain-
ing a portal vein, hepatic artery and bile duct; Fig. 1b, top). NAE-ALF,
adisease of unknown cause, results in massive necrosis of hepatocytes
across thelobule. By contrast, severe APAP poisoning can result in con-
fluent necrosis of hepatocytes (Extended Data Fig. 1b), extending out
from the peri-central vein region of the liver lobule (Fig. 1b, bottom).
Hepatocyte proliferation in human APAP-ALF was increased in the
peri-necrotic region (PNR) compared with the residual viable region
(RVR; Extended Data Fig. 1c).

To deconstruct human liver regeneration, we applied a multi-
modal approach (Fig. 1c) including single-nucleus RNA sequencing
(snRNA-seq), spatial transcriptomics and multiplex single-molecule
fluorescenceinsitu hybridization (multiplex smFISH). As transplanta-
tion for ALF is much less frequent than transplantation for chronicliver
disease, we sourced biobanked, frozenliver explant tissue samples from
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multiple liver transplant centres in the UK (Edinburgh, Birmingham
and Cambridge) and the USA (the Acute Liver Failure Study Group).

Toinvestigate potential disruption of zonationin humanliver regen-
eration, we spatially profiled liver samples from healthy participants
and patients with APAP-ALF (Supplementary Table 1). As expected,
spatial transcriptomics recapitulated hepatocyte and myofibroblast
topographyin APAP-ALF versus controls (Extended Data Fig.1d). Spa-
tial transcriptomics also showed increased cell cycling in APAP-ALF
versus controls (Extended DataFig. 1d), consistent with the previously
observed topography of hepatocyte proliferation in APAP-ALF using
immunofluorescence staining (Fig. 1a and Extended Data Fig. 1c).
Guided by immunofluorescence staining (Fig. 1d) and multiplex smFISH
(Fig. 1e) of established hepatocyte zonation markers, we drew spatial
trajectories in spatial transcriptomics using the SPATA framework to
identify gene modules differentially expressed across the lobule (Fig. 1f
and Supplementary Table 2). Gene Ontology (GO) trajectory analysisin
SPATA confirmed known peri-central and peri-portal hepatocyte bio-
logical processes (Extended Data Fig. 1e and Supplementary Table 4).
Applying these zonation gene modules to APAP-ALF samples demon-
strated loss of hepatocyte portal-central polarity and emergence of
hepatocytes withboth portal and central characteristics (Fig. 1g); this
disruptioninzonation was confirmed using multiplex smFISH (Fig. 1h
and Extended DataFig. 1f,g) and immunofluorescence staining (Fig. 1i).
Further spatial trajectory analysis revealed mixed portal-associated and
central-associated GO termsin the residual viable region of APAP-ALF
samples, distinct from those present in PNRs and necrotic regions
(Fig.1jand Supplementary Table 4). These datademonstrate that rem-
nant human hepatocytes display functional plasticity to compensate
for substantial loss of peri-central hepatocytes following APAP-ALF.

To further decode human liver regeneration, we performed
snRNA-seq on healthy (n=9), APAP-ALF explant (n =10) and NAE-ALF
explant (n=12) human liver tissue, including paired snRNA-seq and
spatial transcriptomics datasets from select patients (Supplementary
Table 1). This combined snRNA-seq dataset (72,262 nuclei) was anno-
tated using signatures of known lineage markers (Fig. 1k, Extended Data
Fig.1h-nand Supplementary Tables 2-4).Isolating and clustering the
healthy hepatocytes from this dataset, and applying SPATA-derived
zonation signatures, we found consensus between the spatial tran-
scriptomics and snRNA-seq approaches (Extended Data Fig. 2e-g).

We provide an open-access, interactive browser to allow assessment
and visualization of gene expression in multiple hepatic cell lineages
in our healthy, APAP-ALF and NAE-ALF spatial transcriptomics and
snRNA-seq datasets (https://liverregenerationatlas.hendersonlab.
mvm.ed.ac.uk).

Migratory hepatocytesin regeneration

Hepatocyte replenishment is a key process duringliver regeneration.
Given this, we focused on hepatocytes from the annotated human
snRNA-seq dataset (Fig.2a). Inline with multiplex smFISH, spatial tran-
scriptomics and immunofluorescence-based quantitation (Fig. 1a,g-j),
we observed disruption of zonation and a robust proliferative tran-
scriptomic responsein hepatocytes following APAP-ALF and NAE-ALF
compared with controls (Fig. 2b and Extended Data Fig. 3a). Clustering
these human hepatocytes uncovered a distinct ANXA2" subpopulation
in APAP-ALF and NAE-ALF compared with controls (Fig. 2a,b, Extended
DataFig. 3b,c and Supplementary Table 3). ANXA2 was not expressed
uniquely in this hepatocyte subpopulation compared with other cell
lineages (Extended DataFig.3d,e), nor was the emergence of this sub-
populationinfluenced by patient age and sex (Extended DataFig. 4a-c).

GO analysis ofthe ANXA2" hepatocytes highlighted ameboidal-type
cell migration, regulation of cell morphogenesis, epithelial cell migra-
tion and regulation of cell shape, suggesting a migratory cell pheno-
type (Fig. 2c and Supplementary Table 4). Differentially expressed
genes in the ANXA2" hepatocyte subpopulation defined a migratory
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Fig.1|Deconstructing humanliver regeneration. a, Representative
immunofluorescenceimages of HNF4a (hepatocytes, red), Ki67 (green), CK19
(cholangiocytes, white) and DAPI (nuclear stain, blue) in human healthy and
APAP-ALF liver tissue (left). Scale bars, 100 pm. Hepatocyte proliferationin
human healthy and diseased explant livers across multiple aetiologies (healthy
n=9,APAP-ALF n=22,NAE-ALF n=22, metabolic dysfunction-associated
steatotic liver disease (MASLD) n =10, alcohol-induced liver disease (ALD) n=9,
primary biliary cholangitis (PBC) n =10 and primary sclerosing cholangitis
(PSC) n=7 (right). One-way ANOVA, F=11.46,d.f. = 6.82.Dataare mean + s.e.m.
PV, portal vein. b, Schematic of the healthy liver lobule (top). APAP poisoning,
leftuntreated, canresultin massive, confluent necrosis of hepatocytesinthe
peri-central veinregion of the liver lobule (bottom). PNR, peri-necrotic region;
RVR, remnant viable region. ¢, Schematic of human liver explant tissue
processing for snRNA-seq, spatial transcriptomics (ST) and multiplex smFISH
(MsmFISH). Part cadapted fromref. 7, Springer Nature. d, Representative
immunofluorescenceimage of HAL (portal hepatocytes, red), CYP3A4 (central

hepatocyte signature (Extended Data Fig. 3f and Supplementary
Table 2), which, when applied to spatial transcriptomics, was observed
inand around the necrotic regionin APAP-ALF and NAE-ALF (Extended
DataFig. 3g). Multiplex smFISH enabled delineation of multiple cell
lineages (Extended Data Fig. 3h) and demonstrated expression of the
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hepatocytes, green) and DAPI (blue) in healthy humanliver tissue.n=3.Scale
bar,100 pm. e, Spatial expression (MsmFISH) of hepatocyte zonation gene
modules (Supplementary Table 2) in healthy human liver tissue.n=2.f,
Representative spatial trajectory analysis, identifying differentially expressed
genemodules across the healthy humanliver lobule. g, Spatial expression (ST)
of healthy humanliver-derived zonation gene modulesin healthy and
APAP-ALF liver tissue (left). Distribution of zonation specificity score in healthy
and APAP-ALF liver tissue (right). h, Spatial expression (MsmFISH) of known
hepatocyte zonation gene modules (Supplementary Table 2) in human
APAP-ALF livertissue.n =2.1i,Representativeimmunofluorescence image of
HAL (portal hepatocytes, red), CYP3A4 (central hepatocytes, green) and DAPI
(blue) inhuman APAP-ALF liver tissue.n = 3.Scale bar,100 pm. j, Representative
spatial trajectory analysis (left) and differential GO terms (Supplementary
Table 4) across the human APAP-ALF liver lobule (right). ECM, extracellular
matrix; NR, necrotic region. k, UMAP of cell lineage inferred using signatures
of known lineage markers (Supplementary Table 2).ILC, innate lymphoid cell.

