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Alcoholic liver disease (ALD) and nonalcoholic fatty liver disease (NAFLD) are the two major types of chronic liver disease
worldwide. Inflammatory processes play key roles in the pathogeneses of fatty liver diseases, and continuous inflammation
promotes the progression of alcoholic steatohepatitis (ASH) and nonalcoholic steatohepatitis (NASH). Although both ALD and
NAFLD are closely related to inflammation, their respective developmental mechanisms differ to some extent. Here, we review the
roles of multiple immunological mechanisms and therapeutic targets related to the inflammation associated with fatty liver
diseases and the differences in the progression of ASH and NASH. Multiple cell types in the liver, including macrophages,
neutrophils, other immune cell types and hepatocytes, are involved in fatty liver disease inflammation. In addition, microRNAs
(miRNAs), extracellular vesicles (EVs), and complement also contribute to the inflammatory process, as does intertissue crosstalk
between the liver and the intestine, adipose tissue, and the nervous system. We point out that inflammation also plays important
roles in promoting liver repair and controlling bacterial infections. Understanding the complex regulatory process of disrupted
homeostasis during the development of fatty liver diseases may lead to the development of improved targeted therapeutic
intervention strategies.
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INTRODUCTION

Excessive alcohol intake and high-calorie food consumption are
two major etiological factors in the pathogeneses of chronic liver
diseases worldwide, causing alcoholic liver disease (ALD) and
nonalcoholic fatty liver disease (NAFLD), respectively. Although
there are some differences in the hepatotoxicity caused by alcohol
versus that due to excess caloric intake, immunological mechan-
isms play key roles in the pathogeneses of both ALD and NAFLD.
With regard to ALD, although alcohol-induced hepatotoxicity and
oxidative stress are the key components contributing to its
pathogenesis, recent studies have clearly shown that the immune
response might also substantially contribute to the development
of ALD, including its inflammatory component, alcoholic steato-
hepatitis (ASH) (Fig. 1). The early working model for ALD initiation
demonstrated that portal circulation of the bacterial product
lipopolysaccharide (LPS) from alcohol-induced gut leakage to
liver-activated Kupffer cells (KCs) through LPS/Toll-like receptor
(TLR) 4 signaling and subsequently produced inflammatory
cytokines such as tumor necrosis factor alpha (TNF-a), leading to
alcoholic liver injury." In recent years, emerging evidence from
preclinical and clinical studies has suggested that new immuno-
logical mechanisms are involved in all stages of ALD, including
immune response initiation, inflammatory reactions, and com-
pleted/unresolved repair.* In the early stage, inducers/sensors,

including alcoholic hepatocyte death, cause an immune response
in the liver. In the second stage, immune mediators interacting
with immune cells lead to inflammation and hepatocyte
death. Ultimately, the pathological consequences of the immune
response associated with ALD include elimination of cell death
debris and proliferation of hepatocytes, which may result in
complete recovery or unsolved repair manifesting as fibrosis/
cirrhosis. Intestinal microbes influence the immune response in
the liver through pathogen-associated molecular patterns
(PAMPs), and PAMPs further mediate the activation of innate
immune cells through pattern recognition receptors.”~” Moreover,
the damaged liver produces damage-associated molecular pat-
terns (DAMPs) and stimulates inflammatory signals.®®° In addition,
mechanisms of crosstalk between organs, including adipocyte
death, promote the progression of ALD through the transmission
of DAMPs or extracellular vesicles (EVs) with the migration of
immune cells. In the first part of this review, we summarize the
current understanding of the immunological mechanisms in ALD
by discussing immune response triggers (such as enteric dysbiosis,
hepatocyte death and adipose-liver organ crosstalk) and immune
response courses, including multiple immune cell types, major
immune pathways, and specific immune mediators. We also
highlight possible therapeutic interventions for these immune
responses in the treatment of ALD.
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Fig. 1 Triggers of the immune response in ALD. Dysregulated intestinal barrier integrity and gut microbiota products/metabolites play
important roles in modulating ALD. The gut communicates with the liver via the gut-liver axis through the biliary system and the portal vein,
transferring gut-derived components or the gut microbiota themselves to the liver and initiating the immune response. Chronic alcohol
consumption disrupts the gut barrier, leading to increased gut permeability and ectopic immune stimulation. Chronic alcohol ingestion
decreases intestinal REG3G expression, which is negatively associated with the number of mucosa-associated bacteria in both human patients
and experimental mouse models. Alcohol exposure causes loss of epithelial cells at the tips of intestinal villi and a reduction in the levels of
tight junction proteins. Adipose-liver organ crosstalk is mediated by the release of mediators, including neurotransmitters, cytokines,
chemokines, adipocytokines, miRNAs, EVs, and metabolites, and the crosstalk between the liver and adipose tissue participates in promoting
liver inflammation and injury in ALD. These mediators further activate immune cells, which release proinflammatory cytokines and
chemokines, causing hepatocyte death

NAFLD is becoming a major cause of liver-related morbidity the main pathogenic factors of NASH." In the second part of this

worldwide, impacting nearly 25% of the global population,'®'
and is typically associated with obesity, insulin resistance,
diabetes, and dyslipidemia.'> NAFLD can manifest as nonalcoholic
fatty liver (NAFL), also termed simple steatosis, or as nonalcoholic
steatohepatitis (NASH), a more severe form where fat accumula-
tion is accompanied by inflammation and injury and is related to
an increased risk of the development of cirrhosis or hepatocellular
carcinoma (HCC).">' Recent findings support the “multiple-hit”
hypothesis of the pathogenesis of NAFLD, which states that
systemic changes such as liver, intestinal tract, and adipose tissue
changes lead to the development of NAFLD.'>'® Recently, these
concurrent exogenous and endogenous hits have been investi-
gated as potential therapeutic targets.'” Inflammation is one of
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review, we will probe the latest concepts regarding the roles of
various inflammatory cells in the occurrence and development of
NAFLD and discuss potential immune cell-targeted therapies for
NAFLD (Fig. 2).

IMMUNOLOGICAL MECHANISMS OF ALD

Triggers of the immune response in ALD

Enteric dysbiosis. The mammalian intestine contains a variety of
microbes (bacteria, archaea, fungi, and viruses) and expresses over
3 million genes.'® The gut microbiota is crucial for the
maintenance of intestinal barrier integrity, regulation of gut
homeostasis, and stimulation of the host immune response.'

Cellular & Molecular Immunology (2021) 18:73-91
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Fig. 2 Triggers of the immune response in NAFLD. The gut microbiota plays a key role in the pathogenesis of NAFLD. Gut barrier dysfunction
increases bacterial translocation and promotes NAFLD progression. The destruction of the intestinal vascular barrier by the microbiota causes
bacteria or bacterial products to enter the blood circulation, which is a prerequisite for liver inflammation and the development of NASH.
Crosstalk between adipose tissue and the liver affects systemic metabolism and insulin resistance. Adipose tissue plays a key role in regulating
NASH development by secreting adiponectin, leptin, TNF, and IL-6. In addition, some lipid moieties (palmitic acid, ceramide) released by
adipocytes also hinder the function of the ER and mitochondria, causing cell stress and even hepatocyte death. Hepatocyte death is one of
the key triggers of liver inflammation in NAFLD and NASH progression. In addition, KCs produce TNF, TRAIL, and FAS ligands through
phagocytosis of apoptotic bodies, which subsequently promotes hepatocyte apoptosis and causes hepatitis and fibrosis. The release of IL-1
and IL-18 into the circulation activates the immune system, and the alteration of autophagy in hepatocytes and nonparenchymal cells (KCs

and HSCs) contributes to NASH pathogenesis

The direct roles of enteric dysbiosis in the initiation and
development of ALD have become much clearer in the past
decade. Dysregulated intestinal barrier integrity and gut micro-
biota products/metabolites play important roles in modulating
ALD. The gut communicates with the liver via the gut-liver axis
through the biliary system and the portal vein, transferring gut-
derived components or the gut microbes themselves to the liver
and initiating the immune response.® Mice treated with a broad-
spectrum antibiotic cocktail (Abx) are resistant to alcohol-induced
liver injury and neuroinflammation.?® In addition, administration
of probiotics such as Lactobacillus rhamnosus GG has been found
to alleviate ALD in a mouse model.?’ Interestingly, ASH can be
transmitted from patients to healthy germ-free and conventional
mice via intestinal microbiota transplantation.?> Fecal microbiota
manipulation with transplantation of fresh feces from alcohol-
resistant donor mice into alcohol-sensitive recipient mice prevents
steatosis and liver inflammation and restores aspects of gut
homeostasis, such as the Bacteroides proportion.? In patients with
alcoholic hepatitis (AH), increased abundance of cytolytic Enter-
ococcus faecalis is closely associated with increased severity of
clinical outcomes and increased mortality. Cytolysin secreted by
E. faecalis is responsible for hepatocyte death and liver injury in
both AH patients and mouse models. Bacteriophages that target
cytolytic E. faecalis decrease cytolysin levels in the liver and
abolish ethanol-induced liver disease in humanized mice.?*
Intestinal fungi have also recently been reported to be involved
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in human ALD. Patients with ALD have lower fungal diversity than
controls and exhibit overgrowth of Candida. In addition, a
stronger systemic immune response to fungal products or fungi
is associated with increased mortality in patients with AH.*
Chronic alcohol consumption induces intestinal mycobiota over-
growth and translocation of fungal B-glucan into the systemic
circulation in mice. Treatment with the antifungal agent ampho-
tericin B successfully attenuates features of ethanol-induced liver
disease in mice.?®

Chronic alcohol consumption disrupts the gut barrier, leading to
increased gut permeability, and ectopic immune stimulation.
Under conditions of gut homeostasis, multiple barriers protect the
human body from invading microbes; for example, commensal
bacteria inhibit the colonization of pathogens.® To protect the first
physical barrier separating the gut lumen and the host, both
intestinal epithelial cells and Paneth cells secrete antimicrobial
proteins to suppress the translocation of bacteria to the inner
mucus layer. These cells can also secrete a c-type lectin,
regenerating islet-derived 3 gamma (REG3G), to maintain the
spatial segregation of the microbiota and host. Chronic alcohol
ingestion decreases intestinal REG3G expression, which is
negatively associated with the number of mucosa-associated
bacteria in both human patients and experimental mouse
models.?” Alcohol exposure causes loss of epithelial cells at
the tips of intestinal villi and reductions in the levels of tight
junction proteins (e.g., occludin and ZO-1). Alcohol-induced local
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inflammation, oxidative stress, circadian rhythm disruption, and
malnutrition further contribute to intestinal tight junction
damage.?® Disruption of barrier integrity by alcohol seems to be
a persistent event because elevated levels of permeability markers
such as °'Cr-ethylenediaminetetraacetic acid (°'Cr-EDTA) have
been detected in alcoholic cirrhosis patients even after 2 weeks of
abstinence.® Translocation of bacteria or microbial products
through the gut mucosa to the liver is a critical pathological event
for the transition from alcoholic steatosis to ASH. Intestinal
antimicrobial molecules are dysregulated following chronic
alcohol feeding, contributing to enteric microbiome changes
and to ASH.?° The early hypotheses regarding ALD were focused
on elevations in blood LPS levels in both ALD patients and animal
ALD models and more importantly, on the strong correlations
between LPS levels and the severity of ALD (e.g., the levels are
much higher in the alcoholic cirrhosis stage than in other stages of
ALD).2" Toll-like receptor 4 (TLR4) on KCs is one of the direct
interacting targets of LPS. Upon activation, inflammatory cytokines
and chemokines attract neutrophils and monocytes to the liver.
Deficiencies in TLR4 or LPS-binding proteins ameliorate alcohol-
induced liver injury in mouse models.3>*3

Hepatocyte death in ALD. In response to alcohol intoxication,
distinct types of hepatocyte death, including apoptosis, necrop-
tosis, pyroptosis, and ferroptosis, determine the severity of
inflammation as well as the different spectra of ALD. The
mitochondrial apoptotic pathway activated by ethanol- or
acetaldehyde-induced oxidative stress involves the release of
several apoptotic factors (e.g., cytochrome c¢ and apoptosis-
inducing factor) into the cytosol. These factors bind to Apaf-1
and caspase-9 to form the “apoptosome” to trigger the intrinsic
apoptotic pathway, which is generally considered to be nonin-
flammatory.>* It has been demonstrated that ethanol exposure
increases Fas ligand- and TNF-a-mediated extrinsic hepatocyte
apoptosis partly via miR-21. This process seems to contribute to
the pathogenesis of AH.>>3® Recent studies have highlighted the
vital roles of necroptosis, characterized by morphological changes
such as cell volume augmentation, plasma membrane disruption,
and cellular collapse, in ALD progression facilitation. Necroptotic
cells release a variety of DAMPs to trigger an inflammatory
response in the liver.>” Receptor-interacting protein (RIP)-1 and
RIP-3 are central triggers of necroptosis that induce the process
partly via the formation of a necrosome complex and subsequent
mixed-lineage kinase domain-like (MLKL) signaling.*® Knockout of
RIP-3 protects mice from alcohol-induced hepatic steatosis and
inflammation.3**° A recent study also reported that MLKL-
dependent but RIP3-independent signaling contributes to NASH-
induced liver injury via autophagic inhibition.*’ Whether similar
signaling can be phenocopied in ALD models warrants further
investigation. Both PAMPs and DAMPs produced in or transported
to the liver after ethanol consumption can activate hepatocyte
pyroptosis, another important kind of programmed cell death.
Both canonical and noncanonical pyroptosis contribute to ALD
pathogenesis. Canonical pyroptosis relies on caspase-1 and is
mediated by inflammasomes (e.g., the NLRP3 inflammasome). In
chronic-binge model mice, alcohol inhibits mitophagy to induce
NLRP3 inflammasome assembly and proinflammatory cytokine
production in hepatocytes. Targeting this pathway effectively
attenuates alcoholic liver injury.** Noncanonical pyroptosis
signaling can be directly activated by LPS independent of TLR4.
Mechanistically, activated caspase-11 (mice) or caspase-4/5
(humans) senses intracellular LPS to cleave gasdermin D (GSDMD)
within its linking loop. Then, it binds to phosphoinositides on the
plasma membrane and lyses the membrane to cause cell death.*®
GSDMD plays a key role in the pathogenesis of NASH by
regulating lipogenesis, the inflammatory response, and the NF-
kB signaling pathway. Caspase-4/11 and GSDMD are commonly
upregulated in AH mice and patients. Caspase-11 deficiency
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reduces GSDMD activation, liver inflammation and bacterial load,
while hepatocyte-specific activation of GSDMD aggravates hepa-
tocellular lytic death and leukocyte inflammation.** Iron overload
is commonly observed in ALD patients. Chronic alcohol consump-
tion causes elevations in serum ferritin concentrations and
transferrin saturation, resulting in increases in hepatic iron stores.
As an iron-dependent oxidative programmed cell death mechan-
ism, ferroptosis generates oxygen species and local inflammation
in the liver.®® It also features glutathione (GSH) depletion,
glutamate antiporter (sglstem Xc-) disruption, and lipid hydroper-
oxide overexpression.*® Alcohol administration induces excessive
iron accumulation and ferroptosis in both patients and animal
models. Several novel ferroptosis pathways have been identified
in ALD models. For example, intestine-specific sirtuin 1 (SIRT1)
deletion substantially attenuates hepatic inflammation and liver
injury by reducing iron accumulation, increasing GSH levels, and
inhibiting a panel of genes implicated in the ferroptosis process in
the liver.”” In adipose tissue, overexpression of lipin-1, which is a
Mg*"-dependent phosphatidic acid phosphohydrolase involved in
the generation of diacylglycerol during the synthesis of phospho-
lipids and triglycerides, contributes to ethanol-induced hepatic
ferroptosis.”®

Finally, damaged or stressed hepatocytes can release a large
number of proinflammatory mediators, including cytokines and
chemokines, thereby promoting liver inflammation in ALD.
Knockout of IL-17RA downregulates the expression of CXCL1
and other chemokines, which delays the development of ALD in
liver cancer.”® Analogously, serum and hepatic levels of CCL2,
MCP-1 and macrophage migration inhibitory factor (MIF) are
increased in ALD patients, and these chemokines produced by
hepatocytes play significant roles in immune cell recruitment and
inflammatory activation in ALD.**' MIF is released from
hepatocytes during ethanol-induced liver injury rather than from
immune cells such as macrophages.>> MIF is an important danger
signal released by liver cells under ethanol stimulation, and it has a
protective effect against hepatocyte steatosis.”'>> The chemokine
receptors CXCR2 and CXCR4 are functional receptors of MIF and
can form receptor complexes with CD74. MIF activates down-
stream signaling cascades by binding to the receptor complex and
plays vital roles in regulating liver immune cell recruitment and
liver injury.”! In addition, MIF is expressed in the liver earlier than
MCP1 and can regulate the expression of MCP-1 in injured liver
tissue through autocrine CD74, CD44, and p38 MAPK signaling.>*

Binge drinking. Since Dr. Gao’s group at NIH developed a chronic-
plus-binge ethanol feeding model (the NIAAA model, later also
called the Gao-Binge model) in 2013,>° researchers have demon-
strated that ethanol bingeing induces significant hepatic neu-
trophil infiltration and liver injury in mice chronically fed ethanol
via either ad libitum feeding®® or continuous intragastric
feeding.*” In addition, circulating neutrophil levels are markedly
higher in individuals with alcoholism who have recently engaged
in excessive binge drinking than in those who have not recently
engaged in binge drinking.>” Moreover, the number of circulating
neutrophils correlates well with the serum ALT level in individuals
with alcoholism, suggesting that elevated neutrophil levels
contribute to liver damage in these individuals.”’”*® Mechanisti-
cally, binge ethanol intake causes hepatocyte damage, which
induces the release of mitochondrial DNA (mtDNA)-enriched EVs.
These EVs subsequently activate neutrophils and induce hepatic
neutrophil infiltration.>® Neutrophils can produce reactive oxygen
species (ROS), subsequently activating stress kinases (e.g., ASK1
and p38 MAPK), and induce alcoholic liver injury.®°

Adipose-liver organ crosstalk. The normal function of adipose
tissue is profoundly influenced by excessive alcohol ingestion,
causing local inflammation and changes similar to those seen in
obese patients. Different drinking patterns or different types of
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alcoholic beverages may have different effects on body mass and
adiposity. For instance, beer and spirit drinking usually leads to
greater weight gain than wine drinking.’' Alcohol also directly
provokes adipocyte death and adipose tissue inflammation.®
Differentiation of preadipocytes and production of adipokines by
adipocytes are also disrupted after ethanol consumption.®*®°
These processes cause resistance of adipose tissue to insulin,
increase lipolysis, and lead to production of proinflammatory
cytokines in the liver.?® In particular, alcohol promotes TNF, CCL2,
and IL-6 production in adipose tissue, and the levels of these
molecules are correlated with the severity of ASH in patients.®”
Release of the anti-inflammatory cytokine IL-10 from adipose
tissue is also provoked by alcohol as a strategy to compensate for
liver injury.%® In addition, various types of inflammatory cells in
adipose tissues, such as macrophages, dendritic cells (DCs),
neutrophils, and T/B cells, are modulated by alcohol ingestion
and the presence of TLR4.5® Moreover, alcohol intake alters the
adipokine secretion of leptin, visfatin, resistin, and adiponectin to
activate both KCs and hepatic stellate cells (HSCs), resulting in
accelerated liver inflammation and fibrosis.®>”° A recent study also
found that alcohol consumption or direct alcohol administration
into the brain increases brown adipose tissue uncoupling protein
1 (Ucp1) expression and activity in a brown adipose tissue
sympathetic nerve-dependent manner. Genetic deletion of Ucp1
exacerbates alcohol-induced liver steatosis, injury, inflammation,
and fibrosis in mice.”" It should be noted that alcohol and obesity
have synergistic effects on liver injury, since a clinical study has
revealed that obese men who drink 15 or more units of alcohol a
week have a substantially higher risk of liver-related mortality than
subjects with a single disease.”?”®> Moreover, adipocyte death
itself predominantly induces liver injury and inflammation in a
chemokine (C-C motif) receptor 2-positive (CCR2") macrophage-
dependent manner and enhances the sensitivity of hepatocytes to
lipotoxicity.”* Undoubtedly, crosstalk between the liver and
adipose tissue participates in promoting liver inflammation and
injury in ALD; however, the underlying mechanisms need to be
explored for future clinical considerations.””

