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Abstract: The liver is a central immunological organ. Liver resident macrophages, Kupffer cells (KC), 
but also sinusoidal endothelial cells, dendritic cells (DC) and other immune cells are involved in balancing 
immunity and tolerance against pathogens, commensals or food antigens. Hepatic stellate cells (HSCs) 
have been primarily characterized as the main effector cells in liver fibrosis, due to their capacity to 
transdifferentiate into collagen-producing myofibroblasts (MFB). More recent studies elucidated the 
fundamental role of HSC in liver immunology. HSC are not only the major storage site for dietary vitamin 
A (Vit A) (retinol, retinoic acid), which is essential for proper function of the immune system. This pericyte 
further represents a versatile source of many soluble immunological active factors including cytokines [e.g., 
interleukin 17 (IL-17)] and chemokines [C-C motif chemokine (ligand) 2 (CCL2)], may act as an antigen 
presenting cell (APC), and has autophagy activity. Additionally, it responds to many immunological triggers 
via toll-like receptors (TLR) (e.g., TLR4, TLR9) and transduces signals through pathways and mediators 
traditionally found in immune cells, including the Hedgehog (Hh) pathway or inflammasome activation. 
Overall, HSC promote rather immune-suppressive responses in homeostasis, like induction of regulatory 
T cells (Treg), T cell apoptosis (via B7-H1, PDL-1) or inhibition of cytotoxic CD8 T cells. In conditions 
of liver injury, HSC are important sensors of altered tissue integrity and initiators of innate immune cell 
activation. Vice versa, several immune cell subtypes interact directly or via soluble mediators with HSC. Such 
interactions include the mutual activation of HSC (towards MFB) and macrophages or pro-apoptotic signals 
from natural killer (NK), natural killer T (NKT) and gamma-delta T cells (γδ T-cells) on activated HSC. 
Current directions of research investigate the immune-modulating functions of HSC in the environment 
of liver tumors, cellular heterogeneity or interactions promoting HSC deactivation during resolution of 
liver fibrosis. Understanding the role of HSC as central regulators of liver immunology may lead to novel 
therapeutic strategies for chronic liver diseases.
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Hepatic stellate cells (HSCs) and liver immunity

The l iver is  an immunologic organ consist ing of 
parenchymal cells (i.e., hepatocytes and cholangiocytes), 
non-parenchymal cells [e.g., endothelial cells, Kupffer cells 
(KC), biliary cells, HSC] and manifold cell types from the 
innate and adaptive immune system. From all these cell 
fractions, the precise role of HSC in normal liver is far 
less understood compared to other hepatic cell entities. 
Although it is well accepted that HSC can very dynamically 
adapt their phenotype and are a major contributor to the 
formation of experimental and human fibrosis (1-3), the 
exact function of HSC in normal liver is still controversially 
discussed. They are defined as fat-storing pericytes 
that constitute 5-8% of all liver cells (4). HSC contain 
approximately 80% of the body’s vitamin A (Vit A) with a 
gradual distribution in the liver lobules that depends on the 
total Vit A amount and is genetically determined (5,6).

During the last decades, HSC were mainly viewed as a 
“resting cell” that stores Vit A, impacts sinusoidal blood 
flow, mediates intercellular communication, synthesises 
various extracellular matrix components, and triggers the 
synthesis of polypeptide mediators, erythropoietin and 
components of the plasminogen activation system that 
guarantee homeostasis in the microenvironment of the 
hepatic sinusoid (1,3,7). For instance, HSC can produce 
erythropoietin (8), a hematopoietic growth factor with 
potentially beneficial actions during liver regeneration or 
recovery from injury (9-11).

However, the repertoire of HSC functions was recently 
found to be much more diverse, as it was reported that they 
can act as antigen presenting cells (APC), express pattern 
recognition receptors (PRRs), respond to damage associated 
molecular patterns (DAMPs), and have the capacity to 
interact with manifold immune cells, and modulate their 
activity or promoting their differentiation (Figure 1). For 
instance, HSC possess profound T cell inhibitory activity in 
vitro and the activation of HSC is associated with enhanced 
expression of B7-H1 [CD274, programmed death-ligand 
1 (PD-L1)] that plays a major role in suppressing adaptive 
immune responses (12). Interestingly, quiescent HSC 
do not express this inhibitory transmembrane protein 
and it can be markedly up-regulated after activation with 
interferon-γ (IFN-γ) or contact with activated T cells. 
Extension of this work has further demonstrated that HSC 
effectively protected islet allografts from rejection in an 
islet transplantation model (13). Moreover, HSC interact 
with immune cells in a bidirectional manner (14). They 

receive a plenitude of signals from individual immune cells 
and in turn produce many soluble inflammatory mediators 
that elaborate signals influencing the biological properties 
of different immune cells. Important signalling pathways 
for HSC activation include, for example, the nuclear factor 
kappa B (NF-κB) that is involved in HSC activation upon 
lipopolysaccharide (LPS) or TLR4 stimulation or ATP-
induced cytosolic Ca2+ influx via purinergic signalling 
receptors including P2Y (15). During phases of hepatic 
insult, HSC produce reactive oxygen species (ROS), pro-
inflammatory cytokines, chemokines and their receptors 
and can act as non-professional APCs (1,7,16). On the other 
hand, HSC depletion experiments revealed that shortage in 
HSC is associated with elevated expression of interleukin 
10 (IL-10) and IFN-γ and that activated HSC significantly 
amplify the response to liver injury (17).

All these studies suggest that HSC significantly 
contribute to and participate in liver immunity. In the 
present review, we will summarize the major features 
of HSC and their interference with other liver resident 
and infiltrating cell entities that have established them as 
an immune-modulatory cell with key functions in liver 
immunology.

Vit A and the immune system

The fat soluble Vit A (retinol) and its derivative retinoic acid 
have pleiotropic functions in immune responses and liver 
homeostasis (Figure 2). It is one of the vitamins that cause 
disease not only as the result of deficient but also of excessive 
intake (18). Experimentally, it was demonstrated that there 
is a close correlation between (I) liver damage and decrease 
in retinaldehyde and total retinol; (II) a reciprocal transfer 
of retinoid metabolites between the circulation and the liver 
during development of cirrhosis; and (III) Vit A deprivation 
and liver parenchyma injury (19,20). However, also severe 
hyperalimentation with Vit A dose-dependently results in 
perisinusoidal fibrosis (21). The majority of the total body Vit 
A is stored in the liver, and 80-90% of the retinoid in the liver 
are stored in the lipid vacuoles of HSC (22-24). Whether 
Vit A directly influences pro- or antifibrogenic functions of 
HSC is still under discussion in the field. In lecithin-retinol 
acyltransferase (LRAT)-deficient mice, which lack retinoid-
containing lipids droplets in their HSCs, experimental 
fibrosis development was unaltered, suggesting that absence 
of retinoid-containing HSC lipid droplets does not promote 
HSC activation (25).

