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he liver is the largest internal organ, and con-

sists of hepatocytes and nonparenchymal cells

(NPCs), including liver sinusoidal endothelial
cells (LSECs), the resident macrophage Kupffer cells
(KC:s), hepatic stellate cells (HSCs), biliary epithelial
cells (BECs, or cholangiocytes), and diverse immune
cell types. The cells in the liver communicate with
each other via a network of ligands and receptors and
undergo cell type-specific transcriptomic reprogram-
ming in disease. A unique anatomical feature of the
liver is its dual blood supply from the portal vein and
hepatic artery (Fig. 1A). Blood flow from portal triad to
the central vein creates gradients of nutrients, oxygen,
hormones, and gut-derived endotoxins that collectively
shape the molecular and functional heterogeneity of
hepatocytes. Although the concept of liver zonation was
supported by early work using histological approaches,
unraveling the molecular nature of liver cell heteroge-
neity remains a challenging problem. The liver plays a
central role in glucose (gluconeogenesis and glycogen
storage) and lipid metabolism (lipogenesis, fatty acid
B-oxidation, and lipoprotein metabolism). Elevated
hepatic glucose production and excess fat accumulation
are hallmarks of diabetes and nonalcoholic fatty liver
disease (NAFLD), respectively. The latter may progress
to nonalcoholic steatohepatitis (NASH), a more severe
form of metabolic liver disease characterized by per-
sistent liver injury, inflammation, and liver fibrosis. In
addition to hepatocytes, NPCs are known to regulate
diverse aspects of liver disease pathogenesis. However,
their heterogeneity and dynamic regulation in disease

have not been fully elucidated.

The emerging single-cell genomics technologies
have transformed research on complex organs and
tissues. V) In particular, single-cell RNA sequencing
(scRNA-seq) provides a powerful tool for mapping
the transcriptomic landscape of the cells with unprec-
edented resolution and delineating the dynamic nature
of cellular events in development, homeostasis, and
disease. This review covers recent single-cell studies
on mouse and human liver, and provides perspectives
on the new insights into the nature of liver cell het-
erogeneity, intrahepatic ligand-receptor crosstalk, and
disease-associated cellular reprogramming.

Liver Cell Heterogeneity
and Zonation at Single-Cell
Resolution

Liver zonation is a prominent aspect of liver cell het-
erogeneity.(z) Using scRNA-seq, Halpern et al. obtained
transcriptomic data for over 1,500 fluorescence-ac-
tivated cell-sorted liver cells.”) To reconstruct their
spatial heterogeneity, the authors developed a prob-
ability-based strategy to assign hepatocytes along the
portal-central lobule axis based on mRNA expression
of a panel of zone-specific liver genes. Analysis of the
single-cell data set revealed pervasive and distinct pat-
terns of hepatocyte gene expression that can be mapped
to different virtual lobule layers. A technical limitation
of scRNA-seq is that it is best suited for quantitative
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FIG. 1. Liver cell heterogeneity and crosstalk. (A) A diagram illustrating liver cell heterogeneity and zonation. Portal vein and hepatic
artery are indicated in blue and red, respectively. (B) A ligand-receptor signaling network among different cell types was revealed by single-

cell secretome gene analysis.

analysis of highly expressed genes. To address this
challenge and more comprehensively characterize the
molecular nature of liver zonation, Ben-Moshe et al.
combined cell sorting using zone-specific cell surface
markers (CD73 and E-cadherin) and gating strate-
gies to obtain hepatocytes corresponding to different
zones.) RNA sequencing and proteomic analyses of
these pooled hepatocytes revealed greater details of
spatial gene expression in the liver at mRNA, micro
RNA and protein levels. In a separate study, scRNA-
seq of human liver cells revealed remarkably conserved
features of liver zonation between mouse and human.®

Several principles of metabolic and signaling zona-
tion have emerged from these studies. For example,
periportal hepatocytes assume several energetically
demanding tasks, such as secretion of plasma pro-
teins, gluconeogenesis, and urea cycle, which are
coupled to their access to oxygen-rich blood supply
and high capacity for oxidative metabolism.*® As
such, periportal hepatocytes exhibit abundant expres-
sion of albumin and key enzymes including PCK1
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(gluconeogenesis), ARG1 (urea cycle), and SDHD
(mitochondrial oxidation) to carry out these metabolic
functions. Pericentral hepatocytes are specialized in
glycolytic metabolism, de nowvo lipogenesis, triglycer-
ide synthesis, and detoxification. This restriction of
hepatocyte metabolism to specific zones has important
disease implications. As such, hepatic steatosis is most
conspicuously observed in pericentral hepatocytes in
patients with NAFLD,” likely reflecting their role in
lipogenesis and triglyceride synthesis. Hepatocytes are
known to harbor polyploid genomes contained within
one or two nuclei in the cell.®) This heterogeneity of
hepatocyte polyploidization and its associated tran-
scriptomic signature represent yet another dimension
of liver cell heterogeneity that is primed for explora-
tion using single-cell technologies.