Immune cells in the pathogenesis of ALD

Macrophages. Liver macrophages consist of tissue-resident
macrophages (KCs) and infiltrating macrophages. KCs exist within
the hepatic sinusoids in healthy liver tissue, representing the
largest population of liver-resident immune cells that scavenge
microbial products in the blood from the intestine. Alcohol-
induced sensitization of liver macrophages to portal LPS is
considered a key mechanism of steatosis, injury/inflammation,
and fibrogenesis in ALD.”® In general, both resident (KCs) and
infiltrating macrophages exhibit strong plasticity, regulating
signals within their immune microenvironment in the liver.””
KCs play a pivotal role in the inflammatory response accompany-
ing the progression of ALD.”® Hepatic macrophage populations
are increased in ALD, and macrophages derived from infiltrating
monocytes are thought to contribute to this expansion. Activated
inflammasomes and IL-13 drive the pathogenesis of ALD, and this
pathogenic effect is KC specific.”® Furthermore, IL-17A critically
regulates alcohol-induced hepatic steatosis, inflammation, fibrosis,
and HCC. Genetic deletion or pharmacological blockade of Th17
cells visibly reduces liver injury and further development of HCC
by inhibiting KC activation and decreasing cholesterol synthesis in
fatty liver cells.*® In early ALD, ST2 inhibits hepatic macrophage
activation through NF-kB to protect against injury, and IL-33 is not
involved in the immune response to ALD. However, in the late
stage of ALD aggravation, massive cell death accompanied by IL-
33 release triggers IL-33/ST2 signaling and subsequently promotes
tissue damage.® TLRs also play key roles in the progression of ALD.
TLR4 expressed on immune cells and parenchymal cells recog-
nizes LPS, activates downstream signaling cascades and induces
the activation of proinflammatory cytokines.>? In addition, a study
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has shown that upon chronic alcohol intake, mitochondrial
double-stranded RNA (mtdsRNA) is produced and enriched in
exosomes in the liver, and TLR3 activation by mtdsRNA released
from exosomes triggers the production of IL-1 by neighboring
KCs, thereby inducing liver inflammation in ALD.2°

According to their differences in Ly6C expression, infiltrating
macrophages can be further divided into two subgroups. Ly6C'*"
cells show an anti-inflammatory and tissue-protective phenotype;
in contrast, Ly6C" cells show a proinflammatory, tissue-damaging
phenotype ®’ Ly6Chi infiltrating macrophage populations are
increased in ALD, significantly enhancing liver injury. Ly6CM-
infiltrating macrophages can become Ly6C'°""-inﬁItrating macro-
phages after apoptotic hepatocytes are removed. Treatment with
the dual CCR2/5 inhibitor cenicriviroc (CVC) can reduce Ly6C"
macrophage numbers in addition to reducing the total number of
macrophages infiltrating the liver. Proinflammatory cytokine
expression and macrophage infiltration are inhibited after CVC
treatment, suggesting the involvement of a CCR2-dependent
mechanism of macrophage migration in ALD.®? Thus, the two
different types of infiltrating macrophages that are recruited to
the liver likely play different or even opposite roles in regulating
alcoholic liver inflammation and repair.2® In a recent publication, a
fraction of KCs derived from Ly-6C*t monocytes was reported
during NASH with underlying impairment of self-renewal ability.
These monocyte-derived KCs exacerbated liver damage, high-
lighting functional differences among KCs with different origins.®*
Whether such a specific macrophage/monocyte subpopulation
also contributes to ALD via a similar mechanism has yet to be
studied.

Neutrophils. Neutrophils are the most abundant innate immune
cells in the human body, accounting for ~40-75% of circulating
human white blood cells. Granulocyte colony-stimulating factor
(G-CSF) is the main regulator of neutrophil development,
production and release in bone marrow. Furthermore, IL-23
produced by macrophages activates T-helper cells to release IL-
17, which in turn increases the production/release of neutrophils
via G-CSF.®> TLR2 and TLR9 participate in alcohol-mediated liver
injury by inducing CXCL1 expression and neutrophil infiltration.
Mature neutrophils reside in the bone marrow due to the
CXCR4 signal triggered by CXCL12 on stromal cells, while CXCR2
promotes their release from the bone marrow into the circulation
to perform physiological functions. The severity of ALD is related
to the number of neutrophils in the liver. Neutrophils also play
important roles in the regulation of intestinal flora and bacterial
infection in ALD due to their kiling and phagocytosis of
pathogenic microorganisms.®’

Circulating neutrophils are defective in the context of ALD, but
this defect can be reversed by restoring the IL-33/ST2 pathway.®®
In addition, removing neutrophils can alleviate LPS-induced
systemic inflammation and liver damage in ALD.2° However, in a
clinical study and death risk assessment of 121 patients, the 90-
day mortality rate was independently related to the degree of
fibrosis, neutrophil infiltration, bilirubin balance type, and
presence of giant mitochondria in ALD patients, and neutrophils
may secrete cytokines to stimulate liver regeneration.” Similarly,
G-CSF improves the function of normal and dysfunctional
granulocytes, which also secrete cytokines to stimulate liver
regeneration, and mobilizes hematopoietic stem cells to promote
their differentiation and function, which can protect against liver
injury and improve survival rates in ALD patients.’’ However,
further preclinical data are still needed to support the theory of
neutrophil therapy. In addition, lipocalin-2 (LCN2) is an iron group-
binding peptide in neutrophils that plays a role in tissue
protection during the inflammatory response. Alcohol-fed mice
show increased hepatic LCN2 expression that is mainly concen-
trated on neutrophils. Compared with wild-type controls, Lcn2™/~
mice have reduced neutrophil infiltration, liver injury, and liver
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fatty degeneration, indicating that Lcn2 deletion has a protective
effect against ALD.>? In human AH patients, ductular reaction (DR)
has a proinflammatory profile and promotes neutrophil recruit-
ment, which indicates that DR may be involved in the liver
inflammatory response in AH and may provide a potential target
for ALD treatment.

On the one hand, neutrophils directly cause inflammation
development and hepatocyte damage in ALD. Moreover, the
cytokines released by neutrophils are important mediators for the
regulation of inflammation and tissue repair.®>"%* Thus, in ALD,
the functions of neutrophils are complex and multifaceted. In
future studies, special attention should be paid to the complexity
and diversity of neutrophil functions to develop targeted
interventions and treatment strategies for ALD.

T cells. T cells are also involved in the pathogenesis of ALD, as
key chemokines such as CCL5 are upregulated in these cells in the
liver.®* During the differentiation and maturation of T cells, various
membrane proteins (such as T-cell receptor (TCR), CD3, CD4, and
CD8) are expressed on the cell surface. These proteins recognize
antigens and mediate specific immune responses and immune
regulation. In the livers of patients with ALD, the populations of
both CD4" and CD8" T cells are increased.”® Similarly, the
numbers of CD4"CD57% and CD81CD57" T cells in the peripheral
blood of patients with ALD are increased, and mice with chronic
ethanol consumption have higher levels of CD44 expression in
CD8" T cells than control mice.®® Adducts produced during
ethanol metabolism have been identified in the livers of ALD
patients; these adducts can be presented to CD4™ T cells by
antigen-presenting cells (APCs), thereby inducing clonal T-cell
proliferation.”” A recent study on differential TCR characteristics
identified by high-throughput sequencing has indicated that liver-
infiltrating T cells in ALD exhibit reduced polyclonality. Simulta-
neous detection of ALD-related clonotypes may attest to the
presence of neoantigen-specific T-cell responses in ALD that
contribute to the pathogenesis of ALD.®

Different types of specific T cells play different roles in
regulating ALD. T cells are related to liver inflammation, necrosis,
and regeneration in ALD patients, indicating that T cells may not
only promote disease progression by releasing inflammatory
mediators (such as TNF-q, IL-1, and IL.-17)°°7'°" and directly harm
hepatocytes through cytotoxic CD8" T lymphocytes®'%? but also
play a beneficial role in ALD by reducing inflammation and
promoting liver regeneration.'”®'%* For example, the intensity of
the Th1 cell response is directly related to the severity of the
disease. Alcohol dehydrogenase (ADH) peptide induces the
production of IFN-y, IL-4, and IL-17. IL-4 production in excessive
drinkers is lower than that in active abstainers, while IL-17 and IFN-
y production is higher in excessive drinkers.'® Th17 cells are
crucial in the pathogenesis of ALD. Reducing Th17 cell numbers in
the gut can reduce liver damage,’® but Th17 cells may also
secrete IL17 to promote liver damage repair.'® In addition, a
recent study has indicated that IL-17A is produced mainly by yo
T cells after ethanol bingeing, while IL-17A is produced mainly by
CD4" T cells in mice after acute or chronic alcohol consump-
tion."”” Interestingly, the ethanol metabolite acetaldehyde has
been shown to inhibit T-cell glucose metabolism and functions,
which may contribute to increased incidences of bacterial
infection in individuals with alcoholism.'%®

Natural killer T (NKT) cells. NKT cells express surface receptors of
NK cells (such as NK1.1 in mice and CD161"/CD56" in humans)
and TCR, which is unique to traditional T cells and recognizes lipid
antigens through CD1d (an MHC class 1 molecule). NKT cells in the
liver respond very quickly to injury, either directly by identifying
related lipids or indirectly through secretion of TLR ligands and
cytokines (such as IL-12, IL-4, and IFN-y) bg/ activated APCs such as
KCs, hepatocytes, and myeloid DCs.'°%1%%1'° Fyrthermore, type |
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NKT cell-induced inflammation and neutrophil recruitment lead to
liver tissue damage, while type Il NKT cells have a protective effect
against ALD damage. Type | NKT cells are activated after alcohol
intake, and inhibition of type | NKT cells by retinoic acid or
sulfonamide can prevent ALD.""

Mucosa-associated invariant T (MAIT) cells. MAIT cells are widely
distributed in the liver, blood, and intestinal mucosa and are key
components of antibacterial defense. MAIT cells usually account for
1% of T cells in mouse tissues but are more abundant in human
tissues, usually representing 45% of human liver lymphocytes and
2% of T cells in human blood. MAIT cells express the traditional TCR,
which can recognize the microbial-derived vitamin B metabolites
presented by MHC-related 1 (MR1)."'*'"* In ALD, decreased
numbers and dysfunction of MAIT cells lead to a higher frequency
of acquired bacterial infections.''® During the development of ALD,
reprogramming MAIT cells with IL-15 can enhance their antibacterial
activity and prevent tissue damage mediated by the activation
of MAIT cells.’® Therefore, MAIT cells likely contribute to the
pathogenesis of human ALD,'™® but more studies are needed to
confirm this possibility.

Emerging mechanisms in ASH

MicroRNAs (miRNAs). MiRNAs, which are a class of highly
conserved single-stranded RNAs, bind to the 3’-untranslated
regions (UTRs) of target RNAs through complementary base
pairing and subsequently inhibit the expression of their target
genes. In addition, miRNAs can inhibit the protein expression of
targeted mRNAs through mRNA degradation. Recent studies have
demonstrated that many miRNAs can silence the expression of
inflammatory factors and affect immune response pathways to
regulate the process of ASH.''® Serum miR-122, miR-223, miR-155,
and miR146a levels are elevated in ALD.''®""” Hepatocyte-specific
miRNA-122 protects the liver against inflammation by reducing
hepatic expression of HIF1a, but miRNA-122 expression is down-
regulated in ALD.''® The levels of neutrophil-specific miR-233 in
the serum and liver are increased in both ALD patients and animal
models; this miRNA plays an important role in inhibiting
neutrophil overactivation by targeting the IL-6-p47°"* pathway
in neutrophils.>®® MiR-155 exerts proinflammatory effects in ASH,
while miR-181b-3p exerts an anti-inflammatory effect via inhibi-
tion of KCs.""®'2% In addition, alcohol-mediated dysregulation of
the miR181b-3p-importin a5 regulatory axis in hepatic macro-
phages leads to the sensitization of KCs to TLR4 stimulation,
resulting in liver inflammation in ALD.'*

EVs. EVs are nanoscale membrane-derived vesicles and include
exosomes, microvesicles, and apoptotic vesicles. The cargos in EVs
include proteins, lipids, nucleic acids, and metabolites that vary
with changes in the physiological environment, thus regulating
the transcription or metabolism of target cells. Alcohol can
promote exosome secretion and inhibit autophagy flux. MiR-155
plays a key role as a mediator in the crosstalk between autophagy
and the secretion of exosomes. Hepatocytes treated with alcohol
release exosomes containing miR-122, which inhibits the heme
oxygenase-1 (HO-1) pathway and subsequently increases LPS
sensitivity, resulting in hepatocyte injury and causing ASH.'?! In
addition to miRNAs, EVs can also transfer RNA, DNA, protein and
other molecules into target cells. With the assistance of caspase-3,
EVs containing CD40L bind with homologous receptors expressed
on macrophages, thus promoting M1 macrophage polarization in
ALD."*2 Similarly, HSP90 in EVs also contributes to the activation of
macrophages in ALD.'** Mitochondrial RNA (mtRNA)-enriched EVs
contribute to the recruitment of neutrophils via TLR9,*® while
activation of ASK1 and p38MAPKa plays an important role in
controlling the release of mtDNA-enriched EVs in ALD.®® EVs
containing mtDNA also stimulate the production of IL-17 via TLR3
after alcohol treatment.®
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Complement. Complement is an intrinsic component of the
innate immune system that is linked to the activation of adaptive
immunity. Complement is activated by 3 pathways, the classical,
lectin, and alternative pathways, resulting in the generation of the
anaphylatoxins C3a and C5a.'** The role of complement in ALD is
complex; some components of the complement pathway
contribute to injury, while others are protective. For example, in
murine models of ALD, both C3 and C5 contribute to injury, while
the complement regulator CD55 protects against injury.'?>'2°
Similarly, C1q, a component of the classical pathway, contributes
to injury,'?” while Factor D, essential for the alternative pathway,
offers protection, likely via removal of cellular debris.'?® Adding to
the complexity, complement receptors, including C5aR1, can have
cell-specific roles in murine models of ALD."?® There is evidence of
complement activation in both the liver and circulation of patients
with ALD,"*%"3" and reduced concentrations of complement factor
I and soluble C5b9 are associated with an increased risk of
mortality in patients with severe AH."’

Inflammatory therapeutic targets for the treatment of ALD
Because of the clear contribution of inflammation to the
progression of ALD, a number of therapeutic targets are being
investigated with the goal of interrupting the nonresolving
inflammation associated with ALD. AH in its most severe form
has a 30-day mortality rate on the order of 40%."3%"*3 The current
approved therapy involving prednisolone is effective in only a
minority of patients. While early studies on the success of early
liver transplantation are promising,'** surgical interventions are
extremely invasive and expensive. Therefore, the development of
effective therapeutics for AH is an important unmet clinical need.
Despite this need, there have been relatively few clinical trials
addressing AH; clinicaltrials.gov (September 2020) lists 88
registered clinical trials. Only 37 of these have been completed,
and as few as 7 trials have posted results.

Preclinical experiments in murine models of ALD have identified
a number of potential therapeutic targets. Here, we will review
some of these targets, including those aimed at normalizing gut
dysbiosis and improving the intestinal barrier, reducing oxidative
stress and hepatocyte death, and interrupting the production and/
or signaling capacity of inflammatory cytokines and chemokines.

