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BACKGROUND AND AIMS: Hepatic sinusoidal cells are 
known actors in the fibrogenic response to injury. Activated 
hepatic stellate cells (HSCs), liver sinusoidal endothelial cells, 
and Kupffer cells are responsible for sinusoidal capillarization 
and perisinusoidal matrix deposition, impairing vascular ex-
change and heightening the risk of advanced fibrosis. While 
the overall pathogenesis is well understood, functional rela-
tions between cellular transitions during fibrogenesis are only 
beginning to be resolved. At single-cell resolution, we here 
explored the heterogeneity of individual cell types and dis-
sected their transitions and crosstalk during fibrogenesis.

APPROACH AND RESULTS: We applied single-cell tran-
scriptomics to map the heterogeneity of sinusoid-associated 
cells in healthy and injured livers and reconstructed the  
single-lineage HSC trajectory from pericyte to myofibroblast. 
Stratifying each sinusoidal cell population by activation state, 
we projected shifts in sinusoidal communication upon injury. 
Weighted gene correlation network analysis of the HSC tra-
jectory led to the identification of core genes whose expres-
sion proved highly predictive of advanced fibrosis in patients 
with nonalcoholic steatohepatitis (NASH). Among the core 
members of the injury-repressed gene module, we identified 
plasmalemma vesicle�associated protein (PLVAP) as a pro-
tein amply expressed by mouse and human HSCs. PLVAP 
expression was suppressed in activated HSCs upon injury and 

may hence define hitherto unknown roles for HSCs in the 
regulation of microcirculatory exchange and its breakdown in 
chronic liver disease.

CONCLUSIONS: Our study offers a single-cell resolved 
account of drug-induced injury of the mammalian liver and 
identifies key genes that may serve important roles in sinu-
soidal integrity and as markers of advanced fibrosis in human 
NASH. (H��������� 2020;72:2119-2133).

The hepatic sinusoid is a vascular matrix defined 
by liver sinusoidal endothelial cells (LSECs), 
intrasinusoidal Kupffer cells (KCs), natural 

killer cells, perisinusoidal hepatic stellate cells (HSCs), 
and extracellular matrix (ECM) components.(6) In 
particular, LSECs and pericytic HSCs are intimately 
associated along the porous sinusoid,(7) where they 
manage blood flow, the trans-sinusoidal migration 
of cells, and exchange of lipoprotein particles.(8-10) 
Hepatic injury and inflammatory cues trigger sinu-
soidal cell activation, causing sinusoidal capillarization 
and fibrogenesis. Cytokines and growth factors from 
the microenvironment directly activate HSCs, which 
transdifferentiate into fibrogenic myofibroblasts.(11) 
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Similarly, LSECs are transformed by angiogenic cyto-
kines and growth factors, which act in concert with 
hypoxic and mechanical stress from altered blood flow 
and tissue stiffness.(12) LSEC activation leads to their 
dedifferentiation and loss of fenestration, resulting in 
endothelial dysfunction.(13) If the underlying insults 
persist, capillarization and widespread fibrosis increase 
portal vascular resistance, resulting in portal hyper-
tension and aberrant angiogenesis.(8) Despite these 
insights and the urgency of decoding the concerted 
response to hepatic injury, the molecular events that 
forego advanced liver disease remain poorly understood. 
Hepatic tissue complexity, cellular heterogeneity of 
the sinusoids, and dynamic sinusoidal communication 
demand systems-level approaches for their analysis.

Single-cell transcriptomics has reshaped our view 
and understanding of complex biological systems. 
Cell-resolved transcriptomics offers high-dimensional 
information about tissues and unprecedented insight 
into cellular composition and response to perturba-
tion. Although, single-cell RNA-sequencing (scRNA-
seq) has been conducted on livers from mice and 
humans, only few studies have investigated hepatic 
injury, and the yield of HSCs in particular has been 
modest. Recent studies include one establishing HSC 

zonation as a determinant of the fibrotic response,(14) 
one detailing cellular crosstalk in murine nonalcoholic 
steatohepatitis (NASH) resolving endothelial and 
macrophage populations(15) and one demonstrating 
HSC heterogeneity in the injured liver but offering 
limited resolution and analytical depth.(16)

