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The liver fibrosis niche: Novel insights into the interplay
between fibrosis-composing mesenchymal cells, immune cells,
endothelial cells, and extracellular matrix

Michitaka Matsudal, Ekihiro Sekil2"
Division of Digestive and Liver Diseases, Department of Medicine, Cedars-Sinai Medical Center,
Los Angeles, CA, USA

2Department of Biomedical Sciences, Cedars-Sinai Medical Center, Los Angeles, CA, USA

Abstract

Liver fibrosis is a hepatic wound-healing response caused by chronic liver diseases that include
viral hepatitis, alcoholic liver disease, non-alcoholic steatohepatitis, and cholestatic liver disease.
Liver fibrosis eventually progresses to cirrhosis that is histologically characterized by an abnormal
liver architecture that includes distortion of liver parenchyma, formation of regenerative nodules,
and a massive accumulation of extracellular matrix (ECM). Despite intensive investigations into
the underlying mechanisms of liver fibrosis, developments of anti-fibrotic therapies for liver
fibrosis are still unsatisfactory. Recent novel experimental approaches, such as single-cell RNA
sequencing and proteomics, have revealed the heterogeneity of ECM-producing cells
(mesenchymal cells) and ECM-regulating cells (immune cells and endothelial cells). These
approaches have accelerated the identification of fibrosis-specific subpopulations among these cell
types. The ECM also consists of heterogenous components. Their production, degradation,
deposition, and remodeling are dynamically regulated in liver fibrosis, further affecting the
functions of cells responsible for fibrosis. These cellular and ECM elements cooperatively form a
unique microenvironment: a fibrotic niche. Understanding the complex interplay between these
elements could lead to a better understanding of underlying fibrosis mechanisms and to the
development of effective therapies.

1. Introduction

Liver fibrosis is a consequence of chronic liver injury from chronic viral infections (e.g.,
hepatitis B and C), alcohol abuse, metabolic disorders (e.g., NASH; non-alcoholic
steatohepatitis), cholestasis, parasite infections, hepatotoxin exposure, hemochromatosis,
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alpha-1 antitrypsin deficiency, and Wilson’s disease. The pathological hallmark of liver
fibrosis is the excessive accumulation of extracellular matrix (ECM) due to its production
exceeding its degradation in the liver parenchyma. Insufficient treatment of underlying liver
disease causes progressive liver fibrosis and ultimately leads to cirrhosis. Patients with
cirrhosis have a poor prognosis due to liver dysfunction, ascites, portal hypertension, and
hepatocellular carcinoma. Cirrhosis is the 11t leading cause of death worldwide (1), with
1.16 million annual deaths. The recent advancement of anti-viral therapies has significantly
reduced the proportion of viral hepatitis, but NASH has emerged as the predominant
etiology of underlying liver disease for liver fibrosis, especially in Western countries.
Notably, fibrosis is an independent risk factor for survival in patients with NASH even
before progressing to cirrhosis (2). Liver fibrosis also increases the risk of cardiovascular
events: the leading cause of death for NASH patients. Unfortunately, liver transplantation is
the only curative therapy for liver fibrosis to date, and the development of effective anti-
fibrotics is a significant unmet medical need.

In recent decades intensive investigations have elucidated the fundamental molecular
mechanisms of liver fibrosis (3). It is associated with complex interactions between multiple
types of cells in the liver. Damage to liver parenchymal cells (hepatocytes and biliary
epithelial cells) can often be the initial trigger for the fibrotic response. These damaged cells
release damage-associated molecular patterns (DAMPS) including nuclear proteins (e.g.,
HMGB-1), cytokines (e.g., IL-1a, IL-33, and S100A8/9), intracellular molecules (e.g.,
Hsp70), and mitochondrial components (mitochondrial DNA) (3, 4). In advanced liver
disease, intestinal bacterial products (e.g., LPS; lipopolysaccharide) can translocate to the
liver via the portal vein as pathogen-associated molecular patterns (PAMPS) due to increased
intestinal permeability. Injured hepatocyte-derived DAMPs and intestine-derived PAMPs
cooperatively promote inflammatory and fibrogenic responses in the liver. During fibrosis
progression, hepatic mesenchymal cells, including hepatic stellate cells (HSCs),
transdifferentiate into ECM-producing myofibroblasts. Immune and vascular system cells
also contribute to ECM accumulation by regulating HSC transdifferentiation and modulating
ECM production and degradation (also defined as ‘ECM remodeling’). These non-
parenchymal cells (e.g., mesenchymal cells, immune cells, and endothelial cells) are the key
cellular components of the fibrosis microenvironment.

Mesenchymal cells, immune cells, and endothelial cells in the fibrotic liver have
subpopulations with different origins and functions. The ECM also consists of
heterogeneous components that are dynamically regulated in response to liver injury. In turn,
the altered composition of ECM components affects the functions of surrounding cells.
These diverse subpopulations of cells and ECM components interact with each other to
make a dynamic and unique liver fibrosis microenvironment.

This review discusses the interplay among fibrosis-specific subpopulations of mesenchymal
cells, immune cells, and endothelial cells and ECM components which cooperatively form
fibrosis-specific microenvironment (i.e., a fibrotic niche) (Figure 1). In addition to a
summary of well-established liver fibrosis mechanisms, current molecular mechanisms of
liver fibrosis are also discussed.
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2. Extracellular matrix

The ECM is a three-dimensional network of proteins and non-protein components that
provide the structural and biochemical scaffolds for surrounding cells in tissues and organs.
It is composed of two major classes of biomolecules, fibrous proteins and
glycosaminoglycans (5, 6). The fibrous proteins (e.g., collagen, elastin, fibronectin, and
laminin) provide tensile strength to the tissue and support cell adhesion, proliferation,
apoptosis, survival, and differentiation. The glycosaminoglycans are a family of large
polymers containing repeated disaccharide elements including heparan sulfate, derman
sulfate, keratan sulfate, and hyaluronic acid (also known as hyaluronan; HA), most of which
(with the exception of HA) attach to core proteins to form proteoglycans.
Glycosaminoglycans sequester and release bioactive molecules locally, such as growth
factors and cytokines (7). Therefore, ECM plays critical roles in maintaining tissue and
organ homeostasis, and also contribute to adaption to injuries. Liver ECM is heterogeneous,
including collagens, nidogen, laminin, fibronectin, biglycan, mimecan, versican, decorin,
lumican, elastin, and glycosaminoglycans (7, 8) (Table 1). Constant and appropriate
regulation of both ECM synthesis and degradation is critical for maintaining tissue and
organ homeostasis in the healthy liver. In chronic liver injury, ECM is over-produced and
aberrantly deposited in liver parenchyma, with ECM biosynthesis often exceeding its
degradation and leading to ECM and tissue remodeling - fibrosis. Importantly, ECM
remodeling and fibrosis not only alter the quantity of ECM but also its composition (9, 10).
Many studies have investigated the regulatory mechanisms and functional roles of different
ECM components in liver fibrosis (Table 2).

2.1. Fibrous proteins (collagen, laminin, and elastin)

The collagens are the most well-investigated ECM components of liver fibrosis. Types | and
I11 collagens are increasingly produced and predominantly deposited in human and rodent
fibrotic livers (11-15). Many studies of liver fibrosis have focused on the regulatory
mechanisms for types | and 111 collagens. Most collagens are produced by activated
myofibroblasts, and this production is promoted by environmental stimuli such as cytokines,
DAMPs, hypoxia, and mechanical stress (discussed in Section 3 and summarized in Table
3). Collagens can be degraded by matrix metalloproteinases (MMPs), a family of zinc-
dependent endoproteinases produced by various hepatic cells, including macrophages (6,
16), and MMP activity can be inhibited by tissue inhibitor of metalloproteinase 1 (TIMP1)
from myofibroblasts and macrophages (16). In addition, post-transcriptional and post-
translational regulation of collagens can affect their deposition. Lysyl-oxidase (LOX) and
lysyl-oxidase like protein 2 (LOXL2) are both upregulated in response to the hypoxic
environment that accompanies liver fibrosis. LOX and LOXL2 oxidize the lysine residues of
collagens, inducing the crosslinking of fibrous proteins and promoting the resistance to
ECM degradation which contributes to ECM deposition, remodeling, and fibrosis (17-19).
In liver fibrosis, collagen deposition is regulated by a balance between production, cross-
linking, and degradation. As a consequence, types I and Il collagens are increasingly
deposited in the chronically injured liver (9, 20), but clinical evidence suggests that collagen
deposition is reversible once the underlying liver injury is eliminated (9, 21-25). Monocyte/
macrophage-derived MMP-12 and MMP-13 both contribute to fibrosis regression by
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degrading the ECM (26, 27). The deposition of types | and 111 collagens is often assessed to
validate the efficacy of therapeutic interventions for liver fibrosis.

