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In brief

Ben-Moshe et al. study the rapid process
of liver regeneration following acute drug-
induced pericentral damage.
Hepatocytes proliferate throughout the
lobule to rapidly generate missing cells.
Incoming pericentral hepatocytes change
morphology, elevate protein turnover,
and upregulate oncofetal genes as they
zonally reprogram. Nonparenchymal cells
orchestrate the process by zone-
dependent cues.
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SUMMARY

The liver carries a remarkable ability to regenerate rapidly after acute zonal damage. Single-cell approaches
are necessary to study this process, given the spatial heterogeneity of liver cell types. Here, we use spatially
resolved single-cell RNA sequencing (scRNA-seq) to study the dynamics of mouse liver regeneration after
acute acetaminophen (APAP) intoxication. We find that hepatocytes proliferate throughout the liver lobule,
creating the mitotic pressure required to repopulate the necrotic pericentral zone rapidly. A subset of hepa-
tocytes located at the regenerating front transiently upregulate fetal-specific genes, including Afp and Cdh17,
as they reprogram to a pericentral state. Zonated endothelial, hepatic stellate cell (HSC), and macrophage
populations are differentially involved in immune recruitment, proliferation, and matrix remodeling. We
observe massive transient infiltration of myeloid cells, yet stability of lymphoid cell abundance, in accordance
with a global decline in antigen presentation. Our study provides a resource for understanding the coordi-

nated programs of zonal liver regeneration.

INTRODUCTION

The liver is a highly heterogeneous organ. Hepatocytes and sup-
porting nonparenchymal cells operate in repeating hexagonally
shaped anatomical units termed “liver lobules.” Blood enters
the lobules at their corners, termed “portal nodes,” and flows in-
ward through sinusoidal channels into draining central veins
(CVs). This polarized blood flow, in conjunction with sequential
consumption and secretion of hepatocytes, generates gradients
of oxygen, nutrients, and hormones. The gradients of blood-
borne factors and additional morphogen gradients create a high-
ly heterogeneous microenvironment. As a result, cells at different
lobule coordinates exhibit notable differences in gene expres-
sion, a phenomenon termed “liver zonation” (Ben-Moshe and
ltzkovitz, 2019; Gebhardt, 1992; Jungermann and Keitzmann,
1996). About half of the hepatocyte genes are zonated, with pro-
cesses such as gluconeogenesis, and protein secretion allo-
cated to the periportal hepatocytes and other processes such
as drug detoxification allocated to pericentral hepatocytes (Hal-
pern et al., 2017). Liver endothelial cells (Halpern et al., 2018; In-
verso et al., 2021) and hepatic stellate cells (HSCs) (Dobie et al.,
2019) exhibit similar broad functional zonation patterns along the
lobule radial axis. It is unclear how this spatial heterogeneity af-
fects liver pathology and regeneration processes.

The liver exhibits robust regenerative capacity (Michalopoulos
and DeFrances, 1997). In response to acute doses of drugs,
such as acetaminophen (APAP, Bhushan and Apte, 2019; Mossa-
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nen and Tacke, 2015) or CCl, (Recknagel, 1967), pericentral hepa-
tocytes that attempt to detoxify these foreign substances are
overwhelmed with toxic intermediates and die. The remaining liver
tissue enters a regenerative mode, leading to rapid healing and
replacement of the damaged lobule layers (Yanger et al., 2014).
Zonal regeneration involves a coordinated set of processes that
have to be carried out in the right place and time. Dead hepato-
cytes need to be efficiently cleared, while preventing induction
of the adaptive immune system exposed to the multiple new avail-
able antigens. Extracellular matrix needs to be constructed rapidly
to support the tissue scaffold, yet disintegrated once new cells are
formed, to prevent lasting fibrosis (Adler et al., 2020; Kisseleva and
Brenner, 2006). Most importantly, hepatocytes originating in
lobule zones with profoundly different expression signatures
need to be rapidly generated and reprogrammed to take over
the critical pericentral hepatocyte functions. Single-cell ap-
proaches have been used to study nonparenchymal cells during
the acute phase of APAP intoxication at 20 h after damage (Kolod-
ziejczyk et al., 2020); however, the spatial and temporal dynamics
of the coordinated response of all liver cell types across the entire
zonal regeneration process have not been explored.

RESULTS

A single-cell atlas of zonal regeneration after APAP
To study zonal regeneration, we injected mice with an acute dose
of 300 mg/kg APAP (Figure 1A) and sampled livers at different
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Figure 1. Acute dose of APAP induces liver damage and regeneration
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(A) A schematic of the experimental design. Mice were injected with 300 mg APAP/1 kg body weight. Livers were harvested for bulk sequencing at 6, 24, 48, 72, 96
h, 1 week, and 1 month after injection (3 mice per time point), as well as saline injected controls at different time points (2 mice per time point). Livers were
dissociated for single-cell sequencing at 24, 48, 72, 96 h, 1 week, and nontreated controls (2-4 mice for each time point, marked with black asterisks). Livers from
24, 48, and 72 h were also taken for Visium spatial transcriptomics (blue asterisks). Mouse injection illustration was created with BioRender.com.

(B) Images of liver lobules at different time points following APAP injection. CV, central vein; PV, portal vein. Yellow dashed lines mark the borders of the damaged
areas. Cell nuclei are stained with Dapi (blue). Cell membranes are stained with phalloidin (gray). Scale bars, 20 um.

(C) Uniform manifold approximation and projection (UMAP) visualization of the integrated data of all 23,944 cells from 6 time points (n = 28 mice). Cells are colored

by their cell type annotation.

(D) UMAP visualization of the integrated data. Cells are colored by the time following APAP injection.

See also Figures S1 and S2.

time points after injection. We observed massive pericentral ne-
crosis peaking at 48 h after APAP (Figure 1B), apparent from
the lack of hepatocyte nuclei. The damaged pericentral areas
contracted at 72 h with the appearance of new pericentral hepa-
tocytes, which completely replaced the necrotic tissue after 96 h
(Figure 1B). To identify the molecular details of the regeneration
process, we performed bulk RNA sequencing (RNA-seq) and sin-
gle-cell RNA sequencing (scRNA-seq) at multiple time points. In
addition, we performed Visium spatial transcriptomics to identify
distinct zonal processes during the regeneration process (Fig-
ure 1A). Our bulk RNA-seq included 21 mice sacrificed at 7 time
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points after APAP injections, starting at 6 h and up to 1 month
following injury (3 mice per time point), and eight controls injected
with saline at four different time points (Table S1). Our scRNA-seq
cell atlas included 23,944 cells collected from 28 mice at 6 time
points—control, 24, 48, 72, 96 h, and 1 week following injury.
The single cells clustered into 11 cell types, each exhibiting
distinct marker genes (Figures 1C, 1D, and S1A; Table S2A).
These cell types included hepatocytes, endothelial cells, HSCs,
Kupffer cells, cholangiocytes, monocytes, macrophages, plas-
mocytoid dendritic cells (pDCs), conventional dendritic cells
(cDCs), B cells and a cluster of T and NK cells. The Visium dataset
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Figure 2. Hepatocytes from all zones proliferate and re-establish zonation
(A) Spearman correlation distances between hepatocyte-specific genes for pairs of control samples (n = 4) and mice at different time points (n = 3 mice per time
point) after APAP injection. Horizontal line denotes median distance of control-control pairs. White dots are median distances for each time point.

(legend continued on next page)
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included mice livers taken at 24, 48, and 72 h after APAP injection,
two mice from each time point (Figure S2).

Principal component analysis (PCA) of the bulk RNA-seq
showed divergence in liver gene expression at 6, 24, and 48 h,
with a reversion to the control signature by 96 h (Figure S1B;
Table S1). Pathway analysis of the bulk RNA-seq data showed in-
duction of early immune signaling, peaking at 6 and 24 h after
APAP. Proliferation pathways peaked at 48 h after APAP (Fig-
ure S1C). Liver metabolic functions, such as glutathione and cy-
tochrome P450 metabolism, as well as quiescent HSCs function
such as retinol metabolism, were re-emerging at 72 h after APAP.

To quantify the changes in cellular composition of the liver
along the course of APAP-induced damage and regeneration,
we used computational deconvolution of the bulk data using
our scRNA-seq cell-type signatures (Newman et al., 2019) to es-
timate the relative abundance of each cell type at different time
points (STAR Methods; Table S2B). Hepatocyte abundance
significantly declined at 48 h after APAP injection, in line with
the substantial necrosis of pericentral hepatocytes (Figure 1B),
and reverted to the control proportions by 96 h (Figure S1D). In
contrast, HSCs, monocytes, and macrophages increased in
abundance, peaking at 24-48 h after APAP injection before
declining back to control levels (Figure S1D). In accordance
with the peak in the abundances of these cell types at 48 h,
our scRNA-seq atlas revealed a peak in the proportion of prolif-
erating cells for monocytes, macrophages, and HSCs at 48 h
(Figure S1E). Notably, Kupffer cells and endothelial cells also ex-
hibited a peak in proliferation at 48 h, yet did not show a corre-
sponding increase in abundances (Figures S1D and S1E;
Table S2B). This could indicate that, in addition to hepatocytes,
some Kupffer and endothelial cells may have died during the
acute injury phase and have been replenished by proliferation
of the remaining cells, as previously demonstrated for Kupffer
cells following APAP (Zigmond et al., 2014). Our analysis, there-
fore, exposes substantial changes in liver gene expression and in
proportions of multiple liver cell types, yet a notable rapid rever-
sion to control levels already 4 days after damage. We next set
out to characterize the dynamic molecular programs of this
regeneration process for distinct liver cell types.

Hepatocytes exhibit zonal reprogramming and broad
proliferation across the liver lobule

Pericentral and periportal hepatocytes exhibit distinctly different
gene expression in unperturbed livers (Halpern et al., 2017). As
observed for the bulk RNA-seq of the complete liver transcriptome
(Figures S1B and S1C), the transcriptomes of hepatocyte-specific
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genes diverged from controls at early time points but reverted to
control levels by 96 h post-APAP injection (STAR Methods; Fig-
ure 2A). Our hepatocyte single-cell data consisted of 2,770 cells
from control (STAR Methods), 48 and 72 h following APAP injec-
tion (Figure 2B). Using the spatial transcriptomics dataset, we
identified hepatocyte landmark genes that were either periportally
or pericentrally zonated throughout the regeneration process (Fig-
ure S2H; Table S3A; Halpern et al., 2018; Moor et al., 2018). We
used these to computationally infer the coordinates along the liver
lobule axis for the individual sequenced hepatocytes (STAR
Methods; Figures 2C-2F). Subsequently, we binned cells from
each time point into three zones—pericentral, mid-lobule, and
periportal—and averaged their expression to obtain the dynamic
hepatocyte zonation profiles (Table S3B). As expected, hepato-
cytes with a pericentral signature were depleted at 48 h (Figure 2F).
The distribution of zonation coordinates approached the preinjury
pattern at 72 h (Figure 2F). We used single-molecule fluorescence
in situ hybridization (smFISH) to demonstrate that classic zonated
genes such as the pericentral Glul and Cyp2e1 and the periportal
Ass1 assumed their preinjury zonation patterns at 96 h after dam-
age (Figures 2G, 2H, S3A, and S3B). Notably, although the porto-
central distances did not significantly change (Figure S3C), newly
formed hepatocytes exhibited significantly higher ploidy levels, an
increase that was more prominent in pericentral hepatocytes
(Figures S3D and S3E). Our analysis, therefore, shows that hepa-
tocytes reassume their zonal molecular identity 4 days after acute
liver damage.