Microbial dysbiosis and intestinal barrier function
The microbial dysbiosis that accompanies ALD has been well
described, but efforts to normalize dysbiosis are just
beginning.’*>'3® Early studies identified the roles of gut microbes
in ALD using nonabsorbable antibiotics. In murine models of ALD,
treatment with probiotics, such as LGG, and synbiotics has shown
efficacy in preventing ethanol-induced liver injury.2'3”-'3° Similarly,
fecal transplant studies in mice have shown some promise.'** To
date, there are limited data on the efficacy of nonabsorbable
antibiotics, probiotics or fecal transplants in patient populations;
however, one study did find that fecal transplants improved
outcomes in patients with alcohol use disorder (AUD)."*°

A variety of nutritional supplements have also been tested in
murine models for their ability to improve intestinal integrity and
limit the transfer of PAMPs to the portal circulation and liver.
Related strategies have included treatment with butyrate, an
important fuel source for colonic enterocytes, as well as multiple
molecules shown to improve tight junction integrity in the
intestine, such as zinc, saturated fatty acids, glutamine, and
hyaluronic acid with an average molecular weight of 35kDa
(HA35)."171%5 To date, only zinc supplementation has been tested
in patients with AH, used in combination with anakinra and
pentoxifylline as part of a large multicenter clinical trial.'*

Hepatocyte injury

While PAMPs entering the portal circulation from the gut are
one source of inflammatory signals contributing to ALD, DAMPs
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derived from injured or dead cells are other potential targets for
therapeutics in ALD. In this regard, investigators have taken the
approach of either improving the health of hepatocytes via
treatment with oxidative stress-reducing agents or decreasing
hepatocyte death.'*”'*® For example, supplementation of mice
with N-acetylcysteine reduces ethanol-induced oxidative stress
in hepatocytes,'* but small clinical trials have not found long-
term beneficial effects.'” Current studies are testing whether
mitochondrial-targeted antioxidants might be more therapeuti-
cally useful than general antioxidants.'*’

Hepatocyte death is another potential therapeutic target.
However, hepatocytes can undergo cell death via multiple
pathways, including apoptosis, necroptosis, pyroptosis, and
ferroptosis.>®"° Early studies in mice suggested that inhibition
of apoptosis, either pharmacological or genetic, does not prevent
ethanol-induced inflammation and hepatocyte injury but does
reduce the development of fibrosis.'>' More recent studies
implicating RIP3 and GSDMD in ethanol-induced hepatocyte cell
death have helped explain why apoptosis prevention alone is not
protective.****'32 However, there are few available therapeutic
agents that target the other modes of cell death. Complementary
strategies to promote hepatocyte regeneration are also being
explored. For example, several groups are interested in the
potential therapeutic properties of G-CSF, a potent growth factor
proposed to promote hepatocyte regeneration.'>%'>>"5% |L-22 is a
hepatoprotective cytokine that has been shown to protect against
alcoholic hepatitis through multiple targets.'’®'>> Recently, an
open-label, cohort dose-escalation phase lla study revealed that
treatment of patients with moderate and severe alcoholic
hepatitis with IL-22 was safe and showed an improved mortality
rate and clinical manifestations.’®

Therapeutics to directly reduce inflammation

By far, the most studied therapeutic avenue for ALD and in
particular for AH is the use of anti-inflammatory agents.* The
current standard of care for AH is treatment with prednisolone to
drastically lower inflammation;'*® however, prednisolone is not
effective in most patients and increases the risk for secondary
infections.'®> Monoclonal antibody therapies targeting inflamma-
tory cytokines, including TNFa and IL1B, have received consider-
able interest. Monoclonal antibodies against TNF (infliximab) are
not effective therapies, at least in part due to the dual role of TNF
in both generating inflammation and promoting hepatocyte
health.'®” Thus, there has been a shift to the current focus on
the use of monoclonal antibodies against IL1 (canakinumab) in
clinical trials (NCT03775109). Anakinra, a small molecular IL1
receptor antagonist, has been tested in one clinical trial in
combination with zinc and pentoxifylline, but the results have yet
to be published.'® Anakinra, again in combination with zinc, is
currently being tested in a large multicenter clinical trial in the US
(NCT04072822).

Chemokines are also key therapeutic targets for interrupting
inflammation in AH patients. Preclinical studies with CVC, a dual
inhibitor of CCR2 and CCR5, have shown promising results,®? and
MIF098, an inhibitor of the pluripotent cytokine/chemokine MIF, is
also a promising agent for reducing chronic ethanol-induced liver
injury in mice %%

As alternatives to strategies that directly break the cycle of
proinflammatory cytokine and chemokine signaling, strategies
that promote anti-inflammatory responses and hepatocyte
regeneration are also of interest. The most well studied are
strategies involving 1L22,"°%'*° which has been shown to be
promising from the perspectives of safety and efficacy.'®

Combination therapies

Interestingly, many of the ongoing or registered clinical trials on
AH involve the use of combination therapies. For example, the
Defeat ASH (DASH) consortium utilized a combination of zinc to
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improve gut health and anakinra/pentoxifylline to inhibit inflam-
mation.'*® Multiple registered clinical trials have proposed
examining the influence of G-CSF with N-acetylcysteine or
prednisolone.'” Given the many tissues that are impacted by
chronic alcohol consumption, combined therapeutic approaches
targeting multiple pathways may indeed be the best strategies for
future interventions.

Behavioral interventions

There is a growing appreciation in the hepatology community for
the important place of behavioral therapy in the treatment of
patients with ALD.'®*'®! Behavioral science and psychology are
now being integrated into hepatology consultations to better
serve patients with this important aspect of therapy. Importantly,
behavioral scientists are taking advantage of innovative
approaches, such as the use of avatars and mobile apps, to better
treat patients with AUD.'®? Notably, some therapeutic agents
being tested in preclinical models of ALD, such as inhibitors of
PDE4,'%3"%* are also potential therapeutic targets for decreasing
alcohol consumption behaviors.'®>'%¢

IMMUNOLOGICAL MECHANISMS OF NAFLD

Triggers of inflammation in NAFLD

Hepatocyte death in NAFLD. Hepatocyte death is one of the key
triggers of liver inflammation in NAFLD and NASH progression.'”
Different cell death modes play different important roles in NAFLD
progression. Apoptosis is considered a key participant in NASH, and
research has shown that hepatocyte apoptosis leads to increased
release of DNA fragments from apoptotic bodies, stimulates HSC
activation and causes fibrosis.'®”"'%® Emerging evidence supports
the idea that hepatocyte apoptosis induced by death receptors
such as TRAIL promotes the recruitment of immune cells and
activates the immune system by stimulating the secretion of EVs
and multiple chemokines.'®® In addition, KCs produce TNF, TRAIL,
and FAS ligands through phagocytosis of apoptotic bodies, which
subsequently promotes hepatocyte apoptosis and causes hepatitis
and fibrosis.'’® Necrosis, a regulatory type of programmed cell
death, is mediated by a complex of RIP1 and RIP3. The expression of
RIP3 in NASH patients and mouse models is elevated and
associated with JNK activity and inflammation. In addition, hepatic
inflammation and liver fibrosis are significantly reduced in
mice with methionine- and choline-deficient (MCD) diet-induced
Rip3 deficiency.”’ Pyroptosis, a newly described type of caspase
1-dependent cell death, can activate the inflammasome, and these
processes result in continuous release of cytoplasmic contents.'’?
The release of IL-13 and IL-18 into the circulation activates the
immune system.'””>'7* Many lines of evidence suggest that
alteration of autophagy in hepatocytes and nonparenchymal cells
(KCs and HSCs) contributes to NASH pathogenesis.'”® For example,
Kwanten et al. showed that autophagy deficiency in hepatocytes
leads to apoptosis and inflammation in mice through unfolded
protein response (UPR) regulation.'’® In addition, the weakening of
liver autophagy leads to insufficient removal of damaged
mitochondria, and oxidative stress and release of mitochondrial
factors trigger hepatocyte apoptosis and liver inflammation in
NASH."”” Inhibiting IL-1 signaling reduces hepatocyte death and
liver fibrosis, inflammation, and steatosis in mouse models of
NASH.'”®

Gut microbiome. The gut and liver communicate via tight
bidirectional links through the biliary tract, portal vein and systemic
circulation.'”® Many studies have shown that the gut microbiota
plays a key role in the pathogenesis of NAFLD. Loomba et al.
characterized the gut microbiota of NAFLD patients through whole-
genome macrogenomics and found increased levels of Escherichia
coli and Bacteroides vulgatus in patients with advanced fibrosis.'° In
obese children with and without NASH, Zhu et al. observed a
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significant increase in gut microbial ethanol production as the
number of alcohol-producing bacteria (especially E. coli) in the
microbiota increased;'®' however, the levels of endogenous ethanol
are very low, and the role of endogenous ethanol in NAFLD remains
controversial. Gut barrier dysfunction increases bacterial transloca-
tion and may promote NAFLD progression. Recent studies have
demonstrated that damage to the gut vascular barrier driven by the
microbiota leads to the transfer of bacteria or bacterial products into
the blood circulation, which is a prerequisite for liver inflammation
and NASH development.'®? Patients with NAFLD also have intestinal
inflammation and decreased numbers of CD4" and CD8" T
lymphocytes in the intestinal mucosa, which are associated with
increased cytokine secretion and disruption of tight junctions.'®
Rahman et al. found that mice lacking junctional adhesion molecule
(JAM)-A had increased intestinal permeability and bacterial translo-
cation to the liver, which drives hepatitis and NASH. Furthermore,
the development of hepatitis and NASH was eliminated after
administration of local intestinal antibiotics, confirming an important
role of the microbiota in driving liver inflammation in NASH.'®* The
gut microbiota in infants of obese mothers increases inflammation
and susceptibility to NAFLD.'®> Whether the association of gut
microbiome alterations with NAFLD parameters shown in human
studies is causal remains to be seen.

Bile acids (BAs) regulate the metabolism of lipids and carbohy-
drates via activation of farnesoid X receptor (FXR) and G protein-
coupled BA receptor 1 (TGR5). Abnormal BA metabolism promotes
hepatitis and fibrosis.'**'®” BAs can regulate lipid synthesis by
stimulating FXR; in addition, BAs and the gut microbiota can
regulate each other and subsequently promote the development of
NAFLD and NASH."®® Many FXR and TGR5 activators have been
detected in BA analogs to reduce hepatic steatosis and inflamma-
tion, such as obeticholic acid, which has been recognized as a new
treatment for NASH and cholestatic diseases.'’®'®® Suppressed
hepatic bile acid signaling despite elevated production of primary
and secondary BAs in NAFLD.""

Adipocyte death and inflammation. Adipose tissue is the largest
endocrine organ, and it has been revealed that crosstalk between
adipose tissue and liver tissue affects systemic metabolism and
insulin resistance. Several studies have shown that beyond its role
as a major supplier of fatty acids to the liver,'®? adipose tissue
plays a key role in regulating NASH development by secreting
adiponectin, leptin, TNF, and IL-6."°>'"* Leptin can promote
inflammation by triggering KC activation and stimulating KCs to
release TNFa.'®® On the other hand, adiponectin inhibits the
proliferation of HSCs.'®® In addition, some lipid moieties (palmitic
acid, ceramide) released by adipocytes also hinder the function of
the endoplasmic reticulum (ER) and mitochondria, causing cell
stress and even hepatocyte death.'”” In addition to affecting
hepatocytes, lipotoxic substances can activate infiltrating macro-
phages and KCs.'”® Calprotectin (S100A8 and S100A9) from
adipose tissue may activate KCs through TLR4 and
NLRP3 signaling.”®® Similarly, TNFa released by adipose tissue
leads to hepatocyte death and activates KCs through JNK
pathways.”° Finally, adipocyte death is associated with obesity,
which plays an important role in the pathogenesis of NASH.
A recent study clearly demonstrated that adipocyte death
predominantly induces liver injury and inflammation in a model
of acute adipocyte death via activation of CCR2+ macrophages
and elevation of epinephrine and norepinephrine levels to induce
lipolysis.”* Current understanding of the role of adipose-derived
EVs in metabolic homeostasis and diseases: communication from
the distance between cells/tissues.>°' The novel adipokine gremlin
1 antagonizes insulin action and is increased in type 2 diabetes
and NAFLD/NASH.>*

Diet and nutrient intake. Inadequate vitamin and fiber content in
the diet, as well as simple carbohydrates, saturated fat, and
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excessive cholesterol, are associated with NASH development.
Unhealthy diets, sedentary lifestyles, and even weight gain itself
are major risk factors for NAFLD, independent of baseline body
mass index.?®> High fructose intake promotes intestinal inflamma-
tion, which in turn increases endotoxin release and epithelial
dysfunction and reduces the levels of tight junction proteins
independent of dietary fat content and energy intake.®* Fructose
promotes NASH through several mechanisms, including upregula-
tion of hepatic inflammatory genes and downregulation of
hepatic mitochondrial metabolite levels.>® Increased dietary
intake of saturated fatty acids induces the UPR, resulting in ER
stress and apoptosis.2% In addition, dietary cholesterol intake has
been found to be associated with NAFLD risk and severity.?%” In
the NAFLD mouse model, high-cholesterol diet feeding promotes
a strong inflammatory response in the liver. Among the
mechanisms are mitochondrial dysfunction, increased ROS pro-
duction, and induction of ER stress via activation of free
cholesterol and hepatocyte death pathways.?®?%° Free choles-
terol also accumulates in KCs and HSCs to activate liver
inflammation and fibrosis.2'®

Inflammatory cells in NAFLD
KCs and infiltrating macrophages. In the context of NAFLD, KCs
are a major source of cytokines and chemokines, including TNFa,
IL-1B, and CCL2.2""?'2 Depletion of KCs/macrophages through the
use of gadolinium chloride or phosphonic acid liposomes in
animals improves liver steatosis and hepatic inflammation,
suggesting the important role of KCs/macrophages in
NAFLD.2'*?'* Binding of LPS to TLR4 on the KC surface in NAFLD
activates the NF-kB pathway, resulting in massive release of
cytokines and thus contributing to the progression of inflamma-
tion and fibrosis.?'> In addition, hepatocyte apoptosis is signifi-
cantly increased in NASH, which can activate KCs through
phagocytosis of apoptotic bodies.?'® In animal models, KCs
promote the early stage of NASH by increasing TNF-a and CCL2
production.?'” Furthermore, activation of NLRP3 in KCs promotes
IL-1B secretion, thereby boosting the development of NASH.2'®
Recent studies have demonstrated that stimulator of IFN genes
(STING, also referred to as TMEM173), which is a receptor that
recognizes released DNA and triggers innate immune activation,
functions as a mtDNA sensor in KCs and subsequently promotes
NF-kB-dependent inflammation in NASH.2'®?2° Furthermore, KCs
are involved in regulating lipid metabolism and insulin sensitivity
in hepatocytes, increasing the accumulation of triglycerides in
hepatocytes and reducing fatty acid oxidation and insulin
responsiveness, while neutralizing antibodies against TNF-a can
alleviate KC-induced liver injury.?'*?*" Recently, researchers have
revealed that KC homeostasis is impaired during NASH, which alters
the liver response to lipids as well as KC ontogeny.®* The landscape
of intercellular crosstalk in healthy and NASH livers was revealed by
single-cell secretome gene analysis.”*?> RORa induces KLF4-mediated
M2 polarization in liver macrophages that protect against NASH.?2
Similar to KCs, the recruitment of bone marrow-derived macro-
phages is also a crucial event in NAFLD. Monocyte infiltration is
dependent on chemokine receptors such as CCR2 and
CXCR3.213224225 |n MCD diet- or obesity-induced NASH, inhibition
of CCL2 or CCR2 decreases macrophage recruitment, thereby
ameliorating hepatic inflammation and fibrosis.??® Likewise, inflam-
mation is significantly improved in the CXCR3™~ mouse
model.?*>?¥ Lymphocyte antigen 6C2 (LY6C2)" monocyte infiltra-
tion, primarily via CCR2-CCL2-mediated recruitment, is a critical
pathogenic event that promotes steatohepatitis and subsequent
fibrosis progression in NASH.226%2% Although presumably some
recruited macrophages differentiate into tissue-resident macro-
phages, studies have suggested that infiltrating monocytes and
KCs are morphologically different and transcriptionally diverse,
emphasizing the presence of two major hepatic macrophage
subsets in NAFLD.?*
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Neutrophils. The neutrophil-to-lymphocyte ratio (NLR) is signifi-
cantly independently correlated with advanced inflammation and
fibrosis and is suggested to be a valid diagnostic biomarker for
NASH and terminal fibrosis in NAFLD patients.*>?*" Infiltrating
neutrophils in the liver secrete cytokines and active molecules to
alter the progression of NASH. Interaction between neutrophils
and other immune cells is also of great concern; for example,
studies have found that adipose tissue macrophages worsen liver
damage by enhancing neutrophil recruitment.?*2 Furthermore, the
levels of myeloperoxidases (MPOs) secreted by neutrophils are
increased in NASH patients, and MPOs have been shown to be
toxic to macrophages, thereby contributing to the progression of
inflammation and insulin resistance.** Deletion of the key
neutrophilic enzymes (MPO or elastase) markedly reduces liver
inflammation and improves insulin sensitivity in mice.***3> In
neutrophil and HSC cocultures, neutrophils can trigger HSC
activation via MPO, thereby promoting liver fibrosis. Interactions
between neutrophils and HSCs may also play important roles in
the synergistic effects of obesity and binge drinking on liver
fibrosis.2*° Adipose tissue macrophages induce hepatic neutrophil
recruitment and macrophage accumulation in mice.”*? Increased
proteinase 3 and neutrophil elastase plasma concentrations are
associated with NAFLD and type 2 diabetes.?*’