Type IV collagen is the prevalent collagen in a healthy liver, with type I and type 111 collagen
being in lower abundance. Type IV collagen is a component of the basement membrane
around large vessels and bile ducts, but sinusoidal endothelial cells (LSECs) in a healthy
liver lack a typical basement membrane (28, 29). This unique feature of hepatic sinusoids
allows LSECs to maintain “‘fenestrae’ (30), cytoplasmic pores that enable the efficient flow
of molecules from sinusoidal lumens to hepatocytes, and vice versa (31). In the fibrotic liver,
type IV collagen deposition is also increased between hepatic sinusoids and hepatocytes in
response to injury (10, 32). The appearance of the perisinusoidal basement membrane in the
fibrotic liver (28) may affect liver function through decreased LSEC fenestrae and impaired
flow between hepatic sinusoids and hepatocytes (30). This change in the basement
membrane also affects HSC function (33) and that of epithelial cells (hepatocytes and
cholangiocytes) by regulating their cellular polarities (34, 35). Even though the serum
concentration of type IV collagen is related to the severity of liver fibrosis (36), the impact
of type 1V collagen on the liver microenvironment, and its regulation during liver fibrosis,
have not been as well-investigated as those of types I and 111 collagens. Further
investigations are needed.

Laminin is also increasingly deposited in liver fibrosis and is another basement membrane
component together with type IV collagen (12, 37). It supports the proliferation and
differentiation of hepatic progenitor cells in liver fibrosis (38-40).

The deposition of elastin is observed especially in advanced liver fibrosis (41, 42),
contributes to liver stiffness, and is related to the irreversibility of fibrosis (43, 44). Elastin-
derived peptides are bioactive and act as chemoattractants for monocytes, fibroblasts, and
endothelial cells (45).

2.2. Hyaluronic acid

HA is a major glycosaminoglycan produced and deposited in liver fibrosis, and its serum
level has been used as a biomarker for diagnosing the stages of liver fibrosis in clinical
practice (46—-48), with higher levels indicating poorer prognoses in patients with chronic
liver injury (49-51). Large deposits of HA are seen in fibrotic areas of diseased livers, while
no or minimal HA deposition is observed in the normal liver (52, 53). In the healthy liver,
the majority of HA is trapped in LSECs and degraded internally in lysosomes (54). In
conditions of liver inflammation and fibrosis, LSECs are dysfunctional and unable to capture
and breakdown HA (47). Increased HA in the fibrotic liver has often been explained by the
impaired uptake of HA by LSECs, but recent studies have indicated the critical role of
increased HA production in organ fibrosis, including the liver (52, 55-58). Activated HSCs
are the main producers of HA, with HA synthase-2 (HAS2) being the critical enzyme for
HA assembly in these cells (52). Importantly, mice with either a deletion or overexpression
of HAS2 specifically in HSCs showed remarkable reductions or exacerbations, respectively,
of HA production, HSC activation, and liver fibrosis. HA activates Notch1 signaling in
HSCs through its receptors, Toll-like receptor (TLR) 4 and CD44, leading to further HSC
activation and fibrosis exacerbation. In HSCs, HAS2 upregulation is transcriptionally
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regulated by TGFp signaling, mediated through the induction of a transcriptional factor
Wilms tumor 1 (WT1). Targeting the TGFB/WT1/HAS2/HA axis in HSCs could be a
promising therapeutic approach for liver fibrosis. Indeed, suppression of HA production by
4-methylumbelliferone, an inhibitor of HA synthesis, decreased liver fibrosis (52, 59).

2.3. Dynamic regulation of the ECM

Most previous studies have examined a single ECM protein or glycosaminoglycan that is
abundant in the fibrotic liver (e.g., type I collagen, elastin, and HA), but the ECM contains
many diverse components. In addition, each component has its own bioactivity, depending
on modifications such as crosslinking and fragmentation. It is likely that multiple ECM
components with varying modifications exert pleiotropic functions in the context of different
types of injury, locations, and stages of fibrosis. Recent proteomics-based analyses of the
ECM ‘the matrisome’ are leading to a comprehensive understanding of the dynamic
regulation of ECM components in normal and diseased organs, including the liver (10, 60,
61).

In the liver matrisome study, liver samples were processed through a series of increasingly
rigorous extraction buffers to separate proteins by solubility (fractionation) after chronic
alcohol and/or lipopolysaccharide (LPS) exposure in mice (10). Extracted proteins were
identified using liquid chromatography/tandem mass spectrometry (LC-MS/MS). As a
reflection of protein structure, as well as degradation, cross-linking, and enzymatic
activation, each matrix protein showed unique solubility and distribution in each fraction.
Cross-linked protein abundance was greater in carbon tetrachloride-induced fibrotic livers
compared to non-fibrotic livers (treated with lipopolysaccharide [LPS] or/and ethanol),
consistent with the idea that LOX and LOXL2 increase fibrous-protein crosslinking (e.g.,
collagen and elastin) during fibrosis progression (17-19). Interestingly, both ethanol and
LPS administration increased the amounts of liver matrix proteins compared to untreated
liver, with unique matrix component changes, indicating that the ECM found in diseased
livers is remodeled according to stimulus-specific mechanisms. Interestingly, administration
of LPS and ethanol generally do not induce fibrosis in mice. Instead, these stimuli can be
considered pre-fibrotic and suggest that compositional changes in matrix proteins start soon
after injury and before fibrosis. These early changes in ECM components may influence the
future pro-fibrotic milieu in the context of ongoing liver injury.

Other proteomics-based ECM analyses of mouse chronic liver injury and human liver
disease (62, 63) are also illuminating. The mouse study used a carbon tetrachloride model to
induce pericentral fibrosis, and a diet containing 3,5-diethoxycarbonyl-1,4-dihydrocollidine
diet (DDC) to induce periportal fibrosis. The results demonstrated that ECM alterations were
not homogenous and differed between periportal and pericentral areas, suggesting
differential regulatory mechanisms for ECM production in the context of injury location
(62). In the human study, analyses of 57 liver biopsy samples from HCV hepatitis patients
with stages F1-F4 fibrosis demonstrated uniqgue ECM compositions according to fibrosis
stage, suggesting that ECM remodeling occurs throughout the development of fibrosis (63).
Taken together, these studies suggest that ECM is dynamically remodeled both spatially and
temporally: a unique feature of liver fibrosis pathogenesis.
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The proteomics-based approaches can detect ECM proteins including fibrous proteins and
protein components of proteoglycan. However, it is still challenging to analyze carbohydrate
structure of the glycosaminoglycan which is also a major component of ECM. The
glycosaminoglycans consist of large linear polysaccharides with many branches, which
make numerous possible configurations. The regulatory mechanism of synthesis and
degradation of glycosaminoglycan is complex. The emerging techniques in the glycobiology
field may resolve this issue. Even though proteomics- and glycobiology-based studies can
delineate the previously unappreciated involvement of ECM components during fibrosis
progression, the biological functions of ECM components are still unclear. Future studies
should validate how ECM components affect cellular functions and how those functions
impact pathogenesis, including fibrosis, inflammation, angiogenesis, regeneration, and
carcinogenesis. A comprehensive understanding of ECM production, degradation,
deposition, and remodeling dynamics during fibrosis progression and regression could
uncover potential therapeutic targets and diagnostic markers in patients with liver fibrosis.