migratory hepatocyte signature in a subpopulation of hepatocytes
adjacenttothe necroticregionin APAP-ALF, whichwas absentin healthy
liver tissue (Fig. 2d, Extended Data Fig. 3i and Supplementary Table 2).
Immunofluorescence staining confirmed significantly increased num-
bers of ANXA2" hepatocytesin APAP-ALF and NAE-ALF livers compared
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Fig.2|Migratory hepatocytesinregeneration.a, UMAP of hepatocyte nuclei
from healthy, APAP-ALF and NAE-ALF human liver explants, coloured by
cluster. DAHI, disease-associated hepatocytes1.b, UMAPs (top) and barplots
(bottom) displaying relative contribution of healthy, APAP-ALF and NAE-ALF
samples across hepatocyte clusters. ¢, GO terms enriched in human ANXA2*
hepatocytes (Supplementary Table 4). d, MsmFISH showing migratory
hepatocytesinthe APAP-ALF humanliverinrelation to other cell lineages. HSC,
hepaticstellate cell; MP, mononuclear phagocytes; VSMC, vascular smooth
muscle cell. e, Representativeimmunofluorescence images of ANXA2 (red),
HNF4a (hepatocytes, white) and DAPI (nuclear stain, blue) in healthy, APAP-ALF
and NAE-ALF human liver tissue (left; scale bars, 50 um). Yellow arrowheads
denote ANXA2"hepatocytes. Percentage of ANXA2" hepatocytesin healthy
(n=7), APAP-ALF (n=22) and NAE-ALF (n=9) human livers (right). Two-tailed
unpaired Student’s t-test: APAP-ALF t =3.39,d.f. =27, NAE-ALF ¢t =2.33,d.f. = 14.
Dataaremean +s.e.m. f, Representativeimmunofluorescenceimages of
ANXAZ2 (red), HNF4a (hepatocytes, white) and DAPI (blue) in the APAP-ALF
humanliver (left). Yellow arrowheads denote ANXA2" hepatocytes. Scale bar,
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50 um. Percentage of ANXA2" hepatocytes presentinthe PNR and the RVR of
the APAP-ALF human liver (right, n =9). Two-tailed paired Student’s t-test:
t=3.86,d.f.=8.Dataare mean +s.e.m. g, Representativeimmunofluorescence
images of ANXA2 (red), HNF4a (hepatocytes, white) and DAPI (blue) in the
APAP-ALF humanliver (n =4). Yellow arrowheads denote ANXA2" hepatocytes
with migratory morphology. Scale bars, 20 um. h, Schematic of the timepoints
processed for snRNA-seq post-APAP-induced liverinjury in mice. i, UMAP of
mouse hepatocyte nuclei fromall timepoints post-APAP-induced liver injury,
coloured by cluster (left). Application of human migratory hepatocyte gene
module to mouse hepatocytes, showing corresponding region enriched in
migratory genesignature (right). j, Representativeimmunofluorescence
images of ANXA2 (red), HNF4« (hepatocytes, white) and DAPI (blue) in the
mouse liver post-APAP-induced liver injury (left). Yellow arrowheads denote
ANXA2"hepatocytes. Scalebars, 50 pm. Percentage of ANXA2" hepatocytes
across timepoints post-APAP-induced liver injury in the PNR (right). Two-way
ANOVA,n=3(0hand18h),n=6(24-96 h), F=44.60,d.f.=8,34. Dataare
meants.e.m.



with controls (Fig. 2e), and increased numbers of ANXA2" hepatocytes
inthe PNRin APAP-ALF (Fig. 2f). ANXA2"hepatocytes exhibited amotile
morphology with ruffled membranes and extending lamellipodia,
characteristic of migratory cells (Fig. 2g and Extended Data Fig. 3j).

We investigated potential ligand interactions with receptors
expressed by the migratory hepatocyte subpopulation in the human
APAP-ALF snRNA-seq data (Supplementary Table 6), and found that
mesenchymal and cholangiocyte subpopulations were the dominant
interacting partners (Extended Data Fig. 5a). Multiplex smFISH dem-
onstrated co-location of migratory hepatocytes with myofibroblasts
(mesenchyme cluster 1), hepatic stellate cells (mesenchyme cluster 2)
and cholangiocytes in the PNR (Extended Data Fig. 5b). Interactome
analysis highlighted multiple interactions related to the transforming
growth factor-f3 (TGFp) signalling pathway (Extended Data Fig. 5¢),
which has previously been shown to be animportant regulator of epi-
thelial cell plasticity and migration?.

Necrosis, hepatocyte proliferation and hepatocyte ANXA2 expres-
sion were also analysed in a cohort of patients with acute severe liver
injury who underwent transjugular biopsy and recovered without
transplantation. Mean necrotic area was 43.9% (+£5.7% s.e.m.), mean
hepatocyte proliferation was 21% (+4.2% s.e.m.) and ANXA2" hepato-
cyteswereenriched inthe PNR (Extended DataFig.5d,e). This ANXA2"
hepatocyte subpopulation was also observedin other causes of human
ALFincluding hepatitis A and hepatitis B, and other drug-induced liver
injuries (Extended Data Fig. 5f). Furthermore, we observed ANXA2*
hepatocytes in multiple aetiologies of human chronic liver disease
(Extended Data Fig. 5g) and mouse models of liver injury (Extended
DataFig. 5h,i), demonstrating that ANXA2" hepatocytes are present in
both peri-central veinand peri-portal liver injury in humans and mice.

To determine whether a corollary migratory hepatocyte subpopu-
lation exists in a mouse model of APAP-induced acute liver injury, we
performed snRNA-seq (59,051 nuclei) and spatial transcriptomics on
the mouse liver across multiple timepoints (Fig. 2h,i and Extended
DataFig. 6a-d). Applying the human migratory hepatocyte signature
to mouse hepatocytes (Fig. 2i and Supplementary Video 1) identified
ananalogous ANXA2" subpopulation (Extended Data Fig. 6e and Sup-
plementary Video 2) emerging in response to APAP-induced mouse
liver injury. GO analysis of this analogous ANXA2" subpopulation in
APAP-induced mouse liver injury demonstrated similar migratory ontol-
ogy (Extended Data Fig. 6f and Supplementary Table 4). Similar to the
human snRNA-seq dataset, Anxa2 gene expressionwas also observedin
leukocytes, mesenchyme and endothelia during APAP-induced mouse
liver injury (Extended Data Fig. 6g-j).