There a several studies revealing an eminent role of Vit 
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A in innate immunity and adaptive immune functions. Vit A 
regulates innate immunity by impeding normal regeneration 
of mucosal barriers, diminishing or enhancing the functions 
of neutrophils, monocytes, macrophages, natural killer 
(NK) cells, lymphocyte, and modulating myeloid cell 
differentiation (26-33). Vit A appears of particular relevance 
for the differentiation of CD11b+ dendritic cell (DC) subsets 
in the mucosa as well as the spleen, which are important for 
anti-bacterial and anti-fungal immune responses as well as 
for mucosal immunity (34). Moreover, Vit A is required for 
adaptive immunity and evolves essential functions in the 
development and activation of T-helper and B-cells including 
antibody-mediated responses directed by Th2 cells (25,35). 
Interestingly, Vit A is already important in the embryogenic 

development of the immune system, with retinoic acid 
supplied via the maternal blood being an important trigger 
for distinct lymphoid cells and subsequent functionally 
competent immune structures in the offspring (36).

When rats are treated with high concentrations of 
Vit A for 3-7 days, the phagocytic activity of KC and 
peripheral blood monocytes markedly increase, and the 
basal production of tumor necrosis factor-α (TNF-α) and 
prostaglandin E2 are significantly elevated (37). Similarly, 
it was demonstrated that Vit A supplementation in Vit 
A-deficient rats restores neutrophil function and trigger 
the ability of the neutrophils to phagocytose common 
bacteria (e.g., Pseudomonas aeruginosa) and to produce active 
oxidant molecules (28). At the molecular level, it has been 

Figure 1 Immunoregulatory functions of hepatic stellate cells. HSC are the major storage site for vitamin A that represents a key factor in 
regulation of immune responses. Once activated, HSC acquire features with important impact on the immune system. It can serve as an 
APC, is able to mediate autophagy, controls apoptotic body engulfment of necrotic/apoptotic hepatocytes and modulates activity of dendritic 
cells, macrophages, and natural killer cells. The capacity of HSC to synthesize HGF is essential for hepatocyte chemoresistance. In addition, 
HSC produce or respond to various interleukins, ICAM-1, IFN-γ and B7-H1 that all are linked to adaptive or innate immune responses. 
HSC biology is further modulated by complement factors. In addition, HSC express different Toll-like receptors, mediate Hedgehog 
signalling and are equipped with several intracellular inflammasome platforms that initiate the inflammatory response in various disease 
settings. Some important consequences of cellular interactions between HSC and macrophages or hepatocytes are indicated. HSC, hepatic 
stellate cell; APC, antigen presenting cell; ICAM-1, intercellular adhesion molecule 1; IFN-γ, interferon-γ.
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demonstrated that Vit A suppresses the production of 
nitric oxide (NO) and pro-inflammatory cytokines (e.g., 
TNF-α, IL-1β) in LPS- or IFN-γ-stimulated macrophages 
(38,39). In line with all these experimental studies, Vit A 
supplementation in infectious diseases reduces morbidity 
and mortality in humans (40). The positive attributes 
of Vit A were also noted in a small cohort of volunteers 
with low Vit A stores that were supplemented with Vit A 
resulting in higher concentrations of NK cells, elevated 
concentrations of monocyte-derived ROS, higher serum 
concentration of CXCL10 (IP10), and lower IL-6 and 

IL-17 serum concentrations (41). The direct regulatory 
effect of retinoic acid on natural killer T (NKT) cells was 
further demonstrated in a model of concanavalin A-induced 
hepatitis in mice showing that retinoic acid differentially 
regulates the secretion of various pathogenic cytokines from 
NKT cells (42). During the last years, the fundamental 
knowledge how Vit A acts mechanistically in HSC increased 
dramatically. In the presence of all-trans retinoic acid and 
TGF-β1, HSC induce the expression of FoxP3 in CD4 
positive T cells, thereby playing an essential role in the 
tolerogenic nature of the liver (43,44).

Figure 2 Vitamin A in systemic and hepatic immunity. Vitamin A (retinol) is metabolized into retinal and then to biologically active RA. 
RA regulates myeloid cell development and differentiation, diminishes or enhances activity of B- and T-cells, monocytes, macrophages, 
lymphocytes, KC, NKT and neutrophils. In addition, this vitamin is essential in stabilising mucosal barriers that prevent unhindered 
penetration of bacteria into the body. It further controls release of TNF-α from KC that acts as an endogenous pyrogen and is a central 
regulator of immune cells, systemic inflammation and the acute phase response. RA, retinoic acid; KC, Kupffer cells; NKT, natural killer T 
cells; TNF-α, tumor necrosis factor-α.
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Complement factors and stellate cells

The family of about 30 soluble complement proteins are 
synthesized both in the liver for systemic release into the 
bloodstream and peripherally by tissue-resident and immune 
cells (45). The complement component 5 is composed of 
two polypeptide chains (C5a and C5b) that are linked by 
disulfide bridges and are released by limited proteolysis 
during complement activation. The G-protein-coupled 
C5a receptor (C5aR) that reduces suppressive activity of 
natural regulatory T cells (Treg) is expressed on KC, HSC, 
and weakly on sinusoidal endothelial cells (45-47). With 
regard to liver, it was demonstrated that the C5 gene in mice 
and humans is a confounding factor that contributes to the 
formation of hepatic fibrosis (48). Likewise, the C5a/C5aR 
axis was shown to mediate inflammatory, chemotactic and 
anaphylatoxic properties in innate and adaptive immunity as 
well as to modulate activation and migration of HSC (49,50). 
Several other complement factors including C3 and C4 were 
shown to correlate negatively with the Child-Pugh score 
in patients suffering from liver cirrhosis (51). HSC express 
C5aR and upon stimulation with C5a upregulate fibronectin 
expression and release prostanoids (46). Moreover, other 
studies have shown that HSC express the complement-
activating protease P100, while other cells of the hepatic 
sinusoid including KC and sinusoidal endothelial cells 
are negative for this key complement activator (52). The 
same study demonstrated that the expression of this selene 
protease is elevated during phases of liver insult and the 
acute phase response suggesting that complement activation 
is one essential mechanism of hepatic innate immunity (52).  
Interestingly, also the C4 complement was shown to be 
expressed by HSC with a biphasic expression profile, in 
which freshly isolated HSC showed minimal expression of 
C4 mRNA that decreased between days 3 and 7 of primary 
culture and were absent in passaged, fully transdifferentiated 
myofibroblasts (MFB) (53).