2.4. ECM-cellular interactions

In contrast to mechanisms of ECM production, little attention has been paid to the biological
effects of ECM on cellular functions. The ECM can affect cellular phenotypes through
ECM-cellular interactions mediated by specific receptors such as the integrins (64, 65), and
some ECM molecules are degraded by proteinases to generate and release bioactive
fragments (66, 67). The roles of key EMC components on cellular functions during liver
fibrosis are summarized in Table 2. In liver fibrosis, the ECM regulates HSC phenotype
through at least two types of collagen receptors: integrins (comprised of a and  subunits)
and discoidin domain receptors (DDR) (68—71). Highlighting the importance of the integrin
a subunit in liver fibrosis, mice with a specific deletion of integrin av in PDGFRp-
expressing cells (HSCs) showed attenuated liver fibrosis induced by carbon tetrachloride
(69) and pharmacological blockade of av-containing integrins by CWHM-12 also
attenuated carbon tetrachloride-induced liver fibrosis (69). One possible mechanism for this
is that av-containing integrins are known to be involved in the conversion of the latent form
of TGFp to its active form that activates HSCs and promotes liver fibrosis (72). Integrin p1
can also regulate the profibrogenic phenotype of activated HSCs (73). Mechanistically, a
serine/threonine-protein kinase p21-activated kinase (PAK) and yes-associated protein
(YAP) are the key contributors for the integrin p1-mediated profibrotic actions (73). Thus,
integrin ECM receptors promote HSC activation and fibrosis through activation of pro-
fibrotic pathways, and may be therapeutic targets for liver fibrosis.

DDR is a receptor tyrosine kinase whose ligands are fibrillar collagens rather than peptide-
like growth factors (74). Expression of DDR2 increased in human cirrhotic livers (75) and in
experimental models of hepatotoxin- (70) and alcohol-induced liver fibrosis (76). The DDR2
receptor expressed in HSCs interacts with collagen and promoted HSC proliferation and an
invasive phenotype /n vitro with increased MMP2 expression and activity (71). In carbon
tetrachloride-induced liver fibrosis, DDR2-deficient mice showed exacerbated fibrosis and
inflammation, suggesting that the type I collagen/DDR2-dependent signaling is a negative
regulator for pro-fibrotic HSC phenotypic change (70). In the human cirrhotic liver,
however, increased DDR2 expression was observed especially around bile ducts in
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cholestatic liver injuries (e.g., primary biliary cholangitis and primary sclerosing
cholangitis), but less expression was seen in fibrotic livers with other etiologies (75). Thus,
the impact of DDR2 on fibrogenesis in cholestatic liver injury may be different from
hepatocytic injury-induced fibrosis, such as carbon tetrachloride-induced fibrosis.

Receptors for HA, such as CD44, TLR4, TLR2, and Receptor for Hyaluronan Mediated
Motility (RHAMM), are expressed in various types of liver cells. HSCs express CD44 and
TLR4, through which HA activates HSCs and promotes fibrosis (52). CD44 is also
expressed in LSECs (47) and in neutrophils (77). CD44 receptors in LSECs could be
important for trapping HA, and CD44 receptors in neutrophils might contribute to neutrophil
chemotaxis, suggesting that HA may exert multiple roles via HA-specific receptors in
different liver cells. Importantly, the molecular size of HA is crucial for determining its
biological influence (78-80). High molecular weight (HMW)-HA is generally thought to be
protective against tissue injury while low molecular weight (LMW)-HA is pro-inflammatory
and pro-fibrogenic (52, 81, 82). HA is synthesized by cell-membrane bound hyaluronan
synthases (HAS1, HAS2, and HAS3) and initially generated as the HMW form on the cell
surface and then released (83). In the setting of liver fibrosis, the pro-fibrogenic function of
HA is mainly exerted by the LMW form (52). The mechanism of conversion from the
HMW-HA form to the LMW form during liver fibrosis is still to be elucidated. One recent
study demonstrated the different molecular mechanisms used by HMW- and LMW-HA
through the CD44 receptor on the aggressiveness of breast cancer cells (79). HMW-HA
induced CD44 clustering on these cancer-cell membranes and promoted MST1/2 activation,
inhibiting oncogenic YAP activation. In contrast, the LMW form did not induce CD44
clustering and instead promoted the formation of the intracellular PAR1b/MST complex that
resulted in YAP nuclear translocation and the promotion of cell migration and an aggressive
phenotype. Thus, changes in HA molecular weight around cancer cells could play a critical
role in phenotype switching via CD44 and Hippo/YAP signaling pathways. A similar
mechanism might be involved in the HA-induced invasive phenotype of HSCs (discussed
below).

In addition to ECM-cellular interactions via specific receptors, ECM components such as
collagen and proteoglycan can also regulate cellular functions by capturing and releasing
ECM-binding soluble proteins, such as growth factors, cytokines, chemokines, and enzymes
(7, 84). For example, PDGF has been shown to bind to, and be released from, fibrous
collagen (85). TGFp also binds to collagen (86) and the bioavailability of TGF is regulated
by a complex interaction with the ECM (discussed extensively in reviews 87, 88). Some
ECM components (e.g., decorin and biglycan) also interfere with TGFp activity by
neutralizing or inhibiting TGFp signaling (87, 88).

In summary, the dynamic processes of production, degradation, deposition, and remodeling
of ECM in the chronically injured liver regulate cellular phenotypes and functions, and play
critical roles in fibrosis pathogenesis. These ECM-liver cell interactions may be unique and
important therapeutic targets for liver fibrosis. Future studies will better define these
mechanisms in this underappreciated field of liver fibrosis research.
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3. Hepatic stellate cells and Myofibroblasts

3.1. Activation of hepatic stellate cells and transdifferentiation into myofibroblasts

HSCs are a population of mesenchymal-type cells in the liver. In the normal liver, HSCs
reside the space between hepatocytes and sinusoids (i.e., the space of Disse) with shared
features of pericytes and vitamin A-storing cells, and are defined as quiescent HSCs. In this
state, quiescent HSCs do not produce detrimental collagen. Upon chronic liver injury, HSCs
become activated and transdifferentiate into the principal cells producing the ECM:
myofibroblasts (89, 90). Activated HSC-derived myofibroblasts are contractile with the up-
regulation of alpha-smooth muscle actin (a-SMA), and produce both collagen and TIMP1.
Due to TIMP1 suppression of MMP activity that degrades ECM, increased TIMP1
production is likely to result in increased accumulation of ECM. Thus, activated HSCs skew
the balance of ECM production and degradation that leads to fibrosis progression. HSCs can
be activated by various fibrotic mediators, including cytokines, chemokines, DAMPs,
PAMPs, hypoxia, and mechanical stress. These factors are extensively reviewed elsewhere
(3). Currently, various novel anti-fibrotic strategies targeting HSC activation are in Phase I,
I1, and 111 clinical trials especially for NAFLD fibrosis. Current targets include activation of
apoptosis signal-regulating kinase 1 (ASK1) (91, 92), HSP47 (93, 94), PPARs (95, 96), FXR
(97, 98), and LOXL (19, 99) (Table 3). Unfortunately, most have shown minimal influence
on advanced fibrosis. Establishing an antifibrotic therapy is still challenging partly due to the
multiple roles of HSCs in the contexts of etiology, location, interacting cellular partners, and
stages of fibrosis. The following sections discuss unresolved topics in liver fibrosis.

3.2. Migration and invasive HSC phenotypes

Increased ECM production is the predominant feature of myofibroblasts in liver fibrosis, but
HSC migration and invasiveness are also critical features of myofibroblast behavior in lung
(55) and liver (52) fibrosis. During liver fibrosis progression, activated HSCs migrate and
accumulate in the injured area, but little is known about the mechanisms of migration and
invasive phenotypes of myofibroblasts.

The terms ‘migration’ and ‘invasion’ are often used to describe myofibroblast and fibroblast
phenotypes without clear definitions. In liver fibrosis research, the translocation of
myofibroblasts from a normal location in intact tissue to a fibrotic area is often referred to as
‘migration’. The term ‘“invasive phenotype’ is used in lung fibrosis and cancer research. Cell
invasion is often considered to be related to cell migration, but invading cells do more than
simply migrate. When myofibroblasts move into a fibrous scar area, ECM degradation and
proteolysis is required, so invasive myofibroblasts should have the capacity for both ECM
degradation and migration. The invasive phenotype of fibroblasts surrounding cancer cells
can regulate vascular remodeling and contribute to cancer development (100). It is likely that
similar mechanisms are involved in fibrosis progression because the vascular system also
has a critical role in liver fibrosis (discussed in Section 7).