Zonal hepatocyte populations have been shown to exhibit
distinct modes of proliferation in homeostasis as well as different
regeneration models (He et al., 2021; Sun et al., 2020; Wei et al.,
2021). To explore the zonal dynamics of hepatocyte proliferation
during APAP regeneration, we analyzed the zonal distributions of
proliferating hepatocytes at different time points. To this end, we
quantified the fraction of hepatocytes expressing the proliferation
marker Mki67 using smFISH. Hepatocytes proliferated throughout
the lobule axis at 32 h after APAP injection, with a slight periportal
bias. Proliferation increased at 40 and 48 h, showing a pericentral
bias, before leveling off at 72 h (Figures 2| and 2J). Notably,
throughout the regeneration process, hepatocytes at the midlobu-
lar and portal zones, at large distances from the damaged tissue
area, were positive for Mki67 (Figure 2l and 2J). Differential expres-
sion analysis between the proliferating and nonproliferating hepa-
tocytes at distinct lobule zones revealed a decrease in hepatocyte
metabolic functions in proliferating hepatocytes (Figure S3F;
Table S3C). A similar decrease in hepatocyte metabolic functions
in proliferating hepatocytes was recently observed upon deletion

(B) UMAP visualization of hepatocytes (n = 2,770 cells), colored by time after APAP injection.
(C) UMAP visualization of hepatocytes colored by the expression of the centrally zonated gene Cyp2e1.
(D) UMAP visualization of hepatocytes colored by the expression of the periportal gene Cyp2f2.

(E) UMAP of hepatocytes colored by their inferred lobule spatial coordinate, ranging from CV—cells closest to central vein, to PV —cells closest to portal vein.
(F) Distributions of lobule spatial coordinates of hepatocytes at each time point.

(G and H) smFISH of a liver lobule showing 3 zonated genes: pericentral Glul (red), Cyp2e1 (blue), and periportal Ass7 (green). CV, central vein; PV, portal vein.
Scale bars, 20 pm. Shown are examples of a control lobule (G) and a lobule 96 h after APAP (H).

(l) The fraction of proliferating hepatocytes expressing Mki67+ transcripts out of all hepatocytes located in either pericentral (red), midlobular (yellow), or periportal
(green) zones. The analysis was performed on 2 mice from each time point, at least 5 lobules per mouse were quantified. Significance levels calculated using
Kruskal-Wallis tests. White dots represent the median fraction.

(J) smFISH of a liver lobule 72 h following APAP administration showing Mki67 single transcripts (gray dots). Dashed white line marks the damage border, arrows
point to representative Mki67+ proliferating cells. Cell nuclei are stained with Dapi (blue) and membranes are stained with phalloidin (red). Scale bars, 20 pm.
See also Figure S3.
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of ZNRF3 and RNF43 in hepatocytes (Sun et al., 2021). The broad
proliferation of hepatocytes throughout the lobule axis may serve
to generate an increased mitotic pressure along the hepatic plates
that may contribute to rapidly replacing the cells at the damaged
area. Importantly, this mitotic pressure brings midlobular hepato-
cytesinto the pericentral zone, requiring reprogramming their tran-
scriptional states (Figures 2F and 2H).

Interface hepatocytes up-regulate fetal programs and
exhibit a mesenchymal shape
To explore the cellular processes involved in the reprogramming
of the midlobular hepatocytes into pericentral cell states, we
used our scRNA-seq measurements to compare the transcrip-
tomes of the most pericentral hepatocytes at 48 and 72 h and
control hepatocytes at corresponding zones (STAR Methods).
These hepatocytes constituted the cells at the interface between
the damaged and nondamaged zones, which we expected
would undergo profound changes in zonal gene expression.
We, therefore, termed these cells “interface hepatocytes”. We
found that interface hepatocytes exhibited a distinct expression
signature, consisting of genes that are expressed in fetal livers
and in hepatocellular carcinomas yet not in adult hepatocytes
(Figures 3A-3C, S4A, and S4B). These included Afp, encoding
the fetal serum protein alfa feto-protein (Camp et al., 2017; Kuhl-
mann, 1978; Ruoslahti and Seppala, 1979); Spp1, encoding os-
teopontin (EI Makarem et al., 2011; Cabiati et al., 2017; Wang
etal., 2016); and Cdh17, encoding a cadherin protein associated
with activation of Wnt signaling in hepatocellular carcinomas
(Bartolomé et al., 2014; Liu et al., 2009; Figure 3C). Afp was
exclusively expressed by interface hepatocytes and not
observed in other lobule layers, yet was expressed by only a sub-
set of interface hepatocytes, indicative of bursty expression
(Figures 3C and S5A). Consistent with Cdh17 expression, inter-
face hepatocytes exhibited elevated levels of Wnt pathway
target genes such as Lgr5 and Axin2 (Zhao et al.,, 2019;
Figures 3A and 3B). We used smFISH to validate the specific
expression of these genes (Figure 3C), as well as of Apoa7 and
Actb (Figure 3D) in the hepatocytes residing at the interface be-
tween the damaged and nondamaged zones.

Interface hepatocytes upregulated pathways that included
ribosomes and proteasomes (Figures 3E and S5B-S5E). These
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programs may serve to translate new pericentral proteins, while
actively degrading the existing periportal/mid-lobule proteins of
these migrating hepatocytes. We found that oxidative phos-
phorylation was also upregulated in interface hepatocytes, in
line with the elevated ATP requirements of active translation
(Flamholz et al., 2014). Additionally, pericentral programs
such as xenobiotic metabolism (Halpern et al., 2017) were up-
regulated, whereas periportal programs such as complement
and coagulation (Halpern et al., 2017) were downregulated.
Interface hepatocytes exhibited a mesenchymal-like shape
with elongated extrusions extending into the damage zone
(Figures 3D and 3F), with lower circularity compared with non-
interface hepatocytes (paired ranksum p value = 2.37 x 1077,
Figure 3G). These results suggest that interface hepatocytes
do not simply switch from a periportal/midlobular state to a
pericentral state as they are pushed into the pericentral zone.
Rather, their change in cellular identity is associated with a
transient expression of fetal genes, elevation of protein transla-
tion and degradation, and modified cellular morphology.

HSCs exhibit spatial division of labor
Successful liver regeneration requires tightly coordinated re-
sponses from all liver cell types. HSCs are key players in liver
damage response and regeneration (Friedman, 2008; Puche
et al., 2013). Upon damage sensing, retinol storing quiescent
HSCs are activated in a TGF-B-dependent manner and transdif-
ferentiate into collagen-secreting myofibroblasts (Baricos et al.,
1999; Tipton and Dabbous, 1998). These activated stellate cells
have a central role in extracellular matrix remodeling and fibrosis
(Friedman, 2008; Kisseleva and Brenner, 2006; Puche et al.,
2013). Previous studies used scRNA-seq to characterize the
acute phase of HSC activation (Kolodziejczyk et al., 2020), iden-
tifying key cytokines that may be involved in myeloid recruitment.
We sought to explore the zonal dynamics of HSCs throughout
the regeneration process.

We reclustered the HSC single cells in our atlas and integrated
it with a previous scRNA-seq dataset (Kolodziejczyk et al., 2020)
of HSCs in control and 20 h post-APAP (STAR Methods; Fig-
ure 4A). HSCs have been shown to exhibit zonated gene expres-
sion along the lobule axis (Dobie et al., 2019); however, the
massive changes in HSC gene expression upon activation may

Figure 3. Interface hepatocytes upregulate onco-fetal genes as they reprogram into pericentral hepatocytes

(A and B) Expression levels of genes in pericentral hepatocytes 48 (A) or 72 h (B) after APAP injection plotted against their expression in control hepatocytes with
matched distribution of lobule spatial coordinates. Gray dots represent all genes. Red/blue dots represent genes upregulated/downregulated respectively in the
regenerating tissue, with mean expression level of above 5 x 107°, at least 2-fold difference from matched control and FDR threshold of 0.01.

(C) smFISH (top) and insets (bottom) of a liver lobule 48 h after APAP injection. Dashed white line delineate the damage border. CV, central vein; PV, portal vein.
Nuclei and membranes are labeled with Dapi (blue) and phalloidin (green), respectively. Two representative interface hepatocytes outlined in orange shown in the
insets (bottom), together with the smFISH labeling for mMRNAs of Afp (left), Cdh17 (middle), and Spp1 (right). Scale bars, 20 um. Laplacian of Gaussian filter was
applied on the smFISH images.

(D) smFISH of a liver lobule 48 h post-APAP injection for Apoa1 (red) and Actb (gray) mRNA. Nuclei are stained with Dapi (blue). CV, central vein. Scale bars, 20 um.
White dashed rectangle is the region displayed in (F).

(E) GSEA normalized enrichment scores (NESs) of gene pathways significantly upregulated (red) or downregulated (blue) in interface cells. Dot size corresponds
to number of pathway genes found in the dataset; opacity corresponds to false discovery rate (FDR). Genes sets used for the analysis were taken from Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways dataset.

(F) Magnification of the region marked in (D) showing interface (orange dashed lines) and noninterface (blue dashed lines) hepatocytes. Nuclei and membranes are
labeled with Dapi (blue) and phalloidin (gray), respectively. Scale bars, 20 um.

(G) Quantification of circularity of interface (orange) and noninterface (blue) hepatocytes. White dots represent group circularity median. Gray boxes mark the 25—
75 percentiles. Significance level was calculated using paired signrank test (n = 60 pairs of interface and adjacent noninterface hepatocytes, taken from 3 mice
48 h after APAP injection and 3 mice 72 h after APAP injection).

See also Figures S4 and S5.
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Figure 4. Hepatic stellate cells exhibit distinct expression programs in different zones
(A) UMAP visualization of HSCs, colored by time after APAP administration. n = 2,311 cells, at least 2 mice per time point.
(B) UMAP visualization of HSCs, colored by inferred zone (STAR Methods).

(legend continued on next page)
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modulate the zonal patterns of HSC landmark genes. To extract
zonated HSC landmark genes, we, therefore, used smFISH to
validate a periportal abundance of the HSC landmark gene
Ngfr (Dobie et al., 2019) across all time points (Figures S6A
and S6B). We next selected a panel of landmark genes with
high single-cell correlations with Ngfr at each time point and
used these to classify HSCs into pericentral, midlobular, and
periportal zones (STAR Methods; Figure 4B). We grouped
HSCs from each time and zone to generate spatiotemporally
resolved HSC expression profiles (Table S4A). We validated
the spatiotemporal dynamics of HSC genes by comparison to
our Visium dataset (Figure S2I, R = 0.65, p = 1.7 x 10749),

The levels of quiescent HSC genes such as the retinol binding
protein Rbp1 and lecithin retinol acyltransferase (Lrat) declined
at all zones and reverted to control levels at 96 h (Figure 4C).
Conversely, genes involved in HSC activation, such as the smooth
muscle actin gene Acta2 acutely peaked in expression at 20 h,
mainly in pericentral HSCs (Figure 4D). Expression of extracellular
matrix (Naba et al., 2016) genes underwent substantial changes
along the time course of APAP-induced injury and regeneration
in a spatially dependent manner at 48 h most prominently in peri-
central HSCs, in line with the required matrix buildup in the
damaged zone (Figure 4E and S6C). Notably, the levels of collagen
genes remained elevated even at 1 week compared with controls.
Similar to collagens, matrix metalloproteinases (MMPs) and met-
alloproteinase inhibitors (Timps) showed concordant temporal
patterns in all zones, peaking in the pericentral zone (Figure S6C).