Immune-associated signalling in HSC

Hedgehog (Hh) signalling

The three Hh proteins [Sonic Hh (Shh); Indian Hh (Ihh); 
Desert Hh (Dhh)] and their pathways have remarkable 
biological importance in control of progenitor cell fate 
and during embryogenesis (54). In the adult liver, Hh 
signalling pathways can be reactivated during liver injury 
and mediate expansion and recruitment of liver progenitor 
cell populations, induce the production of pro-fibrogenic 

factors such as IL-4 and IL-13, regulates pro-survival 
pathways and drives hepatic accumulation of inflammatory 
cells (55). First reports showing that Hh signaling could 
possibly be important in HSC biology were published 
about one decade ago, when Sicklick and co-workers 
found that freshly isolated HSC from adult mice contained 
transcripts of Hh ligands, the Hh pathway receptor, 
and Hh-regulated transcription factors in mice, rats and 
humans (56). In transwell co-cultures, it was shown that 
HSC-derived Shh is capable to modulate proliferation 
and differentiation of marrow-derived mesenchymal stem 
cells (57). Likewise, it was demonstrated that an immortal 
human HSC cell line (i.e., LX-2) stimulated proliferation, 
migration and invasion of cholangiocarcinoma in an Hh-
dependent manner demonstrating that targeting the Hh 
pathway could be a promising therapeutic direction (58). 
A detailed gene expression analysis also confirmed that 
Hh signaling is necessary to confer sensitivity to systemic 
LPS challenge and that mice with reduced receptors for 
Shh are more resistant to LPS than control mice (59). 
Recently, studies conducted in lung tissue have shown that 
upregulated Hh proteins in lung epithelial cells during 
allergic inflammation modulate lymphocyte function and 
interfere with T cell differentiation (60). It is presently not 
known if the quantities of Hh secreted from HSC during 
hepatic inflammation are sufficient to modulate local T cell 
functions as well.

TLR signalling

Most cells that are involved in the defense against pathogens 
have specialized heterologous receptors, namely the PRRs 
that recognize specific pathogen associated molecular 
patterns (PAMPs) and respond to endogenous triggers 
that are classified as DAMPs. TLRs, for example, are one 
group of 10 proteins in humans (TLR1-10) and 12 in mice 
(TLR1-9 and TLR11-13) that recognize and sensitize for 
structurally conserved molecules derived from microbes. 
Since the liver is permanently exposed to many pathogens 
and commensally bacterial products vial the portal vein it 
is not surprising that many liver cells express TLRs (61). 
Most of the TLRs form homodimers, while TLR2 forms 
heterodimers with TLR1 or TLR6 influencing the specificity 
for certain ligands. The complexity of this system is further 
increased by variable affinities for additional co-receptors 
that are sometimes required to obtain full ligand sensitivity. 
Prototypically, this has been demonstrated for TLR4 which 
require the lymphocyte antigen 96 also known as MD-2 that 
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confers LPS responsiveness on TLR4 (62). Other proteins 
such as the PPR CD14 and the LPS-binding protein (LPB) 
are further necessary to facilitate the presentation of LPS to 
MD-2 and to finally activate TLR4 (63).

Once activated, the TLRs signal through a complex 
network of at least two different pathways that are 
characterized by different adaptor proteins. One pathway 
that is common to all TLRs (except TLR3) requires the 
myeloid differentiation factor 88 (MyD88), Toll/IL-1 
receptor domain containing adapter protein (TIRAP), 
Toll/IL-1 receptor domain containing adaptor inducing 
interferon-β/TRIF, and TRIF-related adaptor molecule 
(TRAM) to activate transcription factors such as NF-κB 
and activator protein 1 (AP-1) and interferon regulatory 
factors (IRFs) that at the end lead to production of a 
multitude of inflammatory cytokines and initiation of 
innate immunity (64).

Activated HSC express TLR2, TLR3, TLR4, TLR7, 
and TLR9 and respond to respective ligands (LPS, Lipid A) 
with altered expression of IL-8, IL-6, Intercellular Adhesion 
Molecule 1 (ICAM-1), VCAM-1, TGF-β1, MCP-1/CCL2 
and BAMBI (65-74). Therefore, all these TLRs have strong 
implications for disease progression and in regard to liver 
immunology it is assumed that the effective therapeutic 
targeting of TLRs in activated HSC could prevent the 
induction of many immune and inflammatory responses that 
are the hallmark in all liver diseases. In the following, we 
will therefore shortly discuss the significance of individual 
TLRs in HSC biology.

Toll-like receptor 2 (TLR2)
TLR2 (CD282) that responds to lipid-containing PAMPs 
is required for the activation of the NLRP3 inflammasome 
and contributes to liver inflammation and fibrosis (75). 
Mice that lack TLR2 are more susceptible to LPS-induced 
inflammatory responses or carbon tetrachloride (CCl4) 
-induced liver damage than wild type mice (76-78). In 
HSC, the TLR2 pathway also mediates biological effects of 
the hepatitis C virus core protein such as the induction of 
expression of profibrogenic marker proteins and signalling 
molecules (79).

Toll-like receptor 3 (TLR3)
TLR3 (CD283) recognizes double stranded RNA 
associated with viral infections. One of the consequences 
of TLR3 activation is the induction of NF-κB and the 
expression of IRF3 leading to production of type I IFN (80). 
The antiviral effects of TLR3 in human HSC comprise 

production of antiviral cytokines, induced expression 
of IRF7, upregulation of interferon-stimulated genes, 
and activation of retinoic acid-inducible gene-1 (RIG-1) 
expression resulting in significant suppression of Hepatitis 
C virus replication (70,81). Recently, it was shown that 
stimulation of TLR3 ameliorates alcoholic liver injury via 
stimulation of IL-10 production in HSC and KC, again 
demonstrating that TLR3 acts as an innate immune sensor 
triggering anti-inflammatory pathways in response to injury 
or infection (82). This assumption was recently impressively 
underpinned by Wilson and coworkers who showed that 
quiescent HSC isolated from tlr3 deficient mice do not 
produce IFN-γ in response to treatment with the TLR3 
agonist polyI:polyC (74).