However, in liver fibrosis research, the migration and degradation phenotypes of
myofibroblasts are still considered separately. How these phenotypes are coordinated to
induce the invasive myofibroblast phenotype has not been studied well, but below we
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discuss possible effectors for inducing the invasive HSC phenotype during liver fibrosis
progression based on currently available knowledge.

PDGF signaling—PDGF is a pro-fibrogenic cytokine and an attractive therapeutic target
for liver fibrosis (101, 102). The differential impact of PDGF isoforms (PDGF-
AA/AB/BB/CC/DD) and their receptors (PDGFR-aa, PDGFR-af, and PDGFR-B) have
been investigated using genetically modified mouse models and through observational
studies of human liver fibrosis (103-109). Both PDGFRp (103-107) and PDGFRa (108-
110) expressed in HSCs contribute to the development of liver fibrosis. PDGF is a potent
mitogen that primes HSC proliferation to myofibroblasts. In addition to that, PDGF also has
a critical role in the migration of myofibroblasts in liver fibrosis (103, 111). The intracellular
signaling pathways related to PDGF-induced cell migration during development have been
well-investigated (112). Both PDGFRa and PDGFR induce various signaling pathways
(e.g., Ras-MAPK and PI3K) that are associated with cytoskeleton remodeling and cell
migration (113). The activated Ras pathway leads to the activation of downstream Raf-1 and
MAPK cascades that induce gene transcription related to cell migration, growth, and
differentiation. PDGF-induced PI3K activation promotes actin reorganization, directs cell
movement, stimulates cell growth, and inhibits apoptosis (114). PDGFRp also exerts
modulatory roles on Rho-associated protein kinase 1 (ROCK1) to mediate the migration of
vascular smooth muscle cells (115). Compared to migration, fewer studies have examined
whether PDGF is associated with the ECM degradation capacity of HSCs necessary for the
invasive phenotype. Transgenic mice with Pagrf-b overexpression display progressive liver
fibrosis with increased MMP2 and MMP9 enzyme activities (106). As MMPs are produced
by activated HSCs (116, 117), PDGF-mediated MMP expression enhances the ECM
degradation capacity of HSCs as well as their migration phenotype, both of which are
required for the myofibroblast invasive phenotype. In summary, PDGF plays a critical role in
fibrosis progression, and could also be crucial for the induction of the invasive phenotype of
HSCs. Further investigations are required for understanding the role of PDGF in the HSC
invasive phenotype and ECM degradation and remodeling.

Hippo/YAP signaling—YARP is a transcriptional regulator that contributes to cell
proliferation, mechanics, and migration following its nuclear translocation in organ
morphogenesis (e.g., lung branching and endothelial-cell sprouting) and cancer invasiveness
(118, 119). YAP nuclear translocation is induced by various signals, including metabolic
changes in lipids, Wnt, G protein-coupled receptor signaling as well as cellular sensing of
increased matrix stiffness (120). Hippo/YAP signaling can also be activated by ECM-cellular
interactions. In mesenchymal stem cells, sensing of ECM stiffness and cell spreading
promotes the activation of Hippo/YAP signaling, which enhances the assembly of focal
adhesion complexes by inducing the transcription of integrins and focal adhesion-docking
proteins, which determines cell shape, migration, and the strength of cell adhesion to the
ECM (119). In cancer-associated fibroblasts, cellular sensing of ECM stiffness further
promotes ECM remodeling via YAP activation (121). During liver fibrosis progression,
increased ECM production and dynamic ECM remodeling enhances ECM stiffness.
Myofibroblasts likely sense and respond to altered ECM stiffness via YAP activation. In the
fibrotic liver, YAP is expressed in activated HSCs, and inhibiting it reduced fibrosis in a

Food Chem Toxicol. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Matsuda and Seki

Page 10

rodent model (122), indicating that YAP activation contributes to liver fibrosis progression.
In activated HSCs, YAP and PAK are activated as core downstream signaling molecules of
integrin p1 (73), a collagen receptor. YAP activation also promotes the sustained expression
of integrin B1, suggesting that an autoregulatory loop of the integrin B1-YAP-ECM axis
perpetuates the fibrogenic phenotype of myofibroblasts. Integrin deletion reduced HSC
migration and collagen production /n vitro and pharmacological inhibition of either integrin
B1 or YAP signaling attenuated liver fibrosis /n vivo. Thus, the integrin p1-YAP-ECM axis
plays a role in HSC activation and migration.

Taken together, deposited collagen induces HSC migration as well as further HSC activation
and fibrosis via the integrin-YAP pathway. It is still unknown whether YAP signaling also
contributes to the invasive phenotype of HSCs (with capacities for both migration and ECM
degradation).

Hyaluronic acid—HA is associated with inducing the invasive myofibroblast phenotype in
lung and liver fibrosis (52, 55, 56), and an HA-induced invasive phenotype is also described
in breast cancer (79, 123). HAS2 overexpression in (myo)fibroblasts induced an invasive
phenotype and fibrosis progression in the lung and the liver, while HAS2 depletion
abrogated the invasive phenotype of (myo)fibroblasts (52). This invasive phenotype is
CDA44-dependent, and mediated through HA production by the following proposed
mechanism.

First, the invasive phenotype of lung fibroblasts is accompanied by the upregulation of
MMP2, MMP9, and MMP12 and the downregulation of Timp3 and ADAMTS1, suggesting
that enhanced ECM degradation is involved (55). However, it is still unclear whether these
molecules are directly induced by a CD44 signal or if induction is mediated through other
mechanisms, such as by growth factors PDGF and TGF. Second, HA can induce Cc/2
expression in HSCs and macrophages. As HSCs also express CCR2 receptors, it is possible
that the CCL2-CCR2 interaction further promotes the migration of myofibroblasts in an
autocrine manner. Third, HA can modify the activation of Hippo/YAP signaling through
CD44, which is associated with cell migration as discussed above. Fourth, Notch signaling is
activated by HA, which potentially enhances cell migration. Notch-mediated cell-cell
communication and cell-fate restriction is critical for organ development (124, 125). For
example, Notch expression is necessary for coordinating cell migration induced by FGF
during brain development (126). Also, Notch signaling contributes to the organ fibrosis. In
lung fibrosis, Notchl promotes pericyte proliferation and transdifferentiation to
myofibroblasts via the PDGF/ROCK pathway (127). Inhibition of Notch signaling by a -
secretase inhibitor attenuated hepatic fibrosis in rats (128). Our recent study demonstrated
that Notch1 signaling contributed to the HSC invasive phenotype and that overexpressed
Jaggedl and Notchl promoted liver fibrosis in mice (52). Notch3 is also upregulated in
diseased human livers (129) and in animal models (128). In a single-cell RNA-sequencing
analysis of human fibrotic livers, Notch3 was expressed on scar-associated mesenchymal
cells (110). The knockdown of NOTCH3 expression in primary human HSCs resulted in the
reduced expression of type | and type 111 collagens, but the role of Notch3 in the migration/
invasive phenotype is still unknown. Taken together, HA contributes to the induction of an
invasive phenotype of myofibroblasts through multiple mechanisms.

Food Chem Toxicol. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Matsuda and Seki Page 11

3.3. Diverse origins of myofibroblasts

Another current myofibroblast topic concerns their origin. To date, five possible origins are
proposed: 1) HSCs, 2) portal fibroblasts, 3) bone marrow-derived fibrocytes, 4) bone
marrow mesenchymal stem cells, and 5) mesothelial cell-originated cells (130-133). HSCs
have long been identified as primary precursors of collagen-producing myofibroblasts.
Recent fate-tracing experiments using mice with genetic labeling of specific cell types have
strongly suggested that activated HSCs are the principal source of collagen in experimental
toxin-induced and cholestatic liver injury (134), while portal fibroblasts have also been
reported as responsible for collagen-producing cells by other studies (135, 136).