We set out to characterize the major cell types 
associated with the hepatic sinusoid, HSCs, KCs/
monocyte-derived macrophages (MDMs), and liver 
endothelial cells (LECs), by single-cell transcriptom-
ics after drug-induced liver injury (DILI) and early 
fibrogenesis. We identified discrete subpopulations 
of each cell type and recorded their dynamic trans-
formations and interactions. Specifically, we show 
how HSC activation and transdifferentiation proceed 
through discrete activation states defined by unique 
gene expression networks, which may shape the biol-
ogy of HSCs and interacting cell types. Intriguingly, 
we identify PLVAP as an HSC-enriched protein in 
mouse and human liver and repression of HSC Plvap 
expression as a key event during HSC activation. 
Conversely, robust induction of modules of highly 
correlated, HSC-specific genes signified late-stage 
HSC activation and may serve as a composite diag-
nostic marker of advanced hepatic fibrosis in humans.
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Materials and Methods
ANIMAL EXPERIMENTS

Female C57BL6/J mice were housed and treated for 
2-4� weeks either with carbon tetrachloride (CCl4) to 
induce liver injury or vehicle as described(1) and detailed 
in the Supporting Information. Animal experiments 
were approved by the Danish Animal Experiments 
Inspectorate and adhered to the ARRIVE guidelines.

ISOLATION OF HEPATIC 
MACROPHAGES, STELLATE CELLS, 
AND ENDOTHELIAL CELLS

Retrograde perfusion and enzymatic dissociation of 
mouse livers was performed as described.(2) Dissociated 
livers were strained using a 100-�m cell strainer and 
labeled with anti�cluster of differentiation 105 (CD105)-
phycoerythrin (PE) and anti-F4/80-PE. Live, PE-positive 
singlets were sorted by flow cytometry for single-cell 
RNA sequencing. Liver dissociation, antibody labeling, 
and reagents are detailed in the Supporting Information.

SINGLE�CELL RNA SEQUENCING 
AND DATA ANALYSIS

Sorted cells were loaded onto a 10x Genomics 
Chromium controller (10x Genomics, Pleasanton, 
CA) and libraries prepared according to the man-
ufacturer�s instructions. Libraries were paired-end 
sequenced with a mean coverage of >50,000 raw 
reads/cell. Alignment, aggregation, and analysis of the 
single-cell data sets were performed in R and Python 
as detailed in the Supporting Information.

WHOLE�LIVER/BULK RNA 
PURIFICATION, SEQUENCING, 
AND ANALYSIS

Whole-liver RNA was extracted from snap-frozen 
livers from C57BL6/J female mice treated as above 
and paired-end sequenced. RNA purification and data 
analyses are detailed in the Supporting Information.

HUMAN EXPRESSION ARRAY 
ANALYSIS

Expression data from two studies of 72 and 
55 patients with nonalcoholic fatty liver disease 

(NAFLD) staged for hepatic fibrosis, respectively, 
were retrieved from Gene Expression Omnibus repos-
itories GSE49541(3) and GSE89632(4) and analyzed 
in R. Statistical analyses are detailed in the Supporting 
Information.

HUMAN LIVER BIOPSIES AND 
SECTIONS

The study of liver biopsies from patients with alco-
holic steatohepatitis (ASH) has been described.(5) The 
study of human liver sections (histologically normal 
tissue obtained from surgical specimens from patients 
undergoing resection of colorectal liver metastases) 
was approved by the Ethics Committee of the Region 
of Southern Denmark and informed consent was 
collected.

RNA IN SITU HYBRIDIZATION 
AND IMMUNOHISTOCHEMICAL 
STAINING OF FORMALIN�FIXED 
PARAFFIN�EMBEDDED TISSUES

Fixation of liver tissue in 4% paraformaldehyde 
(PFA), paraffin embedding, and processing for immu-
nohistochemistry and RNA in situ hybridization are 
detailed in the Supporting Information.

IMMUNOFLUORESCENCE
Fluorescence double-stainings of CD34/alpha-

smooth muscle actin (�SMA) and plasmalemma 
vesicle�associated protein (PLVAP)/mCherry were 
performed on mouse cryosections prepared form 
4-hour PFA-fixed livers as described.(1) Confocal imag-
ing and deconvolution are detailed in the Supporting  
Information.