Toll-like receptor 4 (TLR4)
TLR4 (CD284) is the major receptor implicated in signal 
transduction events induced by LPS (83). In human HSC the 
activation of TLR4 by LPS or Lipid A results in activation 
of NF-κB and JNK pathways and increased expression 
of several chemokines and adhesion molecules (65).  
In line with this assumption, it was demonstrated that 
an artificial LPS and Lipid A sequestering soluble fusion 
construct made out of TLR4 and MD-2 was able to 
inhibit LPS-induced NF-κB and JNK activation (84). The 
activation of this receptor in quiescent HSC downregulates 
the TGF-β pseudo receptor BAMBI, thereby sensitizing 
these cells for TGF-β and providing a direct link between 
pro-inflammatory and profibrogenic signals (67). In 
humans, several single nucleotide polymorphisms are 
identified that predict reduced TLR4 responsiveness and 
confer a significantly reduced risk for fibrosis progression 
(85-87). TLR4 and its signalling pathways in liver injury 
are the most studied from all TLR family members, 
and there is a bulk of literature available that provides 
detailed information on individual components of TLR4 
signalling components including receptors, adaptors, 
ligands, transcription factors, downstream factors and its 
implication in liver injury (88). Mechanistically, it was 
assumed that TLR4 signalling mediates an endotoxin-
stimulated inflammatory phenotype of activated HSC that 
contributes to cell survival (89). Therefore, the response of 
HSC to endotoxins and TLR-associated signalling pathways 
is considered to have strong implications for hepatic 
inflammation and immune regulation (72).

Toll-like receptor 7 (TLR7)
TLR7 recognises single-stranded RNA and guanosine 
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analogues in endosomes (89). Interestingly, HSC that 
were isolated from rats that underwent bile duct ligature 
for two weeks exhibited reduced expression of TLR7, 
while the treatment with the TLR7/8 agonist CL075, 
a thiazoloquinolone derivative, significantly reduced 
expression of CCL2 (MCP-1), TGF-β1, collagen type I, 
MMP2 as well as HSC proliferation and migration (90). 
This data indicate that TLR7-dependent pathways in HSC 
are effective in modulating liver injury, inflammation or 
fibrogenesis and support the idea that targeting TLR7 
provides a promising new strategy for treatment of 
cholestatic liver diseases.

Toll-like receptor 9 (TLR9)
TLR9 (CD289) recognizes unmethylated CpG sequences 
in DNA that have a high frequency in bacteria. Accordingly, 
TLR9 deficient mice are resistant to CpG DNA-
induced inflammatory T-helper type-1 responses and to 
proliferation of splenocytes (91). During activation of HSC, 
the expression of TLR9 is elevated and the stimulation of 
HSC with the synthetic TLR9 inhibitor ODN TTAGGG 
blocks the CpG-induced upregulation of TGF-β and 
collagen mRNA induced by apoptotic hepatocyte DNA (63).  
Similarly, the activation of TLR with the synthetic 
agonistic oligonucleotide ODN M362 inhibited PDGF 
signalling and PDGF-induced HSC chemotaxis (68). 
In contrast to these findings, it was demonstrated that 
the disruption of TLR9 in mice significantly attenuates 
ongoing f ibrogenes is  in  exper imenta l  models  of 
obstructive cholestasis, nonalcoholic steatohepatitis, 
and liver ischemia-reperfusion injury (69,71,92). Studies 
in which lymphocyte/HSC interactions were analysed 
revealed the complexity of TLR9 responses (93).  
However, all these findings provided evidence that the 
TLR9 pathway modulates the hepatic immunology and the 
outcome of liver diseases.

Other TLRs in HSC
Most of the TLRs are detectable in human and mouse 
HSC (81). However, the significance of TLR1, TLR5, 
TLR6, and TLR8 expression in HSC and its impact on 
liver immunology is presently not known. Based on their 
ligands that encompass multiple triacyl lipopeptides (TLR1, 
TLR6), bacterial globular proteins of the flagellum (TLR5), 
and small synthetic compounds as well as single stranded 
RNA (TLR8), it is tempting to speculate that the emerging 
field of TLR research will also find some roles for these 
TLRs in liver immunology and particularly in HSC.

IL-17, IL-22, IL-23, IL-27, IL-33, and IL-8

Most of the ILs are indispensable for proper function of the 
immune system. In fact, upregulation of manifold ILs is a 
hallmark feature of the inflamed microenvironment resulting 
from liver injury (94). From the group of approximately 
40 different ILs, some ILs were recently linked to HSC 
activation and function.

Interleukin 17 (IL-17)
The six members of the IL-17 family (IL-17A-F) are 
primarily involved in mediating proinflammatory 
responses such as production of many other cytokines 
and chemokines. In the liver, IL-17 contributes to the 
pathogenesis of alcoholic hepatitis and is a key feature 
contributing to liver neutrophil recruitment (95). In the 
pathogenesis of liver fibrosis in mice, the expression of both 
IL-17 and its receptor IL-17RA increases and IL-17 directly 
induces production of collagen expression in HSC via the 
signal transducer and activator of transcription 3 (STAT3) 
pathways (96). Mice that are deficient for IL-17 show less 
liver damage after subjection to bile duct ligation (BDL). 
In a recent study, fibrotic livers taken from hepatitis B virus 
(HBV) -infected patients that underwent liver surgery 
(partial hepatectomy) had higher expression of IL-17A with 
highest immunoreactivity in regions with inflammatory 
infiltrates (97). The stimulation of cultured HSC with LPS 
results in a forty times elevated expression of IL-17F after 
24 hr suggesting a unique regulatory potential of these 
hepatic cell population in hepatic immune responses (72). 
Of note, IL-17 is not only relevant for HSC in the context 
of liver inflammation, but certainly also a characteristic 
feature of T helper cell subsets (Th17 cells) and gamma-
delta T cells (98,99).

Interleukin 22 (IL-22)
The significance of IL-22 and its receptors IL-10R2 and 
IL-22R1 in HSC biology was recently demonstrated (100). 
In HSC, IL-22 induces senescence through the activation of 
the STAT3 pathway, SOCS3, p53, and p21 thereby allowing 
to limit liver fibrosis and acceleration of resolution of liver 
fibrosis (100). Other reports have demonstrated that IL-22 
treatment stimulates the secretion of several chemokines in 
HSC. In line, numerous IL-22 pathway-associated genes are 
significantly up-regulated in liver tissue of HBV-infected 
patients, most likely by IL-22 that is expressed by multiple 
intrahepatic immune cells and preferentially by T-helper 17 
cells (101). These initial reports already suggest that IL-22 
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is another critical cytokine that contributes to the regulation 
of liver immunology.