HSC proliferation genes, which peaked at 48 h, exhibited a
higher expression in the periportal and mid-lobule zones
compared with the pericentral zone (Figure 4F). Our measure-
ments, therefore, suggest a potential spatial division of labor,
whereby pericentral HSCs rapidly respond to the APAP-induced
damages, activate and produce ECM, and interact with immune
cells, whereas periportal HSCs preferentially proliferate, poten-
tially generating backup HSCs that can migrate into the
damaged zone to support the active regeneration process.

In addition to their role in matrix remodeling, HSCs play an
important role in the recruitment of myeloid cells into the liver (Pel-
licoro et al., 2014). Concordant with the pericentrally prevalent fi-
brogenic processes, immune modulators such /16, lI11, the
macrophage regulator of proliferation and function, Csf7 (Chitu
and Stanley, 2006), and Cxcl5 were upregulated primarily in
pericentral and mid-lobule HSCs, peaking at 24 h after APAP (Fig-
ure 4G). In contrast to the upregulation of myeloid immune mod-
ulators, the lymphocyte chemoattractant Sdf-1, encoded by the
gene Cxcl12 (Bleul et al., 1996) was strongly downregulated by
all HSCs. This is in agreement with the lack of increase in lympho-
cyte abundance that we have observed throughout the zonal
regeneration process (Table S2B). Consistent with this avoidance
of lymphocyte activation, HSCs at all zones also exhibited a
decline in MHC class 1 genes such as H2-k1 (Figure 4H).

To identify the molecular pathways of HSC induction, we ran
Nichenet (Browaeys et al., 2020), a tool that identifies pathway

Cell Stem Cell

activation and highlights potential ligands involved. We found
that most of the HSC-activating ligands originated in monocytes
and macrophages (e.g., Gpnmb), in endothelial cells (e.g., Tgfa,
Nid1), and in HSCs themselves (e.g., Timp1, Ctgf, Figures S6D
and S6E). Our analysis highlights zone-specific HSC expression
programs that may facilitate the temporally coordinated pro-
cesses of immune recruitment, ECM buildup, and breakdown
that the liver exhibits following acute APAP damage.

Endothelial cells exhibit zonated cues along the
regeneration process

Liver endothelial cells are critical modulators of liver function.
They form the building blocks of blood vessels; clear endotoxins,
bacteria, and other compounds; regulate host immune re-
sponses to pathogens; present antigens; and secrete morpho-
gens that regulate hepatocyte zonal gene expression patterns
(Poisson et al., 2017). Importantly, similar to hepatocytes and
HSCs, endothelial cells exhibit zonated expression programs
(Halpern et al., 2018; Inverso et al., 2021; Xiong et al., 2019).
We next asked how zonal endothelial subpopulations support
the regeneration process. Our atlas included 6,527 endothelial
cells (Figure 5A). Similar to HSCs, we reconstructed endothelial
zonation profiles for each of the time points, using distinct set
of landmark genes for each time point (STAR Methods;
Table S4B). Examples for zonated genes include the pericentral
Wnt2 and the periportal Efnb2 (Halpern et al., 2018; Figure 5B),
as well as markers for sinusoidal endothelial cells (Kit; Halpern
et al., 2018) and vascular endothelial cells (Vwf; Kalucka et al.,
2020) to classify the endothelial cells into 5 zonal population
(STAR Methods). These included pericentral liver vascular endo-
thelial cells (PC-LVECs); pericentral, midlobular, and periportal
liver sinusoidal endothelial cells (PC-LSECs, mid-LSECs, and
PP-LSECs); and periportal liver vascular endothelial cells (PP-
LVECs, Figure 5C; STAR Methods). As with hepatocytes and
HSCs, we validated the zonation patterns of endothelial cells
by comparisons with our Visium dataset (Figure S2J; R = 0.63,
p=5.5x 10724,

Pericentral vascular endothelial cells, a major source of the
morphogens Wnt2, Wnt9b, and Rspo3 that establish many of
the hepatocyte pericentral programs (Benhamouche et al.,
2006; Mak and Png, 2020; Monga, 2015; Planas-Paz et al.,
2016), showed a transient decline in the expression of these mor-
phogens at 24 h and an ensuing slight overshoot (Figures 5D and
S6F-S6H). Wnt9b, which was shown to be implicated in liver
regeneration after partial hepatectomy (Preziosi et al., 2018),
was transiently downregulated 48 h after APAP injection in PC-
LVEC. Importantly, expression of these Wnt ligands seemed to
precede the reappearance of pericentral hepatocyte gene
expression (Figure S6l).

PC-LVEC also exhibited a decline in MHC class 1 and MHC
class 2 molecules. This is in line with the decline we observed
in HSC MHC-I expression (Figure 4G) and could serve to avoid
unwanted lymphocyte activation by the presentation of antigens

(C-H) Temporal dynamics of selected genes in HSCs, stratified by zone. Lines denote the mean of the normalized expression over cells from the same zone and
time point, patches denote the standard errors of the means (SE). For each gene, the mean and SE for pericentral HSCs (red), mid-lobule HSCs (yellow) and
periportal HSCs (green) are presented. Selected genes belong to various processes: markers of quiescent HSCs (C), activated HSCs (D), ECM collagen genes (E),
proliferation (F), centrally zonated immune modulators (G), and downregulated zonated immune modulators (H).

See also Figure S6.
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Figure 5. Zonal endothelial cell populations differentially express genes involved in the regeneration process

(A) UMAP visualization of endothelial cells, colored by time after APAP administration. n = 6,527 from 13 mice, at least 2 mice per time point.

(B) UMAP visualization of endothelial cells, colored by expression level of the pericentral Wnt2 (top left), periportal Efnb2 (top right), sinusoidal endothelial cell
marker Kit (bottom left) and vascular endothelial cell marker Vwf (bottom right).

(legend continued on next page)
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scavenged from necrotic hepatocytes. PC-LVEC expressed the
metalloproteinase inhibitor Timp1 at 24 h and the metalloprotei-
nase Adamts/1 at 72 h, consistent with the need to counteract
ECM breakdown at the initial stages of regeneration and apply
ECM breakdown during resolution. Pericentral and midlobular si-
nusoidal endothelial cells showed the most notable upregulation
of proliferation genes such as Mki67 (Figure 5D). This could indi-
cate that in addition to hepatocytes, PC-LSECs at the damage
zone are also dying and replaced by proliferation of remaining
neighboring cells. Hgf, a major mitogen for hepatocytes (Naka-
mura et al., 1984), was broadly expressed by sinusoidal, yet
not by vascular endothelial cells, with a slight periportal zonation
bias (Figure 5D). This broad expression could account for the
broad pattern of hepatocyte proliferation we have observed
(Figures 21 and 2J). This finding further supports the notion that
hepatocyte proliferation and differentiation are uncoupled after
APAP damage. Although Hgf was broadly expressed, Wnt mor-
phogens were expressed in the pericentral zones, potentially
serving to induce pericentral hepatocyte programs in newly
incoming regenerating hepatocytes (Figure S6l).

To identify potential transcription factors that may be associ-
ated with the induction of Hgf expression in both endothelial cells
and HSCs, we performed gene regulatory network analysis using
the Single-cell regulatory network inference and clustering
(SCENIC) tool (Aibar et al., 2017; Van de Sande et al., 2020). Up-
stream transcription factors associated with Hgf activation that
showed significant elevation in activity in the Hgf+ cells included
Ets1 (Dittmer, 2003), Ets2, Hix (Hentsch et al., 1996), and Tead1
(Corley et al., 2018; Table S4C).

Dynamics of myeloid cell subtypes along the
regeneration process

Myeloid cells are instrumental to the regeneration process
following acute liver damage (Goldin et al., 1996; Kolodziejczyk
et al., 2020; Tacke and Zimmermann, 2014). Our atlas included
9,338 myeloid cells, clustered into 10 cell types with distinct
marker (Figures 6A-6C and S7A). Monocytes peaked in propor-
tion at 24 h, whereas macrophages peaked at 48 h, potentially
indicating maturation from incoming monocytes, as previously
shown in the liver after damage (Karlmark et al., 2009; Zigmond
et al., 2014). Kupffer cells exhibited a distinct activated cell state
at 24 and 48 h, yet returned to their control states by 96 h
(Figures 6A-6C). Importantly, Kupffer cells and monocytes
formed distinct clusters at all time points (Ginhoux and Guilliams,
2016). This is consistent with the previous observation that dying
Kupffer cells are replaced via proliferation of surviving Kupffer
cells, rather than from incoming monocytes after acute liver
damage (Zigmond et al., 2014). Activated Kupffer cells showed
both distinct and shared programs with macrophages
(Figures S7B-S7D). Kupffer cells showed elevated interferon
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alpha and gamma responses, whereas macrophages exhibited
elevated KRAS, IL2 STAT5, MYC, and mTOR signaling
(Figure ST7E).

As with HSCs and endothelial cells, both Kupffer cells and
macrophages exhibited a drop in expression of genes encoding
the antigen presentation machinery, such as Cd74 and H2-Q4
(Figure S7F). Consistently, lymphocyte-attracting chemokines,
such as Cxcl9, Cxcl10, and Cxcl13, were also downregulated
(Figure S7F). Additional shared programs included upregulation
of chemokines, such as Ccl2, Ccl7, and Ccl9. Kupffer cells also
exhibited higher expressions of proliferation markers, such as
Mki67, Pcna, and Top2a (Figures S7C, S7D, and S7F), suggest-
ing that Kupffer cells are proliferating more than the recruited
macrophages in the liver during regeneration.

The most upregulated gene in activated Kupffer cells was
Mmp12, encoding for the elastase matrix metallopeptidase 12
enzyme (Belaaouaj et al.,, 1995; Werb and Gordon, 1975).
Mmp12 expression levels were 637-fold higher at 24 h compared
with controls (Kruskal-Wallis p (dfs, 2838 = 3.37 x 107'%,
Table S2). Mmp12 also exhibited upregulation in macrophages
(Figure 6D). Notably, when imaging the expression of Mmp12 us-
ing smFISH, we found it to be expressed in myeloid cells local-
ized at the damage zone (Figure 6E). Both Mmp 12+ Kupffer cells
and Mmp12+ macrophages upregulated genes found in lipid-
associated macrophages (Jaitin et al., 2019; Remmerie et al.,
2020), such as Trem2, Lpl, and Cd36 (Figure S7F). Expression
of these genes was higher in macrophages (Figures S7D
and S7F).

As with hepatocytes and endothelial cells, activated Kupffer
cell showed significant correlation with fetal Kupffer cells
(Figures S4E and S4F, R=0.59, p <1 x 107%%). Common trends
with fetal Kupffer cells included the reduction in antigen presen-
tation genes and an increase in lipid-associated macrophages
genes (Figure S4E).