Results

SINGLE�CELL ANALYSIS OF 
SINUSOID�ASSOCIATED CELLS 
FROM HEALTHY AND FIBROTIC 
MICE

DILI may be recapitulated in mice by the admin-
istration of CCl4. To get an overview of the tran-
scriptional response to acute hepatic injury, we 
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sequenced whole-liver mRNA from mice treated 
with CCl4 for 2 weeks (n� =� 3) or 4 weeks (n� =� 3) 
as well as controls treated with vehicle (veh, n�=�2). 
Clustering and gene ontology (GO) analyses of the 
genes that changed significantly between groups 
(4 weeks versus vehicle; Padj� <� 0.05) pointed to 
processes mainly driven by nonparenchymal cells 
including inflammation, wound healing, and vascu-
logenesis (Fig.�1A; Supporting Fig. S1A). These cat-
egories suggested major changes in sinusoidal gene 
expression, testifying to a profound transcriptional 
plasticity. We validated fibrogenesis by picrosirius 
red and verified the appearance of �SMA-positive 
myofibroblasts and induction of CD34, marking 
sinusoidal capillarization(17) (Fig.� 1B; Supporting 
Fig. S1B). Indicative of ongoing inflammation, we 
also observed redistribution of F4/80hi KCs after 
only 2 weeks of treatment.

We then enriched for HSCs, LECs, and KCs/
MDMs from CCl4-treated and vehicle-treated mice 
for single-cell RNA sequencing. Similar to LECs, 
HSCs express the surface receptor CD105 (Endoglin 
[Eng]),(18) allowing us to enrich for these two cell 
types by flow cytometry using anti-CD105 antibod-
ies. We independently confirmed CD105 expression 
on quiescent and activated HSCs (not shown). KCs 
and MDMs were enriched using the surface recep-
tor F4/80. We furthermore gated for singlets and via-
bility (Supporting Fig.�S1C). Cells (2x 10,000) from 
three biological replicates for each treatment group 
were sorted for scRNAseq and bulk RNA sequencing. 
We recorded transcriptomes for >56,000 cells, confi-
dently mapping 90% of reads to the mouse genome 
(Supporting Fig.� S1D) and resolved individual cell 
populations using the uniform manifold approxima-
tion and projection (UMAP) technique for dimen-
sionality reduction of our data. We removed doublets 
and one biological replicate (4-week CCl4) contain-
ing high levels of erythrocyte-derived transcripts 
(Supporting Fig.�S1E). The cells separated into three 
well-defined louvain clusters corresponding to HSCs, 
LECs, and KCs/MDMs (Fig.� 1C; Supporting Figs. 
S1F-H). Expression of marker genes and a com-
parison to the well-annotated Tabula Muris(19) data 
set confirmed the identities of the clusters (Fig.� 1D; 
Supporting Fig. S1I). We further confirmed assay 
specificity by analyzing the expression of Eng and 
adhesion G protein�coupled receptor E1 (encoding 
CD105 and F4/80, respectively) and cell type�specific 

markers (Supporting Figs.�S1J,K and S3G). To focus 
our analyses, minor clusters of other cell types were 
omitted from further analysis. A survey of changes 
within individual cell populations showed that the 
activation markers collagen type 1 alpha 1 chain 
(Col1a1), Col1a2, matrix metalloproteinase 2 and the 
myofibroblast marker actin alpha 2 smooth muscle 
were induced in the HSC population (Fig.� 1E). In 
the KC/MDM population, induction of the leuko-
cytic markers Cd68 and chemokine (C-X3-C motif ) 
receptor 1 (Cx3cr1) reflected transcriptional changes 
in KCs and recruitment of MDMs. Fatty acid bind-
ing protein 4 (Fabp4) and protocadherin 17 (Pcdh17) 
levels were increased in LECs. FABP4 was previously 
linked to vascular injury and vascular endothelial 
growth factor A (VEGFA) signaling and PCDH17 
to cell�cell connections. Also, the observed induction 
of endothelial cell�specific molecule 1 (Esm1) and 
Cd34 indicates endothelial dysfunction and sinusoidal 
capillarization.(17,20) Cd34 was also modestly induced 
in HSCs. We confirmed partial, lobular, and peri-
portal coexpression of CD34 and �SMA by double- 
immunofluorescence on livers from CCl4-treated mice 
(Fig.� 1F; Supporting Fig. S1L). CD34 is an adhe-
sion molecule also expressed in progenitor cells and 
fibroblasts, but the significance of Cd34 induction in 
HSCs is unclear.