Interleukin 23 (IL-23)
IL-23 is a heterodimer of the IL-6 family composed of 
two subunits (IL-12p40, IL-23p19) playing important 
roles in many immunological diseases. Since several years 
it is known that IL-23 has antitumor activity in murine 
models of hepatocellular carcinoma (102). Recently, it 
was demonstrated that IL-23 is specifically required for 
recruitment of neutrophils and TNF-α-/NO-producing 
monocytes to the liver, which are critical steps for bacterial 
clearance (103). The ubiquitous expression of the IL-23 
subunit p19 resulted in constitutive expression of acute 
phase proteins in the liver and increased platelet production, 
while liver-specific expression of p19 does not result in 
a detectable phenotype (104). During HBV infection, it 
was shown that IL-23 is indispensable for HBV-antigen-
stimulated IL-17 production. The IL-23-IL-17 axis is 
required to modulate the biological functionality of HSC 
and DCs that in turn can effectively polarize naïve CD4+ T 
cells towards the IL-17-producing Th17 phenotype (105).

Interleukin 27 (IL-27)
IL-27 is secreted by antigen-presenting cells and acts on T 
cells and other immune cells. It has recently attracted much 
attention due to its ability to exert IFN-γ-like functions in 
hepatocytes and its contribution to the antiviral response in 
these cells (106). It activates STAT1 and to a minor extent 
STAT3 in HSC leading to the induction of target genes such 
as interferon response factors 1 and 9, myxovirus resistance 
A, guanylate binding protein 2, and STAT1 itself (106). 
Likewise, IL-27 acts on and induces IFN-γ-like functions in 
HSC suggesting that this cytokine has a more general role in 
antiviral and inflammatory responses in the liver (107).

Interleukin 33 (IL-33)
IL-33 is a member of the IL-1 cytokine family that activates 
NF-κB and MAP kinases pathways and stimulates the 
expression of various cytokines in Th2-polarized naïve T 
cells (108). It is increasingly recognized by hepatologists 
because (I) its overexpression was found to be strongly 
associated with hepatic fibrosis in mice and humans; and 
(II) major sources of IL-33 in normal liver are HSC and 
sinusoidal endothelial cells (109). Mechanistically, the 
profibrogenic effects of IL-33 alone are sufficient to establish 
severe hepatic fibrosis that is primarily related to activation 
and expansion of liver resident innate lymphoid cells (110).

Interleukin 8 (IL-8)
LPS up-regulates IL-8 gene expression and secretion in a 
NF-κB-dependent pathway (65). Similarly, CD40 activation 
was shown to increase the secretion of IL-8 and monocyte 
chemoattractant protein-1 by HSC (111). However, in 
humans the activity of NF-κB and expression of IL-8 after 
induction with LPS shows a high variability, therefore 
possibly explaining differences in the outcome of fibrosis 
progression and the degree of inflammation during chronic 
liver disease (112). IL-8 is induced in cells transfected with 
the HCV core protein and identified as one of the major 
triggers driving expression of α-smooth muscle actin in the 
human HSC line LX-2 as well as in primary HSC (113).  
Vice versa, in co-culture HSC have the capacity to stimulate 
IL-8 expression in HCV-infected hepatocytes, thus 
indicating that IL-8 is one of the key mediators for the 
crosstalk between different cell populations during HCV 
infection (114).

B7-H1 pathway

The B7 homolog 1 also known as PD-L1 or CD274 is a 
transmembrane protein with immune-suppressive functions. 
Initial reports have shown that the activation of HSC is 
associated with a markedly enhanced expression of B7-H1 
and that its suppression lowers the immunomodulatory 
activity of HSC on T cells (12). Its expression is stimulated 
by IFN-γ and mediates MEK/ERK-dependent immune-
suppressive effects on T-cells suggesting that it is one 
control mediator possibly relevant for rejection of liver 
allografts (115,116). In line with this assumption, it was 
shown that B7-H1 expression on HSC can mediate 
profound T cell inhibitory activity in an islet allograft model 
in mice (117). Another previous report that highlighted the 
immune regulatory role of activated HSC in promotion of 
HCC growth concluded that the presence of activated HSC 
promotes tumor angiogenesis and HCC cell proliferation, 
in which high-level expression of B7-H1 in HSC might be 
one potential key mechanism for the immune regulatory 
function of these cells (118).

HSC and IFN-γ

One of the most studied cytokine in liver immunology is 
IFN-γ, because it is a potent activator of macrophages and 
has critical roles in innate and adaptive immunity against 
viral, bacterial and protozoal infection. With respect to 
HSC it is known that IFN-γ reduces HSC activation both 
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in vitro and in vivo (119,120). In vitro, IFN-γ induces Smad7 
protein expression in a STAT1-dependent manner and 
further reduces expression and activation of profibrogenic 
Smad2/Smad3 (121). Global protein expression profiling 
in HSC that were treated with IFN-γ further revealed that 
IFN-γ suppresses TGF-β- and PDGF-dependent signalling 
pathways, impacts the organisation of intermediate filaments, 
triggers fatty acid metabolism, and decreases expression 
of genes that control TNF-α activation (122). Moreover, 
IFN-γ induces apoptosis in activated HSC suggesting that 
part of the favourable effects of IFN-γ might be due to HSC 
clearance (123). Based on all these positive effects on HSC, 
it is not surprising that the transient overexpression of IFN-γ 
was proposed to inhibit the progression of hepatic fibrosis in 
vitro and in vivo (124). The beneficial effects of intact IFN-γ 
signalling in HSC for hepatic immune tolerance, prevention 
of liver transplant rejection, and control of T cell activity was 
also demonstrated in other experimental models (117).