For HSC investigations into phenotype and function, density-gradient centrifugation has
long been used to isolate HSCs (137) based on their feature of carrying vitamin A-
containing lipid droplets. Therefore, myofibroblast precursors that do not contain lipid
droplets are likely to be lost using this approach. The lack of specific cell-surface markers
for HSCs also makes it challenging to identify possible myofibroblast precursors. The
previous study addressed this issue by using an /n vivo lineage-tracing system where Cre
recombinase was driven using the promoter of an HSC-specific vitamin A metabolism-
associated enzyme, lecithin-retinol acyltransferase (Lrat) (134). Reporter mice demonstrated
that most of the a-SMA™* collagen-producing cells (myofibrablasts) were derived from
HSCs in fibrosis models induced either by hepatotoxin-induced parenchymal injury or by
bile duct ligation-induced cholestatic injury, indicating that HSCs were the primary source
of myofibroblasts in those liver fibrosis models (134).

Another study focused on the contribution of portal fibroblasts to cholestatic liver fibrosis
induced by bile-duct ligation. Using a collagen a.1(l) promoter-driven GFP transgenic (Col-
GFP) mouse, the study showed that the GFP-positive (collagen-producing) vitamin A-
negative cell population contributed to the aSMA-expressing activated myofibroblast pool,
especially in early-stage fibrosis induced by bile-duct ligation. In that study, portal
fibroblasts were defined as the non-HSC collagen-producing cell population (135) and
contributed to fibrosis progression. From currently available knowledge, the conclusion is
that HSCs are the primary source of activated hepatic myofibroblasts that contribute to
aberrant ECM production and liver fibrosis. Other cell populations, such as portal
fibroblasts, may also play a role in the specific etiology of liver fibrosis, such as cholestatic
liver fibrosis. The suggestion is that HSCs, portal fibroblasts, and other precursors of
myofibroblasts, may all share various markers and therefore make it challenging to identify,
differentiate, and isolate myofibroblasts derived from different origins.

Single-cell transcriptomic analysis has brought new insight into the field of liver fibrosis
research. Single-cell RNA sequencing analysis of human fibrotic liver has revealed the
heterogeneity of mesenchymal cell populations (110). This analysis clustered myofibroblasts
into four subpopulations based on transcriptomic patterns. Of these, scar-associated
mesenchymal cells were identified as the population with high expressions of PDGFRA,
COLL1A1, and COLL3A1 genes that accumulated in the scar area. Other populations were
identified as vascular smooth muscle cells with AMYH11 expression, quiescent HSCs with
RSG5 (but less collagen) expression, and a population expressing mesothelial markers. The
scar-associated mesenchymal cells were further divided into two subpopulations, one of
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which expressed OSRI and genes associated with portal fibroblasts. Another scar-associated
mesenchymal subpopulation was identified as cells derived from HSCs with RSG5
expression using pseudotemporal ordering and RNA velocity analyses. These data
corroborated the previously proposed concept that myofibroblasts are derived from both
HSCs and portal fibroblasts. There are still ongoing debates as to the origin and functional
roles of myofibroblast precursors in liver fibrosis. In addition to identifying their possible
origins, their precursor-to-myofibroblast induction mechanisms also need to be elucidated.
Each myofibroblast subpopulation with a different origin may be induced and regulated by
unique environmental stimuli in the context of liver-injury type, stage of fibrosis, and
fibrosis-response location. Further investigations may help to develop both precision and
personalized medicine for treating liver fibrosis by targeting these subpopulations of
myofibroblasts.

4. Hepatic macrophages

The liver contains a large number of resident macrophages, known as Kupffer cells (KCs),
that reside within sinusoidal lumens. KCs maintain liver immune homeostasis
physiologically as well as pathologically. KCs can trap and take up gut-derived PAMPs in
the portal circulation as well as blood-borne pathogens in the systemic circulation. However,
in a healthy liver, KCs are tolerogenic, which prevents unnecessary immune responses to
PAMPs and food-derived products and toxins that are constantly delivered from the gut via
portal blood.

Importantly, once liver injury and inflammation occurs, circulating monocytes quickly
infiltrate the injured site and differentiate into macrophages. These infiltrating macrophages
are more sensitive to environmental stimuli, such as DAMPs, PAMPs, and cytokines/
chemokines, than resident KCs. These environmental factors can lead to activated
macrophages that produce various cytokines/chemokines, including TGFp (138), PDGF
(103-105, 111), OSM (139, 140), TNFa (141-143), and IL-1B. These cytokines can then
activate HSCs and induce a pro-fibrogenic response (Table 3). The relative contributions of
KCs and infiltrating macrophages in liver fibrosis have not been fully determined. The
following sections discuss different types of hepatic macrophages based on the recent
advances in hepatic macrophage research.

4.1. Ontogeny of hepatic macrophages: tissue-resident KCs and infiltrating macrophages

After organ injury, monocytes either from peripheral blood or from bone marrow infiltrate
the injured site and differentiate into macrophages (144), further contributing to
inflammation and the subsequent wound healing response (fibrosis) via cytokine production.
Without injury, organs also have a pool of resident macrophages (145). Lineage-tracing
studies using rodent models have shown that tissue-resident macrophages of embryonic
origin are distributed before the bone marrow-mediated adult style hematopoiesis begins
(146-150). Liver-resident tissue macrophages of KCs have the capacity for self-renewal
independent of the bone marrow-derived monocyte/macrophage pool (146, 148-150). Most
notions about KC homeostasis are based on studies using mouse models with healthy livers,
and a cellular basis for KC homeostasis after liver injury has been unclear until recently. A
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recent study demonstrated that, upon liver injury, some of the original resident macrophages
(KCs) disappeared, and infiltrating monocytes/macrophages acquired a resident macrophage
(KC)-like phenotype (151-153). Functionally, KC-like cells acquired the ability to
metabolize iron, a functional feature of KCs (154). This evidence suggests that these bone
marrow-derived KC-like cells can contribute to the tissue-resident macrophage pool after
liver injury. However, the contributions of these KC-like cells to cytokine production, liver
inflammation, and fibrosis are still unclear. Bone marrow-derived KC-like cells may be less
tolerogenic compared to the original, embryo-derived, KCs. In summary, for chronic liver
injury, hepatic macrophage populations can be classified into at least three groups based on
different ontogenies and functions: 1) cytokine-producing bone marrow-derived infiltrating
macrophages, 2) embryo-derived original tissue-resident macrophages (KCs), and 3) bone-
marrow-derived tissue-resident macrophage-like cells. In addition, GATA6" peritoneal
macrophages can also contribute to the hepatic macrophage pool (155). Currently, the
impact of these hepatic macrophage subpopulations on fibrosis, maturation and functioning
of tissue-resident macrophage-like cells, and on the longevity of tissue-resident macrophage-
like cells is still unclear. Further investigations may address these points.