DISCUSSION

Liver zonal regeneration is a remarkable process achieved
rapidly and precisely by the coordinated action of multiple cell
types. These cell types exhibit both zone-independent and
zone-specific gene expression programs (Figure 7). Hepatocyte
proliferation occurs throughout the lobule axis, presumably to
generate a large mitotic pressure. In turn, this pressure pushes
the neighboring hepatocytes to repopulate the damaged zone,
as has been previously shown for both periportal and pericentral
models of liver injury (Sun et al., 2020). This broad proliferation
could be induced by hepatocyte growth factor, which we found
to be expressed by HSCs and sinusoidal endothelial cells at all
zones, rather than exclusively at the pericentral damaged zone.
We found that the incoming mid-lobular hepatocytes do not

(C) UMAP visualization of endothelial cells, colored by inferred zone (STAR Methods). PC-LVECs, pericentral liver vascular endothelial cells; PC-LSECs, peri-
central liver sinusoidal endothelial cells; mid-LSECs, mid-lobule liver sinusoidal endothelial cells; PP-LSECs, periportal liver sinusoidal endothelial cells; PP-

LVECs, periportal liver vascular endothelial cells.

(D) Temporal dynamics of selected genes in endothelial cells, stratified by the zonated endothelial cell populations. Lines denote the mean of the normalized
expression over cells from the same zone and time point, patches denote the standard errors of the means (SE). For each gene, the mean and SE for PC-LVEC
(dark red), PC-LSEC (red), mid-LSEC (yellow), PP-LSEC (green), and PP-LVEC (blue) are presented. Lobule diagram highlights the different zonated endothelial

cell subtypes with their respective colors.
See also Figures S4 and S6.
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Figure 6. Spatiotemporal patterns of myeloid cell gene expression

A) UMAP visualization of myeloid cell populations, colored by time after APAP administration. n = 9,338 cells from 15 mice, at least 2 mice per time point.

(

(B) UMAP visualization of myeloid cell populations, colored by cell types.

(C) The fractions of different myeloid cell subtypes at each time point.

(D) UMAP visualization of myeloid cells, colored by expression levels of Mmp12.
(E) smFISH scan (top) and zoomed-in insets (bottom) of a liver lobule 24 h after APA
with Dapi (blue) and phalloidin (green), respectively. Pericentral (left), mid-lobule

P injection. CV, central vein; PV, portal vein. Nuclei and membranes are labeled
(middle), and periportal (right) KCs marked by dashed lines in the scan are

enlarged in the insets (bottom), together with the smFISH for the Kupffer cell gene Marco (green) and Mmp12 (red) mRNAs, together with Dapi (blue). Scale bars,

20 um for top image, 10 um for insets. Laplacian of Gaussian filter was applied ol
See also Figures S4 and S7.

directly trans-differentiate into pericentral hepatocytes. Rather,
interface hepatocytes that are pushed pericentrally to seal the
damaged zone exhibit a distinct gene expression signature
observed in fetal yet not in adult livers. This signature includes
genes such as Afp, Cdh17 and Spp1, which are normally ex-
pressed in the fetal liver or in hepato-cellular carcinoma. This
finding, together with the higher correlation of pericentral LSECs
and KCs at 24h after APAP injection with their fetal counter-
parts, resemble the onco-fetal microenvironment observed in

n the smFISH images.

hepatocellular carcinoma (Sharma et al., 2020). This may imply
an overall reprogramming mechanism in the liver. Afp has been
shown to be expressed at the margins of necrotic tissues
following CCl, intoxication (lwai et al., 2000), as well as around
fibrotic bridges in chronic liver damage (Nakano et al., 2017).
Moreover, serum levels of the AFP protein following acute
APAP damage correlate with survival (Schiedt et al., 2006;
Schmidt and Dalhoff, 2005; Singh et al., 2019), consistent with
our detected robust expression in reprogramming zonal
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Figure 7. Summary of main events during APAP-induced liver damage and regeneration
A commented illustration of a liver lobule summarizing the main zone-dependent and independent changes in the different liver cell types during the regeneration

process.

hepatocytes. We found that interface hepatocytes have a
distinct non-circular morphology and elevated levels of ribo-
somes and proteasomes. This elevation of the protein turnover
machinery could serve to facilitate the required rapid turnover of
their proteome, as periportal proteins need to be eliminated and
pericentral proteins formed. The fact that hepatocytes were
proliferating throughout the lobule, coupled with the distinctly
different zonal patterns of the pericentral Wnt morphogens
and the broad Hgf mitogens, suggest that the processes of
cell division and reprogramming may be uncoupled during zonal
liver regeneration. The logic of this is that reprogramming needs
to be performed mainly in the damaged zone, while broad pro-
liferation serves to seal the damage rapidly through elevated
mitotic pressure. Regeneration following zonal damage has
been shown to be delayed in a mouse model with Wnt/beta-cat-
enin inhibition (Apte et al., 2009). It would be interesting to apply
our spatiotemporal approach to study the changes in the regen-
eration programs upon Wnt or Hgf inhibition, to gain insight into
the molecular interplay of these important signals and their role
in liver regeneration and proliferation (Apte et al., 2006). Further-
more, it would be important to identify the cues that give rise to
the fetal reprogramming of interface hepatocytes, be they me-
chanosensing of the contact with the fibrotic zones or distinct
morphogens.
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Although zonal regeneration involved the massive transient
recruitment of monocytes and macrophages, lymphocyte abun-
dance showed stability in cell numbers (Table S2B). The avoid-
ance of induction of adaptive immunity may be critical, given
the multiple new antigens available for presentation due to the
necrotic hepatocytes. Indeed, we found that all cell types tran-
siently reduced the expression of MHC-I genes and that the liver
antigen presenting cells—endothelial cells and myeloid cells
transiently reduced MHC-II genes up to 96 h after damage.
The induction in myeloid-recruiting cytokines, such as Ccl2,
Ccl7, and Csf1, and the repression of signals for recruitment of
lymphocytes, such as Cxcl/12 and Cxcl13, may also contribute
to the inverse abundances of myeloid and lymphocyte
populations.

Our study exposed intricate zone-dependent expression pro-
grams of HSCs and endothelial cells. We found that pericentral
HSCs massively induced ECM programs, such as collagen
gene expression, whereas periportal HSCs showed increased
proliferation. Response to zonal damage requires massive ma-
trix remodeling. To achieve this, the liver needs to generate
new HSCs and to activate them to achieve maximal secretion
of matrix components as fast as possible. Both HSC proliferation
and the production of secreted matrix proteins require cellular
resources that may be limited. Our analyses suggest a strategy
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of spatial resource allocation, whereby pericentral HSCs are
early responders that initiate matrix production immediately,
whereas portal HSCs divide to provide backup cells that can
later migrate into the damaged zone and reduce the load from
the pericentral HSCs. Our study also provides the molecular de-
tails of the resolution of the fibrogenesis involved in zonal regen-
eration. These could prove informative for the goals of resolving
fibrotic states (Adler et al., 2020; Henderson and Iredale, 2007;
Kisseleva and Brenner, 2006; Liu et al., 2020; Puche et al.,
2013; Troeger et al., 2012). Our analysis also revealed zonated
proliferation patterns of endothelial cells, which were restricted
to pericentral and midlobular sinusoidal endothelial cells but
not pericentral vascular endothelial cells. These vascular endo-
thelial cells, which form the central blood vessels and are nonfe-
nestrated, might be more robust to the toxic microenvironment
generated following hepatocyte necrosis and myeloid cell migra-
tion. In summary, our work highlighted the details of liver
plasticity during zonal regeneration and exposed the zone-
dependent coordinated programs that facilitate precise healing
of the liver tissue.

Limitations of the study

The RNA-seq and imaging approaches implemented in this
study provide high-resolution measurements of the spatial and
dynamics of liver transcriptome along the liver damage and
regeneration processes. Nevertheless, post-transcriptional
regulation as well as sequestering and exposing of molecules
by the vastly changing ECM are hard to detect directly in our da-
tasets. Examples of such regulation levels are PDGF, TGF-$, and
HGF (Hynes, 2009). Moreover, the short time frame of 4 days at
which the complete zonal regeneration process is attained is
within the order of magnitude of typical protein lifetimes
(Schwanhausser et al.,, 2011). In such out-of-steady-state
regime, a complete functional view of the regeneration process
will require analysis of proteins. It will, therefore, be informative
to apply approaches such as spatial sorting (Ben-Moshe et al.,
2019; Harnik et al., 2021; Inverso et al., 2021) to assess the dy-
namics of liver proteome in a cell- and zone-specific manner.
Our study focused on pericentral zonal damage. It will be inter-
esting to use similar methods to explore whether interface hepa-
tocytes, immune evasion, and matrix remodeling also apply to
periportal damage (Ben-Moshe and ltzkovitz, 2019).

In this study, liver damage and regeneration were sampled
every 24 h. Although this time window captures the phases of
damage and regeneration, there might be processes that would
be fully characterized by higher temporal resolution.
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Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Shalev

ltzkovitz (shalev.itzkovitz@weizmann.ac.il).

Materials availability
The study did not generate new unique reagents.

Data and code availability

o All sequencing data have been deposited at Zenodo repository and are publicly available under the following URL: https://doi.
org/10.5281/zenodo.6035873. DOl is also listed in the key resources table.
o Data can also be browsed in our webapp: https://itzkovitzapapp.weizmann.ac.il/apap/ Spatial-temporal dynamics of genes
can be plotted in both scRNAseq and spatial trascriptomics datasets. Datasets are also available to download from the

webapp.

® All codes used in this paper are available from the lead contact upon request.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

Cell Stem Cell 29, 973-989.e1-e10, June 2, 2022 e2


mailto:shalev.itzkovitz@weizmann.ac.il
https://doi.org/10.5281/zenodo.6035873
https://doi.org/10.5281/zenodo.6035873
https://itzkovitzapapp.weizmann.ac.il/apap/
https://doi.org/10.5281/zenodo.6035873
https://doi.org/10.5281/zenodo.6035873
https://doi.org/10.5281/zenodo.6035873
https://doi.org/10.5281/zenodo.6035873
https://www.rstudio.com/
https://www.mathworks.com/
https://www.python.org/
https://emea.support.illumina.com/downloads/bcl2fastq-conversion-software-v2-20.html
https://emea.support.illumina.com/downloads/bcl2fastq-conversion-software-v2-20.html
https://emea.support.illumina.com/downloads/bcl2fastq-conversion-software-v2-20.html
https://github.com/sdparekh/zUMIs
https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest
https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest
https://support.10xgenomics.com/single-cell-gene-expression/software/downloads/latest
https://support.10xgenomics.com/spatial-gene-expression/software/downloads/latest
https://support.10xgenomics.com/spatial-gene-expression/software/downloads/latest
https://support.10xgenomics.com/spatial-gene-expression/software/downloads/latest
https://satijalab.org/seurat/
https://github.com/saeyslab/nichenetr
https://scenic.aertslab.org/
https://cibersortx.stanford.edu/
http://singlemoleculefish.com/
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp
https://imagej.nih.gov/ij/

¢? CellPress Cell Stem Cell

Data generated in this study available at the Zenodo repository under the following URL: https://doi.org/10.5281/zenodo.6035873.
Data can also be browsed in our webapp: https://itzkovitzapapp.weizmann.ac.il/apap/. Spatial temporal dynamics of genes can be
plotted in both scRNAseq and spatial trascriptomics datasets. Datasets are also available to download from the webapp.