ICAM-1 in HSC

The glycoprotein ICAM-1 (CD54) is a typical marker of 
endothelial cells and cells of the immune system; ICAM-1 
binds integrins and has essential functions in inflammatory 
responses (125). ICAM-1 expression in HSC was first 
demonstrated in a differential polymerase chain reaction 
display technique that compared quiescent and activated 
HSC showing that ICAM-1 is significantly upregulated 
during prolonged culturing and that its expression is 
elevated in rat livers that were experimentally injured by 
BDL (126). While the authors of that study suggested that 
ICAM-1 expression in activated HSC is mainly implicated 
in the transmigration of leukocytes from the hepatic 
sinusoid to sites of liver damage during the inflammatory 
response in the liver, other studies suggested that ICAM-1 
expression is necessary for proper HSC immune inhibitory 
activities both in vitro and in vivo (127). Later studies have 
argued that increased expression of ICAM-1 on HSC 
restricts the expression of IL-2 and IL-2 receptor expression 
in T cells that in consequence leads to an attenuation of T 
cell activation by DCs. 

Mechanistic aspects of HSC on liver immunology

Antigen presentation

In adaptive immunity, the process of antigen presentation 
is one critical process that is necessary to allow antigen-
specific priming of T cells and to allow them to recognize 

a particular antigen as “non-self”. Professional APCs are 
DCs, but also macrophages, monocytes and B lymphocytes. 
These cells internalize foreign antigens by phagocytosis or 
receptor-mediated endocytosis and display parts of them at 
their surface via class II major histocompatibility complex 
(MHC) molecules. Already in 2003, it was reported that 
cultured HSC also display features of APC (128). In this 
pioneering study it was demonstrated that human HSC 
express a large variety of membrane receptors including 
members of the HLA family, lipid-presenting molecules, 
factors that are directly involved in T cell activation and 
proteins that are involved in antigen trafficking (128). 
Interestingly, this study has also shown that the exposure 
of HSC to proinflammatory stimuli results in a significant 
upregulation of respective genes suggesting that the APC 
function is another attribute of activated HSC in the context 
of liver inflammation. A subsequent study further revealed 
the expression of receptors for the Fc fragment of IgG 
by rat HSC (129). Rat HSC also express the HLA class II 
histocompatibility antigen-γ chain (CD74) and cathepsin S 
that is an essential lysosomal cysteine protease participating 
in the degradation of antigenic proteins (130).

In functional studies, it was demonstrated that murine 
HSC can efficiently present antigens to CD1-, MHC-I-, 
and MHC-II-restricted T cells and to elicit a multitude of 
T cell responses specific for protein and lipid antigens (131).  
Moreover, the study provided evidence that transgenic 
HSC can present their endogenous peptide neo-antigens to 
peptide-specific T cells in vivo. In line with this assumption, 
it was later shown that also rat HSC are able to process and 
present exogenous antigens and that the APC function is 
markedly decreased in fully transdifferentiated MFB (132). 
Another report has suggested that HSC alone do not present 
antigens and require the presence of retinoic acid, DCs and 
TGF-β1 to induce functional (mostly regulatory) T cells (44).  
The repertoire of HSC activity in antigen presentation 
was further extended by the finding that HSC can possess 
a transdifferentiation-dependent veto function, in which 
they prevent the activation of naïve T cells by DCs in a cell 
contact-dependent fashion (133). In addition, conditioned 
culture supernatant from activated human HSC have the 
capacity to significantly promote the differentiation of 
human peripheral blood mononuclear cells to macrophages 
demonstrating that HSC secrete signalling molecules that 
impacts the function or differentiation of immune cells (134). 
All these studies show that HSC represent liver-resident 
professional APC that either can stimulate or repress specific 
immunological processes in the liver.
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HSC and inflammasome

The inflammasomes are cytoplasmic multiprotein complexes 
that are assembled in immune cells during phases of cellular 
injury and death. Likewise, cellular stress, viral or bacterial 
infection, free cytoplasmic DNA, or any other kind of injury 
that leads to the activation of specialized receptors results in 
the formation of these high-molecular-mass inflammasome 
platforms. Once activated, they trigger the activation 
of inflammatory caspases and the maturation of pro-
inflammatory cytokines such as IL-1β (135,136). Specialized 
intracellular sensors, i.e., the NOD-like receptors (NLRs) 
that recognize pathogen-associated molecular patterns are 
a major part of these platforms. We have recently shown 
that several of these receptors (NLRP1,NLRP3, AIM2) 
are expressed in KC, liver sinusoidal endothelial cells, in 
periportal MFB and also in HSC, while the expression of 
these receptors in hepatocytes were only detectable when 
they were exposed to appropriate inflammatory stimuli (137). 
Challenge with LPS drastically increases expression of the 
NLRs in cultured HSC suggesting that the activation of 
inflammasomes is one additional facet that allows HSC to 
contribute to liver immunology (137). A previous study has 
also documented that the application of monosodium urate 
crystals into cultures of HSC results in a strong upregulation 
of TGF-β1 and collagen type 1 mRNA expression and 
actin reorganization that was not observed when individual 
inflammasome components were lacking (138). Presently, it 
is not known if the activation of the different inflammasome 
branches in HSC requires TLR signalling, since a recent 
study demonstrated that TLR2 ligands alone are not 
sufficient to induce inflammasome activity in HSC (75).

HSC and autophagy

The term “autophagy” was first introduced in the literature 
by de Duve in 1963 and describes the phenomenon of cell 
degradation and recycling of damaged own cellular organelles 
and large protein aggregates through lysosomes (139). In 
this process, the intracellular degradation takes place in 
an intracellular degradation system, the autophagosome 
that is a spherical structure surrounded by double layer 
membranes (140). This process is also essentially involved in 
minimizing ROS formation, hence quenching the activation 
of intracellular pro-inflammatory factors and pathways 
that trigger intracellular of inflammasome activation (141). 
In liver, there is clear evidence that autophagy activity is 
important for the balance of energy and nutrients during 

cell homeostasis and that the autophagy capacity decreases 
during aging (142). Upon activation of murine and human 
HSC the process of autophagy is significantly increased (143).  
Also in vivo the autophagic activity in HSC increases during 
experimental liver injury, while the loss of autophagy in 
cultured HSC and in injured livers reduced fibrogenesis 
confirming that autophagic activity is required to establish 
an activated phenotype in HSC (144). Since liver fibrosis 
may ultimately progress to cirrhosis and liver cancer, these 
data suggests that autophagy is another mechanism that 
might influence immune surveillance in the liver.