STELLATE CELL DYNAMICS IN 
HEALTHY AND FIBROTIC LIVERS

Having recapitulated the sinusoidal response to 
injury at the single-cell level and ascribed key tran-
scriptional changes to specific cell populations, we 
next focused on the dynamics within these popula-
tions. Louvain clustering helped us identify four HSC 
subclusters. These aligned well with treatment groups 
ranging from <1% HSCs from CCl4-treated mice in 
subcluster 1 to >99% in subcluster 4 (Fig.�2A). A near 
complete shift in the HSC population from subcluster 
1 to the contiguous subclusters 2-4 was hence seen 
already after 2 weeks of CCl4 treatment. The overall 
changes in gene expression between subclusters were 
calculated (Supporting Fig.�S2A).

To further resolve the HSC activation process and 
transdifferentiation, we generated diffusion maps and 
calculated a single-lineage trajectory of the HSC-to-
myofibroblast transition for pseudotemporal ordering 
of the HSCs. In keeping with the cell distribution 
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FIG. 1. Single-cell analysis of sinusoidal cells from healthy and fibrotic mouse livers. (A) Whole-liver RNA-sequencing of mice treated 
with CCl4 or veh (n = 2-3). Z-scores of 295 differentially expressed genes (4w CCl4 vs. veh, Padj < 0.05, DESeq2). Seven hierarchical 
clusters are indicated with enriched GO-categories (Padj < 0.05) and exemplary genes of each category (N/A: No significantly enriched 
category for cluster). (B) Sirius red, �SMA, CD34 and F4/80 IHC of representative livers from mice treated as indicated. (C) Centre; 
UMAP of >35K single cells colored according to cell type. Right; UMAPs showing log2-expression of marker genes. Bottom; UMAPs 
indicating treatment group of each cell. (D) Scaled log2-expression of marker genes in all cells grouped by cell type. (E) Scaled, log2-
expression of select cell type-specific and injury-responsive genes stratified by cell type and treatment group (v = vehicle). (F) IF of CD34 
(red) and �SMA (green) in livers of 4w CCl4-treated mice. Arrows indicate double-positive cells shown at 4x magnification.
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across subclusters, the unbranched trajectory proceeded 
from louvain subcluster 1 to 4 (Fig.� 2B). We ana-
lyzed HSC gene expression in pseudotime along this 

trajectory and plotted top variable genes in a heatmap 
(Fig.� 2C). Select genes are indicated, and expression 
of representative genes is shown in diffusion maps. 

FIG. 2. Hepatic stellate cell dynamics and functionality in healthy and fibrotic livers. (A) UMAPs of 10582 HSCs with indication of 
treatment groups and louvain clustering. Lower panel shows the representation of each treatment group in the louvain clusters 1-4. Counts 
normalized by total HSC counts in each treatment group. (B) Diffusion maps of HSCs colored by treatment group, louvain clustering, 
and pseudotime. Black curve indicates the single-lineage HSC activation trajectory. (C) Scaled, log2-expression of top-200 highly variable 
genes in HSCs over pseudotime. Select genes are highlighted and louvain cluster and treatment group of each cell are indicated. Right; 
diffusion maps showing log2-expression of characteristic genes. (D) Cellular densities of HSCs along pseudotime with indication of four 
discrete, high-density states I-IV. HSCs are stratified by treatment group. Bottom; UMAPs highlighting the 500 HSCs around each 
density maximum. (E) Log2-expression of top, unique signature genes of each state shown in all HSCs stratified by treatment group 
(left) and in the 500 HSCs around the density maximum of each HSC state (middle). Right: UMAPs of HSCs showing log2-expression 
levels of select signature genes. (F) Enriched (Padj < 0.05) GO-categories associated with each HSC state. Colors indicate significance of 
enrichment and circle sizes indicate number of genes falling into respective categories.
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