All codes used in this paper, as well as any additional information required to reanalyze are available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse experiments were approved by the Institutional Animal Care and Use Committee of the Weizmann Institute of Science and
were conducted in agreement with the institute guidelines. Male (C57BL/6JOlaHsd) mice aged 8-11weeks, housed under regular
12h light-dark cycle, were used in our experiments. Food (Teklad Global 18% Protein Rodent Diet) was taken out 12h prior to
APAP injection. Mice had access to drinking water. A dose of 300mg/1kg body weight of APAP (Merck, 103-90-2), dissolved in saline
0.9%, was injected i.p at a concentration of 40mg/ml. APAP solution was slightly heated to improve drug solubility. In order to avoid
circadian rhythm effects, all timepoints were carried out at the same hour of the day — food was taken out at ZT16 (10pm) and APAP or
saline was injected at ZT4 (10am). Food was given back to mice after injection mice were fed ad libitum until sacrificed for experiment.

For bulk RNA sequencing and smFISH experiments, 8 control mice were injected with saline alone following 12h fasting — at 6h,
24h, 96h and 1m, 2 mice per time point. Mice were injected with APAP 6h, 24h, 48h, 72h, 96h, 1Tweek and 1month prior to their sac-
rifice, 3 mice per time point. For scRNAseq experiments, non-injected mice were used as controls (n=2) and mice were injected with
APAP 24h (n=2), 48h (n=4), 72h (n=2), 96h (n=3) and 1week (n=2) prior to their sacrifice.

METHODS DETAILS

Single molecule fluorescence in-situ hybridization (smFISH)

APAP- or saline- treated mice were sacrificed 6h, 24h, 48h, 72h, 96h, 1w and 1m after injection. Mice were sacrificed by cervical
dislocation. A part of the median lobe was taken for bulk mRNA sequencing, and the rest of the liver was fixed with pre-chilled 4%
PFA for 3h in 4°C followed by an overnight incubation with 4% PFA and 30% sucrose in 4°C. Fixed liver was then embedded in
OCT. smFISH experiments were performed on 8um thick cryosections mounted on poly-L-lysine pre-coated coverslips. Probe
libraries were designed using the Stellaris FISH Probe Designer Software (Biosearch Technologies, Inc., Petaluma, CA). Hybrid-
ization was performed according to published protocol (Lyubimova et al., 2013). Briefly, tissues were permeabilized for 10min with
proteinase K (10pg/ml Ambion AM2546) followed by 2 washes of 2x SSC (Ambion AM9765) for 5min. Tissues were incubated in
wash buffer (20% Formamide Ambion AM9342, 2x SSC) for 5min and then with hybridization buffer (10% Dextran sulfate Sigma
D8906, 20% Formamide, 1mg/ml E.coli tRNA Sigma R1753, 2x SSC, 0.02% BSA Ambion AM2616, 2 mM Vanadylribonucleoside
complex NEB S1402S) mixed with probes. Hybridization mix was incubated with tissues overnight in a 30°C incubator. smFISH
probe libraries were coupled to Cy5, TMR or Alexa594. Table S7 includes a list of all the probe sequences used in this study. After
the hybridization, tissues were washed with wash buffer containing 50ng/ml DAPI for 30 min at 30°C. DAPI (Sigma-Aldrich, D9542)
was used for nuclear staining. Membranes were labeled using actin filaments staining by Phalloidin (Thermofisher). All images
were performed on a Nikon-Ti-E inverted fluorescence microscope using the NIS element software AR 5.11.01. Scans spanning
from central to portal veins were acquired using 100x magnification. Stitching of the individual fields was done by NIS element
program, with 15% overlap.

Library construction for bulk liver mRNA

Mice injected with APAP or saline vehicle only were sacrificed using cervical dislocation. A small part from the median liver lobe, be-
tween 2-5mm?, was taken for bulk RNA sequencing, and the rest of the organ was fixed for smFISH experiments, as aforementioned.
Tissue samples were placed in cold 600ul TRI-reagent for RNA isolation (Sigma). 0.5mm diameter RNase free zirconium-oxide ho-
mogenization beads (Next Advance) were added in a mass comparable to that of the tissue sample, and samples were homogenized
in a Bullet Blender (Next Advance) using speed 8 setting for 3mins. After the homogenization step, samples were centrifuged
(14,000 rpm, 30sec) and 500ul from the supernatant were transferred into a new Eppendorf tube. An equal volume of 100% EtOH
was added to the sample. From that tube, 500ul of sample were transferred into Direct-zol RNA miniprep column (Zymo research).
RNA extraction was performed as detailed in kit protocol, with a DNase | incubation step. Total RNA was eluted in 20ul nuclease free
water and 1pul of total RNA was taken for library construction. Libraries were prepared according to mcSCRBseq protocol (Bagnoli
et al., 2018). Following reverse transcription and exo-nuclease steps, cDNA was pre-amplified with 10-15 cycles, depending on
cDNA concentration, indicated by gPCR quality control. 2ng of the amplified cDNA were used to library construction, using Nextera
XT DNA Library kit (Illumina, FC-131-1024), according to manufacturer protocol. Quality control of the resulting libraries was per-
formed with an Agilent High Sensitivity D1000 ScreenTape System (Agilent, 5067- 5584). Libraries were loaded with a concentration
of 2.2pM on 75 cycle high output flow cells (lllumina, FC-404-2005) and sequenced on a NextSeq 500/550 (lllumina) with the following
cycle distribution: 8bp index1, 16 bp read1, 66 bp read2 (no index2 needed), with estimated depth of 15M reads per sample. A total of
29 libraries for 29 different mice were sequenced.
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Data processing for bulk mRNA

lllumina output files were demultiplexed with bcl2fastq v.2.17. Resulting FASTQ files were analyzed using the zUMls pipeline (Parekh
et al., 2018). Reads were aligned with STAR (v.2.5.3a) to the GRCm38 genome (release 84; Ensembl) and exonic unique molecular
identifier (UMI) counts were used for downstream analysis. Two samples (CT_24h_m9 and CT_24h_m10) were discarded for having a
total UMI sum of less than 1.5M UMlIs. Data was further normalized by dividing each sample by its sum of UMIs, resulting in normal-
ized expression levels corresponding to the gene’s fraction in the sample.

Principal component analysis on bulk samples

Fractions were natural-log transformed (after the addition of the minimal fraction larger than zero) and Z-scores of the log transformed
fractions of each gene were calculated across all samples. PCA was calculated on the Z-scores. In order to avoid circadian effects,
control mice which were injected with saline 6h prior to the experiment were discarded from the pool of control mice.

Liver perfusions and hepatocyte dissociation

Mice were anaesthetized with 100 mg/kg Ketamine (Zoetis Manufacturing & Research) and 10 mg/kg Xylazine (EuroVet) dissolved in
1x PBS and injected i.p. Once anaesthetized, their livers were perfused as previously described (Mederacke et al., 2015), with some
adjustments. A 27 G syringe connected to perfusion line and pump was inserted into the vena cava; 7-10 ml of pre-warmed to 37 °C
EGTA buffer were perfused to wash the blood from the liver. After EGTA, 12-20 ml of pre-warmed to 37 °C enzyme buffer solution
(EBS) with 2.3 U of Liberase (Roche) were cannulated into the vena cava to isolate hepatocytes. Shortly after the beginning of the
perfusion, the portal vein was cut to allow drainage of the blood. Successfully perfused livers were extracted to a Petri dish with
25 ml of pre-warmed EBS and gently minced using forceps. Dissociated liver cells were collected and filtered through a 100pum
cell strainer. Cells were spun down at 30g for 3 min at 4 °C to obtain the hepatocyte-enriched pellet. Pellet was resuspended in
25ml cold EBS. To enrich for live hepatocytes, 22.5 ml Percoll (Sigma-Aldrich) mixed with 2.5 ml 10x PBS was added to the cells.
Cells were centrifuged at 600 rpm for 10min at RT. The supernatant containing the dead cells was aspirated and cells were resus-
pended in Cell Staining Buffer (BioLegend).

Liver perfusions of non-parenchymal cell (NPC)

Perfusion procedure for NPC dissociation was similar to that of hepatocytes, although it required the use of different dissociating
enzymes. Instead of using Liberase Blendzyme 3, livers were sequentially perfused with 7-10ml 37°C EGTA, then 10-15 ml of
pre-warmed to 37 °C enzyme buffer solution (EBS) containing 0.4 mg/ml Pronase protease (Roche) and then with 15-20 ml of
37 °C EBS containing collagenase D (0.1 U/ml) (Roche). Damaged livers (48h-72h after APAP injection) were perfused with 1.5x con-
centration of dissociating enzymes. Livers were extracted to a Petri dish with 25 ml of pre-warmed EBS and gently minced using
forceps. Dissociated liver cells were filtered through a 70um cell strainer. Cells were spun down at 30g for 3 min at 4 °C twice,
and each time the pellet was discarded to eliminate the hepatocytes. Supernatant was then centrifuged at 580g for 10min in 4°C.
Pellet containing NPCs was resuspended in 1ml Red Blood Cell Lysis Buffer (Sigma), incubated at room temp for 1min at RT.
EBS was then added and samples were centrifuged again in 580g for 10min in 4°C. Pellet was resuspended in 100-200ul Cell Staining
Buffer (Biolegend).

TotalSeq™-B for 10x feature barcoding

We multiplexed our samples using a hashing technique (Stoeckius et al., 2018) by labeling samples with oligonucleotide-barcoded
antibodies. To this end, we used commercial tagged antibodies - TotalSeq™-B for 10x Feature Barcoding (bioLegend), according to
manufacturer protocol. A small fraction of the cells was stained with 50% trypan blue to validate that dead cells do not make up more
than 25% of the sample. Hepatocytes / NPCs were counted and 2M cells in a volume of 100ul Cell Staining Buffer were taken for
further preparation. Cells from each mouse were blocked with 5ul of FCX (BioLegend) for 10min in 4°C. While cells were incubating
in blocking solution, Total seq B antibodies (BioLegend) were prepared using 1ug of each TotalSeq™ hashtag antibody. Unique an-
tibodies were then added to each sample and were incubated for 30min in 4°C. To wash out the antibodies, samples were filled to
10ml with Cell Staining Buffer and centrifuged 5009 in 4°C for 5 minutes 3 times. Finally, cells were counted and cells viability was
estimated using trypan blue, to make sure no more than 30% cells of the samples are dead.

Single cell libraries with feature barcoding

Two to four antibody-tagged hashed samples were multiplexed into one well of 10x Chromium Next GEM Chip G, loading approxi-
mately 10,000 cells per well (2,500-5,000 cells per sample). Single cells were processed using the 10x Chromium Next GEM Single
Cell 3' Reagent Kits v3.1 with Feature Barcoding technology for Cell Surface Protein, according manufacturer’s manual. Libraries
were sequenced using NovaSeq 6000 using NovaSeq Sp (100 cycles) sequencing Kits (lllumina). A total of 7 sequencing runs of cells
taken from 19 mice: 15 mice for NPC (2 non injected control mice, 2mice 20h after APAP, 4mice 48h after APAP, 2mice 72h after APAP,
3mice 96h after APAP and 2mice 1w after APAP), and 4 mice for hepatocytes (2mice for 48h after APAP and 2mice for 72h after APAP).