Recent studies have demonstrated that overexpression of
CXCL1 or IL-8 can induce hepatic neutrophil infiltration and
promote the progression of fatty liver to NASH in high-fat diet
(HFD)-fed mice, which is mediated via the p47°"**-dependent
production of ROS by neutrophils.'®> Neutrophils can release
neutrophil extracellular traps (NETs) to control infection, and in
humans, elevated NET markers in serum are associated with NASH
severity; similarly, reducing NET release improves liver inflamma-
tion and NASH-related HCC in mouse models.**

DCs. Liver DCs, as APCs, internalize antigens and transport them to
regional lymph nodes to form a bridge between the innate and
adaptive immune responses.*3**° The role of DCs in NAFLD
remains unclear due to contradictory data. Henning et al. reported
that DC depletion significantly enhances hepatic inflammation and
fibrosis, suggesting that DCs inhibit NASH progression.?*® Other
studies have demonstrated that DCs contribute only in a minor
way to CCL4-induced models of fibrosis.>*' In contrast, other studies
have used models of MCD-induced NASH to show that DCs play
proinflammatory roles in disease processes, and depleting DCs
reduces proinflammatory cytokine and chemokine expression,
thereby ameliorating liver fibrosis.>**2*? The findings of a study by
Connolly et al. suggest that DCs promote the progression of liver
fibrosis and inflammation in NASH.2** The conflicting nature of
these results may be rooted in the use of different mouse models or
the heterogeneity of liver DCs,>**?* but further studies are needed
to clarify the role of DCs in NAFLD. Differential activation of hepatic
invariant NKT cell subsets plays a key role in the progression of
NASH.2*¢ Murine CD103+ DCs protect against steatosis progression
towards steatohepatitis.?*> Myeloid cells in the liver and bone
marrow acquire a functionally distinct inflammatory phenotype
during obesity-related steatohepatitis.>*’

T lymphocytes. T cells are key components of the adaptive
immune system and exist in multiple differentially active subsets:
the T-helper (Th) cell subset, the regulatory T (Treg) cell subset, the
cytotoxic T (Tc) cell subset, and several innate T-cell subsets. Th
cells assist macrophages, effector T cells, and B cells to eliminate
pathogens and infected cells. The levels of Th1-associated
cytokines (e.g., IFNy) in the liver are elevated in NAFLD, whereas
the levels of Th2-associated cytokines, including IL-4, IL-5, and IL-
13, are decreased.”*® Little data exist regarding the roles of the
Th1 and Th2 subsets in NAFLD; however, the roles of Th17 cells in
NAFLD have been extensively studied over the last two decades,
and accumulating data suggest that Th17 cells can release Th17

SPRINGER NATURE

81



Immunological mechanisms and therapeutic targets of fatty liver diseases
H Wang et al.

82

cytokines to activate KC-mediated secretion of proinflammatory
cytokines, including IL-6, IL-1, and TNF, thus aggravating liver
inflammation and progressive fibrosis.>*®2*° Additionally, it has
been shown that IL-17 reduces hepatic, muscle and adipose tissue
insulin  sensitivity.>*>2°® Moreover, the heterodimeric integrin
receptor a4f7 regulates CD4" T-cell recruitment to inflamed
tissues; blocking such a4B7-mediated recruitment of CD4" T cells
to the intestine and liver not only attenuates hepatic inflammation
and fibrosis but also improves metabolic dysfunction associated
with NASH.>'

One study has shown that adoptive transfer of Treg cells can
alleviate HFD-induced hepatic inflammation because of a decrease
in hepatic TNFa expression.?> The opposite is observed in human
liver steatosis, in which most available studies suggest that liver Treg
cell numbers are increased.?*® These findings could imply a dual role
for Treg cells. Toll-like receptor-7 signaling promotes NASH by
inhibiting regulatory T cells in mice.”>> Memory CD4" and CD8" T-
cell numbers are increased while naive T-cell numbers are decreased
in the peripheral blood of NAFLD patients.”>* Moreover, the number
of infiltrating CD8" T cells in the portal vein is elevated in
NAFLD patients and is associated with the severity of hepatic
inflammation.?>>**® Furthermore, activation of Tc cells promotes the
secretion of proinflammatory cytokines, including IFNy and TNFa.>*’
Nishimura et al. have shown that Tc cells are essential for
macrophage recruitment and adipose tissue inflammation because
they secrete chemotactic molecules, thus demonstrating the key
role of Tc cells in NASH development.*® Other studies have shown
that Tc cell-derived perforin participates in the mechanism
regulating liver inflammation and thus plays a protective role in
the development of NASH.?*? In addition, a recent study revealed
that Tc cells interact synergistically with NKT cells to promote the
proggg;sion of NASH and increase the incidence of NASH-related
HCC.

NKT cells. NKT cells can rapidly respond to antigen recognition
by secreting cytokines, including IFNy, IL-4, and IL-13. NKT cells
can accumulate in fatty tissue,>*® but reversible decreases in NKT
cell numbers aid in recovery from hepatic inflammation.2>*2%° NKT
cell prevalence within the liver varies during the course of disease
depending on the signals present. Studies have confirmed that IL-
12 secreted by KCs can lead to NKT cell depletion.?®’ Similarly,
NAFLD-associated hepatic NKT cell depletion induces apoptosis by
activating Tim-3 expressed on terminally differentiated T cells.?®
Moreover, studies have found that NKT cells can attenuate
hepatocyte steatosis and liver inflammation, thereby relieving
NAFLD progression.?*2%* Other studies, however, contradict the
above conclusions, suggesting that NKT cells do not affect or play
a role in promoting NASH.2®*"27 A small increase in NKT cell
numbers has been found in the adipose tissues of HFD-fed
mice.”®® In addition, some experiments have shown that NKT cells
can alleviate liver inflammation and insulin resistance in mice;
however, there is also some evidence that NKT cells can aggravate
obesity and hepatic inflammation.?°%2%9%7% Thus, NKT cells may
both stimulate and suppress inflammatory responses, which
needs further exploration.

Emerging mechanisms in NAFLD

EVs. A number of studies have demonstrated that EVs contribute
to key processes involved in the pathogenesis and progression of
NAFLD, including angiogenesis, fibrosis, and inflammation.?”'~273
The EVs secreted by hepatocytes can promote the expression of
proinflammatory cytokines and polarize hepatic macrophages to
the M1 phenotype.?’*?’® Mixed-lineage kinase 3 (MLK3) induces
lipid-treated hepatocytes to release EVs containing CXCL10 to
recruit macrophages. The total numbers of plasma EVs and the
numbers of EVs containing CXCL10 in MLK3-knockout mice fed a
NASH-inducing diet are lower than those in wild-type mice?’”
Moreover, EVs released from hepatocytes can contribute to hepatic
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recruitment of monocyte-derived macrophages by promoting
monocyte adhesion via integrin B1 (ITGP1)-dependent mechan-
isms.2’® Hepatocytes release ceramide-enriched inflammatory EVs
by activating IRE1A, and EVs recruit monocyte-derived macro-
phages to the liver, resulting in inflammation in mice with
steatohepatitis.”” Thus, lipotoxic injury of hepatocytes boosts the
release of EVs and activates macrophages to promote hepatic
inflammation, which plays an important role in triggering NAFLD.
These findings provide strong support for the development of EVs
as biomarkers, and EVs are also potential therapeutic targets and
tools.?”’

Inflammasome. The inflammasome machinery has a two-step
activation requirement that results in cytosolic assembly of its
components and cleavage of downstream substrates with
production of active IL-1B, IL-18, and active GSDMD. Activation
of the inflammasome machinery is necessary for a wide range of
sterile inflammatory processes, and the details of the biochemistry
of inflammasome activation have been widely reviewed.?*%%
Here, we will focus on the evidence for a role of inflammasome
activation in ALD and NAFLD.

The total loss of several individual inflammasome components
(purinergic receptors 2 x 7,82 NLRP3,%% and caspase-12242%°) has
been shown to reduce steatosis, inflammation and fibrosis in a
number of models of diet-induced NASH and ALD.”%86287
Furthermore, liver histology in NASH is improved by the NLRP3
inhibitor MCC950.°%8 Among all types of liver cells, liver
macrophages, as expected, have the highest expression of
inflammasome components, with the greatest evidence of
inflammasome activation and requirement for NASH and ASH.”®
Collectively, these findings form a substantial dataset supporting
the requirement of a functional NLRP3 inflammasome pathway for
the development of full NASH and ASH liver pathology, with KCs
being the main responsible cell type. It has been demonstrated
that whole-body forced expression of constitutively active NLRP3
inflammasomes in the context of liver pathology induces
neutrophilia and inflammation in many tissues, including the skin
and large joints. The same experiment also demonstrated
hepatocyte death and HSC activation. Hepatocyte death is a
particular type termed pyroptosis, which has many of the features
of apoptosis, including DNA damage and terminal deoxynucleo-
tidyl transferase-mediated dUTP nick-end labeling (TUNEL) posi-
tivity. However, in stark contrast to apoptosis, in which the
intracellular contents are retained during cell death, pyroptosis
features membrane pore development and subsequent release of
intracellular contents, which stimulates a local inflammatory
response.?®® The roles of the NLRP3 inflammasome machinery in
other liver cell populations are not fully resolved. Hepatocytes
have very low levels of expression of inflalmmasome components,
and there have been reports of active caspase 1 and IL-1B
production by hepatocytes, but this is not a widely reported
phenomenon.?® Primary murine HSCs as well as LX-2 cells, an
immortalized human stellate cell line, express all components of
the NLRP3 inflammasome, and its activation using monosodium
urate crystals, a potent signal two inflammasome activator, results
in a phenotypic switch from quiescent to myofibroblast collagen-
producing cells.?®' Constitutive activation of the NLRP3 inflamma-
some in HSCs also results in a marked increase in the number of
cells positive for a smooth muscle actin, a key marker of activated
HSCs, and spontaneous development of liver fibrosis.?*?> Thus,
these data strongly support the concept that the NLRP3
inflammasome plays a direct role in liver fibrotic responses with
significant implications related to the development of novel
strategies for the treatment of liver fibrosis.

MtDNA. The concept of danger signals was developed before the

identification of such signals but has subsequently been found to
be valid. Currently, over twenty molecules fulfilling this function
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have been identified and are grouped under the general term
DAMPs.2?32%% The defining feature of these molecules is
functional, as they are all released by cells in response to stress
or injury, and they subsequently elicit responses from other cells
that aim to protect the cells from pathogens and reestablish
homeostasis (through defense, repair, or regeneration). One
notable aspect of DAMPs is their structural diversity: they range
from nucleic acids to proteins to small molecules (such as ATP)
and even crystals (uric acid).>®> DAMP-induced activation of the
innate immune response is known to be protective against
pathogens, but one trade-off is that in the context of sterile injury,
DAMP-induced inflammation paradoxically increases tissue injury.
Such sterile inflammation-driven tissue injury is seen in many
organs but is notably severe in the liver, which has a very active
innate immune response and an inactive adaptive response.*
This phenomenon of sterile inflammation-induced injury has
many important clinical consequences for conditions including
ischemia/reperfusion injury, acetaminophen toxicity, ALD and
NAFLD.16’296’297

Among the many DAMPs, nucleic acids, particularly DNA, are
strong mediators of sterile inflammation. DNA has the desirable
features of being intracellular, resistant to breakdown by
damaging signals such as ROS and able to activate intracellular
pathways such as the cGAS-STING pathway and extracellular
pathways such as the TLR9 pathway. The ability of mtDNA to be
released by hepatocytes during acetaminophen toxicity and by
muscle cells after crush injury has been found to activate an
immune response via TLR9.2*?°° Increases in serum DNA and
particularly in mtDNA have been observed in NASH- and
acetaminophen-induced models of liver injury and in
patients.3°%3%" Experimental models have yielded evidence that
the DNA receptor TLR9 plays an important role, as revealed in
TLR9-deficient mice.2?%3%%3% MtDNA has some features that make
it a more effective DAMP than nuclear DNA, including hypo-
methylation compared to nuclear DNA, possibly at CpG motifs
that are known to be potent patterns for activation of absent in
melanoma 2 (AIM2), cGAS, and TLR9.3%*3% A further feature that
enhances the functional DAMP ability of mtDNA is the high levels
of ROS generated in mitochondria, which result in oxidation of
deoxyribonucleosides; an oxidized derivative of deoxyguanosine,
8-Ox0-dG, is the major product of DNA oxidation.>® These
qualitative changes mean that quantification of DNA in the serum
does not entirely reveal its efficacy as a DAMP. This is further
complicated by the association of DNA with other molecules, such
as mitochondrial transcription factor A (TFAM) and high-mobility
group protein 1 (HMGB1), which greatly increases its ability to
activate TLR9.3°7% The main cell type activated via TLR9 ligands
is hepatic macrophages. Ligand signaling results in the production
of a range of cytokines, including IL-1 and IL-18, via activation of
the inflammasome. In addition to macrophages, neutrophils have
also been demonstrated to be activated by TLR9 ligands, and this
activation results in both neutrophil activation and upregulation of
mir-223 via the IKKa and NF pathways. Subsequently, mir-223-
mediated downregulation of signaling occurs via inhibition of IKK,
resulting in a negative feedback loop to limit the degree of
inflammation.3%°

In addition to inflammation, TLR9 activation on HSCs results in
HSC activation; a lack of TLR9 greatly reduces HSC activation and
liver fibrosis."®® Recently, it has been demonstrated that serum
mtDNA levels are elevated in patients with NASH and correlated
with the degree of liver fibrosis. Furthermore, mtDNA can activate
HSCs in vitro and enhance liver fibrosis when injected in vivo.>'® A
possible reason for the different degrees of fibrotic responses in
mice, and speculatively in humans, may be the efficiency of
removal of apoptotic hepatocytes by liver macrophages. Slow and
ineffective removal results in greater release of DAMPs such as
mtDNA. As suggested by the interaction of mtDNA with TFAM and
HMGB1, multiple interactions can occur, and DAMPs do not
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circulate in isolation. Many DAMPs, including mtDNA, are present
inside EVs that originate from hepatocytes and contain a complex
of proteins and miRNAs. These proteins can modulate SMA
activation by downregulating mRNA in a miRNA-dependent
manner and activating KCs in a TLR9-dependent manner.’

In summary, cell stress and death by metabolic excess and
alcohol result in the release of a number of DAMPs, many inside
EVs, that can stimulate the activation of KCs and HSCs to initiate
and maintain inflammation and fibrosis. Downstream of DAMP
receptors, a number of pathways, including the inflalmmasome
pathway, are activated, which results in cleavage of caspase and
production of the proinflammatory molecules IL-1b and IL-18 and
can also induce cellular pyroptosis.

Inflammatory targets for NASH

Inflammatory Targets for the Treatment of NAFLD. Currently, there
are no approved therapies for NAFLD and NASH. The pathogen-
esis of NAFLD is thought to originate from hepatic caloric
overload, which in turn leads to hepatocyte metabolic and
oxidative stress and initiates the inflammatory responses detailed
above. Thus, potential therapeutic interventions for NAFLD could
target each of these steps.

Metabolic target modulators. Initial therapeutic approaches for
NAFLD aimed at targeting the metabolic process by utilizing
systemic insulin sensitizers. Pioglitazone, a PPARy agonist, has been
demonstrated in several studies to treat NASH. In the phase
llb PIVENS trial>'"" nondiabetic patients received pioglitazone
for 96 weeks. Histological improvement was seen in 34% of
pioglitazone-treated subjects compared to placebo-treated subjects.
Similar findings were seen after up to 36 months of treatment in a
randomized trial enrolling diabetic and prediabetic patients>'?
Thiazolidinediones (TZDs) have multiple modes of action and can
exert them in multiple tissues. Adipose tissue is likely a main target
tissue, as evidenced by the association between improved adipose
tissue insulin sensitivity with pioglitazone treatment and the hepatic
histological response.®’>*'* Importantly, despite its primary meta-
bolic target, pioglitazone treatment improves histological inflamma-
tion scores (defined by the presence of inflammatory cell infiltration)
and fibrosis, confirming that metabolic dysfunction is the main
driver of disease progression.

Although TZDs are often thought of as PPARy agonizts, they can
also activate the hepatic mitochondrial pyruvate carrier complex.®'”
In an attempt to decrease PPARy-mediated side effects, MSC-0602, a
PPARy-sparing TZD, has been investigated. Despite promising results
in an animal model®'® a recent phase Ib clinical trial failed to
demonstrate efficacy in human NASH.2' Similarly, elafibranor, a
medication targeting PPARa and PPARS, has shown some benefit in
a phase Ilb study;*'® however, a phase 3 trial in NASH has not shown
benefit in an interim analysis, leading to study discontinuation.

Another successful approach has been treatment with glucagon-
like peptide 1 (GLP-1) receptor agonizts (GLP-1RAs). Endogenous
GLP-1 is an incretin hormone that modulates pancreatic insulin
secretion, insulin secretion, and peripheral insulin sensitivity and
delays gastric emptying.'? In the small LEAN phase lla trial, NASH
resolution was achieved by 39% of nondiabetic NASH patients
treated for a year with liraglutide, a once-daily GLP-1RA, compared
to 9% of patients treated with placebo (p=0.02)3%° Recently,
semaglutide, another GLP-1RA, was reported to lead to NASH
resolution in 59% of subjects, although the results have not yet been
published in a peer-reviewed manuscript. GLP-1RAs modulate
multiple metabolic pathways and induce weight loss. Importantly,
there is no evidence for a GLP-1 receptor on human hepatocytes;**’
thus, any benefit seen in the liver is due to extrahepatic effects.