4.2. Functional classification of macrophages: identification of fibrosis-associated
macrophages

In contrast to an ontogeny-based classification, a function-based classification is an
alternative approach for understanding the contribution of hepatic macrophages to liver
fibrosis. Macrophage function is often classified as either pro-inflammatory or anti-
inflammatory (156, 157). The pro-inflammatory phenotype has long been identified in
various disease models, and is induced in response to environmental stimuli such as DAMPs,
PAMPs, and cytokines (158). This phenotype is also known as ‘classically activated’ or
‘M1’, and these macrophages have the ability to produce large amounts of pro-inflammatory
cytokines (e.g., TNFa, IL-1pB, and IL-6) that promote liver inflammation (159). In contrast,
the Th2-type cytokines IL-4 and I1L-13 promoted the proliferation of a host-protective
macrophage phenotype against parasite infection (160). This macrophage phenotype is not
accompanied by classical inflammation, so its activation is considered to be an alternative
form ‘M2’. M1/M2 macrophages are often classified mirroring the Th1/Th2 classification of
CD4* T cells, and M2 macrophages can counteract M1 macrophages by producing anti-
inflammatory cytokines such as IL-10 and TGFp (161-164). IFNy and LPS are commonly
used for classically inducing the activation of M1 macrophages /n vitro, and both I1L-4 and
IL-13 are used in the same way to activate the M2 phenotype (165). Another macrophage
subpopulation (anti-inflammatory, profibrogenic, and TGFp-mediated) contributes to the
wound-healing response and fibrosis (166), and are sometimes classified as M2-like. In the
spectrum of monocyte-derived macrophage activation states, M1 and M2 designations
represent the extremes, but they are useful for understanding the signaling pathways
underlying the macrophage plasticity (156). However, in chronic liver injury mixed
phenotypes, and the coexistence of macrophages in different activation states, are often
observed (157). Several explanations for this are possible. First, macrophage phenotyping is
not simple, and it is hard to differentiate the actual states of macrophages as either M1 or
M2. Second, different ontogenies can affect phenotype skewing even with the same
environmental stimuli. Indeed, resident KCs are less responsive than bone marrow-derived
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KCs (167). Moreover, M2-designated macrophages derived from circulating monocytes and
those from tissue macrophages are phenotypically and functionally distinct. Third, many
studies have defined macrophage phenotypes in bulk using FACS or RNA expression rather
than at the single-cell level. Macrophage phenotypes might also differ between macrophages
residing in a fibrotic area compared to those in intact liver tissue. These distinct macrophage
phenotypes might be induced by different fibrotic responses associated with zonal scar
distributions in liver fibrosis. When different hepatic macrophage populations are mixed and
bulk analyzed, macrophage phenotypes are confusing, and different from the straight-
forward /n vitro phenotyping of monocyte-derived macrophages.

A recent study has also identified more subtypes of monocytes/macrophages involved in
fibrosis. In the lung, Ceacam1*Msr1*Ly6C F4/80-Mac1* monocytes contributed to the
fibrosis disease progression (168). This monocyte subset was derived from Ly6CFceRI*
granulocyte/macrophage progenitors and shared segregated-nucleus-containing atypical
monocytes (SatMs) characteristics based on unique morphology. In addition to this lung-
fibrosis model, SatMs also contributed to the development of liver fibrosis in a high-fat diet
model, in which Cebpb played a role (168).

Another recent study revealed that macrophages expressing triggering-receptor expressed on
myeloid cells 1 (TREM1), an amplifier of inflammation, contributed to fibrosis progression
that was induced by the hepatotoxin, carbon tetrachloride (140). The TREM1-expressing
macrophages also produced oncostatin M (OSM), an IL-6 family cytokine that can induce
liver fibrosis by promoting interactions between macrophages and HSCs (139).

More recent studies using single-cell RNA-sequencing analyses demonstrated the
heterogeneity of liver macrophages in both the healthy liver (169) and the fibrotic liver
(120). In the human cirrhotic liver, single-cell RNA-sequencing analysis identified
TREM2*CD9* macrophages as the scar-associated subpopulation. Interestingly, an RNA
trajectory analysis suggested that the scar-associated macrophage subpopulation originated
from circulating monocytes and that this infiltrating macrophage population contributed to
fibrosis progression.

All of these studies identified fibrosis-associated macrophage subpopulations independently,
so any relationships between these cell populations are unclear. In addition, the mechanisms
by which these subpopulations induced HSC activation and fibrosis are still undefined.
Further studies of the specific fibrogenic mediators produced by these macrophage
subpopulations is needed.

5. Neutrophils

Neutrophils are innate immunity cells that can capture invading pathogens via phagocytosis
and neutrophil extracellular traps (NETS) (170). Neutrophils are generally known to
exacerbate inflammation, and thereby contribute to fibrosis progression (171-173).
However, neutrophils also have the ability to alleviate liver inflammation and fibrosis. In a
NASH mouse model, the anti-inflammatory role of neutrophils was mediated through
miR-223 (174). This finding supports research indicating that neutrophils are crucial
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contributors to the resolution of inflammation in various tissues, including heart, skin, and
joints (175-178). In addition, an anti-fibrotic influence of neutrophils was mediated through
MMP production in both carbon tetrachloride- and bile-duct ligation-induced liver fibrosis
(179, 180). The heterogeneity of neutrophils and the distinct roles of different neutrophil
subpopulations in inflammation and fibrosis can explain the opposing actions of neutrophils.

There is an emerging concept that neutrophils can be functionally divided as either N1 or
N2, mirroring the M1/M2 and Th1/Th2 classifications (181, 182). A consensus for this
N1/N2 concept is growing, especially in the field of cancer research, where N1 and N2 cells
have anti- and pro-tumorigenic functions, respectively (181). The presence of TGFp in a
tumor microenvironment prevents the generation of anti-tumorigenic, N1 cells (183). This is
also compatible with the idea that TGFp is a potent fibrosis promoter, an environment
generally considered to be pro-tumorigenic. In addition, N2 neutrophils can secrete pro-
fibrogenic factors, including OSM (139, 184), but the precise mechanisms for N1/N2
induction, and their roles in liver fibrosis, are still unknown.

6. The adaptive immune system

Histologically, T and B cells are both abundant in chronically injured liver. These cells are
also closely associated with HSCs, suggesting an interaction between these cellular
components in liver fibrosis (185). The critical role of adaptive immunity has long been
identified in chronic liver infections, including viral hepatitis and parasitic infections (186).
Although the adaptive immune system plays an anti-microbial role, the contribution of
adaptive immunity to fibrosis has also been investigated. B cells have been identified as a
pro-fibrogenic cellular component in liver fibrosis, and mice deficient in B cells showed
attenuated liver fibrosis induced by carbon tetrachloride treatment (187). B cell-derived
soluble factors are thought to activate HSCs in an antibody- and T cell-independent manner.
After liver injury, HSC-derived retinoic acid activated B cells via MyD88 and led to
chemoattraction of inflammatory monocytes (188), so B cells may regulate early-stage
fibrosis by regulating HSC-monocyte interactions.

The contribution of T cells has long been explained by the Th1/Th2 theory, where Thl and
Th2 cells are anti- and pro-fibrogenic, respectively (189). For example, Th2 cells produce
fibrogenic cytokines, including IL-4 and IL-13. IL-13 can activate HSCs through IL-13
receptors, but independently of TGFp (190). The Th2-mediated fibrotic response also seems
to be important in parasitic infection-induced liver fibrosis (190). In contrast, Th1 cell-
related cytokines (e.g., IFN+y and IL-12) are anti-fibrotic (191, 192). This classical Th1/Th2
theory has been revisited by recent findings that another T cell subset plays a critical role in
liver fibrosis. Th17 cells are increased in chronically injured liver (193) and induced in a
IL-6- and TGFpB-dependent manner (194, 195). The fibrogenic role of Th17 cells was
delineated using I1L-17 receptor-deficient mice. IL-17 produced from Th17 cells activated
HSCs via STAT3 (197). IL-17 receptor was also expressed on KCs (196) and
cholangiocytes, suggesting that IL-17 has pleotropic functions in liver fibrosis. Th17 cells
also participated in the production of IL-22 that has a regenerative role in hepatocytes after
liver injury (197, 198). These myriad roles of Th17 cells in liver fibrosis are not fully
understood.
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Regulatory T cells (Tregs) are also involved in the pathogenesis of liver fibrosis. Tregs
negatively regulate bile-duct ligation-induced fibrosis (199) and parasitic infection-induced
fibrotic granuloma formation (200). In contrast, IL-8 producing Tregs promote liver fibrosis
in chronic hepatitis C (201). These controversial observations suggest that the role of Tregs
in liver fibrosis can be diverse and context-dependent. Interestingly, Treg phenotypes are
regulated by ECM components, including HA. HMW-HA induces FOXP3 and IL-10
induction in T cells via CD44 clustering, leading to the induction of Tregs (202, 203). A
profibrogenic role for cytotoxic CD8* T cells has also been suggested, and this influence
was antagonized by IL-10 treatment (204).

In addition, other non-conventional T cell subsets, including NKT cells (205, 206), y8T
cells (207) also have roles in liver fibrosis. The roles played by T cells in liver fibrosis are
still not fully understood, and each subset’s role might depend on the specific etiology and
staging of fibrosis.