Single-cell RNAseq data analysis
Single-cell RNA-seq data were demultiplexed, aligned to the GRCm38 mouse genome assembly (mm10) and UMIs were quantified
using the Cell Ranger Single-Cell Software Suite 3.1.0 and bcl2fastq, with the functions “cellranger mkfastq” and “cellranger count”.
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Data pre-processing and background subtraction

Starting from the raw matrix output of Cell Ranger, droplets with low counts of UMIs were filtered out. Threshold was set to 1,000 UMIs,
however, in sequencing runs with a 99.9th quantile of sum of UMIs of below 1000, threshold was reduced to 500 UMIs. Of the remaining
droplets, sum of UMIs for each droplet were log4o-transformed, and Otsu’s method (Otsu, 1979) was used to determine a threshold that
separates empty from cell-containing droplets (Macosko et al., 2015). Cells were defined as droplets with logio UMI sums above this
threshold. Background was defined as droplets with logo UMI sums below the threshold. These droplets potentially contained floating
RNA from dead or ruptured cells. The mean UMI count of each gene across the background droplets was calculated. This vector was
subtracted from each cell. The same averaging and subtraction were performed for UMI counts of the feature barcodes. Negative
values were corrected to zero. This background subtraction was done independently for each sequencing run.

Data processing of NPCs using Seurat package

Background-subtracted cells’ gene expression matrices were further analyzed using the R package Seurat 3.1.5 (Stuart et al., 2019).
Cells with UMI sums of above 3,000 UMIs and mitochondrial gene percent less than 15% were retained. Only cells with maximal frac-
tion of feature barcode above 70% were included, to avoid doublets. Genes detected in a minimum of 5 cells were retained. Data were
normalized and scaled using the SCTransform function, with regression of sum of UMIs (vars.to.regress = "nCount_RNA"). PCA was
calculated based on the variable genes found in the previous function, however, mitochondrial (“Amt-") and ribosomal (“~Rp[ls]”)
genes were manually removed from the gene list since they are prone to batch-related expression variability. Following PCA, number
of PCs for clustering was determined using the elbow plot method (between 15-20 PCs). Clustering was performed with default param-
eters. Resulting clusters were then manually annotated after extracting cluster markers using FindAllMarkers Seurat function. Clusters
containing more than 50% cells with expression of markers of more than one cell type (for example cluster of cells expressing both HSC
marker Dcn and Kupffer cell marker Clec4f) were removed and remaining cells were retransformed, re-clustered and re-annotated.

Data integration of NPCs

Seurat objects from all sequencing runs were integrated using the following Seurat functions: ‘SelectintegrationFeatures’, with mito-
chondrial and ribosomal genes excluded from the output 5,000 genes; ‘PrepSCTlIntegration’ with default settings; and ‘FindIntegra-
tionAnchors’ and ‘IntegrateData’ with ‘SCT’ as the normalization method. PCA and clustering on integrated Seurat object was done
as detailed above for the individual Seurat objects. Clusters were annotated to the main liver resident / infiltrating immune cell types:
endothelial cells, HSC, hepatocytes, cholangiocytes, Kupffer cells (KC), monocytes, macrophages, plasmacytoid dendritic cells
(pDC), conventional dendritic cells (cDC), B cells, T cells and natural killer (NK) cells.

Hepatocyte processing

Our experimental data included hepatocytes from two mice sacrificed at 48 hours and two mice at 72 hours after APAP injection,
dissociated using Liberase enzyme. In order to include control non-injected hepatocytes, hepatocytes from a previously published
study (Droin et al., 2021) were integrated. Notably, the animals were held at the same facility prior to experiment as animals used for
our experiments and cells isolation and library construction were performed similarly to the APAP experiments. From their data set,
the two mice perfused at a similar circadian time as our mice (samples ‘ZT6A’ and ‘ZT6B’) were chosen. Fatsq files of these two mice
were re-aligned and preprocessed as detailed above for our sequencing runs, to eliminate any bioinformatics biases. Individual
Seurat objects were created for the two mice, filtering out cells with less than 1,000 total UMI count and with mitochondrial percent-
age of less than 9% and more than 35%, as was found to capture viable hepatocytes (Droin et al., 2021). These included 923 cells for
ZT6A and 1,076 cells for ZT6B. Next, we created a Seurat object of our background-removed APAP-injected hepatocytes to include
cells with UMI count of at least 2,500 UMIs and mitochondrial percent of 9%-35% with fraction of maximal feature barcode above
70%. Doublets were removed from the dataset after clustering, as described above for NPCs. The Seurat object included 532 he-
patocytes from 2 mice 48h after APAP injection, and 239 hepatocytes from 2 mice 72h after APAP injection.

Data integration of hepatocytes

Integration of control mice and APAP injected mice was performed in the same manner as for NPCs. In total, 2770 cells from either
control, 48h or 72h after APAP injection time points were used for hepatocyte analysis. Integrated hepatocyte cluster was then in-
tegrated with NPC clusters, using the same integration parameters described above.

Finding markers for different cell types

To plot the heatmap of differentially expressed genes between the different cell types (Figure S1A), a signature matrix containing the
mean normalized expression of the genes in each of the 11 cell type clusters was computed. The matrix included only genes with
maximal normalized mean expression above 5x10™*. Our markers for each cell type included genes for which the expression was
highest for the respective cell and more than 2-fold higher than any other cell type. We further retained for each cell type, the 8 genes
with the highest ratio as markers.

Estimating cellular composition using CIBERSORTx
To avoid biases originating in dissociation and sensitivity differences between the different cell types, we imputed the abundance of
each of the 11 main cell types found in our scRNAseq dataset in each of the time points after APAP injection in our bulk samples using
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CIBERSORTx computional deconvolution software (Newman et al., 2019). To this end, the “impute cell fractions” module of the on-
line tool was used, with the bulk liver RNAseq dataset of 17,972 genes expressed in 29 bulk liver samples as the mixture file. The
mean expression per cell type in our single cell data was used for the signature matrix. First, expression of each cell was normalized
to the cell’s sum of UMI counts, resulting in expression fractions. Next, the mean expression of genes was calculated for each cell
type. The resulting matrix of 19,344 genes across 11 cell types was the input for the signature matrix file. CIBERSORTx was executed
with the default parameters (Table S2B).

Temporal dynamics of KEGG pathways

KEGG pathway analysis of the bulk RNAseq data (Figure S1C) was performed as follows: the expression of each gene was normal-
ized by division by the maximal expression level across the eight time points. Then, the max-normalized expressions of genes
comprising each KEGG pathway were grouped and the mean expression was calculated for each time point. Those means were
further normalized to the maximal mean-expression across all time point for each pathway. Max normalization was performed to
eliminate effects of expression levels between different genes and of gene set sizes between different pathways. Relevant KEGG
pathways were manually selected for display and sorted by the time of their peak expression.

Extracting hepatocyte temporal changes

To follow the temporal changes of hepatocytes throughout the liver regeneration time course (Figure 2A), bulk liver RNAseq data was
used. First, hepatocyte specific genes were selected by detecting genes with mean expression level of at least 10 and 20-fold
higher in the hepatocyte cluster in the scRNAseq dataset than any of the other 10 cell type clusters. Mup genes were excluded
from the list of genes, given their high variability. Next, 328 out of the resulting 342 hepatocyte specific genes were found in the
bulk RNAseq dataset. Each gene was further normalized by dividing the sum of the 328 genes in each sample. Spearman correlation
was then calculated between the normalized expression of these genes for all pairs of four control samples (not including 6h control
due to circadian differences and 24h controls, due to insufficient coverage) and APAP-treated samples.

Visium 10x spatial transcriptomics
APAP treated mice were sacrificed 24h, 48h and 72h after injection (2 mice per time point). Mice were sacrificed by cervical dislo-
cation. Liver tissues were washed with 1x PBS and embedded in OCT. Tissues were sectioned into 10um thick slices and placed
on Visium tissue optimization or spatial gene expression slides (10x genomics). Tissues were fixed with methanol and stained
with H&E according to the Visium staining user guide. H&E images were taken on Leica Widefield-DMI8 microscope with 20x magni-
fication. Tissues were permeabilized for 30 minutes, based on initial optimization trials. Libraries were prepared according to the Vis-
ium Spatial Gene Expression User guide with 16 cycles of PCR for cDNA amplification and 12 cycles for the sample index PCR (Dual
Index Kit TT Set A, 10X Genomics, PN-1000215). Libraries were pooled, loaded at a concentration of 400pM and sequenced on a
NovaSeq 6000 SP100 flow cell.

Fastg reads from the lllumina sequencer NovaSeq 6000 were preprocessed by 10X Genomics spaceranger-1.3.0 software
including spatial de-barcoding, read-alignment to mm10 and UMI-generation.

Spatial transcriptomics processing

Number of UMIs, fraction of mitochondrial genes and fraction of hemoglobin genes ('AHbl[ab]-’) were calculated for each spot. Spots
with hemoglobin fraction of over 1% were removed. Spots with total UMI count of under four standard deviations from UMI count
mean across all spots, calculated for each slide individually, were further filtered out. Similarly, spots with fraction of mitochondrial
genes surpassing four standard deviations above slide mean were excluded. Those filtrations were aimed at removing bad quality
spots, as well as spots localized in blood vessels and not overlaying cells. Next, spots localized at the outer layers of the tissue, manu-
ally annotated as spots distanced up to 2 spots from tissue edges, were removed from analysis.

The remaining spots were used for analysis. UMI counts were normalized by dividing each count to the spot’s UMI sum, resulting in
fractions of UMIs. To analyze the spatial context, the fibrogenic signature of each spot was calculated by the fraction of the collagen
genes (‘ACol[1-9]’) in each spot. Spots with over one standard deviation above slide mean were annotated as fibrotic spots. Since
collagens localize to the pericentral zones 48h and 72h after APAP injection, these spots were set as the pericentral tissue coordi-
nates. Since at 24h after APAP injection collagens are not yet sufficiently elevated, pericentral necrotic regions were manually
segmented in the two liver slides taken 24h after injection using Loupe Browser (10x Genomics). All annotations were further manually
validated to ensure they do not include areas of portal myofibroblasts. The area of each connected fibrotic/necrotic region was then
reduced into a skeleton curve as follows (Figure S2).We computationally overlaid a rectangular grid over the Visium hexagonal grid.
This essentially amounts to adding intervening spots to the existing hexagonal grid at every other row and column. We then annotated
arectangular grid location as ‘fibrotic’ if it contained at least two fibrotic spots within a distance of 85um on the original hexagonal grid
(where spots are 100um apart). Finally, the Matlab skeletoinzation function was applied on the rectangular grid, to obtain the peri-
central core. Each spot was assigned a distance from the nearest pericentral skeleton curve. All spots up to 350um from the nearest
skeleton curve were binned into three equal groups based on their distances. Those groups represented the pericentral zone, the
mid-lobule zone and the periportal zone.
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Inferring lobule spatial coordinates of single hepatocytes

Several studies have established algorithms for computationally inferring the spatial coordinates of dissociated single cells (Achim
et al., 2015; Droin et al., 2021; Halpern et al., 2017, 2018; Moor et al., 2018). Expression of known zonated genes, termed landmark
genes, provides spatial information about the origin of the hepatocyte, along the one-dimensional porto-central axis. Due to the
substantial transcriptional changes that hepatocytes undergo in the course of APAP-induced damage and regeneration, we utilized
our spatial transcriptomics measurements to identify landmark genes that are consistently zonated across all time points. To this end,
two sets of pericentral and periportal hepatocyte landmark genes for control livers were first extracted based on Halpern et al. (Hal-
pern et al., 2017), a paper that provides average hepatocyte gene expression over 9 lobule layers spanning the porto-central axis.
These genes had maximal normalized expression above 1x107° across all lobule layers, fold change higher than 10% between
the most pericentral and periportal layers and mean ratio between standard error and mean across all layers lower than 0.2 (to discard
highly variable genes). This initial filtration resulted in 2,535 pericentral and 1,656 periportal landmark gene candidates.