Recently, there has been an intense focus on the use of FXR
agonizts to treat NAFLD. As detailed above, FXR is the intracellular
sensor for BAs in the liver and intestines, and its activation decreases
hepatic gluconeogenesis, de novo lipogenesis and steatosis.3?>323
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Obeticholic acid (OCA), a modified BA, is a potent FXR agonist that
has been studied in patients with NASH. In the phase Il FLINT trial,
histological improvement was seen in 45% of patients treated with
OCA for 72 weeks compared to 21% of controls, and NASH resolved
in 22% of patients.>** In the 18-month interim analysis of the phase
Il REGENERATE trial, NASH resolution with treatment was not
superior to that with placebo, but a modest benefit was seen in the
fibrosis regression endpoint (23 vs. 12% in placebo).>** This trial is
ongoing. Several other FXR agonizts are also in advanced clinical
trials, and the results are awaited.

Other agents targeting global metabolic pathways have shown
benefit in phase Il clinical trials, including analogs of fibroblast
growth factor 19 (FGF-19),>*® fibroblast growth factor 21°%” and
thyroid hormone receptor B agonizts>*® In addition to agents
targeting global pathways, there are also agents specific to hepatic
lipid metabolism. Firsocostat is a liver-targeted acetyl-CoA carbox-
ylase (ACC) inhibitor that effectively decreases hepatic de novo
lipogenesis and steatosis.>?**3*° However, firsocostat was not
effective in decreasing liver fibrosis in the phase Il ATLAS trial,
either as monotherapy or in combination with other agents.

Targeting inflammatory pathways. Although most studies devel-
oping medications have focused on initiating metabolic processes,
several attempts have been made to target downstream
inflammatory and injury pathways. Vitamin E, a lipid-soluble
antioxidant, was tested in the PIVENS trial,>'" which demonstrated
a histological response in 43% of subjects and resolution of NASH
in 36% of subjects after 96 weeks of treatment. Importantly,
vitamin E is the only medication to date that has been associated
with improved clinical outcomes, leading to increased transplant-
free survival and decreased hepatic decompensation.®*! Given the
known role of oxidative stress in NASH pathogenesis, it is not
surprising that vitamin E treatment leads to improvements in
histological ballooning and inflammation scores. Surprisingly, it
also leads to decreased steatosis,>'' which is thought to be
upstream of its site of action. This effect has recently been shown
to be directly related to its antioxidant effect and to be mediated
by a decrease in hepatic de novo lipogenesis through inhibition of
late SREBP-1c maturation.>*>*3 Currently, vitamin E appears to be
a safe, effective and inexpensive therapy that is readily available.

Beyond the relatively nonspecific vitamin E, several other
therapeutic targets that appear to be more specific to NASH-
associated inflammation have been explored. As detailed above,
apoptosis appears to play a major role in the pathogenesis of
NASH. A key regulator of the apoptosis pathway is apoptosis
signal-regulating kinase 1 (ASK1), a kinase that is activated in
hepatocytes by oxidative stress, ER stress, or TNFa and leads to
apoptosis and fibrosis deposition. In addition, ASK1 is essential for
the development of TNFa-mediated insulin resistance and
steatosis in mouse models.>** These findings have led to the
development of selonsertib, an ASK1 inhibitor. Selonsertib was
recently studied in two phase Il trials in patients with NASH and
advanced fibrosis (STELLAR 3) or cirrhosis (STELLAR 4) but failed to
meet its primary endpoint of improvement of fibrosis.>*> Another
antiapoptotic agent is emricasan, an oral pancaspase inhibitor that
has high first-pass metabolism,**® rendering it relatively liver
targeted. The ENCORE-NF trial evaluated emricasan in patients
with noncirrhotic NASH, aiming to improve fibrosis, while the
ENCORE-PH study examined emricasan in patients with NASH
cirrhosis and severe portal hypertension, aiming to improve the
hepatic venous pressure gradient (HVPG). In both trials, emricasan
treatment was not superior to placebo treatment,**’*3*® and
further drug development was halted.

As previously discussed, the release of chemokines such as
CCL2 and CCL5 is crucial for the recruitment of lymphocytes to the
liver in NASH and in the progression of fibrosis. CVC, a CCR2/CCR5
antagonist, was studied in the CENTAUR phase llb trial in patients
with NASH and fibrosis. After 1 year of treatment, the primary
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endpoint of improvement in NASH histology was not met (16% of
patients vs. 19% in placebo).3*® However, fibrosis was improved by
20% (compared to 10% in the placebo group, p = 0.02). Based on
these findings, the ongoing phase Il AURORA trial aims to
determine the efficacy of CVC in decreasing fibrosis and liver-
related clinical events.®*®

Genetic targets. Several genetic loci have been implicated in the
pathogenesis of NAFLD and NASH and have the potential to be
targeted therapeutically. The [148M mutation in patatin-like
phospholipase domain-containing protein 3 (PNPLA3) is strongly
associated with hepatic steatosis, inflammation, and fibrosis.>*>>*'
In mice fed a NASH-inducing diet, treatment with antisense
oligonucleotide (ASO) directed against PNPLA3 leads to improve-
ments in steatosis. Furthermore, in mice carrying the human
1148M mutant, ASO treatment improves inflammation and
fibrosis.3>*? Based on these findings, AZD2693, a PNPLA3-
targeting ASO, is currently being evaluated in a phase | trial in
healthy overweight subjects and in patients with NASH who are
PNPLA3-1148M homozygous.

Recently, several variants in the 17B-hydroxysteroid dehydro-
genase 13 (HSD17B13) gene were found to be associated with
NASH inflammation, injury and fibrosis***3*** and with decreased
development of HCC in individuals with ALD.>***% HSD17B13 is a
lipid droplet-associated protein with retinol dehydrogenase
enzymatic activity.>** Importantly, the variants that lead to loss
of enzymatic function are genetically associated with improved
outcomes. Although the protective phenotype could not be
replicated in a mouse knockout model,**” several pharmaceutical
companies have announced the development of an HSD17B13-
targeted ASO, and at least one phase | clinical trial has been
initiated.

In summary, there is a great need for effective medications to
treat NAFLD and NASH. To date, the most benefit has been seen
with agents that target the global dysregulated metabolic profile,
including medications such as GLP-1RAs that have no direct liver
effects. In contrast, medications aimed at inflammatory targets
downstream of the metabolic load have not shown strong
benefits, with the exception of vitamin E and possibly CVC.
Combination therapies may be needed to unleash the full
potential of these agents.

CONCLUSIONS AND FUTURE PERSPECTIVES

ALD and NAFLD are the two major types of chronic liver diseases
worldwide, and multiple drivers are involved in their pathogen-
eses (Figs. 1, 2). Among them, inflammation is believed to play a
key role in promoting the progression from simple fatty liver to
more severe forms of liver injury, such as steatohepatitis, cirrhosis,
and HCC. Although many inflammatory mediators have been
identified, as discussed above, the key factor(s) that drive the
progression of ALD and NAFLD have not been clarified in patients
and may differ from patient to patient. Future studies to identify
these key inflammatory drivers will not only enhance our
understanding of fatty liver disease pathogeneses but also help
us discover novel and effective therapeutic interventions for the
treatment of ALD and NAFLD. Several inflammatory therapeutic
targets have been or are currently being evaluated in clinical trials
for the treatment of AH and NASH. We expect more clinical trials
using inflammatory mediators as therapeutic targets for the
treatment of fatty liver diseases to be conducted in the future.

ACKNOWLEDGEMENTS

The authors greatly thank Dr. Qian Gao from Anhui Medical University for the
wonderful figure design. Dr. Yaron Rotman was supported by the Intramural Research
Program of the National Institute of Diabetes and Digestive and Kidney Diseases.

Cellular & Molecular Immunology (2021) 18:73-91



AUTHOR CONTRIBUTIONS

L.E.N. wrote the “Immunological targets for the treatment of ALD” section, W.M.
wrote the “Inflammasome and mtDNA in NAFLD” section, Y.R. wrote the
“Inflammatory targets for the treatment of NAFLD" section, and H.W. wrote the
other sections and critically organized the paper. All authors approved the final
version for publication.

ADDITIONAL INFORMATION

Competing interests: The authors declare no competing interests.

REFERENCES

1.

20.

21.

22.

23.

24.

25.

Gao, B. & Bataller, R. Alcoholic liver disease: pathogenesis and new therapeutic
targets. Gastroenterology 141, 1572-1585 (2011).

. Avila, M. A. et al. Recent advances in alcohol-related liver disease (ALD): sum-

mary of a Gut round table meeting. Gut 69, 764-780 (2020).

. Szabo, G. et al. Alcohol-related liver disease: areas of consensus, unmet needs

and opportunities for further study. Hepatology 69, 2271-2283 (2019).

. Gao, B, Ahmad, M. F., Nagy, L. E. & Tsukamoto, H. Inflammatory pathways in

alcoholic steatohepatitis. J. Hepatol. 70, 249-259 (2019).

. Maccioni, L. et al. Intestinal permeability, microbial translocation, changes

in duodenal and fecal microbiota, and their associations with alcoholic liver
disease progression in humans. Gut Microbes 1-23, https://doi.org/10.1080/
19490976.2020.1782157 (2020).

. Szabo, G. Gut-liver axis in alcoholic liver disease. Gastroenterology 148, 30-36

(2015).

. Seo, B. et al. Roseburia spp. abundance associates with alcohol consumption in

humans and its administration ameliorates alcoholic fatty liver in mice. Cell Host
Microbe 27, 25-40.e26 (2020).

. Wang, M. et al. IL-1 receptor like 1 protects against alcoholic liver injury by

limiting NF-kappaB activation in hepatic macrophages. J. Hepatol. https://doi.
0rg/10.1016/j,jhep.2017.08.023 (2017).

. Eguchi, A. et al. Comprehensive characterization of hepatocyte-derived extra-

cellular vesicles identifies direct miRNA-based regulation of hepatic stellate cells
and DAMP-based hepatic macrophage IL-1beta and IL-17 upregulation in
alcoholic hepatitis mice. J. Mol. Med. 98, 1021-1034 (2020).

. Zhou, F. et al. Unexpected rapid increase in the burden of NAFLD in China from

2008 to 2018: a systematic review and meta-analysis. Hepatology 70, 1119-1133
(2019).

. Zhou, J. et al. Epidemiological features of NAFLD From 1999 to 2018 in China.

Hepatology 71, 1851-1864 (2020).

. Fouad, Y. et al. What's in a name? Renaming ‘NAFLD' to ‘MAFLD". Liver Int. 40,

1254-1261 (2020).

. Machado, M. V. & Diehl, A. M. Pathogenesis of nonalcoholic steatohepatitis.

Gastroenterology 150, 1769-1777 (2016).

. Schuppan, D., Surabattula, R. & Wang, X. Y. Determinants of fibrosis progression

and regression in NASH. J. Hepatol. 68, 238-250 (2018).

. lbrahim, S. H., Hirsova, P. & Gores, G. J. Non-alcoholic steatohepatitis patho-

genesis: sublethal hepatocyte injury as a driver of liver inflammation. Gut 67,
963-972 (2018).

. Parthasarathy, G., Revelo, X. & Malhi, H. Pathogenesis of nonalcoholic steato-

hepatitis: an overview. Hepatol. Commun. 4, 478-492 (2020).

. Musso, G, Cassader, M. & Gambino, R. Non-alcoholic steatohepatitis: emerging

molecular targets and therapeutic strategies. Nat. Rev. Drug Discov. 15, 249-274
(2016).

. Schroeder, B. O. & Backhed, F. Signals from the gut microbiota to distant organs

in physiology and disease. Nat. Med. 22, 1079-1089 (2016).

. Kamada, N., Chen, G. Y., Inohara, N. & Nunez, G. Control of pathogens and

pathobionts by the gut microbiota. Nat. Immunol. 14, 685-690 (2013).

Lowe, P. P. et al. Reduced gut microbiome protects from alcohol-induced
neuroinflammation and alters intestinal and brain inflammasome expression.
J. Neuroinflammation 15, 298 (2018).

Wang, Y. et al. Lactobacillus rhamnosus GG treatment potentiates intestinal
hypoxia-inducible factor, promotes intestinal integrity and ameliorates alcohol-
induced liver injury. Am. J. Pathol. 179, 2866-2875 (2011).

Llopis, M. et al. Intestinal microbiota contributes to individual susceptibility to
alcoholic liver disease. Gut 65, 830-839 (2016).

Ferrere, G. et al. Fecal microbiota manipulation prevents dysbiosis and alcohol-
induced liver injury in mice. J. Hepatol. 66, 806-815 (2017).

Duan, Y. et al. Bacteriophage targeting of gut bacterium attenuates alcoholic
liver disease. Nature 575, 505-511 (2019).

Lang, S. et al. Intestinal fungal dysbiosis and systemic immune response to fungi
in patients with alcoholic hepatitis. Hepatology 71, 522-538 (2020).

Cellular & Molecular Immunology (2021) 18:73 -91

Immunological mechanisms and therapeutic targets of fatty liver diseases
H Wang et al.

26.

27.

28.

29.

30.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Yang, A. M. et al. Intestinal fungi contribute to development of alcoholic liver
disease. J. Clin. Investig. 127, 2829-2841 (2017).

Wang, L. et al. Intestinal REG3 lectins protect against alcoholic steatohepatitis by
reducing mucosa-associated microbiota and preventing bacterial translocation.
Cell Host Microbe 19, 227-239 (2016).

Zhou, Z. & Zhong, W. Targeting the gut barrier for the treatment of alcoholic
liver disease. Liver Res. 1, 197-207 (2017).

Leclercq, S. et al. Intestinal permeability, gut-bacterial dysbiosis, and behavioral
markers of alcohol-dependence severity. Proc. Natl Acad. Sci. US.A. 111,
E4485-E4493 (2014).

Yan, A. W. et al. Enteric dysbiosis associated with a mouse model of alcoholic
liver disease. Hepatology 53, 96-105 (2011).

. Bajaj, J. S. et al. Altered profile of human gut microbiome is associated with

cirrhosis and its complications. J. Hepatol. 60, 940-947 (2014).

Hritz, |. et al. The critical role of toll-like receptor (TLR) 4 in alcoholic liver disease
is independent of the common TLR adapter MyD88. Hepatology 48, 1224-1231
(2008).

Uesugi, T. et al. Role of lipopolysaccharide-binding protein in early alcohol-
induced liver injury in mice. J. Immunol. 168, 2963-2969 (2002).

King, A. L. et al. Involvement of the mitochondrial permeability transition pore in
chronic ethanol-mediated liver injury in mice. Am. J. Physiol. Gastrointest. Liver
Physiol. 306, G265-G277 (2014).

Francis, H. et al. Regulation of the extrinsic apoptotic pathway by microRNA-21
in alcoholic liver injury. J. Biol. Chem. 289, 27526-27539 (2014).

Nagy, L. E.,, Ding, W. X, Cresci, G, Saikia, P. & Shah, V. H. Linking pathogenic
mechanisms of alcoholic liver disease with clinical phenotypes. Gastroenterology
150, 1756-1768 (2016).

Kaczmarek, A. Vandenabeele, P. & Krysko, D. V. Necroptosis: the release of
damage-associated molecular patterns and its physiological relevance. Immu-
nity 38, 209-223 (2013).

Cai, Z. et al. Plasma membrane translocation of trimerized MLKL protein is
required for TNF-induced necroptosis. Nat. Cell Biol. 16, 55-65 (2014).
McCullough, R. L. et al. Myeloid mixed lineage kinase 3 contributes to chronic
ethanol-induced inflammation and hepatocyte injury in mice. Gene Expr. 17,
61-77 (2016).

Roychowdhury, S, McMullen, M. R, Pisano, S. G,, Liu, X. & Nagy, L. E. Absence of
receptor interacting protein kinase 3 prevents ethanol-induced liver injury.
Hepatology 57, 1773-1783 (2013).

Wu, X. et al. MLKL-dependent signaling regulates autophagic flux in a murine
model of non-alcohol-associated fatty liver and steatohepatitis. J. Hepatol.
https://doi.org/10.1016/j.jhep.2020.03.023 (2020).

Gao, H. et al. Wolfberry-derived zeaxanthin dipalmitate attenuates ethanol-induced
hepatic damage. Mol. Nutr. Food Res. 63, 1801339 (2019).

Shi, J., Gao, W. & Shao, F. Pyroptosis: gasdermin-mediated programmed necrotic
cell death. Trends Biochem. Sci. 42, 245-254 (2017).

. Khanova, E. et al. Pyroptosis by caspase11/4-gasdermin-D pathway in alcoholic

hepatitis in mice and patients. Hepatology 67, 1737-1753 (2018).

Gautheron, J.,, Gores, G. J. & Rodrigues, C. M. P. Lytic cell death in metabolic liver
disease. J. Hepatol. https://doi.org/10.1016/j,jhep.2020.04.001 (2020).

Stockwell, B. R. et al. Ferroptosis: a regulated cell death nexus linking metabolism,
redox biology, and disease. Cell 171, 273-285 (2017).

Zhou, Z. et al. Intestinal SIRT1 deficiency protects mice from ethanol-induced
liver injury by mitigating ferroptosis. Am. J. Pathol. 190, 82-92 (2020).

Zhou, Z. et al. Adipose-specific lipin-1 overexpression renders hepatic ferrop-
tosis and exacerbates alcoholic steatohepatitis in mice. Hepatol. Commun. 3,
656-669 (2019).

Ma, H. Y. et al. IL-17 signaling in steatotic hepatocytes and macrophages promotes
hepatocellular carcinoma in alcohol-related liver disease. J. Hepatol. 72, 946-959
(2020).

Wang, M., Ma, L. J,, Yang, Y., Xiao, Z. & Wan, J. B. n-3 Polyunsaturated fatty acids
for the management of alcoholic liver disease: a critical review. Crit. Rev. Food
Sci. Nutr. 59, $116-5129 (2019).