Akin to our findings in human APAP-ALF, spatiotemporal profiling
revealed disruption of hepatocyte zonation (Extended Data Fig. 6k)
in APAP-induced mouse liver injury. Applying SPATA-derived mouse
zonation signatures to the hepatocyte subpopulations demonstrated
consensus between the spatial transcriptomics and snRNA-seq datasets
(Supplementary Table 2 and Supplementary Video 3). Furthermore,
spatial transcriptomics delineated the migratory hepatocyte subpopu-
lation around the necrotic region following APAP-induced mouse liver
injury (Extended DataFig. 61). Immunofluorescence staining confirmed
the presence of ANXA2" hepatocytes following APAP-induced mouse
liver injury, and these hepatocytes exhibited a similar morphology
to the ANXA2" hepatocytes observed in human APAP-ALF, with ruf-
fled membranes and lamellipodia (Extended Data Fig. 6m,n). ANXA2"
hepatocytes increased following APAP-induced acute liver injury in
male and female mice (Fig. 2j and Extended Data Fig. 7a) and were spe-
cifically enriched in the PNR (Extended DataFig. 7b,c). ANXA2" hepato-
cyteswereless circular than ANXA2  hepatocytesinthe PNR (Extended
DataFig.7d). Expression of zonulaoccludens1(Z0-1), atight junction
protein mediating cell-cell contact and cell polarity, was similar in
portal-associated and central-associated hepatocytes in uninjured
liver (Extended DataFig. 7e). ANXA2" hepatocytesinthe PNR expressed
Z0-1following APAP-induced acute liver injury (Extended Data Fig. 7f).

Z0-1expression in the PNR did not change following APAP-induced
acuteliverinjury, demonstrating maintenance of epithelial sheet con-
nections and hepatocyte polarity during wound closure (Extended
DataFig.7g).Similar to our findingsin human APAP-ALF, interactome
analysis of mouse APAP-induced acute liver injury (Supplementary
Table 6) highlighted myofibroblasts (mesenchyme clusters 1, 5and 7)
as a potential interacting partner with the migratory hepatocyte sub-
population, via multiple interactions related to the TGFf3 signalling
pathway (Extended Data Fig. 7h,i).

Todetermine whether new hepatocytes derive fromhepatocytes fol-
lowing APAP-induced mouse liver injury, we lineage-traced hepatocytes
using adeno-associated viral AAV8.TBG.Cre injected into R26R"*" tdTo-
mato mice. AAV8.TBG.Cre injection activated tdTomato expression
in 99.8% (+0.1% s.e.m.) of hepatocytes (HNF4«a") in healthy mouse
liver (Extended Data Fig. 7j). Hepatocyte lineage tracing following
APAP-induced mouse liver injury demonstrated that 99.9% (+0.1%
s.e.m.; day 7) of new hepatocytes derived from tdTomato" hepato-
cytes (Extended Data Fig. 7j). Furthermore, 100% of ANXA2" hepato-
cytes derived from tdTomato* hepatocytes at all timepoints studied
(Extended Data Fig. 7k).

As hepatocyte replenishment can occur via conversion of cholangio-
cytes during severe liver injury®®, we performed insilico analysis of the
human snRNA-seq dataset and found that hepatocytes and cholangio-
cytesexpressdistinct genes (Extended Data Fig. 1hand Supplementary
Table 3), cluster separately and lack any observable connection in dif-
fusion maps and force-directed graphs (Extended Data Fig. 7). These
datasuggest that cholangiocytes are not a major source of hepatocytes
in human APAP-ALF and NAE-ALF.

Wound closure precedes proliferation

Investigating the dynamics of liver regeneration following
APAP-induced mouse liver injury, we uncovered a temporal discon-
nectbetweenwound closure (as assessed by percentage necrotic area)
and hepatocyte proliferation. In male mice, peak hepatocyte necrosis
occurred at 30 h post-APAP-induced liver injury (22.3 +1.3% s.e.m.),
with percentage necrotic area decreasing by 30.9% at 42 h (15.4 +1.4%
s.e.m.) and by 58.3% at 48 h (9.3 £ 1% s.e.m.) (Fig. 3a). Wound closure
preceded the onset of hepatocyte proliferation, which peaked at 72 h
post-APAP-induced liver injury (Fig. 3a). Following APAP-induced
acute liver injury in female mice, hepatocyte necrosis peaked at 36 h
(22.2+2.6%s.e.m.), with percentage necrotic area decreasing by 51.8%
at42h (10.7 £1.0%s.e.m.) (Extended Data Fig. 8a).

To assess whether hepatocyte repopulation of the necrotic area
immediately adjacent to the central vein is driven by proliferation,
we gave 5-bromo-2’-deoxyuridine (BrdU) in drinking water to label all
proliferating hepatocytes following APAP-induced mouse liver injury
(Fig.3b).Hepatocyte proliferation had returned to baseline levels by day
14, with complete wound closure (Extended Data Fig. 8b). Glutamine
synthetase is expressed exclusively in hepatocytes adjacent to the cen-
tral vein (Fig. 3c), and in male mice, 75.6% (+9.4% s.e.m.) of glutamine
synthetase” hepatocytes were BrdU™ 14 days post-APAP-induced liver
injury (Fig. 3c). Similarly, 86.9% (+2.3%s.e.m.) of glutamine synthetase”
hepatocytes were BrdU™ in female mice at 14 days post-APAP-induced
acuteliverinjury (Extended DataFig. 8c). Together, these data demon-
strate that the majority of hepatocytesinthe areaimmediately adjacent
to the central vein did not arise from hepatocyte proliferation.

Havingidentified amigratory hepatocyte subpopulationinhuman
and mouse APAP-induced liver injury (Fig. 2 and Extended DataFigs. 3,
5and 6), and given that hepatocyte proliferation is not the major con-
tributor to wound closure (Fig. 3a,c and Extended Data Fig. 8a,c), we
performed 4D intravital microscopy (IVM) toinvestigate whether hepat-
ocyte migration occurs in vivo following APAP-induced liver injury
(Fig.3d). We used AAV8.TBG.Cre combined with two fluorescent mouse
reporterlinesto label hepatocytes: Hep;tdTomato (single-fluorescent
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Fig.3|Wound closure precedes proliferation. a, Representative
haematoxylinand eosin (H+E) staining across select timepoints following
APAP-induced mouse liver injury (left). Representativeimmunofluorescence
staining: Ki67 (green), HNF4« (hepatocytes, red) and DAPI (nuclear stain, blue)
acrossselect timepoints following APAP-induced liver injury (middle). Yellow
arrowheads denoteKi67* hepatocytes. Scale bars, 50 pm. Quantification of the
necroticarea (red) and hepatocyte proliferation (Ki67, green) following
APAP-induced liver injury (right). Two-way ANOVA,n=3(0-18 h),n=8

(24-96 h), F=40.4,d.f.=12.58. Dataare mean + s.e.m. b, Schematic depicting
BrdU dosing of mice post-APAP-induced liver injury. ¢, Representative
immunofluorescence staining (left) and quantification (right) of the percentage
of BrdU-negative/glutamine synthetase-positive (GS*) hepatocytes adjacent to

reporter mice that express cytoplasmic tdTomato after Cre-mediated
recombination) and Hep;mGFP (double-fluorescent reporter mice
expressing membrane-targeted GFP after Cre-mediated excision).IVM
did not affect levels of hepatocyte necrosis, proliferation or hepato-
cyte ANXA2 expression compared with non-IVM imaged mice at42 h
post-APAP-induced liver injury (Extended Data Fig. 8d-f). 4D IVM of
Hep;tdTomato reporter mice demonstrated centrilobular hepatocyte
necrosisinreal time during APAP-induced mouse liver injury (Supple-
mentary Videos 4 and 5).