Next, this list of candidate landmark genes was examined over the Visium datasets of the APAP-treated livers. In order to reflect the
zonation in expression of only hepatocytes, the expression at each spot was re-normalized over a subset of hepatocyte-specific
genes. These were defined as genes with hepatocyte expression above 10 and 5-fold higher expression in hepatocytes compared
to any of the remaining 10 cell type clusters in our scRNAseq dataset. The mean and standard error of each of these renormalized
hepatocyte specific genes was calculated for each of the three zones in each of the six Visium slide. Next, a list of potential landmark
genes was extracted for each slide, using the same filtration criteria used for the control data. For Visium slides, an additional filtration
removed genes expressed in less than 20% of the hepatocyte-containing spots. A final list of genes passing the filtration criteria both
in control and in each of the six Visium slides was used as landmark genes. These included 33 pericentral landmark genes and 58
periportal landmark genes (Table S3A).

The pericentral and periportal landmark genes underwent two-step normalization (Halpern et al., 2018): first, the genes were divided
by the sum of total UMI count of each cell, to reflect the fraction of expression of each landmark gene in each hepatocyte. Second, the
genes were scaled by dividing them by their maximal expression across all hepatocytes. This provided similar weight to all landmark
genes, regardless of expression levels differences among them. Then, for each cell, the sum of normalized-scaled levels of all central
landmark genes (cLM) and of all portal landmark genes (pLM) was computed. The computational zonation coordinate was defined as
pLM / (cLM+pLM). Cells were equally assigned to the three discrete zones — pericentral (or peri-necrotic), mid-lobule or periportal,
zonation coordinates were sorted for each time point based on percentiles. To extract zonation profiles of genes at different time points
(Table S3B), the means and standard errors of the means were calculated for cells from same time point and zone.

Analyzing proliferation in hepatocytes

Analysis of proliferation at different zones and time points was done using smFISH. Liver sections of mice 32h, 40h, 48h and 72h post
APAP injection were hybridized with Mki67 smFISH probes. Liver lobules sections were scanned (at least 5 scans per mouse, 2 mice per
time points). All hepatocytes in the porto-central axis scan were counted and were labeled as Mki67 positive if they had more than 2
smFISH dots. The distances of each hepatocyte to the central vein and the portal vein were calculated using Euclidean distances,
and a zonation coordinate was given to each hepatocyte, calculated as the distance to the central vein divided by the sum of distances
to the central vein and the portal vein. Cells were next classified into one of three zones — pericentral/perinecrotic, mid-lobule and peri-
portal, based ontheir zonation coordinate. For every scan, the fraction of dividing cells (#Mki67 positive hepatocytes/ #total hepatocytes)
was calculated. For each time point, Kruskal-Wallis test was performed to assess differential proliferation between the zones (Figure 2I).

Comparing proliferating and non-proliferating hepatocytes

To identify differences between proliferating and non-proliferating hepatocytes, heaptocytes from each zone and each time point
were classified to either dividing (non-zero expression of Mki67 in the scRNAseq dataset) or non-dividing (zero expression of
Mki67). Differential expression analysis was done per zone, to eliminate spatial biases. The Fold-change of the mean gene expression
between the Mki67 positive and negative hepatocytes in each zone at 48h and 72h post APAP injection, as well as the Kruskall-wallis
p-value and the FDR g-values are reported in Table S3C. For a general analysis, a global comparison between Mki67 positive and
negative hepatocytes in the regenerating tissues was also computed. Genes were ranked by their log, fold-change of expression
between the two groups, and GSEA was performed, using the KEGG and Hallmark genesets (Figure S3F).

Comparing interface hepatocytes and control

Interface hepatocytes were defined as hepatocytes assigned to the most pericentral zone in the respective time point (namely, third
of the cells with the most pericentral spatial coordinate in each time point). In order to compare pericentral/peri-necrotic hepatocytes
at 48h and 72h post APAP injection with control pericentral hepatocytes, there is a need to validate that cells sampled from both time
points are from similar lobule coordinates. Since during APAP damage and regeneration most pericentral layers of hepatocytes are
lost, the remaining central-most hepatocytes are from the peri-necrotic region, which in control mice, would not be comparable to the
most pericentral layers, but rather to the central-mid layers. Therefore, to conserve similarity in spatial coordinate distributions in
control and regenerating hepatocytes, 100 control hepatocytes were randomly sampled to match the distribution of zonation coor-
dinates of the APAP-injected pericentral hepatocytes in each of the two time points. This was done using the inverse transform
sampling method (Devroye, 2006). The mean expression of the sampled cell was then compared against the mean expression of
the interface hepatocytes.
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Gene Set Enrichment Analysis (GSEA) of interface hepatocytes

To identify gene pathways enriched in interface hepatocytes, Spearman correlations of genes with the expression of Afp, which was
found to be specifically expressed in interface cells, were calculated. Cells included in this analysis were only from 48h and 72h after
APAP injection and from pericentral and mid-lobule zones, where interface hepatocytes were detected. Next, the top 99th percentile
genes with the highest correlation with Afp (108 genes) from each of the two time points were summed up and the Spearman cor-
relation of individual genes with this meta-signature was calculated. Included in this analysis were genes, with mean sum-normalized
expression higher than 5x107° in at least one time point. The list of the remaining genes was ranked by their Spearman correlation and
was used as input in GSEA tool, for preranked genes (Mootha et al., 2003; Subramanian et al., 2005). Gene list was analyzed against
KEGG and Hallmark gene sets datasets.

Measuring length of porto-central axes

H&E images of control and 1 week after APAP (2 mice per time point) were scanned and the distances of central veins to their closest
portal triads were measured. In total, 59 lobules from control mice and 62 lobules from 1 week after APAP injection were measured.
Kruskal-Wallis test was performed to check significance of lobule size differences.

Measuring nucleus diameter of hepatocytes

H&E images of control, 1 week after APAP and 1month after APAP were scanned. In total 1,518 hepatocytes were analyzed. Peri-
central and periportal populations were defined as the two adjacent hepatocyte layers surrounding the vein. The nuclear diameter
was measured by Case Viewer software. The diameters of the nuclei were matched to ploidy levels sizes was based on previous
study (Tanami et al., 2017).

Hepatic stellate cell cluster analysis

The integrated cluster of HSCs included 465 cells from 4 mice 48h after APAP injection, 98 cells from 2 mice 72h, 31 cells from 96h
and 78 cells from 1w after APAP injection. However, our sequencing experiments failed to capture sufficient numbers of cells from
control and 24h after APAP injection. To complement the dataset, we used a recently published dataset (Kolodziejczyk et al.,
2020). Again, the animals were held at the same facility prior to experiment as animals used for our experiments and cells isolation
and library construction were done in a similar manner to ours. Nonetheless, in this study, APAP injection was given to non-fasted
mice in a concentration of 500mg/Kg and cells were sorted prior to loading on 10x chromium. We used seven wt mice: three non-
treated mice (‘SFP_1’, ‘'SPF_2’, and ‘SPF_3’ mice) and four mice injected with APAP 20h prior to perfusion (‘SFP_APAP_1’, ‘SPF_
APAP_2’, ‘SPF_ APAP_3’, and ‘SPF_ APAP_2’). Fatsq files of these seven mice were re-aligned and preprocessed as detailed
above for our sequencing runs, to eliminate any bioinformatics biases. Individual Seurat objects were created for the seven
mice, filtering out cell with less than 3,000 total UMI count and with mitochondrial percentage of more than 15%. The Seurat ob-
jects were then integrated as described above and clusters of HSC (annotated by markers found using ‘FindAllMarkers’ function)
were subset. These included 563 cells from 3 control mice and 1,073 cells from 4 mice 20h after APAP injection. Next, we inte-
grated HSC from our experiments and from Kolodziejczyk et al. using same integration method described above. The few cells
from 24h after APAP from our measurements were pooled with cells from 20h after APAP. Overall, HSC cluster included 2,311
HSCs from six pooled time points.

Inferring lobule spatial coordinates of single HSCs

Unlike hepatocytes, the transcriptomes of which dominate individual Visium spots, liver non-parenchymal transcriptomes were high-
ly diluted in each spot, preventing similar robust detection of landmark genes with this approach. As an alternative, we based our
landmark gene extraction on smFISH validations of a known landmark gene. Zonation of quiescent and activated HSCs was previ-
ously studied (Dobie et al., 2019). Ngfr was found to be highly correlated with periportal and pericentral zonation, respectively (Dobie
et al., 2019). Given the notable transcriptional changes induced by liver damage and HSC activation, smFISH was used to validate
that Ngfr was consistently expressed at higher levels in periportal genes. Ngfr was therefore used as our main periportal landmark
gene. Due to the low capture rate and dropouts associated with scRNAseq, we sought to increase the number of landmark genes for
each time point. To this end, single-cell Spearman correlations of each gene with Ngfr were calculated, for each time point separately.
Expression levels were normalized to the sum of UMI count for each cell. Only genes with mean expression levels over all cells in the
specific time point higher than 10 and correlation higher than 0.25 were considered for first iteration. This yielded a signature of six
periportal genes appearing in at least five out of the six time points: Ngfr, Plvap, Colec11, Sod3, Steap4 and Ifitm1. In a second iter-
ation, the correlation of each gene with the summed expression level of these six periportal landmark genes was calculated. For each
time point, genes with mean expression higher than 10 and Spearman correlation higher than 0.4 or lower than -0.4 and correlation
p-value lower than 0.01 were considered as landmark genes — positively correlated genes as portal landmark genes and negatively
correlated genes as central landmark genes. Mitochondrial (‘*mt-) and ribosomal (‘*Rp][ls]’) genes were excluded from all landmark
gene lists. After establishing the portal and central landmark genes for each time point, further analysis and zone assignment were
performed as described above for hepatocytes.
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Spatio-temporal analysis of the matrisome

The gene sets of the matrisome (Naba et al., 2016) were analyzed in a similar way to the temporal dynamics of KEGG pathways
described above. Max-normalized expression of the genes from the same matrisome gene set were averaged over single HSC
from each lobule layer and at each time point.

Ligand-target interaction analysis of activated HSC

Nichenet (Browaeys et al., 2020) was used to elucidate which cellular interaction correlate with HSC activation. To focus on the acti-
vation process, HSC genes which were upregulated in pericentral HSCs at 20h/24h or 48h after APAP injection compared to control
pericentral HSCs were extracted as the target up-regulated gene set. To this end, differential expression analysis was performed
between single pericentral control HSCs and pericentral HSCs from either 20h or 48h after APAP injection. Only genes whose
mean expression level was higher than 10 and were present in at least 5% of the cells in either of the compared groups were
included. Among these, genes with a fold-change of at least 2 and g-value below 107'° were maintained. These two lists of genes
(one for 20h/24h and one for 48h) were compared against background lists containing all genes expressed in pericentral HSC in
the respective time points with a mean of over 10°°. The input list of potentially active ligands (Figures S6D and S6E) was filtered
by our bulk mRNAseq dataset. Only ligands upregulated compared to control bulk samples with a fold change of at least 2 and
with expression level of over 107 at the corresponding time points were maintained. Using Nichenet, the top 50 ligands with highest
activity were predicted for pericentral HSCs at 24h and 48h after APAP. The sum of activities of each ligand with all its targets was
calculated. Top 20 ligands with the highest sum of activities were presented for each time point in Figures S6D and S6E.