Apoptotic body engulfment

The clearance of apoptotic cell corpses termed “apoptotic 
body engulfment” is the last step of programmed cell 
death. It is a highly orchestrated process in which “find 
me” and “eat me” signals are just as important as regulatory 
mechanisms that drive cytoskeletal rearrangement for 
engulfment and signals rendering the phagocytic cell 
immunologically silent after successful engulfment (145). 
HSC can phagocytose hepatocyte-derived apoptotic bodies, 
which results in the activation of HSC (146). The uptake 
of apoptotic bodies by HSC increased ROS formation, 
NADPH oxidase activation, and further induces different 
JAK/STAT and Akt/NF-κB-dependent survival pathways 
in HSC (147,148). Since the clearance of apoptotic 
bodies is one essential mechanism for the attenuation of 
inflammatory responses as well as for initiating signals for 
tissue repair and remodelling in response to cell death (149), 
it is obvious that also engulfment of apoptotic bodies is one 
addition process relevant for liver immunity.

HSC in hepatocellular carcinoma and enhancement of 
immunosuppressive cells

There is increasing evidence that the immunomodulatory 
activities of HSC can promote the occurrence, development 
and progression of hepatocellular carcinoma or other 
malignancies in vitro and in vivo (150,151). In a xenograft 
model, in which human colorectal tumor cells were grown 
in the liver, there was strong evidence that HSC were 
overrepresented at the invasion front and that activated 
HSC are the predominant cell type that is involved in 
the extensive cellular communication that is necessary to 
remodel the extracellular matrix and the host reaction on 
metastatic invasion in the tumor area (152). One potential 
mechanism that is presently discussed is that activated HSC 
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promote T cell apoptosis and change the balance of different 
T cell populations, thereby enhancing immunosuppressive 
cell populations in the HCC microenvironment (153,154). 
In another concept, malignant hepatocytes and activated 
HSC are thought to form together with cancer-associated 
fibroblasts and immune cells a tumour-associated milieu 
in which the responsiveness of tumour cells towards 
soluble factors is enhanced (155). Therefore, activated 
HSC are major players in the formation of the tumour cell 
microenvironment that decides about the malignancy and 
outcome of the tumour event.

Cell-cell-interactions of HSC with immune cells

Due to their anatomical position in the space of Dissé, 
between the fenestrated endothelium of the sinusoids and 
the hepatocytes, HSC are optimally located to interact 
with many cell types in the liver. For instance, HSC closely 
interact with sinusoidal endothelial cells, as HSC can provide 
angiogenic factors like VEGF or angiopoietin-1, while they 
respond to PDGF, TGF-β, NO or other angiocrine factors 
released from the endothelium (156,157). The close contact 
to different cell types within the liver but also to bypassing 
circulating leukocytes gives HSC a central position and 
allows establishing a diversity of autocrine and paracrine 
regulations. In this network of cellular interactions, HSC 
endorse decisive signals to immune cells and vice versa 
receive signals that modulate the biological properties of 
HSC itself (Figure 3). Some of these important cell-cell 
interactions will be discussed in the following sections.

Macrophages

As pointed out above, HSC express manifold receptors and 
soluble effector molecules that enable them to interact with 
distinct immune cell subsets. Among these, the interaction 
between HSC and macrophages is of outstanding importance 
for the pathogenesis of chronic liver diseases. This is already 
evident from in vitro studies using gene array and proteomic 
profiling of HSC, because considerable differences between 
in vitro and in vivo activated HSC were noted (158,159). 
The isolation of HSC from livers of mice that had been 
subjected to either CCl4 or BDL induced experimental 
fibrosis showed highly correlated gene expression patterns 
for these in vivo activated HSC, including pro-inflammatory 
and anti-apoptotic mediators, transcription factors, cell 
surface receptors and cytoskeleton components, similar 
to human HSC from cirrhotic livers (158,160). While 
culture activation by itself only partially reproduced these 
characteristic changes, the co-culture of HSC with KC more 
closely resembled the in vivo situation (158), indicating the 
relevance of macrophage-HSC interactions in vivo.

Liver f ibrosis  models  in mice provided strong 
experimental evidence for the close interaction between 
inflammatory signals, monocytes/macrophages and HSC 
driving fibrogenesis in vivo. HSC as well as KC, the 
resident macrophage population in the liver, respond to 
PAMP or DAMP via TLR4 (67,161). Activated HSC then 
release an array of pro-inflammatory chemokines [CCL2, 
CCL4, fractalkine (CX3CL1) and others] (67,161). These 
chemokines attract monocytes, mainly the inflammatory 

Figure 3 Cell-cell-interactions of hepatic stellate cells with immune cells. The properties of HSC are modulated by many immune cells. 
Vice versa, HSC produce many soluble factors that modulate immune cell properties. Details about the interactions with individual immune 
cell subpopulations and their role for liver immunology are given in the text. HSC, hepatic stellate cell.



355HepatoBiliary Surgery and Nutrition, Vol 3, No 6 December 2014

© Hepatobiliary Surgery and Nutrition. All rights reserved. Hepatobiliary Surg Nutr 2014;3(6):344-363www.thehbsn.org

Ly6C (Gr1) expressing subset, from the peripheral blood 
into the injured liver (162). Inflammatory monocyte-derived 
macrophages produce TGF-β which further stimulates 
HSC activation (163). Moreover, hepatic macrophages 
release several pro-inflammatory cytokines like TNF or 
IL-1 (164), which activate the transcription factor NF-κB 
in HSC and thereby promote the survival of activated HSC 
and MFB (165).

In humans, ‘non-classical’ CD14+ and CD16+ monocytes/
macrophages appear to exert similar pro-inflammatory and 
pro-fibrogenic actions on HSC. When different monocyte 
subsets are isolated from patients with hepatic fibrosis, the 
CD14+CD16+ monocyte subset release many inflammatory 
cytokines and can efficiently activate primary HSC in 
vitro (166,167). Interestingly, not only monocytes and 
macrophages influence HSC differentiation and survival, 
but HSC also impact on the macrophage phenotype. When 
human HSC were co-cultured with human peripheral blood 
monocytes, only activated but not freshly isolated HSC 
were capable of inducing a specific CD14+HLA-DR-/low 
phenotype in the co-cultured monocytes. These monocyte-
derived cells suppressed T-cell proliferation in an arginase-1 
dependent fashion, thereby resembling the phenotype of 
“monocyte-derived suppressor cells” (MDSC) known from 
tumor microenvironment. Importantly, MDSC-induction 
by HSC was at least partly mediated by CD44-dependent 
cell-cell-contacts (168). It is intriguing to speculate that 
the local induction of MDSC by activated HSC could 
contribute to immune suppression in inflamed liver.