Owingtothe prevalence of ANXA2" hepatocytes (Fig. 2j and Extended
Data Fig. 61,n) and wound closure activity (Fig. 3a) between 36 h and
42 hpost-APAP-induced mouse liver injury, we performed IVM during
this timeframe (Fig.3d). 4D IVM of Hep,;tdTomato mice demonstrated
collective migration of the hepatocyte sheet (Supplementary Videos 6
and7).Rendering of wound volume (Extended DataFig. 8g, left) showed
19.4% (+2.8% s.e.m.) reduction in necrosis during the imaging period
(Extended DataFig. 8g, right). Intravitalimaging of Hep,;tdTomato mice
identified hepatocytes with a motile morphology, including mem-
brane ruffling and the formation of lamellipodia at the hepatocyte
leading edge abutting the wound (Extended Data Fig. 8h and Supple-
mentary Videos 6-14). Using Hep;mGFPto clearly segment individual
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the CV:GS (green), BrdU (white) and DAPI (blue). Scale bar, 50 pm. n=4.Data
aremean ts.e.m.d, Schematic depicting IVM experimental protocol (top) and
thelVMsetup (bottom). e, Representative IVM images of Cellpose-segmented
hepatocytes (top) and binning of hepatocytesinto the PNR (green) or the RVR
(blue) (right). Scale bars, 40 pm. f, Quantification of cell mobility, mean track
length (left; ¢ =7.52, d.f.=2), mean displacementlength (middle; t = 6.34,
d.f.=2)and meanspeed (right; t=47.20, d.f.=2) inthe PNR (green) and the RVR
(blue) of hepatocytes.n =3 mice.g, Quantification of cell shape changes over
time: ellipticity prolate (left; t =16.79, d.f. = 2), ellipticity oblate (middle; t = 8.21,
d.f.=2)andsphericity (right; t = 4.45, d.f. = 2).s.d., standard deviation.n=3
mice. Inpartsf,g, alldataaremean + s.e.m, and two-tailed paired Student’s
t-test was used for statistical analysis.

hepatocytes (Fig. 3e, left), we then classified hepatocytesinto the PNR
(green) or the RVR (blue) to compare cell mobility and shape between
thetworegions (Fig. 3e, right). Measures of hepatocyte mobility (mean
track length, displacement length and speed) were greater in hepato-
cytes in the PNR than in hepatocytes in the RVR (Fig. 3f). Assessment
of cellshape over time demonstrated that hepatocytesinthe PNR dis-
played greater deviationinellipticity (prolate and oblate) and sphericity
thanin hepatocytes in the RVR (Fig. 3g). During the imaging period,
there was no change in hepatocyte volume in either the PNR or the
RVR (Extended Data Fig. 8i). Together, these data demonstrate that
hepatocyte migrationis a major mechanism of wound closure follow-
ing APAP-induced liver injury, and that wound closure is not mediated
by hepatocyte hypertrophy.

Hepatocyte ANXA2regulates wound closure

ANXA2, which we have identified as a key marker in both human and
mouse migratory hepatocytes, hasbeen previously shown toregulate
cell migration in other disease settings including carcinogenesis® .
Knockdown of ANXA2 in a human hepatocellular carcinoma cell line
(Huh?) decreased wound closure at 72 h in a scratch wound assay
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Fig.4 |Hepatocyte ANXA2regulates wound closure. a, Schematic depicting
the experimental protocol forinvivo hepatocyte Anxa2knockdown and
APAP-induced mouse liver injury. b, Representative immunofluorescence
staining of the mouse liver from AAV8-shScrmb-treated or AAV8-shAnxa2-
treated mice at 48 h post-APAP-induced liver injury (left). ANXA2 (red), HNF4a
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denote ANXA2" hepatocytes. Scale bars, 20 pm. Percentage of ANXA2"
hepatocytes post-APAP-induced liver injury in the PNR of AAV8-shScrmb-
treated or AAV8-shAnxa2-treated mice (right). Two-way ANOVA,n=11(48 h),
n=9(72h),F=20.64,d.f.=1.Dataare mean = s.e.m.c, Representative H+E
staining of mouse livers from AAV8-shScrmb-treated or AAV8-shAnxa2-treated
mice across timepoints post-APAP-induced liver injury. Scale bars, 50 pm.

d, Quantification of the necrotic area following APAP-induced liver injury in
AAV8-shScrmb-treated or AAV8-shAnxa2-treated mice. Two-tailed unpaired
Student’st-test,n=4(0h),n=8(24 h),n=11(48 h)andn=8(72-168 h). Dataare
mean +s.e.m. e, Quantification of Ki67" hepatocytes following APAP-induced
liverinjury in AAV8-shScrmb-treated or AAV8-shAnxa2-treated mice.
Two-tailed unpaired Student’s t-test,n =4 (0 h), n=8 (24 h),n=11 (48 h) and
n=_8(72-168 h). Dataare mean +s.e.m. f, Schematic depicting the temporal
disconnect between wound closure and hepatocyte proliferation during
APAP-induced liver regeneration.

(Extended DataFig. 9a,b). Primary hepatocytes from uninjured mouse
livers increased Anxa2 gene expression in response to plating on tis-
sue culture plastic (Extended Data Fig. 9c). Using this in vitro model
system, inhibition of Anxa2 expression in HGF-stimulated primary
mouse hepatocytes (Extended Data Fig. 9d) reduced wound closure
(Extended Data Fig. 9¢); this effect was not mediated by a reduction
in hepatocyte proliferation (Extended Data Fig. 9f). Met (encoding
the HGF receptor) gene expression was similar between Scrmb-siRNA
(control) and Anxa2-siRNA treated hepatocytes (Extended DataFig. 9g).

To determine the functional role of hepatocyte ANXA2 during
APAP-induced mouse liverinjury, we used AAV8-shRNA-Anxa2to knock-
downAnxa2specifically in hepatocytesin vivo (Fig.4a,b). Knockdown
of hepatocyte Anxa2 abrogated wound closure compared with con-
trol (AAV8-shRNA-Scrmb) following APAP-induced mouse liverinjury
(Fig. 4c,d); this effect was not mediated by a reduction in hepatocyte
proliferation or by ongoing hepatocyte injury (Fig. 4e and Extended
Data Fig. 9h). Hepatocytes in the PNR of AAV8-shRNA-Anxa2-treated
mice lacked membrane F-actin and were more circular than those in
AAV8-shRNA-Scrmb-treated mice, demonstrating areduced migratory
phenotype (Extended Data Fig. 9i,j). Epithelial sheet connections and
hepatocyte polarity were similar between the treatment groups, as
determined by ZO-1expression (Extended Data Fig. 9k). In vitro, phago-
cytosis of necrotic Scrmb-siRNA and Anxa2-siRNA treated hepatocytes
by bone marrow-derived macrophages was similar between the two
groups (Extended Data Fig. 91). Treatment with AAV8-shRNA-Anxa2 did
not affect Anxa2 expressioninleukocytes (CD45*), mesenchymal cells
and endothelial cells during APAP-induced mouse liver injury compared
with control (Extended Data Fig.10a-c). Furthermore, total numbers
of leukocytes, mesenchymal cells and endothelial cells were similar
between AAV8-shRNA-Scrmb-treated and AAV8-shRNA-Anxa2-treated
groups (Extended Data Fig.10d). Insummary, these datademonstrate
atemporal disconnect between wound closure and hepatocyte prolif-
eration, and that hepatocyte ANXA2 expression regulates hepatocyte
migration and wound closure during APAP-induced liver regeneration
(Fig. 4f).

Discussion

To advance our understanding of human liver regeneration and to
help inform design of pro-regenerative therapies, we generated a
single-cell, pan-lineage atlas of human liver regeneration. We provide
an open-access, interactive browser to allow assessment and visuali-
zation of gene expression in all hepatic cell lineages (snRNA-seq and
spatial transcriptomics datasets) in healthy and regenerating human
and mouse liver (https://liverregenerationatlas.hendersonlab.mvm.
ed.ac.uk). Using a cross-species, integrative multimodal approach,
we uncovered a novel migratory hepatocyte subpopulation, which is
critical in mediating successful wound healing and reconstitution of
normal hepatic architecture following liver injury.