7. Liver sinusoidal endothelial cells

Liver sinusoidal endothelial cells (LSECs) are another critical component that affects liver
fibrosis (Table 3). LSECs are specialized endothelial cells that form the hepatic sinusoids,
where blood flow comes from both the portal vein and the hepatic artery, and outflows are to
the central vein. The morphologically unique features of LSECs are the presence of
fenestrae (non-diaphragmed pores that traverse the cytoplasm), and the lack of a basement
membrane. These features allow solutes to be exchanged between the sinusoid lumen and
the space of Disse. During fibrosis progression, LSEC fenestrae are diminished, through a
process called ‘capillarization’, preventing the exchange of substances and oxygen between
liver parenchyma and sinusoidal blood. Another functional feature of LSECs is a high
capacity for endocytosis (208), which can eliminate ECM components that include HA,
chondroitin sulfate, and both type | and type Il pro-collagens via scavenger receptors (e.g.,
stabilin-1 and stabilin-2) (47, 209-211). However, LSECs lose the capacity for endocytosis
in the fibrotic liver, resulting in detrimental ECM accumulation there (47) and in other
organs such as the kidney (212).

7.1. LSEC interactions with immune cells

The anatomical proximity of sinusoidal cells - LSECs, HSCs (residing in the space of
Disse), and KCs (attached to LSECs in the sinusoid lumen) - allows for interactions among
these cells.

LSECs in the healthy liver prevent HSC activation via nitric oxide (NO) production. In
contrast, the defenestrated and capillarized LSECs of the fibrotic liver lose their ability to
suppress HSC activation (213). The transcription factor KLF2 in LSECs plays a role in
preventing the dysfunctional suppression of HSC activation (214, 215). NO-mediated
inhibition of HSC activation might mediated through the soluble guanylate cyclase (sGC) /
cyclic guanosine monophosphate (cGMP) / protein kinase G pathway (216). In support of
this, the administration of Bay60-2770 (an activator of sCG) promoted the reversal of LSEC
capillarization, HSC quiescence, and fibrosis regression (217).
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LSECs also have the unique function of modulating KC phenotype in the liver. In the normal
liver, the depletion of tissue-resident KCs allows liver-infiltrating monocytes to differentiate
into macrophages with a KC-like phenotype (151). During this process, LSEC-derived
DLL4, a Notch ligand, and TGFp contribute to the maintenance of KC identity (152). Thus,
signals from LSECs are critical for maintaining KC function in the liver. The contribution of
LSEC-KC interactions to the pathogenesis of liver fibrosis is still to be elucidated. LSECs
also contribute to fibrosis by regulating immune responses via the attachment, migration,
and infiltration of both neutrophils and lymphocytes (218).

In a congenital liver disease model induced by partial central-vein ligation, the mechanical
stretch of LSECs induced CXCL1 expression via the Notch and Peazo channel pathways of
LSECs, and a CXCL1-dependent recruitment of neutrophils led to fibrosis progression
(219). Whether these mechanisms are common in other fibrosis models needs to be
investigated.

LSECs express CXCL16, a cell membrane-bound ligand for CXCR6, and CXCR®6 regulates
the number of NKT cells that patrol as part of intravascular immune surveillance in hepatic
sinusoids (206). LSECs also regulate the adaptive immune system via antigen presentation
and leukocyte recruitment (220).

7.2. The role of vascular endothelial growth factor (VEGF)

The LSEC phenotype in a healthy liver is maintained by vascular endothelial growth factor
(VEGF)-A produced by various cells, including HSCs, hepatocytes (221), and macrophages
(222). There are paradoxical features for the role of VEGF in the fibrotic liver. VEGF
promotes HSC proliferation and activation (223), but VEGF derived from macrophages may
also be required for fibrosis resolution (222, 224). The genetic ablation of VEGF in
macrophages, and the pharmacological inhibition of VEGFR2 signaling prevented the
angiogenic response, and the resolution of liver fibrosis, induced by carbon tetrachloride
treatment and bile-duct ligation (222). VEGF inhibition also reduced LSEC permeability
and recruitment of scar-associated macrophages that contribute to fibrosis resolution via
CXCL9 and MMP13 (224).

7.3. The fibrosis-specific phenotype of LSECs

A subpopulation of LSECs, the fibrosis-specific phenotype is a key regulator of the fibrotic
response in injured liver. After liver injury, LSECs secrete angiogenic factors (e.g.,
hepatocyte growth factor and Wnt2) that promote liver regeneration. These angiogenic
factors are produced via inhibitor of DNA-binding protein 1 (ID1) in a CXCR7 (a CXCL12
receptor)-dependent manner (225). During chronic liver injury, the sustained activation of
FGFR1 in LSECs increases the expression of CXCR4 (another CXCL12 receptor) and
interferes with protective and regenerative CXCR7 signaling; shifting to an overall
fibrogenic response (225). Indeed, LSEC-specific ablation of either FGFR1 or CXCR4 in
mice restored pro-regenerative pathways. Thus, the balance between two CXCL12 receptors
(CXCR4 and CXCRY7) on LSECs regulated the regenerative and fibrogenic responses (225).
However, genetic ablation (226) or administration of an inhibitor of CXCR4 (227, 228) in a
fibrosis mouse model not only failed to improve, but even worsened fibrosis. Considering
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that endothelial cell-specific deletion of CXCR4 improved fibrosis (225), cell-specific
blockade of the CXCR4 pathway is warranted as an approach for treating liver fibrosis.
Single-cell RNA-sequencing of human fibrotic livers identified an expanded fibrosis-specific
endothelial cell population in cirrhotic livers restricted to the scar area (110). In this
population, CD34"PLVAP*VWA1" endothelial cells showed increased expression of pro-
fibrogenic genes, including PDGFD, PDGFB, and CD34*PLVAP*ACKR1* endothelial cells
enhanced leukocyte transmigration.

In summary, LSEC functions are unique for maintaining liver homeostasis: endocytosis of
ECM, maintenance of HSC quiescence, and KC-mediated immune tolerance. Disruption of
their homeostatic functions in chronic injury promotes fibrosis progression. In addition, a
fibrosis-specific LSEC phenotype is observed around scars, aggressively promoting fibrosis
via HSC activation and immune cell recruitment. Compared to myofibroblasts and immune
cells, little is known about the fibrosis-specific role of LSECs. Modulation of the LSEC
fibrosis-specific phenotype could be an effective anti-fibrotic approach.

8. Conclusions

Fibrosis is not a fixed and inactive ‘scar’, but a dynamically active response regulated by
many factors. Myofibroblasts, LSECs, and immune cells cooperatively produce ECM during
fibrosis progression (Figure 1). The ECM that is produced and deposited in turn modulates
the fibrogenic phenotypes of those cells. Recent single-cell RNA sequencing and proteomic
technologies are facilitating a more comprehensive understanding of the heterogeneity and
identity of fibrosis-specific subpopulations of mesenchymal cells, endothelial cells, immune
cells, and ECM. Those new findings may lead to novel and unique concepts around the idea
that fibrosis-specific types of cells and various ECM components interact closely to create a
unique profibrotic microenvironment around fibrotic scars (a fibrotic niche). To fully
understand the cellular communications of each subpopulation /n s/tu, information not only
about cell types and gene or protein expressions is necessary, but also specific location
information for these cellular components within the liver is important. It is still challenging
to obtain positional information using current single-cell RNA-sequencing and proteomics
approaches. A combination of these novel technologies with classical histological analyses
is one of the attractive approaches to tackle this issue in future studies. Another important
approach to improve our understanding of fibrosis niche is carbohydrate analysis. The
cellular communication between cells and their environment is modulated by the complex
carbohydrate structures of glycosaminoglycan, which would not be indicated from RNA-
sequencing or proteomics approaches. Emerging techniques in the glycobiology field could
add the previously unknown regulatory mechanism of fibrosis niche. Further understanding
of this fibrotic niche and the identification of its induction and persistence mechanisms may
lead to novel and effective anti-fibrotic therapies.
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pathogen-associated molecular patterns
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Highlights

Despite significant unmet medical needs for liver fibrosis, its molecular
mechanisms are not fully understood.

Mesenchymal, immune, and endothelial cells cooperate to regulate the
production, degradation, deposition, and remodeling of the extracellular
matrix (ECM), leading to the development of liver fibrosis.