Endothelial cell cluster analysis

Integrated cluster of endothelial cells was comprised of 6,527 cells, 978 cells from 2 control mice, 654 cells from 2 mice 24h after
APAP injection, 1,234 cells from 2 mice 48h after APAP injection, 1,229 cells from 2 mice 72h after APAP injection, 797 cells from
3mice 96h after APAP injection and 1,635 cells from 2 mice 1 week after APAP injection.

Inferring lobule spatial coordinates of single endothelial cells

Spatial variability of endothelial cells is originating from both the location along the lobule porto-central and from the endothelial cell
subtype — either liver vascular endothelial cells (LVECs), or liver sinusoidal endothelial cells (LSEC) (Kalucka et al., 2020). Endothelial
cells were thus divided into five zonated populations: pericentral (PC-) LVEC, PC-LSEC, mid-lobule (mid) LSEC, periportal (PP-) LSEC
and PP-LVEC. The endothelial cells were first subset into a separate Seurat object, reclustered using Seurat. Clusters expressing the
vascular endothelial cell marker Vwf (Kalucka et al., 2020) were annotated as LVEC clusters. Of those, the cluster expressing both Vwf
and Wnt2, a prominent pericentral marker (Halpern et al., 2018; Wang et al., 2015), was annotated as PC-LVEC and the remaining
cluster was annotated as PP-LVEC.

Next, the zonation of LSEC was computed. We curated a list of landmark genes for each of our time point in a similar fashion to
HSCs. The genes Dll4, Msr1, Clec4g, Sox17 and Efnb2 were used as initial periportal landmark genes in all time points. Spearman
correlations of each gene with the summed expression level of these five periportal landmark genes were calculated. For each time
point, genes with mean expression higher than 10° and correlation higher than 0.2 or lower than -0.2 and correlation pval lower than
0.01 were considered as portal or central landmark genes, respectively. Mitochondrial (‘*mt-) and ribosomal (‘*Rplls]’) genes were
excluded from all landmark gene lists. After establishing the portal and central landmark genes for LSECs in each time point, further
analysis and zone assignment of LSECs were performed as described above for hepatocytes and HSCs.

Validations of spatial reconstruction using spatial transcriptomics dataset

The Visium data was used to validate the zonation profiles of hepatocytes, HSCs and endothelial cells that were computationally in-
ferred based on single cells at the different time points. To this end we compared the single cell reconstruction zonation profiles for
zonated genes, defined as genes with a normalized expression level of at least 107° in at least one zone, with significant zonated expres-
sion (FDR < 0.05) and a dynamic range of at least 2-fold difference between the pericental and the periportal zones. For endothelial cells
the dynamic range requirement considered PP-LSEC vs. PC-LSEC, rather than LVEC. Each Visium spot contains multiple cell types,
and expression patterns could therefore be confounded by differential zonal representation of distinct cell types. To correct for this,
cell-type specific gene expression values were computed for each cell types. To this end, the scRNAseq data was used to compute
the mean expression values over all of the 11 cell types. The cell-type specific genes were defined as genes with maximal expression
above 5*107, and 5-fold higher expression over any other cell type. Additionally, for HSCs and endothelial cells genes were required to
be expressed at a value lower than 107 in hepatocytes. Upon extraction of cell-type specific genes, UMI values were divided by the
sum of all UMl values of all cell-type specific genes. Only genes appearing in more than 5% of the spots in each slide were included. The
dynamic range of the genes was then calculated for the Visium dataset in the same manner as for the scRNAseq data, and the dynamic
ranges by scRNAseq spatial reconstruction were compared with the dynamic ranges of each of the Visium slide in the respective time
point. Spearman correlations were calculated for the log.-transformed dynamic ranges (Figures S2H-S2J).

Identifying putative transcription factors upstream of Hgf
Gene regulatory network analysis was performed using the SCENIC tool (version 0.11.2) with default parameters (Van de Sande et al.,
2020). In order to control for the different abundances of the cell types, scRNAseq dataset was first randomly subset to include up to
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500 cells from each cell type at each time point. Adjacency matrix for each transcription factor (TF) and targets in our dataset, as well
as area under the curve (AUC) scores of each TF per each cell were computed and used for downstream analyses.

To identify transcription factors associated with expression of Hgf in HSCs and endothelial cells, differential analysis was done by
comparing the AUC scores between HSCs/endothelial cells with Hgf expression level above 10 and HSCs/endothelial cells with Hgf
expression level below 1074, The Fold-change of the mean AUC for each of the 213 TFs detected by SCENIC between the Hgf positive
and negative cells, as well as the Kruskall-wallis p-val and the FDR values are reported in Table S4C.

Myeloid clusters analysis

The integrated NPC dataset included 9,338 cells in five main myeloid clusters: Kupffer cells, monocytes, macrophages, pDCs and
cDCs. These cells were subset to a separate Seurat object, and cells were processed and clustered as detailed for the individual
sequencing runs. 10 PCs were used for clustering, and resolution was set to 0.2. Markers for each of the resulting 10 clusters
were found using ‘FindAlIMarkers’ function, and clusters were subsequently annotated to different cell types and cell states, using
ImmGen database (available at http://www.immgen.org/) and previous studies (Deczkowska et al., 2021; Kolodziejczyk et al., 2020).

GSEA of activated Kupffer cells and macrophages

GSEA was then performed on a gene list ranked by the log, of ratio between the mean expression of genes in activated Kupffer cells
cluster over 24h, 48h and 72h after APAP injection, and the mean of cells from macrophages and Ly6c- monocyte clusters from the
same time points. Enrichment was calculated against the Hallmark dataset with default parameters.

Interaction analysis from scRNAseq dataset

Ligand-receptor pairs were taken from a previously published dataset (Ramilowski et al., 2015). Expression of genes was averaged
for each of the 11 cell type and each of the six time point. Hepatocytes, endothelial cells and HSCs were further sub-clustered into
their spatially resolved zones, resulting in total of 19 cell type sub-clusters. An interaction matrix was generated by crossing receptors
from all cell-types with their respective ligands in all cell types at each time point. Namely, we crossed all the receptors expressed in
each cell type at each time point, with matching ligands expressed at all other cell types at that time point, including self-interaction
(ligand and receptor both expressed at the same cell type). Ligand-receptor pairs with expression level of over 107 fraction of UMIs in
either ligand or receptor were retained. Interaction potential was calculated as the multiplication of the expression levels of the li-
gands and receptors. In addition, the fold change of each ligand and receptor from the levels in control mice were also calculated.
The resulted matrix is presented in Table S6.

Interaction analysis from spatial transcriptomics dataset

Ligand-receptor interactions were also investigated in the spatial-transcriptomics dataset. Ligand-receptor pairs in each Visium slide
were analyzed. Spearman correlation of each ligand-receptor pair expression was calculated, either for across all slide spots, or for
each of the three stratified lobule zones (discretized by growing distances from the central cores). In addition to correlations, inter-
action potential was also calculated as the mean product of the expression of the ligand and receptor over all spots, either across the
whole slide, or across each zone. The results are summarized in Table S5.

Comparing regenerating cells with fetal datasets
A previously published scRNAseq dataset of mouse fetal liver was parsed and annotated (Lu et al., 2021). In order to control for the
different experimental settings of our dataset and the fetal liver dataset, both datasets were first normalized to adult control.
Spatially different sub-clusters of hepatocytes and endothelial cells were compared against their matched control population. Fetal
macrophages, as well as regenerating KCs were compared against control adult KCs. Genes included in the differential expression
analysis were genes that had at least 10 expression fraction and were expressed in at least 5% of the cells in either one of the two
compared groups. The Spearman correlations of the fold change of the fetal and each of the respective regenerating populations
from control was calculated and the correlation coefficients are presented in Figure S4.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis are detailed above for each of the different analyses performed. In general, Kruskal-Wallis tests
were used to infer statistical differences. When multiple hypotheses were applied, a subsequent Benjamini-Hochberg False Discov-
ery Rate (FDR) g-value was also calculated, to adjust the p-values obtained for single measurements. Spearman correlations were
calculated. Gene expression fold change between two different cell populations was calculated as the log, of the ratio between the
two groups, with an addition of the minimal value bigger than 0 in both the numerator and denominator, to avoid division by 0.

ADDITIONAL RESOURCES

A web browser to explore the spatio-temporal dynamics of genes of interest: https://itzkovitzapapp.weizmann.ac.il/apap/.

Cell Stem Cell 29, 973-989.e1-e10, June 2, 2022 e10



http://www.immgen.org/
https://itzkovitzapapp.weizmann.ac.il/apap/

	The spatiotemporal program of zonal liver regeneration following acute injury
	Introduction
	Results
	A single-cell atlas of zonal regeneration after APAP
	Hepatocytes exhibit zonal reprogramming and broad proliferation across the liver lobule
	Interface hepatocytes up-regulate fetal programs and exhibit a mesenchymal shape
	HSCs exhibit spatial division of labor
	Endothelial cells exhibit zonated cues along the regeneration process
	Dynamics of myeloid cell subtypes along the regeneration process

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Methods details
	Single molecule fluorescence in-situ hybridization (smFISH)
	Library construction for bulk liver mRNA
	Data processing for bulk mRNA
	Principal component analysis on bulk samples
	Liver perfusions and hepatocyte dissociation
	Liver perfusions of non-parenchymal cell (NPC)
	TotalSeq™-B for 10x feature barcoding
	Single cell libraries with feature barcoding
	Single-cell RNAseq data analysis
	Data pre-processing and background subtraction
	Data processing of NPCs using Seurat package
	Data integration of NPCs
	Hepatocyte processing
	Data integration of hepatocytes
	Finding markers for different cell types
	Estimating cellular composition using CIBERSORTx
	Temporal dynamics of KEGG pathways
	Extracting hepatocyte temporal changes
	Visium 10x spatial transcriptomics
	Spatial transcriptomics processing
	Inferring lobule spatial coordinates of single hepatocytes
	Analyzing proliferation in hepatocytes
	Comparing proliferating and non-proliferating hepatocytes
	Comparing interface hepatocytes and control
	Gene Set Enrichment Analysis (GSEA) of interface hepatocytes
	Measuring length of porto-central axes
	Measuring nucleus diameter of hepatocytes
	Hepatic stellate cell cluster analysis
	Inferring lobule spatial coordinates of single HSCs
	Spatio-temporal analysis of the matrisome
	Ligand-target interaction analysis of activated HSC
	Endothelial cell cluster analysis
	Inferring lobule spatial coordinates of single endothelial cells
	Validations of spatial reconstruction using spatial transcriptomics dataset
	Identifying putative transcription factors upstream of Hgf
	Myeloid clusters analysis
	GSEA of activated Kupffer cells and macrophages
	Interaction analysis from scRNAseq dataset
	Interaction analysis from spatial transcriptomics dataset
	Comparing regenerating cells with fetal datasets

	Quantification and statistical analysis
	Additional resources