Hepatocyte proliferation has previously been considered a major
driver of hepatic wound closure following necro-inflammatory liver
injury*?*%, and recent studies have demonstrated that hepatocytes
are primarily maintained by the proliferation of pre-existing hepato-
cytes during liver homeostasis and regeneration* ™, We observed a
substantial hepatocyte proliferative response in human APAP-ALF
explant livers compared with uninjured human liver, demonstrating
that hepatocyte proliferation is robust and relatively unimpeded in
human APAP-ALF. However, despite vigorous hepatocyte proliferation,
the necrotic wound area in human APAP-ALF explant livers remained
notable attime of transplantation. These data suggest that mechanisms
and processes other than hepatocyte proliferation are critical to effect
successful wound closure following human liver injury.

Furthermore, previous studies in transgenic mice have suggested
that hepatocyte proliferation is not akey mechanism regulating wound
closure following necro-inflammatory liver injury. Mice with knockout
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of the gene encoding plasminogen displayed persistent centrilobu-
lar damage and severe impairment of repair following CCl,-induced
acuteliverinjury, despite anormal hepatocyte proliferative response
compared with control mice?. Conditional knockout of the HGF recep-
tor (Met) in mouse hepatocytes followed by CCl,-induced acute liver
injury impaired centrilobular wound closure and restitution of normal
tissue architecture, despite similar levels of hepatocyte proliferation
compared with controls?.

Following our discovery of anovel migratory hepatocyte subpopula-
tion during human and mouse liver regeneration, we used the mouse
model of APAP-induced liver injury to investigate the dynamics of
liver regeneration. We uncovered a temporal disconnect between
centrilobular wound closure and hepatocyte proliferation, demon-
strating that wound closure precedes hepatocyte proliferation follow-
ing APAP-induced liver injury in male and female mice. Furthermore,
continual administration of BrdU to label all hepatocytes following
APAP-induced mouse liver injury demonstrated thatin male and female
mice, the majority of hepatocytesin the areaimmediately adjacent to
the central vein did not arise from hepatocyte proliferation. 4D intravi-
talimaging of APAP-induced mouse liver injury identified motile hepat-
ocytes, displaying membrane ruffling and the formation of dynamic
protrusions at the leading edge, with collective cell migration of the
hepatocyte sheet to effect wound closure. Depletion of hepatocyte
ANXA2 expression reduced HGF-induced migration of human and
mouse hepatocytesin vitro,and depletion of hepatocyte ANXA2in vivo
abrogated necrotic wound closure following APAP-induced liver injury
inmice. Inaddition, in vivo knockdown of hepatocyte ANXA2 reduced
membrane F-actin expression and increased circularity of peri-necrotic
hepatocytes compared with control mice. We further observed ANXA2*
hepatocytesin multiple aetiologies of human chronic liver disease and
mouse models of liver injury, demonstrating that ANXA2" hepatocytes
occur in response to both peri-central and peri-portal liver injury.

Wound healing in the skin is largely driven by keratinocyte migra-
tion?®, where rapid reconstitution of the epidermal barrier is vital to
stopinvasion by pathogens. Our findings point towards a similar mecha-
nismoccurringintheliver. Expeditious wound closure inthe liver, with
restoration of the gut-liver barrier following acute, massive epithelial
injury, may be a key determinant of patient outcome in ALF in which
sepsisand multi-organ failure are the most common cause of death®>.
Recent studies in mice have demonstrated that APAP-induced liver
injury causes impairment of intestinal barrier integrity and increased
bacterial translocation®*, highlighting that APAP toxicity causes bar-
rier breakdownin both the gut and the liver. We propose that the liver
prioritizes rapid re-epithelialization via migration of the hepatocyte
sheet before hepatocyte proliferation, as rapid restoration of the gut-
liver barrier is paramount to survival by preventing bacterial dissemina-
tion with subsequent sepsis and multi-organ failure.

Insummary, our work dissects unanticipated aspects of humanliver
regeneration, uncovering anovel migratory hepatocyte subpopulation
that mediates wound closure following liver injury. Therapies designed
to promote hepatocyte migration with rapid reconstitution of normal
hepatic microarchitecture and reparation of the gut-liver barrier may
openup anew areaoftherapeutic discoveryinregenerative medicine.
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Methods

Study participants

University of Edinburgh, UK. Local approval for procuring human
liver tissue for snRNA-seq, spatial transcriptomics and histological
analysis was obtained from the Scotland ‘A’ Research and Ethics Com-
mittee (16/SS/0136) and the NRS BioResource and Tissue Governance
Unit (study number SR574), following review at the East of Scotland
Research Ethics Service (reference 15/ES/0094). Written informed
consent was obtained from the participant or alegally authorized
representative before enrolment per local regulations. ALF liver tis-
sue was obtained intraoperatively from patients undergoing ortho-
topicliver transplantation at the Scottish Liver Transplant Unit, Royal
Infirmary of Edinburgh. Patient demographics are summarized in
Supplementary Table 1 for patients transplanted for APAP-induced
ALF and non-A-E ALF. Healthy non-lesional liver tissue was obtained
intraoperatively from patients undergoing surgical liver resection for
solitary colorectal metastasis at the Hepatobiliary and Pancreatic Unit,
Department of Clinical Surgery, Royal Infirmary of Edinburgh. Patients
with aknown history of chronic liver disease, abnormal liver function
tests or those who had received systemic chemotherapy within the past
4 months were excluded from this cohort. For histological assessment
of human ALF and chronic liver disease tissue, anonymized unstained
formalin-fixed, paraffin-embedded liver tissue sections were provided
by the Lothian NRS Human Annotated Bioresource under authority
from the East of Scotland Research Ethics Service REC 1 (reference
15/ES/0094).

US Acute Liver Failure Study Group network. The Acute Liver Failure
Study Group (ALFSG) consortium of US liver centres was established
in1998 to better define causes and outcomes of acute liver injury and
ALF. The study protocol was approved by the local institutional review
boards of the participating sites: University of Texas Southwestern
Medical Center; Baylor University Medical Center, Dallas, TX; Medical
University of South Carolina, Charleston, SC; University of Washington,
Seattle, WA; Washington University, St. Louis, MO; University of Califor-
nia, San Francisco, and California Pacific Medical Center, San Francisco,
CA; University of Nebraska, Omaha, NE; Mount Sinai Medical Center
and Columbia University Medical Center, New York, NY; Mayo Clinic,
Rochester, MN; University of Pittsburgh, Pittsburgh, PA; Northwest-
ern University, Chicago, IL; Oregon Health Sciences Center, Portland,
OR; University of California, Los Angeles, CA; University of Michigan,
AnnArbor, MI; Yale University, New Haven, CT; University of Alabama,
Birmingham, AL; Massachusetts General Hospital, Boston, MA; Duke
University, Durham, NC; Mayo Clinic, Scottsdale, AZ; Albert Einstein
Medical Center and University of Pennsylvania, Philadelphia, PA; Vir-
giniaCommonwealth University, Richmond, VA; University of Califor-
nia, Davis, CA; Mayo Clinic, Jacksonville, FL; University of California,
SanDiego, CA; The Ohio State University, Columbus, OH; University of
Kansas Medical Center, Kansas City, KS; Emory University, Atlanta, GA;
University of Alberta, Edmonton, Canada. Written informed consent
was obtained from the participant or alegally authorized representa-
tive before enrolment per local regulations. Sites obtained portions of
fresh explanted liver tissue cutinto1 cm®pieces, placed into individual
cryovials and stored at =80 °C until requested for study. The ALFSG
was supported by the National Institute of Diabetes and Digestive and
Kidney Diseases (NIDDK; grant no. U-01-58369). The samples used in
this study were supplied by the NIDDK Central Repositories. This article
does not necessarily reflect the opinions or views of the NIDDK Central
Repositories or the NIDDK.