Dendritic cells (DC)

DCs are a rather heterogeneous population in the liver 
and include monocyte-/macrophage-derived cells with 
DC functions, plasmacytoid DC and populations of 
conventional DC (169). Similar to hepatic macrophages, 
DCs do not activate HSC in co-culture systems, but up-
regulate expression of NF-κB dependent genes through 
an IL-1 and TNF-dependent mechanism (165). However, 
this induction is much lower compared to effects on HSC 
exerted by macrophages, and the DC-HSC interaction 
was found to be irrelevant for the overall phenotype of 
experimental fibrosis models in vivo (165).

NK and NKT cells

Liver lymphocytes are highly enriched with NK as well 
as NKT cells. While NK cells are important for killing 

virally infected or transformed hepatocytes (170), NKT 
cells patrol the liver and are capable of rapidly aggravating 
inflammatory responses in conditions of injury (171). 
Experimental evidence indicates that both cell types impact 
the functionality of HSC in liver fibrosis. For instance, 
mouse models of hepatic fibrosis revealed that NK cells, 
via their activating receptor NKp46, selectively kill early or 
senescence activated HSC (170,172). Similarly, human NK 
cells from HCV-infected patients were shown to induce 
apoptosis in activated primary human HSC, in a TRAIL-, 
FasL- and NKG2D-dependent manner (173). This NK 
cell-mediated cytotoxicity on HSC was related to the stage 
of fibrosis in patients as well as to the presence of activating 
(e.g., IFN-α) or inhibiting (e.g., ethanol, TGF-β) factors 
in vitro (170,174). Moreover, NK cells can produce IFN-γ, 
which has additional anti-fibrotic properties (175).

NKT cells, an unconventional T cell population 
expressing both NK and T cell markers, were found to 
promote liver fibrogenesis in vivo, likely by enhancing 
inflammatory responses via releasing pro-inflammatory 
cytokines and by activating HSC via osteopontin and 
Hh ligands (171,176). However, there are also studies 
demonstrating that NKT cells may exert antifibrotic 
actions, because they can, under certain conditions, also kill 
HSC and produce IFN-γ (170,177). Interestingly, another 
type of unconventional T cells, the gamma delta T cell 
receptor expressing T cells (γδ T cells), have the ability 
to induce HSC apoptosis in a cell-cell contact-dependent 
manner, via expression of Fas-ligand (CD95L) on their 
surface (99).

T cells

While the direct antigen presentation capacity of HSC is 
still controversial (see above), there is clear evidence that 
HSC can interact with T lymphocytes and suppress adaptive 
immune responses. Mouse as well as human activated HSC 
express B7-H1 (PDL-1), which inhibits T cell responses 
by inducing T cell apoptosis via B7-H1/PD-1 ligation in 
vitro and in vivo (12,13,116). Furthermore, activated HSC 
express the coinhibitory molecule B7-H4, which inhibits 
early T cell activation and results in T cell anergy (178). 
There is also evidence that HSC might preferentially 
induce immune-suppressive Treg in an IL2-dependent 
fashion (179,180).

In addition, HSC might also restrict cytotoxic responses 
by CD8 T cells. HSC were found to inhibit the activation 
of naïve CD8 T cells by expressing high levels of CD54 and 
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confining the expression of IL-2 and IL-2R on T cells. This 
particular HSC activity was termed “veto function” and 
correlated with the degree of HSC activation, being most 
pronounced in HSC from fibrotic livers (125).

HSC and immune cell crosstalk in the resolution 
of fibrosis

Intriguing data from patients infected with HBV and 
undergoing long-term effective antiviral therapy provided 
clinical evidence that fibrosis is not a unidirectional 
process of progressive disease, but can actually resolve and 
revert to normal tissue (181). Over the past decades, the 
highly dynamic nature of tissue repair and remodelling 
in liver fibrosis resolution has become apparent (182). 
Important mechanisms for fibrosis regression are MFB 
apoptosis, matrix degradation by metalloproteinases 
and the central involvement of hepatic macrophages 
in orchestrating this process (183). With respect to 
macrophages, a subset of “restorative macrophages” has 
been identified in mouse models of fibrosis regression, 
which originates from infiltrating monocytes, expresses 
high levels of matrix metalloproteinases and is likely 
induced by phagocytosis of apoptotic material (184,185). 
Up to now, most studies focussed on these immune 
mechanisms during tissue repair and noticed that MFB, 
which are derived from activated HSC, undergo apoptosis. 
More recently, HSC “deactivation” was identified as 
an important mechanism during fibrosis resolution. 
Using sophisticated cell tracking methods in mice, about 
half of the MFB escape apoptosis during regression 
of liver fibrosis, down-regulate fibrogenic genes, and 
acquire a phenotype similar to quiescent HSC (186).  
However, these “reverted” (or deactivated) HSC remain 
in a primed state, meaning that they easily reactivate 
into MFB in response to recurring fibrogenic stimuli 
(186,187). The molecular signals and cell-cell-dependent 
contacts mediating HSC deactivation are currently largely 
obscure. It is very likely that, besides NK/NKT cell-HSC 
interactions that promote HSC apoptosis, interactions 
between HSC and distinct immune cell subpopulations, 
likely restorative macrophages, promote HSC deactivation. 
Further research is eagerly warranted as novel therapeutic 
concepts could aim at augmenting HSC deactivation.

Concluding remarks

Experimental models in mice and rats as well as analyses 

from human liver unravelled a central role for HSC in 
maintaining homeostasis in the liver as well as critical 
functions for the pathogenesis of liver diseases. While most 
studies in the past focussed on the crucial involvement of 
HSC in liver fibrogenesis as the main extracellular matrix 
producing cell population in fibrotic livers, more recent 
evidence revealed that HSC exert important tasks in 
regulating inflammatory as well as immunological processes 
in injured liver. Importantly, it is increasingly recognized 
that HSC represent a phenotypically and likely functionally 
heterogeneous cell population. The state of HSC activation 
as well as the nature of the underlying liver injury (e.g., 
acute vs. chronic) further contributes to immune-regulatory 
functions of HSC. The number of HSC-elaborated 
inflammatory and immune regulatory molecules that 
contribute to liver immunology may be even much greater 
than known today. However, it became apparent that HSC 
are rather immune-suppressive in homeostasis, but are 
important sensors of altered tissue integrity and initiators of 
innate immune cell activation. Vice versa, several immune 
cell subtypes interact directly or via soluble mediators with 
HSC in health and disease. The tremendous progress in 
understanding the role of HSC as central regulators of liver 
immunology gives rise to the expectation that targeting 
these pathways may lead to novel therapeutic strategies for 
chronic liver diseases.
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