Bernhagen, J. et al. MIF is a noncognate ligand of CXC chemokine receptors in
inflammatory and atherogenic cell recruitment. Nat. Med. 13, 587-596 (2007).
Marin, V. et al. Hepatocyte-derived macrophage migration inhibitory factor
mediates alcohol-induced liver injury in mice and patients. J. Hepatol. 67,
1018-1025 (2017).

Thiele, M. et al. Selective targeting of a disease-related conformational isoform
of macrophage migration inhibitory factor ameliorates inflammatory conditions.
J. Immunol. 195, 2343-2352 (2015).

Xie, J. et al. Macrophage migration inhibitor factor upregulates MCP-1 expres-
sion in an autocrine manner in hepatocytes during acute mouse liver injury. Sci.
Rep. 6, 27665 (2016).

Bertola, A., Mathews, S., Ki, S. H., Wang, H. & Gao, B. Mouse model of chronic and
binge ethanol feeding (the NIAAA model). Nat. Protoc. 8, 627-637 (2013).

SPRINGER NATURE

85


https://doi.org/10.1080/19490976.2020.1782157
https://doi.org/10.1080/19490976.2020.1782157
https://doi.org/10.1016/j.jhep.2017.08.023
https://doi.org/10.1016/j.jhep.2017.08.023
https://doi.org/10.1016/j.jhep.2020.03.023
https://doi.org/10.1016/j.jhep.2020.04.001

Immunological mechanisms and therapeutic targets of fatty liver diseases

H Wang et al.

86

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Bertola, A., Park, O. & Gao, B. Chronic plus binge ethanol feeding synergistically
induces neutrophil infiltration and liver injury in mice: a critical role for E-
selectin. Hepatology 58, 1814-1823 (2013).

Lazaro, R. et al. Osteopontin deficiency does not prevent but promotes alcoholic
neutrophilic hepatitis in mice. Hepatology 61, 129-140 (2015).

Li, M. et al. MicroRNA-223 ameliorates alcoholic liver injury by inhibiting the
IL-6-p47(phox)-oxidative stress pathway in neutrophils. Gut 66, 705-715
(2017).

Cai, Y. et al. Mitochondrial DNA-enriched microparticles promote acute-on-
chronic alcoholic neutrophilia and hepatotoxicity. JCI Insight 2, https://doi.org/
10.1172/jci.insight.92634 (2017).

Ma, J. et al. Chronic-plus-binge alcohol intake induces production of proin-
flammatory mtDNA-enriched extracellular vesicles and steatohepatitis via ASK1/
p38MAPKalpha-dependent mechanisms. JCI Insight 5, https://doi.org/10.1172/
jciinsight.136496 (2020).

Sayon-Orea, C. et al. Type of alcoholic beverage and incidence of overweight/
obesity in a Mediterranean cohort: the SUN project. Nutrition 27, 802-808
(2011).

Sebastian, B. M. et al. Identification of a cytochrome P4502E1/Bid/C1q-depen-
dent axis mediating inflammation in adipose tissue after chronic ethanol
feeding to mice. J. Biol. Chem. 286, 35989-35997 (2011).

Crabb, D. W., Zeng, Y., Liangpunsakul, S., Jones, R. & Considine, R. Ethanol
impairs differentiation of human adipocyte stromal cells in culture. Alcohol. Clin.
Exp. Res. 35, 1584-1592 (2011).

Tang, H. et al. Ethanol-induced oxidative stress via the CYP2E1 pathway disrupts
adiponectin secretion from adipocytes. Alcohol. Clin. Exp. Res. 36, 214-222
(2012).

Kang, L. et al. Chronic ethanol-induced insulin resistance is associated with
macrophage infiltration into adipose tissue and altered expression of adipocy-
tokines. Alcohol. Clin. Exp. Res. 31, 1581-1588 (2007).

Eguchi, A. & Feldstein, A. E. Adipocyte cell death, fatty liver disease and associated
metabolic disorders. Dig. Dis. 32, 579-585 (2014).

Naveau, S. et al. Harmful effect of adipose tissue on liver lesions in patients with
alcoholic liver disease. J. Hepatol. 52, 895-902 (2010).

Voican, C. S. et al. Alcohol withdrawal alleviates adipose tissue inflammation in
patients with alcoholic liver disease. Liver Int. 35, 967-978 (2015).

Fulham, M. A, Ratna, A. Gerstein, R. M., Kurt-Jones, E. A. & Mandrekar, P.
Alcohol-induced adipose tissue macrophage phenotypic switching is indepen-
dent of myeloid Toll-like receptor 4 expression. Am. J. Physiol. Cell Physiol. 317,
C687-C700 (2019).

Steiner, J. L. & Lang, C. H. Alcohol, Adipose Tissue and Lipid Dysregulation.
Biomolecules 7, https://doi.org/10.3390/biom7010016 (2017).

Shen, H. lJiang, L, Lin, J. D, Omary, M. B. & Rui, L. Brown fat activation
mitigates alcohol-induced liver steatosis and injury in mice. J. Clin. Investig. 129,
2305-2317 (2019).

Hart, C. L, Morrison, D. S., Batty, G. D., Mitchell, R. J. & Davey Smith, G. Effect of
body mass index and alcohol consumption on liver disease: analysis of data
from two prospective cohort studies. Bmj 340, c1240 (2010).

Parker, R. et al. Obesity in acute alcoholic hepatitis increases morbidity and
mortality. EBioMedicine 45, 511-518 (2019).

Kim, S. J. et al. Adipocyte death preferentially induces liver injury and
inflammation through the activation of chemokine (C-C Motif) receptor 2-
positive macrophages and lipolysis. Hepatology 69, 1965-1982 (2019).

Parker, R, Kim, S. J. & Gao, B. Alcohol, adipose tissue and liver disease:
mechanistic links and clinical considerations. Nat. Rev. Gastroenterol. Hepatol. 15,
50-59 (2018).

Kisseleva, T. & Brenner, D. A. The crosstalk between hepatocytes, hepatic
macrophages, and hepatic stellate cells facilitates alcoholic liver disease. Cell
Metab. 30, 850-852 (2019).

Bian, Z. et al. Deciphering human macrophage development at single-cell
resolution. Nature 582, 571-576 (2020).

Mandrekar, P. & Szabo, G. Signalling pathways in alcohol-induced liver inflammation.
J. Hepatol. 50, 1258-1266 (2009).

Petrasek, J. et al. IL-1 receptor antagonist ameliorates inflammasome-dependent
alcoholic steatohepatitis in mice. J. Clin. Investig. 122, 3476-3489 (2012).

Lee, J. H. et al. Mitochondrial double-stranded RNA in exosome promotes
interleukin-17 production through toll-like receptor 3 in alcoholic liver injury.
Hepatology, https://doi.org/10.1002/hep.31041 (2019).

Narasimhan, P. B., Marcovecchio, P., Hamers, A. A. J. & Hedrick, C. C. Nonclassical
monocytes in health and disease. Annu. Rev. Immunol. 37, 439-456 (2019).
Ambade, A. et al. Pharmacological inhibition of CCR2/5 signaling prevents and
reverses alcohol-induced liver damage, steatosis, and inflammation in mice.
Hepatology 69, 1105-1121 (2019).

Wang, M. et al. Chronic alcohol ingestion modulates hepatic macrophage
populations and functions in mice. J. Leukoc. Biol. 96, 657-665 (2014).

SPRINGERNATURE

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1.

112,

Tran, S. et al. Impaired Kupffer cell self-renewal alters the liver response to lipid
overload during non-alcoholic steatohepatitis. Immunity, https://doi.org/
10.1016/j.immuni.2020.06.003 (2020).

El-Behi, M. et al. The encephalitogenicity of T(H)17 cells is dependent on IL-1-
and IL-23-induced production of the cytokine GM-CSF. Nat. Immunol. 12,
568-575 (2011).

Roh, Y. S., Zhang, B., Loomba, R. & Seki, E. TLR2 and TLR9 contribute to alcohol-
mediated liver injury through induction of CXCL1 and neutrophil infiltration.
Am. J. Physiol. Gastrointest. Liver Physiol. 309, G30-G41 (2015).

Nemeth, T., Sperandio, M. & Mocsai, A. Neutrophils as emerging therapeutic
targets. Nat. Rev. Drug Discov. 19, 253-275 (2020).

Artru, F. et al. IL-33/ST2 pathway regulates neutrophil migration and predicts
outcome in patients with severe alcoholic hepatitis. J. Hepatol. 72, 1052-1061
(2020).

Bukong, T. N. et al. Abnormal neutrophil traps and impaired efferocytosis con-
tribute to liver injury and sepsis severity after binge alcohol use. J. Hepatol. 69,
1145-1154 (2018).

Altamirano, J. et al. A histologic scoring system for prognosis of patients with
alcoholic hepatitis. Gastroenterology 146, 1231-1239.e1231-1236 (2014).
Singh, V. et al. Granulocyte colony-stimulating factor in severe alcoholic hepatitis: a
randomized pilot study. Am. J. Gastroenterol. 109, 1417-1423 (2014).

Wieser, V. et al. Lipocalin 2 drives neutrophilic inflammation in alcoholic liver
disease. J. Hepatol. 64, 872-880 (2016).

Bessho, K., Yashima, K., Horii, T. & Hori, M. Spatially explicit modeling of meta-
population dynamics of broadcast spawners and stabilizing/destabilizing effects
of heterogeneity of quality across local habitats. J. Theor. Biol. 492, 110157
(2020).

Byun, J. S. & Yi, H. S. Hepatic Immune Microenvironment in Alcoholic and
Nonalcoholic Liver Disease. BioMed. Res. Int. 2017, 6862439 (2017).

Chedid, A. et al. Cell-mediated hepatic injury in alcoholic liver disease. Veterans
affairs cooperative study group 275. Gastroenterology 105, 254-266 (1993).
Song, K. et al. Chronic ethanol consumption by mice results in activated splenic
T cells. J. Leukoc. Biol. 72, 1109-1116 (2002).

Stewart, S., Jones, D. & Day, C. P. Alcoholic liver disease: new insights into
mechanisms and preventative strategies. Trends Mol. Med. 7, 408-413 (2001).
Liaskou, E. et al. High-throughput T-cell receptor sequencing across chronic
liver diseases reveals distinct disease-associated repertoires. Hepatology 63,
1608-1619 (2016).

Matos, L. C. et al. Lymphocyte subsets in alcoholic liver disease. World J. Hepatol.
5, 46-55 (2013).

Riva, A. et al. Mucosa-associated invariant T cells link intestinal immunity with
antibacterial immune defects in alcoholic liver disease. Gut 67, 918-930 (2018).
Parfieniuk-Kowerda, A. et al. Serum concentrations of Th17-associated inter-
leukins and autoimmune phenomena are associated with the degree of liver
damage in alcoholic liver disease. J. Gastrointestin. Liver Dis. 26, 269-274 (2017).
Marrero, I. et al. Differential activation of unconventional T cells, including
iNKT cells, in alcohol-related liver disease. Alcohol. Clin. Exp. Res. 44, 1061-1074
(2020).

Gao, B. et al. Animal models of alcoholic liver disease: pathogenesis and clinical
relevance. Gene Expr. 17, 173-186 (2017).

Lin, F. et al. Alcohol dehydrogenase-specific T-cell responses are associated with
alcohol consumption in patients with alcohol-related cirrhosis. Hepatology 58,
314-324 (2013).

Chu, S. et al. Inhibition of sphingosine-1-phosphate-induced Th17 cells ame-
liorates alcoholic steatohepatitis in mice. Hepatology, https://doi.org/10.1002/
hep.31321 (2020).

Gao, B. & Xiang, X. Interleukin-22 from bench to bedside: a promising drug for
epithelial repair. Cell. Mol. Immunol. 16, 666-667 (2019).

Ness-Schwickerath, K. J. & Morita, C. T. Regulation and function of IL-17A- and IL-
22-producing y& T cells. Cell. Mol. life Sci. 68, 2371-2390 (2011).

Gao, Y. et al. Alcohol inhibits T-cell glucose metabolism and hepatitis in ALDH2-
deficient mice and humans: roles of acetaldehyde and glucocorticoids. Gut 68,
1311-1322 (2019).

Lee, K. C. et al. Intestinal iNKT cells migrate to liver and contribute to hepatocyte
apoptosis during alcoholic liver disease. Am. J. Physiol. Gastrointest. Liver Physiol.
316, G585-G597 (2019).

Shim, Y. R. & Jeong, W. I. Recent advances of sterile inflammation and
inter-organ cross-talk in alcoholic liver disease. Exp. Mol. Med. 52, 772-780
(2020).

Maricic, I. et al. Inhibition of type | natural killer T cells by retinoids or following
sulfatide-mediated activation of type Il natural killer T cells attenuates alcoholic
liver disease in mice. Hepatology 61, 1357-1369 (2015).

Pellicci, D. G., Koay, H. F. & Berzins, S. P. Thymic development of unconventional
T cells: how NKT cells, MAIT cells and gammadelta T cells emerge. Nat. Rev.
Immunol. https://doi.org/10.1038/541577-020-0345-y (2020).

Cellular & Molecular Immunology (2021) 18:73-91


https://doi.org/10.1172/jci.insight.92634
https://doi.org/10.1172/jci.insight.92634
https://doi.org/10.1172/jci.insight.136496
https://doi.org/10.1172/jci.insight.136496
https://doi.org/10.3390/biom7010016
https://doi.org/10.1002/hep.31041
https://doi.org/10.1016/j.immuni.2020.06.003
https://doi.org/10.1016/j.immuni.2020.06.003
https://doi.org/10.1002/hep.31321
https://doi.org/10.1002/hep.31321
https://doi.org/10.1038/s41577-020-0345-y

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

McWilliam, H. E. & Villadangos, J. A. MR1: a multi-faceted metabolite sensor for T
cell activation. Curr. Opin. Immunol. 64, 124-129 (2020).

Gao, B., Ma, J. & Xiang, X. MAIT cells: a novel therapeutic target for alcoholic liver
disease? Gut 67, 784-786 (2018).

Szabo, G. & Satishchandran, A. MicroRNAs in alcoholic liver disease. Semin. Liver
Dis. 35, 36-42 (2015).

Bala, S. et al. Circulating microRNAs in exosomes indicate hepatocyte injury and
inflammation in alcoholic, drug-induced, and inflammatory liver diseases.
Hepatology 56, 1946-1957 (2012).

Bala, S. et al. Up-regulation of microRNA-155 in macrophages contributes
to increased tumor necrosis factor {alpha} (TNF{alpha}) production via
increased mRNA half-life in alcoholic liver disease. J. Biol. Chem. 286,
1436-1444 (2011).

Satishchandran, A. et al. MicroRNA 122, regulated by GRLH2, protects livers of
mice and patients from ethanol-induced liver disease. Gastroenterology 154,
238-252 €237 (2018).

Bala, S. et al. The pro-inflammatory effects of miR-155 promote liver fibrosis and
alcohol-induced steatohepatitis. J. Hepatol. 64, 1378-1387 (2016).

Saikia, P. et al. MicroRNA 181b-3p and its target importin alpha5 regulate toll-
like receptor 4 signaling in Kupffer cells and liver injury in mice in response to
ethanol. Hepatology 66, 602-615 (2017).

Momen-Heravi, F., Bala, S., Kodys, K. & Szabo, G. Exosomes derived from alcohol-
treated hepatocytes horizontally transfer liver specific miRNA-122 and sensitize
monocytes to LPS. Sci. Rep. 5, 9991 (2015).

Verma, V. K. et al. Alcohol stimulates macrophage activation through caspase-
dependent hepatocyte derived release of CD40L containing extracellular
vesicles. J. Hepatol. 64, 651-660 (2016).

Saha, B. et al. Extracellular vesicles from mice with alcoholic liver disease carry a
distinct protein cargo and induce macrophage activation through heat shock
protein 90. Hepatology 67, 1986-2000 (2018).

Thorgersen, E. B. et al. The role of complement in liver injury, regeneration, and
transplantation. Hepatology 70, 725-736 (2019).

Bykov, I, Junnikkala, S., Pekna, M., Lindros, K. O. & Meri, S. Complement C3
contributes to ethanol-induced liver steatosis in mice. Ann. Med. 38, 280-286
(2006).

Pritchard, M. T. et al. Differential contributions of C3, C5, and decay-accelerating
factor to ethanol-induced fatty liver in mice. Gastroenterology 132, 1117-1126
(2007).

Cohen, J. I, Roychowdhury, S, McMullen, M. R., Stavitsky, A. B. & Nagy, L. E.
Complement and alcoholic liver disease: role of C1q in the pathogenesis of
ethanol-induced liver injury in mice. Gastroenterology, 2, 664-674 (2010).
Cresci, G. A, Allende, D., McMullen, M. R. & Nagy, L. E. Alternative complement
pathway component Factor D contributes to efficient clearance of tissue debris
following acute CCl(4)-induced injury. Mol. Immunol. 64, 9-17 (2015).
McCullough, R. L. et al. Complement Factor D protects mice from ethanol-
induced inflammation and liver injury. Am. J. Physiol. Gastrointest. Liver Physiol.
315, G66-G79 (2018).

McCullough, R. L. et al. Differential contribution of complement receptor C5aR in
myeloid and non-myeloid cells in chronic ethanol-induced liver injury in mice.
Mol. Immunol. 75, 122-132 (2016).

Fan, X. et al. Diagnostic and prognostic significance of complement in
patients with alcohol-associated hepatitis. Hepatology, https://doi.org/10.1002/
hep.31419 (2020).

Mathurin, P. et al. Corticosteroids improve short-term survival in patients with
severe alcoholic hepatitis: meta-analysis of individual patient data. Gut 60,
255-260 (2011).

Singal, A. K, Bataller, R, Ahn, J,, Kamath, P. S. & Shah, V. H. ACG clinical guideline:
alcoholic liver disease. Am. J. Gastroenterol. 113, 175-194 (2018).