University of Cambridge, UK. Patients were recruited at Adden-
brooke’s Hospital, Cambridge, UK with approval from the Health and
Social Care Research Ethics Committee A, Office for Research Ethics
Committees, NorthernIreland (ORECNI) (16/NI/0196 and 20/N1/0109).

Writteninformed consent was obtained from the participant or alegally
authorized representative before enrolment per local regulations. Liver
tissue from patients with ALF was derived from explanted livers at the
time of transplantation. All tissue samples were snap-frozen in liquid
nitrogen and stored at —-80 °C in the Human Research Tissue Bank of
the Cambridge University Hospitals NHS Foundation Trust.

University of Birmingham, UK. Human liver tissue obtained from
the University of Birmingham, UK was obtained under approval by
South Birmingham Ethics Committee, Birmingham, UK (reference 06/
Q2708/11,06/Q2702/61), and written informed consent was obtained
fromthe participant or alegally authorized representative before enrol-
ment per local regulations. Liver tissue was acquired from explanted
livers from patients undergoing orthotopic liver transplantation at
the Queen Elizabeth Hospital, Birmingham. All tissue samples were
snap-frozenin liquid nitrogen and stored at —80 °C before being pro-
cessed and shipped by the Birmingham Human Biomaterials Resource
Centre (reference 09/H1010/75;18-319).

University College, London, UK. Human liver tissue obtained from
University College, London, UK was obtained under local ethical
approval (London-Hampstead Research Ethics Committee; reference
07/Q0501/50). Written informed consent was obtained from the par-
ticipant or a legally authorized representative before enrolment per
local regulations. Liver tissue (formalin-fixed, paraffin-embedded)
was acquired via transjugular liver biopsy from patients presenting
withacute, severe liver injury; these patients spontaneously recovered
without liver transplantation.

Mice

Mice used for all experiments were 8-12 weeks of age and housed in
conventional barrier unit facilities with conventional bedding, 12-12-h
light-dark cycle, ambient temperature control (21 °C; humidity
40-60%) and access to food and water ad libitum, under pathogen-free
conditions at the University of Edinburgh. Male mice were used for all
experiments unless described otherwise in the figure legends. Age- and
sex-matched mice were randomly assigned to treatment groups. Blind-
ingtotheorigin of the tissue samples was not performed. The investi-
gators performing the immunofluorescence staining, single-nucleus
RNA-seq and RT-qPCR were different from the investigators collecting
tissue. The IVM studies were not blinded. All experimental protocols
were approved by the University of Edinburgh Animal Welfare and Eth-
icsBoardinaccordance with UK Home Office regulations. C57BL/6)Crl
mice were obtained from Charles River Laboratories (UK). mTmG (Jax
007676; B6.129(Cg)-Gt(ROSA)26S or™#AcTE tdTomato EGFPLuo /1y32 an d Td To-
mato (Jax 007914; B6.Cg-Gt(ROSA)26Sor™H#cAGtdTomatoltize /33 raporter
mice were obtained fromJackson Laboratories. For the APAP-induced
acute liver injury model, mice fasted for 12 h before intraperitoneal
injection with 300 mg kg™ (male) or 350 mg kg™ (female) of APAP
dissolved in sterile PBS as previously described**. Acute and chronic
CCl -induced liver injury was induced as previously described®. For
bile duct ligation mice were anaesthetized with isoflurane and the
common bile duct was surgically ligated. Buprenorphine pain relief
was administered postoperatively via subcutaneous injection and
animals were maintained at 25 °C for the duration of the study. For DDC
(3,5-diethoxycarbonyl-1,4-dihydrocollidine) diet-induced cholestatic
liver injury, mice were given 0.1% DDC mixed with normal chow (Special
Diet Services) for 21 days.

For hepatocyte-specific AAV8-Cre-mediated reporter gene induc-
tion, stock AAV8.TBG.PI.Cre.rBG (AAV8-TBG-Cre; a gift fromJ. M.
Wilson (plasmid #107787, Addgene); stored at —80 °C) was thawed
on ice, diluted in sterile PBS to achieve a working titre of 2 x 10"
genetic copies per millilitre and was subsequently stored at —20 °C
until usage. On the day of injection, the diluted AAV was thawed and
each mouse was injected via the tail vein with 100 pl (2 x 10" genetic
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copies per mouse)*. Mice were left for 1 week before APAP-induced
acute liver injury. For in vivo hepatocyte-specific knockdown of
Anxa2, mice were intravenously injected with 1 x 10" genetic cop-
ies per millilitre AAV8-GFP-U6-mANXA2-shRNA (shAnxa2) or
AAVS8-GFP-U6-scrmb-shRNA (shScrmb) and left for 2 weeks before
APAP-induced acute liver injury. For administration of BrdU in drink-
ing water, BrdU was dissolved in drinking water at a concentration of
0.8mgml™.

Nucleiisolation for snRNA-seq

Human and mouse livers for snRNA-seq were processed as previously
described using the TST method®. Mouse liver nuclei isolation was
performed on n =3 mice per timepoint and nuclei were pooled for
snRNA-seq.

Droplet-based snRNA-seq

Single nuclei were processed through the 10X Genomics Chromium
Platform using the Chromium Single Cell 3’ Library and Gel Bead Kit
v3 (PN-1000075,10X Genomics) and the Chromium Single Cell B Chip
Kit (PN-1000074, 10X Genomics) as per the manufacturer’s protocol,
and as previously described’. Libraries were sequenced on either an
Illumina HiSeq 4000 or NovaSeq 6000.

Spatial transcriptomics

Unfixed liver tissues were embedded in Tissue-Tek (OCT) and
snap-frozen. Samples were then cryosectioned (10 pm) and placed
on pre-chilled Visium (10X Genomics) tissue optimization slides or
Visium spatial gene expression slides. Spot size was 55 pm, with 100 pm
between spot centroids. Tissue sections were processed as per the
manufacturer’s protocol. On the basis of optimization time course
experiments, tissue was permeabilized for 18 min.

Multiplex smFISH

Unfixed snap-frozen liver tissues were cryosectioned (10 pm) onto
Resolve Biosciences slides and sent on dry ice to Resolve Biosciences for
processing. Gene probes were designed using Resolve Biosciences pro-
prietary designalgorithm. Probe details are provided in Supplementary
Table 6. Following sampleimaging, spot segmentation, pre-processing,
and signal segmentation and decoding, final image analysis was per-
formedin R programming language v3.4.1.

LiverIVM

Single-colour tdTomato imaging was performed using a Discovery
(Coherent) ‘multiphoton’laser tuned to 1,050 nm through a x20 VIS~
IR-corrected water immersion objective (NA 1.0) by placing a water
drop on top of the coverslip. Dual-colour eGFP-tdTomato imaging
was performed using the same setup with the laser tuned to1,000 nm.
Non-descanned GaAsP detectors (GFP NDD filter BP 500-550 nm;
tdTomato NDD filter BP 575-610 nm) were used to initially obtain an
overviewimage, after which three peri-central vein fields were selected
for timelapseimaging. These three fields were thenimaged as z-stacks
(40-50 pm) every 10 min for 6 h. Following administration of APAP
(350 mg kg™) mice were anaesthetized with isoflurane (4% induction,
1-1.5% maintenance) in approximately 95% oxygen (0.8 | min™) pro-
duced by an oxygen scavenger (Vettech). The coat above the liver was
clipped back, Lacrilube was applied to the eyes, and mice were then
placed in a dorsal position on a heated stage on an upright LSM 880
NLO multiphoton microscope (Zeiss). Anabdominalincision was made,
exposing the surface of the liver; this was then stabilized using a custom
coverslip-holding imaging vacuum stabilization armature attached to
the stage. The gentlest possible vacuum was applied to the surface in
contact with the liver, holding it in place against the coverslip. Mice
received subcutaneous fluids every 45 min duringimaging. At the end
of the imaging session, mice were killed under general anaesthesia by
cervical dislocation.