Endothelial cells lining arterial, venous, and lym-
phatic vessels are known to exhibit distinct molecular
and functional properties.(9) Similar to hepatocytes,
different endothelial compartments in the liver are
exposed to varying concentrations of nutrients, oxygen
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and hormones, and exhibit unique patterns of gene
expression. By taking advantage of the knowledge
on zonated hepatocyte transcriptomes, Halpern et al.
developed a paired-cell sequencing approach to probe
heterogeneity of liver endothelial cells and bioinfor-
matically inferred their spatial information."” Similar
molecular signatures of LSEC zonation were observed
in independent scRNA-seq studies on NPCs isolated
from healthy and NASH mouse liver''? and in human
liver.®) Comparative analysis of LSEC transcriptomes
obtained from healthy and NASH livers revealed
profound defects in endothelial gene expression and
vascular signaling that may contribute to disease
pathogenesis.(n) These studies provided an important
first step in unraveling the molecular and functional
heterogeneity of liver endothelial cells. Interestingly,
liver macrophages also exhibited features of zonation,
as illustrated by gradient expression of the scavenger
receptor MARCO."? Future work is needed to dis-
sect the signaling mechanisms underlying liver cell
zonation and its role in liver physiology and disease.

Landscape of Intercellular
Crosstalk Among Liver Cell
Types

Intercellular crosstalk through ligands and receptors
is a fundamental feature of organ biology. Hepatocytes
and NPCs release an array of secreted factors that exert
diverse biological effects in the liver and beyond. As
such, several hepatokines have emerged as important
regulators of nutrient metabolism and energy balance
by acting on the central nervous system and other
peripheral tissues. 11 Despite the expanding role
of intercellular signaling in metabolic physiology and
tissue homeostasis, a comprehensive survey of ligand
and receptor gene expression and the landscape of
intercellular crosstalk in the liver have not been fully
elucidated. Xiong et al. performed single-cell secre-
tome gene analysis on NPCs and hepatocytes isolated
from mouse liver.'Y) The secretome gene set includes
those predicted to encode secreted factors (1,272) and
membrane receptors (755) in the mouse genome.(ls)
A notable feature of secretome gene expression is that
many ligands and receptors exhibit cell type—restricted
patterns of expression that are highly conserved, as
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revealed by comparative analysis of the mouse and
human scRNA-seq data sets. By integrating single-
cell expression data with a ligand-receptor interaction
database, a highly connected signaling network among
10 major liver cell types was generated (Fig. 1B). This
work provides a roadmap for dissecting the complex-
ity and biological role of intercellular crosstalk within
the mammalian liver.

HSCs express numerous genes encoding the struc-
tural proteins of extracellular matrix (ECM) and
those contributing to ECM modeling.(lé) Analysis of
the HSC secretome genes revealed two unexpected
features. ™ First, HSCs appear to function as a sig-
naling hub by secreting growth factors, cytokines, and
chemokines, which were collectively termed “stel-
lakines.” Based on ligand-receptor pairing analysis,
many of these stellakines were predicted to act on
endothelial cells and different immune cell types. The
expression of several stellakines was elevated follow-
ing diet-induced NASH, suggesting that paracrine
signaling mediated by HSC-derived secreted factors
may contribute to disease progression. In parallel,
HSCs appeared to express a large number of mem-
brane receptors including regulators of HSC pro-
liferation, activation, and apoptosis. Unexpectedly,
several G-protein coupled receptors that are respon-
sive to vasoactive hormones exhibited abundant
mRNA expression in HSCs, underscoring a poten-
tially important role of HSC contractile regulation in
liver biology. Compared with bulk RNA sequencing,
single-cell transcriptomic analysis provides a sensitive
method for delineating the precise cellular sources of
ligands and receptors and revealing the landscape of
intercellular crosstalk in the liver. Future challenges
include functional assessments of the predicted sig-
naling modalities and their biological functions in
health and disease.