Mathurin, P. & Lucey, M. R. Liver transplantation in patients with alcohol-related
liver disease: current status and future directions. Lancet Gastroenterol. Hepatol.
5, 507-514 (2020).

Reuter, B. & Bajaj, J. S. Microbiome: emerging concepts in patients with chronic
liver disease. Clin. Liver Dis. 24, 493-520 (2020).

Sarin, S. K, Pande, A. & Schnabl, B. Microbiome as a therapeutic target in
alcohol-related liver disease. J. Hepatol. 70, 260-272 (2019).

Wang, Y. et al. Lactobacillus rhamnosus GG culture supernatant ameliorates
acute alcohol-induced intestinal permeability and liver injury. Am. J. Physiol.
Gastrointest. liver Physiol. 303, G32-G41 (2012).

Han, Y. et al. Dietary synbiotic supplementation protects barrier integrity
of hepatocytes and liver sinusoidal endothelium in a mouse model of chronic-
binge ethanol exposure. Nutrients 12, https://doi.org/10.3390/nu12020373
(2020).

Roychowdhury, S., Glueck, B., Han, Y., Mohammad, M. A. & Cresci, G. A. M. A
designer synbiotic attenuates chronic-binge ethanol-induced gut-liver injury in
mice. Nutrients 11, https://doi.org/10.3390/nu11010097 (2019).

Cellular & Molecular Immunology (2021) 18:73 -91

Immunological mechanisms and therapeutic targets of fatty liver diseases
H Wang et al.

140.

141.

142.

143.

144.

145,

146.

147.

148.

149.

150.

151.

152.

153.

154,

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Bajaj, J. S. et al. A randomized clinical trial of fecal microbiota transplant for
alcohol use disorder. Hepatology, https://doi.org/10.1002/hep.31496 (2020).
Cresci, G. A. et al. Prophylactic tributyrin treatment mitigates chronic-binge
ethanol-induced intestinal barrier and liver injury. J. Gastroenterol. Hepatol. 32,
1587-1597 (2017).

Lambert, J. C. et al. Prevention of alterations in intestinal permeability is
involved in zinc inhibition of acute ethanol-induced liver damage in mice.
J. Pharmacol. Exp. Ther. 305, 880-886 (2003).

Kirpich, I. A. et al. Ethanol and dietary unsaturated fat (corn oil/linoleic acid
enriched) cause intestinal inflammation and impaired intestinal barrier defense
in mice chronically fed alcohol. Alcohol 47, 257-264 (2013).

Chaudhry, K. K. et al. Glutamine supplementation attenuates ethanol-
induced disruption of apical junctional complexes in colonic epithelium and
ameliorates gut barrier dysfunction and fatty liver in mice. J. Nutr. Biochem. 27,
16-26 (2016).

Bellos, D. A. et al. Specifically sized hyaluronan (35 kDa) prevents ethanol-induced
disruption of epithelial tight junctions through a layilin-dependent mechanism in
caco-2 cells. Alcohol. Clin. Exp. Res. 43, 1848-1858 (2019).

Dasarathy, S. et al. Design and rationale of a multicenter defeat alcoholic
steatohepatitis trial: (DASH) randomized clinical trial to treat alcohol-associated
hepatitis. Contemp. Clin. Trials 96, 106094 (2020).

Singal, A. K. & Shah, V. H. Current trials and novel therapeutic targets for alco-
holic hepatitis. J. Hepatol. 70, 305-313 (2019).

Purohit, V. et al. Role of S-adenosylmethionine, folate, and betaine in the
treatment of alcoholic liver disease: summary of a symposium. Am. J. Clin. Nutr.
86, 14-24 (2007).

Wu, D., Wang, X, Zhou, R, Yang, L. & Cederbaum, A. |. Alcohol steatosis and
cytotoxicity: the role of cytochrome P4502E1 and autophagy. Free Radic. Biol.
Med. 53, 1346-1357 (2012).

Dara, L. The receptor interacting protein kinases in the liver. Semin. Liver Dis. 38,
73-86 (2018).

Roychowdhury, S. et al. Inhibition of apoptosis protects mice from ethanol-
mediated acceleration of early markers of CCl4-induced fibrosis but not stea-
tosis or inflammation. Alcohol. Clin. Exp. Res. 36, 1139-1147 (2012).

Wang, S. et al. Increased hepatic receptor interacting protein kinase 3 expres-
sion due to impaired proteasomal functions contributes to alcohol-induced
steatosis and liver injury. Oncotarget 7, 17681-17698 (2016).

Marot, A,, Singal, A. K., Moreno, C. & Deltenre, P. Granulocyte colony-stimulating
factor for alcoholic hepatitis: A systematic review and meta-analysis of rando-
mised controlled trials. JHEP Rep. 2, 100139 (2020).

Rathi, S., Hussaini, T. & Yoshida, E. M. Granulocyte colony stimulating factor: a
potential therapeutic rescue in severe alcoholic hepatitis and decompensated
cirrhosis. Ann. Hepatol. https://doi.org/10.1016/j.a0hep.2020.04.011 (2020).
Hwang, S. et al. Interleukin-22 ameliorates neutrophil-driven nonalcoholic
steatohepatitis through multiple targets. Hepatology 72, 412-429 (2020).

Arab, J. P. et al. An open-label, dose-escalation study to assess the safety and
efficacy of IL-22 agonist F-652 in patients with alcohol-associated hepatitis.
Hepatology 72, 441-453 (2020).

Singal, A. K, Kodali, S., Vucovich, L. A, Darley-Usmar, V. & Schiano, T. D.
Diagnosis and treatment of alcoholic hepatitis: a systematic review. Alcohol. Clin.
Exp. Res. 40, 1390-1402 (2016).

Poulsen, K. L. et al. Novel role of macrophage migration inhibitory factor in
upstream control of the unfolded protein response after ethanol feeding in
mice. Alcohol. Clin. Exp. Res. 43, 1439-1451 (2019).

Hwang, S., Feng, D. & Gao, B. Interleukin-22 acts as a mitochondrial protector.
Theranostics 10, 7836-7840 (2020).

Altamirano, J. et al. Alcohol abstinence in patients surviving an episode of
alcoholic hepatitis: Prediction and impact on long-term survival. Hepatology 66,
1842-1853 (2017).

Addolorato, G., Mirijello, A, Barrio, P. & Gual, A. Treatment of alcohol use disorders
in patients with alcoholic liver disease. J. Hepatol. 65, 618-630 (2016).

Gordon, M. S. et al. Avatar-assisted therapy: a proof-of-concept pilot study of a
novel technology-based intervention to treat substance use disorders. Am. J.
Drug Alcohol Abuse 43, 518-524 (2017).

Avila, D. V. et al. Dysregulation of hepatic cAMP levels via altered Pde4b
expression plays a critical role in alcohol-induced steatosis. J. Pathol. 240,
96-107 (2016).

Avila, D. V. et al. Phosphodiesterase 4b expression plays a major role in alcohol-
induced neuro-inflammation. Neuropharmacology 125, 376-385 (2017).
Blednov, Y. A, Benavidez, J. M., Black, M. & Harris, R. A. Inhibition of phospho-
diesterase 4 reduces ethanol intake and preference in C57BL/6J mice. Front.
Neurosci. 8, 129 (2014).

Blednov, Y. A. et al. Apremilast alters behavioral responses to ethanol in mice: I.
Reduced consumption and preference. Alcohol. Clin. Exp. Res. 42, 926-938
(2018).

SPRINGER NATURE

87


https://doi.org/10.1002/hep.31419
https://doi.org/10.1002/hep.31419
https://doi.org/10.3390/nu12020373
https://doi.org/10.3390/nu11010097
https://doi.org/10.1002/hep.31496
https://doi.org/10.1016/j.aohep.2020.04.011

Immunological mechanisms and therapeutic targets of fatty liver diseases

H Wang et al.

88

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

Canbay, A. et al. Apoptotic body engulfment by a human stellate cell line is
profibrogenic. Lab. Investig. 83, 655-663 (2003).

Watanabe, A. et al. Apoptotic hepatocyte DNA inhibits hepatic stellate cell
chemotaxis via toll-like receptor 9. Hepatology 46, 1509-1518 (2007).
Idrissova, L. et al. TRAIL receptor deletion in mice suppresses the inflammation
of nutrient excess. J. Hepatol. 62, 1156-1163 (2015).

Canbay, A. et al. Kupffer cell engulfment of apoptotic bodies stimulates death
ligand and cytokine expression. Hepatology 38, 1188-1198 (2003).

Gautheron, J. et al. A positive feedback loop between RIP3 and JNK controls
non-alcoholic steatohepatitis. EMBO Mol. Med. 6, 1062-1074 (2014).

Cookson, B. T. & Brennan, M. A. Pro-inflammatory programmed cell death.
Trends Microbiol. 9, 113-114 (2001).

Alegre, F., Pelegrin, P. & Feldstein, A. E. Inflammasomes in liver fibrosis. Semin.
Liver Dis. 37, 119-127 (2017).

Jo, E. K, Kim, J. K., Shin, D. M. & Sasakawa, C. Molecular mechanisms regulating
NLRP3 inflammasome activation. Cell. Mol. Immunol. 13, 148-159 (2016).
Fontana, L. et al. Aging promotes the development of diet-induced murine
steatohepatitis but not steatosis. Hepatology 57, 995-1004 (2013).

Kwanten, W. J. et al. Hepatocellular autophagy modulates the unfolded protein
response and fasting-induced steatosis in mice. Am. J. Physiol. Gastrointest. Liver
Physiol. 311, G599-g609 (2016).

Lemasters, J. J. Selective mitochondrial autophagy, or mitophagy, as a targeted
defense against oxidative stress, mitochondrial dysfunction, and aging. Reju-
venation Res. 8, 3-5 (2005).

Widjaja, A. A. et al. Inhibiting interleukin 11 signaling reduces hepatocyte death
and liver fibrosis, inflammation, and steatosis in mouse models of nonalcoholic
steatohepatitis. Gastroenterology 157, 777-792.€714 (2019).

Tripathi, A. et al. The gut-liver axis and the intersection with the microbiome.
Nat. Rev. Gastroenterol. Hepatol. 15, 397-411 (2018).

Loomba, R. et al. Gut microbiome-based metagenomic signature for non-
invasive detection of advanced fibrosis in human nonalcoholic fatty liver dis-
ease. Cell Metab. 25, 1054-1062.e1055 (2017).

Zhu, L. et al. Characterization of gut microbiomes in nonalcoholic steatohepatitis
(NASH) patients: a connection between endogenous alcohol and NASH. Hepatol-
ogy 57, 601-609 (2013).

Mouries, J. et al. Microbiota-driven gut vascular barrier disruption is a
prerequisite for non-alcoholic steatohepatitis development. J. Hepatol. 71,
1216-1228 (2019).

Jiang, W. et al. Dysbiosis gut microbiota associated with inflammation and
impaired mucosal immune function in intestine of humans with non-alcoholic
fatty liver disease. Sci. Rep. 5, 8096 (2015).

Rahman, K. et al. Loss of junctional adhesion molecule a promotes severe
steatohepatitis in mice on a diet high in saturated fat, fructose, and cholesterol.
Gastroenterology 151, 733-746.712 (2016).

Soderborg, T. K. et al. The gut microbiota in infants of obese mothers increases
inflammation and susceptibility to NAFLD. Nat. Commun. 9, 4462 (2018).

Arab, J. P., Karpen, S. J., Dawson, P. A, Arrese, M. & Trauner, M. Bile acids and
nonalcoholic fatty liver disease: Molecular insights and therapeutic perspectives.
Hepatology 65, 350-362 (2017).

Chow, M. D, Lee, Y. H. & Guo, G. L. The role of bile acids in nonalcoholic fatty
liver disease and nonalcoholic steatohepatitis. Mol. Asp. Med. 56, 34-44 (2017).
Ridlon, J. M., Kang, D. J., Hylemon, P. B. & Bajaj, J. S. Bile acids and the gut
microbiome. Curr. Opin. Gastroenterol. 30, 332-338 (2014).

de Oliveira, M. C. et al. Bile acid receptor agonists INT747 and INT777 decrease
oestrogen deficiency-related postmenopausal obesity and hepatic steatosis in
mice. Biochim. Biophys. Acta 1862, 2054-2062 (2016).

Chavez-Talavera, O., Tailleux, A., Lefebvre, P. & Staels, B. Bile acid control of
metabolism and inflammation in obesity, type 2 diabetes, dyslipidemia, and
nonalcoholic fatty liver disease. Gastroenterology 152, 1679-1694.e1673 (2017).
Jiao, N. et al. Suppressed hepatic bile acid signalling despite elevated produc-
tion of primary and secondary bile acids in NAFLD. Gut 67, 1881-1891 (2018).
Donnelly, K. L. et al. Sources of fatty acids stored in liver and secreted via
lipoproteins in patients with nonalcoholic fatty liver disease. J. Clin. Investig. 115,
1343-1351 (2005).

Adolph, T. E., Grander, C,, Grabherr, F. & Tilg, H. Adipokines and non-alcoholic
fatty liver disease: multiple interactions. Int. J. Mol. Sci. 18, https://doi.org/
10.3390/ijms 18081649 (2017).

Polyzos, S. A., Kountouras, J. & Mantzoros, C. S. Obesity and nonalcoholic fatty
liver disease: from pathophysiology to therapeutics. Metabolism 92, 82-97
(2019).

Imajo, K. et al. Hyperresponsivity to low-dose endotoxin during progression to
nonalcoholic steatohepatitis is regulated by leptin-mediated signaling. Cell
Metab. 16, 44-54 (2012).

Xu, A. et al. The fat-derived hormone adiponectin alleviates alcoholic and
nonalcoholic fatty liver diseases in mice. J. Clin. Investig. 112, 91-100 (2003).

SPRINGERNATURE

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

Marra, F. & Svegliati-Baroni, G. Lipotoxicity and the gut-liver axis in NASH
pathogenesis. J. Hepatol. 68, 280-295 (2018).

Tang, T., Sui, Y., Lian, M,, Li, Z. & Hua, J. Pro-inflammatory activated Kupffer cells
by lipids induce hepatic NKT cells deficiency through activation-induced cell
death. PLoS ONE 8, 81949 (2013).

Nagareddy, P. R. et al. Adipose tissue macrophages promote myelopoiesis and
monocytosis in obesity. Cell Metab. 19, 821-835 (2014).

Tomita, K. et al. Tumour necrosis factor alpha signalling through activation of
Kupffer cells plays an essential role in liver fibrosis of non-alcoholic steatohepatitis
in mice. Gut 55, 415-424 (2006).

Li, C. J, Fang, Q. H,, Liu, M. L. & Lin, J. N. Current understanding of the role of
adipose-derived extracellular vesicles in metabolic homeostasis and diseases:
communication from the distance between cells/tissues. Theranostics 10,
7422-7435 (2020).

Hedjazifar, S. et al. The novel adipokine gremlin 1 antagonizes insulin action and
is increased in Type 2 diabetes and NAFLD/NASH. Diabetes 69, 331-341 (2020).
Zelber-Sagi, S. et al. Predictors for incidence and remission of NAFLD in the
general population during a seven-year prospective follow-up. J. Hepatol. 56,
1145-1151 (2012).

Cho, Y. E. et al. Fructose promotes leaky gut, endotoxemia, and liver fibrosis
through ethanol-inducible cytochrome P450-2E1-mediated oxidative and
nitrative stress. Hepatology, https://doi.org/10.1002/hep.30652 (2019).

Liu, J. et al. Toll-like receptor-4 signalling in the progression of non-alcoholic
fatty liver disease induced by high-fat and high-fructose diet in mice. Clin. Exp.
Pharmacol. Physiol. 41, 482-488 (2014).

Leamy, A. K., Egnatchik, R. A. & Young, J. D. Molecular mechanisms and the role
of saturated fatty acids in the progression of non-alcoholic fatty liver disease.
Prog. Lipid Res. 52, 165-174 (2013).

Enjoji, M., Yasutake, K., Kohjima, M. & Nakamuta, M. Nutrition and nonalcoholic
Fatty liver disease: the significance of cholesterol. Int. J. Hepatol. 2012, 925807
(2012).

Min, H. K. et al. Increased hepatic synthesis and dysregulation of cholesterol
metabolism is associated with the severity of nonalcoholic fatty liver disease.
Cell Metab. 15, 665-674 (2012).

Al-Rasadi, K., Rizzo, M., Montalto, G. & Berg, G. Nonalcoholic fatty liver disease,
cardiovascular risk, and carotid inflammation. Angiology 66, 601-603 (2015).
Asrih, M. & Jornayvaz, F. R. Inflammation as a potential link between non-
alcoholic fatty liver disease and insulin resistance. J. Endocrinol. 218, R25-R36
(2013).

Krenkel, O. & Tacke, F. Liver macrophages in tissue homeostasis and disease.
Nat. Rev. Immunol. 17, 306-321 (2017).

Krenkel, O. et al. Therapeutic inhibition of inflammatory monocyte recruitment
reduces steatohepatitis and liver fibrosis. Hepatology 67, 1270-1283 (2018).
Tacke, F. Targeting hepatic macrophages to treat liver diseases. J. Hepatol. 66,
1300-1312 (2017).

Huang, W. et al. Depletion of liver Kupffer cells prevents the development of
diet-induced hepatic steatosis and insulin resistance. Diabetes 59, 347-357
(2010).

Song, K. et al. Yes-associated protein in kupffer cells enhances the production of
proinflammatory cytokines and promotes the development of nonalcoholic
steatohepatitis. Hepatology 72, 72-87 (2020).

Brenner, C, Galluzzi, L., Kepp, O. & Kroemer, G. Decoding cell death signals in
liver inflammation. J. Hepatol. 59, 583-594 (2013).