Liver IVM processing and segmentation

Timelapse image analysis and visualization were performed using
Imaris 9.7 (Bitplane). The Imaris ‘reference frame’ was first used to cor-
rect for xyzdrift. To create 4D rendering of the wound, the hepatocyte
channelwasinverted and smoothed using a Gaussian filter. The Imaris
‘surface’ tool was then used to create a surface corresponding to the
wound. Object statistics were then exported to analyse the evolution of
the volume of the surface over time (expressed as the percentage of ini-
tial volume). To create 4D rendering of individual hepatocytes from the
mTmG mice, registered images were firstimported in Google drive and
the online platform ZerocostDL4mic* was used to perform Cellpose
segmentation® on the eGFP (hepatocytes) channel. Cellpose-annotated
images were processed in ImageJ using the ‘Label to ROI’ plugin*® to
create eroded region of interests (ROIs) followed by the ‘Mask from
ROV’ plugin to produce cell masks. To reduce nonspecific segmenta-
tion, the tdTomato signal was thresholded and subtracted from the
mask channel using the ‘channel arithmetics’ tool in Imaris. The Imaris
‘surface’ tool was then used to create surfaces corresponding to the
hepatocytes. Cell statistics were then exported to analyse morphody-
namic parameters according to their relation to the wound (distance
to the wound). Cell behaviour was determined using the track length
and speed (indicating cell mobility) and the standard deviation of cell
sphericity and ellipticity (indicating changes in cell shape over time).

Immunohistochemistry and immunocytochemistry staining
Immunohistochemistry and immunofluorescence staining was per-
formed on formalin-fixed, paraffin-embedded liver tissue sections
(4 pm). Slides were deparaffinized and immunofluorescently labelled
using a Leica Bond RX, automated robotic staining system. Antigen
retrieval was performed using Bond Epitope Retrieval Solution1or 2
for 20 min in conjunction with heat application. Sections were then
incubated with primary antibodies diluted in 0.1% Triton-X containing
PBS. Sections were stained with DAPI (Sigma) and mounted on glass
coverslipsin ProLong Gold Antifade mounting medium and stored at
4 °Cuntil time ofimaging. Forin vitro EdU detection, cells were washed
inPBS then fixed for 10 minatroomtemperature with 4% formaldehyde
solutionin PBS, and cells were then stained according to the manufac-
turer’s protocol. TROMA-IIl was deposited to the DSHB by Kemler, R.
(DSHB Hybridoma Product TROMA-III). A full list of antibodies and
conditionsisincluded in Supplementary Table 6.

Histology image processing and segmentation

Slides were scanned using a Zeiss Axioscan Z1. Images were processed
using Zen Blue software (v2.6). For in vitro immunocytochemistry,
wells were imaged using an EVOS FL Auto Imaging System. All image
analysis was undertaken in QuPath (v0.3.0)* with StarDist nuclei detec-
tion extension*,

Cell culture

Human immortalized hepatocyte cell line (Huh-7; 300156, Cell Lines
Service) was cultured using RPMI1640 supplemented with10% FBS and
2 mML-glutamine. Huh-7 cells were authenticated using STR profiling
and mycoplasma tested by the commercial provider. Primary mouse
hepatocytes were isolated and cultured as previously described®.

Gene knockdownin hepatocytes

Gene knockdown in Huh7 and primary mouse hepatocytes was per-
formed using siRNA. Cells were plated at 500,000 cells per millilitre
(Huh?, Corning Costar; primary mouse hepatocytes, Corning Primaria)
followed by serum starvation overnight (in medium without FBS).
siRNA duplexes with Lipofectamine RNAiIMAX Transfection Reagent
were prepared in OptiMEM according to the manufacturer’s recom-
mendations and used at aconcentration of 50 nM. Cells were exposed
tothe duplexfor 48 h,inantibiotic-free media containing 2% FBS. Cells



were harvested for RNA and RT-qPCR. Gene knockdown efficiency was
assessed by RT-qPCR. Cells were treated with control siRNA (1027280,
Qiagen), siRNA for ANXA2 (human, Hs_ANXA2_8, SI02632385, Qiagen)
or siRNA for Anxa2 (mouse, Mm_Anxa2_3, SI00167496, Qiagen).

Scratch wound assay

The scratch wound assay was performed using the IncuCyte system
(Essen Bioscience). Huh7 cells were plated in IncuCyte ImageLock
Plates (Essen Bioscience) and treated as above for ANXA2 gene knock-
down. The subconfluent monolayer was then wounded using the
IncuCyte Woundmaker. To obtain a confluent monolayer of primary
mouse hepatocytes for wound assays, cells were plated as previously
described*, with modifications. In brief, three separate additions of
500,000 cells per millilitre were seeded onto collagen-coated IncuCyte
ImageLock plates at 2-h intervals. Non-adherent hepatocytes were
removed between additions with warmed PBS. Cells were then treated
as above for gene knockdown before wounding using the IncuCyte
Woundmaker. Following wounding, cells were maintained in complete
media with the addition of human HGF (100 ng mI™) and 10% FBS for
the duration of the assay. EAU (10 pM) was added to the media 24 h
before the end of the assay to assess proliferation. For analysis of wound
healing, the scratch wound plugin for the IncuCyte Zoomwas used. All
experiments were performed as quadruple technical replicates; the
number ofindependent experimentsis specified in the figure legends.

Invitro phagocytosis assay

Primary mouse hepatocytes were isolated from uninjured livers as
described above and plated into six-well Primaria plates (Corning).
Hepatocytes were treated as before for Anxa2knockdown and hepato-
cyte death was induced at 48 h post-knockdown using 10 mM APAP.
Scrmb-siRNA (control) or Anxa2-siRNA treated dead hepatocytes were
thenusedinaninvitro phagocytosis assay. Bone marrow-derived mac-
rophages (BMDMs) were isolated from mice femurs and differentiated
for 7 days in culture with the addition of 10* U mI™ CSF1. Following
differentiation, BMDMs were plated into 24-well plates at 250,000
cells per well and cultured overnight. The next day, dead hepatocytes
were cultured with CypHer5e NHS Ester (PA15401) for 10 min at room
temperature in the dark, and washed three times in PBS before being
applied to BMDMs. CypHer5e-stained dead hepatocytes were then
cultured withBMDMs at 37 °C for 1.5 h. Non-ingested hepatocytes were
then removed by vigorous washing three times with PBS and residual
adherent BMDMs were used for subsequent analysis. For flow cytomet-
ricanalysis, BMDMs were stained with F4/80 (123141, BioLegend; 30 min
at4°C,1:100), and a cell viability stain (DAPI; 1:1,000) was performed
immediately before acquiring the samples. Data acquisition was per-
formed onaBD LSR Fortessa flow cytometer (Becton Dickinson) using
BD FACS Diva software, and data were analysed using FlowJo 10.9.0
software. The gating strategy is outlined in Supplementary Table 6.

RNA extraction and RT-qPCR

RNA was extracted from primary mouse hepatocytes and Huh-7 cells
using the RNeasy Plus Micro Kit, and cDNA synthesis was performed
using the QuantiTect Reverse Transcription Kit according to the manu-
facturer’s protocol (Qiagen). Reactions were performed intriplicatein
384-well plate format. RT-qPCR was performed using PowerUp SYBR
Green Master Mix. Primers are detailed in Supplementary Table 6. Sam-
ples were amplified on an ABI Quantstudio 5 (Applied Biosystems,
Thermo Fisher Scientific). The 2% quantification method, using
GAPDH/Gapdh for normalization, was used to estimate the amount
of target mRNA in samples, and expression was calculated relative to
average mRNA expression levels from control samples.