Single-Cell Perspective of
Liver Development and
Regeneration

Development of the mammalian liver entails
sequential specification of the hepatocyte lineage and
the formation of 3-dimensional (3D) tissue architec-

ture involving multiple cell types. Using scRNA-seq,
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Camp et al. reconstructed hepatocyte-like lineage
progression from induced pluripotent stem cells in
2-dimensional (2D) monoculture and 3D multilin-
cage organoid systems.”) The latter is uniquely suited
for deconstructing liver cell heterogeneity during
development and complex intercellular interactions
between the hepatic, stromal, and endothelial lineages.
Compared with 2D culture, the liver bud hepato-
blasts in organoids acquired an epithelial migration
gene signature that is characteristic of organ budding.
Furthermore, the authors observed striking concor-
dance of gene signatures between the 3D liver bud
and fetal liver cells. Analysis of the single-cell tran-
scriptomic data from the organoid cultures revealed a
network of potential ligand-receptor crosstalk among
different lineages. Vascular endothelial growth factor
was identified as a key molecular signal that poten-
tiates endothelial network formation and hepatoblast
differentiation.™”

The adult liver retains robust regenerative capac-
ity that supports organ homeostasis and normal liver
functions. In response to injury, hepatocytes can re-
enter the cell cycle and undergo proliferation to replace
dead hepatocytes.!® In addition, BECs provide a
source of progenitor cells that can differentiate into
hepatocytes and repopulate the liver parenchyma fol-
lowing injury. Although BECs have been established
as facultative liver stem cells that exhibit a high degree
of plasticity, "™ the intrinsic heterogeneity of BECs
and the mechanisms that govern their progenitor
function have not been fully elucidated. Recent work
using single-cell transcriptomics from several groups
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shed light on cellular heterogeneity of BECs in healthy
liver and following liver injury (Fig. 2). Pepe-Mooney
et al. performed scRNA-seq on epithelial cell adhe-
sion molecule—positive (EpCAM+) BECs and iden-
tified two subtypes that were distinguished by their
differential expression of the Hippo/YAP gene sig-
nature.'” The YAP-high cluster exhibited correlated
expression of YAP target genes and was enriched for
mechanical and adhesion signaling. This heteroge-
neity of BECs was confirmed using single-molecule
RNA fluorescent iz situ hybridization (FISH) and in
a YAP reporter mouse strain. The YAP transcriptional
program appeared to be highly responsive to DDC
(3,5-deithoxycarbonyl-1,4-dihydrocollidine)-induced
injury and is required for BEC homeostasis in adult
liver. Interestingly, hepatocyte-specific YAP inactiva-
tion revealed a crucial role for this signaling path-
way in injury-induced reprogramming of hepatocytes
toward a progenitor, biliary-like cell fate. In a separate
CRISPR-based screen for regulators of ductular reac-
tion using BEC-like organoids, Planas-Paz et al. also
uncovered YAP as a factor that serves a critical role in
triggering ductular reaction following DDC-induced
@0 In contrast, Wnt/p catenin signaling
appeared to be dispensable for injury-induced BEC

liver injury.

expansion and ductular reaction. Single-cell transcrip-
tomic analysis revealed a molecular signature that is
consistent with robust YAP signaling in EpCAM+
ECs.

The profound heterogeneity of BECs was also
observed in two single-cell studies on human fetal and
adult liver cells. Segal et al. identified a hepatobiliary
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FIG. 2. Heterogeneity and reprogramming of liver cells in disease. BECs are heterogeneous and serve as a progenitor pool during
liver injury (left). NAMs are marked by TREM2 expression and emerge during diet-induced NASH in mice and in human NASH
and liver cirrhosis (middle). Accumulation of LAYN-positive Tregs and exhausted CD8" T' cells are a hallmark of the HCC tumor

microenvironment (right).
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hybrid progenitor cell population in human fetal
liver that exhibited a molecular profile distinct from
fetal hepatocytes, mature hepatocytes, and mature
BECs.?" These cells were localized to the ductal
plate of fetal liver and expressed both hepatocyte and
BEC markers, a transcriptional signature characteris-
tic of bipotent mouse progenitors. In contrast, adult
BECs in human liver were marked by expression of
TROP2. Similar to mouse BECs, EpCAM+ cells iso-
lated from fetal and adult human livers also contained
heterogeneous cell populations. Single-cell analysis
of EpCAM+ human BECs revealed the existence
of three transcriptionally heterogeneous populations
that correspond to hepatocytes, bipotent progenitor
cells, and cholangiocytes with low-to-high gradient
expression of TROP2.®) The putative progenitor cells
with intermediate levels of TROP2 expression exhib-
ited the highest organoid forming capacity in culture.
These observations further support the notion that a
subset of bile epithelial cells serves as a source for liver
progenitors.