The dynamic processes of ECM production, degradation, deposition, and
remodeling in turn regulate the immune and vascular systems, and activation
of mesenchymal cells in liver fibrosis.

The cellular and ECM components of chronically injured liver are
heterogenous and contain fibrosis-specific subpopulations.

The interplay between fibrosis components creates a unique “fibrotic niche’
microenvironment; a promising target for treating liver fibrosis.
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Figure 1. Fibrosis-specific subpopulations of mesenchymal, immune, and endothelial cells
cooperate with the ECM to comprise the liver fibrosis niche.

Graphical summary of the key components of the unique microenvironment in the liver.
Liver mesenchymal cells, immune cells, endothelial cells, and extracellular matrix (ECM)
have heterogenous subpopulations with different ontogenies and functions. Accumulating
evidence has identified fibrosis-specific subpopulations of macrophages. Other immune cells
(e.g. Neutrophils, B cells, Th17 cells, and regulatory T cells) also contribute to fibrosis.
Their contributions to the underlying mechanisms of fibrosis are less investigated compared
to macrophages. The interplay between these components maintains homeostasis in the
healthy liver. In the diseased liver, this homeostasis breaks down, and pathological
components emerge that cooperate to promote liver fibrosis.
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Table 1.
Dynamic changes in ECM components in the healthy and fibrotic liver.
ECM Liver fibrosis etiologies Changes in ECM components References
Components Experimental models
Fibronectin, Rat, BDL model Tenascin and fibronectin expressed around portal vein soon after injury. (11)
tenascin, elastin Type I, 11, IV collagen, elastin are progressively deposited from day 2 to 7
after BDL.
Laminin pre-exists in normal liver.
Fibronectin, Type Rat, chronic CCL4 model Fibronectin deposits after 2 weeks of chronic injury. Type | collagen (12)
1V collagen, deposit from 4 weeks of injury around the central vein.
laminin Type IV and laminin deposition detected after 3—4 weeks of injury.
Biglycan, Decorin Human, healthy and Biglycan and Decorin observed in the space of Disse and around the small (229)
fibrotic liver bile duct and vessel wall of healthy livers, with strong immunoreactivity in
fibrotic areas of the chronically injured liver.
Hyaluronic acid Human, NASH liver Hyaluronic acid is increasingly deposited in the fibrotic liver. (52)
Hyaluronic acid Mouse, CCly, TAA, BDL, Hyaluronic acid increasingly deposited concomitant with fibrosis (52)
CDHFD model Rat, progression. (53)
DMN-induced cirrhosis
Type IV collagen Human, liver cirrhosis Type IV collagen is highly upregulated compared to the healthy liver with (14, 28)
a 14-fold increase in liver cirrhosis.
Type IV collagen, Human, liver fibrosis Type IV collagen along with laminin increasingly deposited in the space of | (37)
laminin Disse, resulting in the formation of a perisinusoidal basement membrane
in the fibrotic liver.
Nidogen-1 Mouse, partial Nidogen-1 expression is detected in the portal tract but is only focally (230)
hepatectomy model present in the periportal parenchyma. Its expression is enhanced in the
regenerating liver.
Laminin Rat, partial hepatectomy Laminin a 1 chain is transiently expressed in sinusoid during regeneration. | (230)
model
Perlecan Rat, chronic CCl4 model Perlecan is localized in the basement membranes of portal biliary and (231)
LSEC in a healthy liver. In the fibrotic liver, it is highly expressed in the
perisinusoidal space of Disse and the matrix of fibrous septa.
Perlecan Human, chronic Perlecan is distributed in association with a ductular reaction in the (232, 233)
cholestatic disease periportal parenchyma.
Elastin Human, fibrotic liver Elastin accumulates in the internodular fibrous septa and enlarged portal (41, 234)

area, especially in advanced fibrosis.
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Table 2.

Mechanistic roles of key EMC components during liver fibrosis.
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ECM
component

Receptors
Mechanisms

Effects on cell function and fibrosis
progression

Possible therapeutic target in liver
fibrosis

Type | collagen

Integrin av/pl/
DDR1/DDR2

av signals activate latent TGFp (235).

B1 induces PAK/YAP signaling leading to HSC
activation and liver fibrosis (73).

DDR2 promotes HSC proliferation and invasion
via MMP2 (71).

Blocking av attenuates liver fibrosis (69).
PAK inhibition attenuates liver fibrosis (73).
DDR2-deficient mice showed exacerbated
hepatotoxin-induced liver fibrosis (70).

Avrrestine, Integrin av/p3 suppresses endothelial cell proliferation, Tumstatin suppresses tumor growth (66).

Tumstatin migration, angiogenesis (66, 67).

(fragments from

Type IV

collagen)

Fibronectin Integrin avp6 Cholangiocytes proliferate, local TGFp1 avp6 antagonist EMD527040 attenuates
activation (236). bile ductular proliferation and peribiliary

collagen deposition (236).
Anastellin Binds to full-length fibronectin to form Administration of polymeric fibronectin

(fragments from
fibronectin)

polymerized fibronectin multimers and inhibits
cell migration (237).

inhibits tumor growth, angiogenesis, and
metastasis (238).

Hyaluronic acid CD44/TLR4/stab2 Induces invasive phenotype of HSC via HA/ Blocking HA production by 4-MU or HAS2
CD44/Notch1 pathway. depletion prevents liver fibrosis (52).
laminin Integrin Supports proliferation and differentiation of Promotes progenitor cell differentiation of
hepatic progenitor cells in the fibrotic liver (38, biliary phenotype (39).
39).
elastin Cross-linking of fibers. Elastin-derived peptide Relates to the irreversibility of liver fibrosis
chemoattracts monocytes, fibroblasts, (44).
endothelial cells (45).
Decorin cMET (239) Activates macrophages by interfering with Decorin acts as antifibrotic by binding TGF-
Binding to TGFP binding to macrophages (241). B and controlling its bioactivity(242), and
cytokines(240) tumor repressor by binding PDGFRa (243).
Biglycan TLR2/4 (244) Proinflammatory activation of macrophages
Binding to (244).

cytokines(245)
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Table 3.

Key mechanistic roles of non-parenchymal cells in liver fibrosis.
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Cell types

Key roles

Mechanisms

Possible therapeutic targets in liver fibrosis

HSCs and
myofibroblasts

Collagen production

Activated by TGFp (138), HSP47 (93,
94)
0SM (139, 140), Galectin (246, 247),

Antibodies or inhibitors for LOXL2 (collagen
cross-linking) (19, 99, 248)

PPARs agonists (deactivation of HSCs) (95, 96)
FXR agonists (97, 98)

ASK1 inhibitors (inflammation, apoptosis) (91,
92)

HSP47 inhibition (HSC apoptosis, collagen
secretion) (93, 94)

Galectin 3 inhibitor (HSC activation) (246,
247)

Hyaluronan production

HAS2 upregulation by WT1

4-MU (suppression of HA)

Migration/invasion

PDGF (103, 105, 111, 249), YAP

PDGF inhibitor (101)

YAP inhibitor
Macrophages HSC activation via pro- TGFB, PDGF, OSM(139, 140), TNF CCR2/ CCR5 dual inhibitor (250, 251)
fibrogenic cytokine (141-143), IL-1B
production
ECM degradation Production of MMPs, liver regenerating | Adoptive transfer of monocytes/macrophages
factors
LSECs Maintains quiescent HSCs VEGF-mediated NO production (213) sCG activator (217)

(213), Kupffer cells (152)

KLF2 upregulation in LSECs promotes
HSC deactivation in a paracrine manner
(215).

Statin upregulates KLF2 in LSECs, reverses
dysfunction of LSECs and fibrosis (214).

Promotes infiltration of
neutrophils (219) and
monocytes.

Mechanical stress induces CXCL1 via
Notch (219).

Produces angiocrine factors
for liver regeneration and
fibrosis in injured livers
(152, 213, 225).

The balance of two CXCL12 receptors
(CXCRA4/T7) controls the transcriptional
factor ID1 (213, 225).

A small molecule inhibitor for CXCR4 does
not improve fibrosis (227, 228).
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