Computational analysis
Four computational datasets were analysed: (1) 72,262 human nuclei
from healthy (n=9), APAP-ALF (n=10) and NAE-ALF (n =12) livers;

(2) 59,051 mouse nuclei from an APAP-induced acute liver injury
timecourse; (3) spatial transcriptomics spots from human liver (n=3
healthy, n =2 APAP-ALF and n =2 NAE-ALF) and mouse liver (n=1per
timepoint); and (4) multiplex smFISH from human liver (n = 2 healthy
and n =2 APAP-ALF).

snRNA-seq analysis

We aligned to GRCh38 and mm10 (Ensembl 93) reference genomes
(modified to allow intronic and exonic feature alignment), and esti-
mated nuclei-containing partitions and unique molecular identifiers
(UMIs), using the CellRanger v3.1.0 Single-Cell Software Suite from
10X Genomics. Further analysis was performedinthe R programming
language v3.4.1.

To enable reproducible analysis, we developed the SeuratPipe R
package v1.0.0 (https://doi.org/10.5281/zenod0.7331092), a pipeline
building on existing packages. In brief, we performed analysis as fol-
lows: we performed per-dataset quality control in the Seurat* R package
v4.1.1. We used the Scrublet** Python module v0.2.3 to identify potential
doublets and the SoupX*” R package v1.5.2 to automatically calculate
and correct for background contamination. Finally, we excluded nuclei
that expressed fewer than1,000 genes, or mitochondrial gene content
of more than 5% of the total UMI count.

After merging theindividual datasets, we normalized feature counts
per nucleiby dividing the total UMI count for that nuclei, then multiply-
ing by a scale factor 0of 10,000 and natural-log transforming. We cor-
rected for sample bias by obtaining principal component embeddings
using the Harmony*® R package v0.1.0. Furthermore, we downsampled
the hepatocyte populations to standardize sample contribution to
downstream analysis.

Nucleus clusters were identified using the shared nearest neighbour
modularity optimization-based clustering algorithm implemented
in Seurat, using Harmony-corrected principal components for the
purpose of constructing the shared nearest neighbour graph. We calcu-
lated differentially expressed features using a Wilcoxon rank-sum test.
Toannotate these clusters, we used a curated list of known marker genes
per celllineage inthe liver (Supplementary Table 2) to obtain signature
scores usingthe AddModuleScore functionin Seurat. Clusters identi-
fied as primarily composed of cycling cells were reclustered to split
them outinto their constituent lineages as above. We then iteratively
applied the above workflow for each lineage thusidentified, inserting a
‘cleansing’ step in which we removed clusters displaying an abundance
of nuclei previously identified as doublets or overexpressing marker
genes of other lineages. We generated a hepatocyte migration gene
module (Supplementary Table 2) using the top 25 (by avg_log,FC) dif-
ferentially expressed features from the human migratory hepatocyte
cluster. GO analysis was performed using the clusterProfiler*’ R package
v4.8.3. Liver zonation specificity scores were obtained by first scaling
central and portal zonation signature scores to a value between O and
1, and subsequently setting zonation score = central score/(central
score + portal score). We applied quantile thresholding when plotting
features of interest.

Todetermine any confounding effects of age and sexin the APAP-ALF
data, Pearson and point-biserial correlation were performed between
the variable of interest and the harmony components.

Diffusion maps and force-directed graphs were generated in Scanpy*
Pythonmodule v1.9. Cell cycle effects were regressed before the follow-
ing dimensionality reductions. Diffusion maps were compiled based
on aneighbourhood graph recalculated in Scanpy using harmony
components. This neighbourhood was subsequently denoised using
the diffusion map coordinates and used as input to partition-based
graph abstraction alongside associated sublineage annotations. The
partition-based graph abstraction was used in turntoinitialize calcula-
tion of force-directed graphs.

Interactome analysis was performed on human APAP-ALF and mouse
APAP-induced liver injury datasets, using CellChat> R package v1.6.1
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with default parameters. Annotations from eachindividual lineage were
mapped back to a dataset containing all lineages before performing
the analysis.

Spatial transcriptomics analysis

We aligned to GRCh38 and mm10 (Ensembl 93) reference genomes
using the SpaceRanger v1.0.0 Spatial Gene Expression Software Suite
from 10X Genomics. Further analysis was performedintheR program-
ming language v3.4.1.

We performed per-dataset quality control in the Seurat R package
v4.1.1. We excluded spots expressing fewer than 800 genes or mitochon-
drial gene content of more than20% for both human and mouse samples
of the total UMI count. We also manually filtered low-quality spots
(those isolated from the main tissue section) using the 10X Genomics
Loupe browser (v5.0). Similar to snRNA-seq, we computed gene sig-
nature scores for hepatocytes (TTR, TF, HP, CYP2A6, CYP2E1, CYP3A4
and HAL), myofibroblasts (ACTA2, COL1A1, COL1A2 and COL3AI) and
cycling cells (genes listed in Seurat cc.genes.updated.2019). We applied
quantile thresholding when plotting features of interest.

Gene expression and tissue topography were used to draw spatial
trajectories across healthy and APAP-ALF tissues viathe SPATA2 (ref. 52)
Rpackage v0.1.0. The trajectory modelling functionality of SPATA2 was
used to identify central-associated and portal-associated genes and
corresponding modules (Supplementary Table 2) whose expression
trajectory followed the underlying spatial model.

Multiplex smFISH analysis

Nuclei segmentation and expansion were performed using QuPath to
demarcate cells. Agene-cell matrix was then obtained, quality control
and normalization was applied, and signature scores in tissue were
computed using pre-defined cell populations.

Further statistical analysis

Further statistical analyses were performed using GraphPad Prism.
Comparison of changes between two groups was performed using a
two-tailed paired Student’s ¢-test or unpaired Student’s ¢-test. Compari-
son of changes between groups was performed using atwo-way ANOVA
with Sidaks multiple comparison test with a single-pooled variance.
Pearson’s correlation coefficient (r) was used to measure the relation-
ship between variables. P < 0.05was considered statistically significant.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Our snRNA-seq and spatial transcriptomics data are freely available for
user-friendly interactive browsing online (https://liverregeneration-
atlas.hendersonlab.mvm.ed.ac.uk). Allraw and processed sequencing
dataare depositedin the Gene Expression Omnibus (GEO) under acces-
sion number GSE223561. Lists of lineage-specific genes for signature
analysis, lists of marker genes from clustering results, lists of GO terms
fromenrichment analysis and lists of interactome analysis output are
available as Supplementary Tables1-5. Source data are provided with
this paper.

Code availability

All code is available at https://github.com/HendersonLab/LiverRe-
generationAtlas.
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Extended DataFig.1|See next page for caption.
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Extended DataFig.1|Disruption ofzonationand annotation of lineages
inhumanacuteliver failure. a, Pearson’s correlation analysis of patient age
and hepatocyte proliferationin APAP-ALF (top) and NAE-ALF (bottom).

b, Quantification of necrotic areain human healthy (n =9) and APAP-ALF
(n=22)livertissue. Two-tailed unpaired Student’s t-test, t = 8.76, df = 30. Data
aremean + SEM. ¢, Representativeimmunofluorescenceimage of HNF4«
(hepatocytes, red),Ki67 (green), CK19 (cholangiocytes, white), and DAPI (blue)
inhuman APAP-ALF liver tissue (left). Scale b