Immune Landscape of
NASH, Liver Cirrhosis, and

Liver Cancer

During NASH pathogenesis, persistent liver injury
triggers the recruitment and reprogramming of var-
ious immune cells.?? Recent single-cell analysis of

sorted myeloid cells® and total NPCs™ isolated from
healthy and diet-induced NASH mouse liver revealed
new insights into the dynamic nature of liver macro-
phages. Diet-induced NASH was associated with a
pronounced expansion of both liver-resident KCs and
monocyte-derived macrophages (MDMs). In the Xiong
et al. study, ™ three subpopulations of macrophages
were uncovered that correspond to KCs, MDMs, and
an intermediate population of macrophages expressing
high levels of Trem2, a putative scavenger receptor impli-
cated in Alzheimer’s disease. Because Trem2+ macro-
phages were largely absent in healthy liver and strongly
induced during NASH, this population of macrophages
was named NASH-associated macrophages (NAM)
(Fig. 2). NAM exhibited a transcriptional signature
enriched for genes involved in lysosomal degradation,
phagocytosis and antigen presentation, suggesting that
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they may play a role in the clearance of dead hepato-
cytes. Ramachandran et al. generated a single-cell atlas
of human liver NPCs using different pools of sorted
cells from healthy and cirrhotic livers.** Interestingly,
TREM2-positive scar-associated macrophages were
also found to be present in the fibrotic niche of human
liver cirrhosis and exhibit a profibrogenic phenotype.
Krenkel et al. also observed macrophage heterogeneity
in NASH liver;®® however, whether any of the three
clusters identified corresponds to NAM was not ana-
lyzed. It is important to note that liver macrophages did
not appear to subdivide into the canonical M1 and M2
populations in these studies, illustrating the necessity
for reassessing the nature of molecular and functional
polarization of macrophages in liver disease.

Altered immune landscape is a feature of tumor
microenvironment associated with liver cancer.?”
Several immune cell types including regulatory T cells
(Tregs), exhausted CD8" effector T cells, tumor-asso-
ciated macrophages, and myeloid-derived suppressor
cells have been shown to accumulate in the hepato-
cellular carcinoma (HCC) microenvironment.?? To
better understand the mechanisms and regulatory
pathways leading to T-cell exhaustion and accumu-
lation of Tregs in liver cancer, Zheng et al. performed
scRNA-seq on sorted T cells from peripheral blood,
normal liver tissue adjacent to tumor, and tumor tis-
sues from 6 patients with HCC.“” Comparative anal-
ysis of single-cell transcriptomic data revealed gene
signatures unique for tumor-associated Tregs and
exhausted CD8" T cells (Fig. 2). In addition, effec-
tor CD8" T cells were less abundant and displayed
more pronounced exhaustion phenotype and clonal
expansion in the tumor environment. Layilin (LAYN)
was identified as a gene that exhibited highly spe-
cific expression in tumor-derived Tregs and exhausted
CD8" T cells. Functional analysis revealed an inhibi-
tory role of LAYN in CD8" T-cell function.

More recently, Zhang et al. used a combination of
full-length and 3" scRNA-seq technologies to gener-
ate a high-resolution map of the immune landscape
of HCC.®® By surveying multiple immune-relevant
sites (tumor, adjacent liver, hepatic lymph node, blood,
and ascites), the authors identified LAMP3" dendritic
cells as a key cell type that originated from tumor,
migrated to hepatic lymph nodes, and shaped lym-
phocyte function through ligand-receptor signaling.
These studies provided unprecedented insights into
cellular heterogeneity, molecular nature, and functional

1471



XIONGETAL.

implications of the immune landscape associated with
human HCC. Additional single-cell studies that focus
on stromal cells are needed to provide a more compre-
hensive picture of the HCC microenvironment and its
role in tumorigenesis and therapeutic response.

Future Perspectives

Single-cell genomics offer powerful tools for unrav-
eling cell heterogeneity in complex organs, the nature
of intercellular crosstalk, and disease-associated cellular
reprogramming with unprecedented resolution. New
technologies are being developed to further expand sin-
gle-cell analysis to include spatial information of cells in
their native tissue context, such as sequential FISH and
spatially barcoded transcriptomic analysis.***” In addi-
tion, multimodal and integrated methods are available
for high-resolution mapping of chromatin state (DNA
methylation, chromatin accessibility, histone modifi-
cations), genome sequence, and cell-surface protein
expression in combination with single-cell transcrip-
tomic analysis, as discussed in a recent review.®? These
emerging tools are expected to reveal multidimensional
details of the liver microenvironment in physiological
and disease states. The construction of a comprehensive
cell atlas for healthy and disease tissues will open up
heretofore inaccessible avenues for biological explora-
tion, disease modeling, and therapeutic discovery.
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