Tosello-Trampont, A. C, Landes, S. G., Nguyen, V., Novobrantseva, T. I. & Hahn, Y.
S. Kuppfer cells trigger nonalcoholic steatohepatitis development in diet-
induced mouse model through tumor necrosis factor-a production. J. Biol.
Chem. 287, 40161-40172 (2012).

Pan, J. et al. Fatty acid activates NLRP3 inflammasomes in mouse Kupffer cells
through mitochondrial DNA release. Cell. Inmunol. 332, 111-120 (2018).

Yu, Y. et al. STING-mediated inflammation in Kupffer cells contributes to
progression of nonalcoholic steatohepatitis. J. Clin. Investig. 129, 546-555
(2019).

Luo, X. et al. Expression of STING is increased in liver tissues from patients with
NAFLD and promotes macrophage-mediated hepatic inflammation and fibrosis
in mice. Gastroenterology 155, 1971-1984.e1974 (2018).

Lanthier, N. et al. Kupffer cell activation is a causal factor for hepatic insulin
resistance. Am. J. Physiol. Gastrointest. Liver Physiol. 298, G107-G116 (2010).
Xiong, X. et al. Landscape of intercellular crosstalk in healthy and NASH liver
revealed by single-cell secretome gene analysis. Mol. Cell 75, 644-660.e645
(2019).

Han, Y. H. et al. RORalpha induces KLF4-mediated M2 polarization in the liver
macrophages that protect against nonalcoholic steatohepatitis. Cell Rep. 20,
124-135 (2017).

Tacke, F. Cenicriviroc for the treatment of non-alcoholic steatohepatitis and liver
fibrosis. Expert Opin. Investig. Drugs 27, 301-311 (2018).

Cellular & Molecular Immunology (2021) 18:73-91


https://doi.org/10.3390/ijms18081649
https://doi.org/10.3390/ijms18081649
https://doi.org/10.1002/hep.30652

225.

226.

227.

228.

229.

230.

231.

232.

233.

234,

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

252.

Tomita, K. et al. CXCL10-mediates macrophage, but not other innate immune
cells-associated inflammation in murine nonalcoholic steatohepatitis. Sci. Rep. 6,
28786 (2016).

Baeck, C. et al. Pharmacological inhibition of the chemokine CCL2 (MCP-1)
diminishes liver macrophage infiltration and steatohepatitis in chronic hepatic
injury. Gut 61, 416-426 (2012).

Zhang, X. et al. CXCL10 plays a key role as an inflammatory mediator and a non-
invasive biomarker of non-alcoholic steatohepatitis. J. Hepatol. 61, 1365-1375
(2014).

Reid, D. T. et al. Kupffer cells undergo fundamental changes during the devel-
opment of experimental NASH and are critical in initiating liver damage and
inflammation. PLoS ONE 11, e0159524 (2016).

McGettigan, B. et al. Dietary lipids differentially shape nonalcoholic steatohe-
patitis progression and the transcriptome of Kupffer cells and infiltrating mac-
rophages. Hepatology 70, 67-83 (2019).

Khoury, T. et al. Neutrophil-to-lymphocyte ratio is independently associated
with inflammatory activity and fibrosis grade in nonalcoholic fatty liver disease.
Eur. J. Gastroenterol. Hepatol. 31, 1110-1115 (2019).

Alkhouri, N. et al. Neutrophil to lymphocyte ratio: a new marker for predicting
steatohepatitis and fibrosis in patients with nonalcoholic fatty liver disease. Liver
Int. 32, 297-302 (2012).

Bijnen, M. et al. Adipose tissue macrophages induce hepatic neutrophil
recruitment and macrophage accumulation in mice. Gut 67, 1317-1327 (2018).
Talukdar, S. et al. Neutrophils mediate insulin resistance in mice fed a high-fat
diet through secreted elastase. Nat. Med. 18, 1407-1412 (2012).

van der Windt, D. J. et al. Neutrophil extracellular traps promote inflammation
and development of hepatocellular carcinoma in nonalcoholic steatohepatitis.
Hepatology 68, 1347-1360 (2018).

Chen, J. et al. Knockout of neutrophil elastase protects against western diet
induced nonalcoholic steatohepatitis in mice by regulating hepatic ceramides
metabolism. Biochem. Biophys. Res. Commun. 518, 691-697 (2019).

Zhou, Z. et al. Neutrophil-hepatic stellate cell interactions promote fibrosis in
experimental steatohepatitis. Cell. Mol. Gastroenterol. Hepatol. 5, 399-413 (2018).
Mirea, A. M. et al. Increased proteinase 3 and neutrophil elastase plasma con-
centrations are associated with non-alcoholic fatty liver disease (NAFLD) and
type 2 diabetes. Mol. Med. 25, 16 (2019).

Schuster, S., Cabrera, D., Arrese, M. & Feldstein, A. E. Triggering and resolution of
inflammation in NASH. Nat. Rev. Gastroenterol. Hepatol. 15, 349-364 (2018).
Jenne, C. N. & Kubes, P. Immune surveillance by the liver. Nat. Immunol. 14,
996-1006 (2013).

Henning, J. R. et al. Dendritic cells limit fibroinflammatory injury in nonalcoholic
steatohepatitis in mice. Hepatology 58, 589-602 (2013).

Pradere, J. P. et al. Hepatic macrophages but not dendritic cells contribute to
liver fibrosis by promoting the survival of activated hepatic stellate cells in mice.
Hepatology 58, 1461-1473 (2013).

McPherson, S. et al. Evidence of NAFLD progression from steatosis to fibrosing-
steatohepatitis using paired biopsies: implications for prognosis and clinical
management. J. Hepatol. 62, 1148-1155 (2015).

Connolly, M. K. et al. In liver fibrosis, dendritic cells govern hepatic inflammation
in mice via TNF-alpha. J. Clin. Investig. 119, 3213-3225 (2009).

Almeda-Valdes, P., Aguilar Olivos, N. E., Barranco-Fragoso, B., Uribe, M. & Mén-
dez-Sanchez, N. The role of dendritic cells in fibrosis progression in nonalcoholic
fatty liver disease. BioMed. Res. Int. 2015, 768071 (2015).

Heier, E. C. et al. Murine CD103(+) dendritic cells protect against steatosis
progression towards steatohepatitis. J. Hepatol. 66, 1241-1250 (2017).

Maricic, I. et al. Differential activation of hepatic invariant NKT cell subsets plays
a key role in progression of nonalcoholic steatohepatitis. J. Immunol. 201,
3017-3035 (2018).

Krenkel, O. et al. Myeloid cells in liver and bone marrow acquire a functionally
distinct inflammatory phenotype during obesity-related steatohepatitis. Gut 69,
551-563 (2020).

Rau, M. et al. Progression from nonalcoholic fatty liver to nonalcoholic steato-
hepatitis is marked by a higher frequency of Th17 cells in the liver and an
increased Th17/resting regulatory T cell ratio in peripheral blood and in the
liver. J. Immunol. 196, 97-105 (2016).

Gomes, A. L. et al. Metabolic inflammation-associated IL-17A causes non-alcoholic
steatohepatitis and hepatocellular carcinoma. Cancer Cell 30, 161-175 (2016).
Hong, C. P. et al. Gut-specific delivery of T-helper 17 cells reduces obesity and
insulin resistance in mice. Gastroenterology 152, 1998-2010 (2017).

. Rai, R. P. et al. Blocking integrin alpha4beta7-mediated CD4 T cell recruitment to

the intestine and liver protects mice from western diet-induced non-alcoholic
steatohepatitis. J. Hepatol. https://doi.org/10.1016/j.jhep.2020.05.047 (2020).
Ma, X. et al. A high-fat diet and regulatory T cells influence susceptibility to
endotoxin-induced liver injury. Hepatology 46, 1519-1529 (2007).

Cellular & Molecular Immunology (2021) 18:73 -91

Immunological mechanisms and therapeutic targets of fatty liver diseases
H Wang et al.

253.

254,

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

276.

277.

278.

280.

Roh, Y. S. et al. Toll-like receptor-7 signaling promotes nonalcoholic steatohe-
patitis by inhibiting regulatory T cells in mice. Am. J. Pathol. 188, 2574-2588
(2018).

Van Herck, M. A. et al. The differential roles of T cells in non-alcoholic fatty liver
disease and obesity. Front. Immunol. 10, 82 (2019).

. Gadd, V. L. et al. The portal inflammatory infiltrate and ductular reaction in

human nonalcoholic fatty liver disease. Hepatology 59, 1393-1405 (2014).

. Inada, Y. et al. Characteristics of immune response to tumor-associated antigens

and immune cell profile in patients with hepatocellular carcinoma. Hepatology
69, 653-665 (2019).

Ghazarian, M. et al. Type | interferon responses drive intrahepatic T cells to
promote metabolic syndrome. Sci. Immunol. 2, https://doi.org/10.1126/
sciimmunol.aai7616 (2017).

Nishimura, S. et al. CD8+ effector T cells contribute to macrophage recruitment
and adipose tissue inflammation in obesity. Nat. Med. 15, 914-920 (2009).
Wang, T. et al. The immunoregulatory effects of CD8 T-cell-derived perforin on
diet-induced nonalcoholic steatohepatitis. FASEB J. 33, 8490-8503 (2019).
Lynch, L. et al. Adipose tissue invariant NKT cells protect against diet-induced
obesity and metabolic disorder through regulatory cytokine production.
Immunity 37, 574-587 (2012).

Kremer, M. et al. Kupffer cell and interleukin-12-dependent loss of natural killer
T cells in hepatosteatosis. Hepatology 51, 130-141 (2010).

Tang, Z. H. et al. Tim-3/galectin-9 regulate the homeostasis of hepatic NKT cells
in a murine model of nonalcoholic fatty liver disease. J. Immunol. 190,
1788-1796 (2013).

Kotas, M. E. et al. Impact of CD1d deficiency on metabolism. PLoS ONE 6, e25478
(2011).

Kumar, V. NKT-cell subsets: promoters and protectors in inflammatory liver
disease. J. Hepatol. 59, 618-620 (2013).

Heymann, F. & Tacke, F. Immunology in the liver-from homeostasis to disease.
Nat. Rev. Gastroenterol. Hepatol. 13, 88-110 (2016).

Bhattacharjee, J. et al. Hepatic natural killer T-cell and CD8+ T-cell signatures
in mice with nonalcoholic steatohepatitis. Hepatol. Commun. 1, 299-310
(2017).

Wu, L. et al. Activation of invariant natural killer T cells by lipid excess promotes
tissue inflammation, insulin resistance, and hepatic steatosis in obese mice. Proc.
Natl Acad. Sci. U.S.A. 109, E1143-E1152 (2012).

Mantell, B. S. et al. Mice lacking NKT cells but with a complete complement of
CD8+ T-cells are not protected against the metabolic abnormalities of diet-
induced obesity. PLoS ONE 6, €19831 (2011).

Ji, Y. et al. Activation of natural killer T cells promotes M2 Macrophage polar-
ization in adipose tissue and improves systemic glucose tolerance via
interleukin-4 (IL-4)/STAT6 protein signaling axis in obesity. J. Biol. Chem. 287,
13561-13571 (2012).

Hams, E., Locksley, R. M., McKenzie, A. N. & Fallon, P. G. Cutting edge: IL-25 elicits
innate lymphoid type 2 and type Il NKT cells that regulate obesity in mice.
J. Immunol. 191, 5349-5353 (2013).

. Szabo, G. & Momen-Heravi, F. Extracellular vesicles in liver disease and potential

as biomarkers and therapeutic targets. Nat. Rev. Gastroenterol. Hepatol. 14,
455-466 (2017).

. Eguchi, A. & Feldstein, A. E. Extracellular vesicles in non-alcoholic and alcoholic

fatty liver diseases. Liver Res. 2, 30-34 (2018).

. Malhi, H. Emerging role of extracellular vesicles in liver diseases. Am. J. Physiol.

Gastrointest. Liver Physiol. 317, G739-g749 (2019).

. Hirsova, P. et al. Lipid-induced signaling causes release of inflammatory extra-

cellular vesicles from hepatocytes. Gastroenterology 150, 956-967 (2016).

. Liu, X. L. et al. Lipotoxic hepatocyte-derived exosomal microRNA 192-5p acti-

vates macrophages through Rictor/Akt/Forkhead box transcription factor
01 signaling in nonalcoholic fatty liver disease. Hepatology, https://doi.org/
10.1002/hep.31050 (2019).

Zhao, Z. et al. Cholesterol impairs hepatocyte lysosomal function causing M1
polarization of macrophages via exosomal miR-122-5p. Exp. Cell Res. 387,
111738 (2020).

Ibrahim, S. H. et al. Mixed lineage kinase 3 mediates release of C-X-C motif
ligand 10-bearing chemotactic extracellular vesicles from lipotoxic hepatocytes.
Hepatology 63, 731-744 (2016).

Guo, Q. et al. Integrin B(1)-enriched extracellular vesicles mediate monocyte
adhesion and promote liver inflammation in murine NASH. J. Hepatol. 71,
1193-1205 (2019).

. Dasgupta, D. et al. IRETA Stimulates hepatocyte-derived extracellular vesicles

that promote inflammation in mice with steatohepatitis. Gastroenterology,
https://doi.org/10.1053/j.gastro0.2020.06.031 (2020).

Chauhan, D., Vande Walle, L. & Lamkanfi, M. Therapeutic modulation of
inflammasome pathways. Immunol. Rev. 297, 123-138 (2020).

SPRINGER NATURE

89


https://doi.org/10.1016/j.jhep.2020.05.047
https://doi.org/10.1126/sciimmunol.aai7616
https://doi.org/10.1126/sciimmunol.aai7616
https://doi.org/10.1002/hep.31050
https://doi.org/10.1002/hep.31050
https://doi.org/10.1053/j.gastro.2020.06.031

Immunological mechanisms and therapeutic targets of fatty liver diseases

H Wang et al.

90

281.

282.

283.

285.

286.

287.

288.

289.

290.

292.

293.

294,

295.

296.

298.

299.

300.

302.

303.

304.

305.

307.

308.

309.

Swanson, K. V., Deng, M. & Ting, J. P. The NLRP3 inflammasome: molecular
activation and regulation to therapeutics. Nat. Rev. Immunol. 19, 477-489
(2019).

Blasetti Fantauzzi, C. et al. Deficiency of the purinergic receptor 2X7 attenuates
nonalcoholic steatohepatitis induced by high-fat diet: possible role of the NLRP3
inflammasome. Oxid. Med. Cell. Longev. 2017, 8962458 (2017).

Wree, A. et al. NLRP3 inflammasome activation is required for fibrosis devel-
opment in NAFLD. J. Mol. Med. 92, 1069-1082 (2014).

. Dixon, L. J,, Berk, M., Thapaliya, S., Papouchado, B. G. & Feldstein, A. E. Caspase-1-

mediated regulation of fibrogenesis in diet-induced steatohepatitis. Lab. Inves-
tig. 92, 713-723 (2012).

Dixon, L. J,, Flask, C. A, Papouchado, B. G, Feldstein, A. E. & Nagy, L. E. Caspase-1
as a central regulator of high fat diet-induced non-alcoholic steatohepatitis.
PLoS ONE 8, 56100 (2013).

Petrasek, J. et al. Metabolic danger signals, uric acid and ATP, mediate inflam-
matory cross-talk between hepatocytes and immune cells in alcoholic liver
disease. J. Leukoc. Biol. 98, 249-256 (2015).

Iracheta-Vellve, A. et al. Inhibition of sterile danger signals, uric acid and ATP,
prevents inflammasome activation and protects from alcoholic steatohepatitis
in mice. J. Hepatol. 63, 1147-1155 (2015).

Mridha, A. R. et al. NLRP3 inflammasome blockade reduces liver inflammation
and fibrosis in experimental NASH in mice. J. Hepatol. 66, 1037-1046 (2017).
Frank, D. & Vince, J. E. Pyroptosis versus necroptosis: similarities, differences, and
crosstalk. Cell Death Differ. 26, 99-114 (2019).

Feng, S. et al. Activation of NLRP3 inflammasome in hepatocytes after exposure
to cobalt nanoparticles: the role of oxidative stress. Toxicol. In Vitro 69, 104967
(2020).

. Watanabe, A. et al. Inflammasome-mediated regulation of hepatic stellate cells.

Am. J. Physiol. Gastrointest. Liver Physiol. 296, G1248-G1257 (2009).

Inzaugarat, M. E. et al. NLR family pyrin domain-containing 3 inflammasome
activation in hepatic stellate cells induces liver fibrosis in mice. Hepatology 69,
845-859 (2019).

Matzinger, P. Tolerance, danger, and the extended family. Annu. Rev. Immunol.
12, 991-1045 (1994).

Gong, T, Liu, L, Jiang, W. & Zhou, R. DAMP-sensing receptors in sterile
inflammation and inflammatory diseases. Nat. Rev. Immunol. 20, 95-112 (2020).
Zindel, J. & Kubes, P. DAMPs, PAMPs, and LAMPs in immunity and sterile
inflammation. Annu. Rev. Pathol. 15, 493-518 (2020).

Cannistra, M. et al. Hepatic ischemia reperfusion injury: a systematic review of
literature and the role of current drugs and biomarkers. Int J. Surg. 33(Suppl 1),
$57-S70 (2016).

. Yang, R. & Tonnesseen, T. |. DAMPs and sterile inflammation in drug hepato-

toxicity. Hepatol. Int. 13, 42-50 (2019).

Imaeda, A. B. et al. Acetaminophen-induced hepatotoxicity in mice is dependent
on TIr9 and the Nalp3 inflammasome. J. Clin. Investig. 119, 305-314 (2009).
Zhang, Q. et al. Circulating mitochondrial DAMPs cause inflammatory responses
to injury. Nature 464, 104-107 (2010).

Garcia-Martinez, I. et al. Hepatocyte mitochondrial DNA drives nonalcoholic
steatohepatitis by activation of TLR9. J. Clin. Investig. 126, 859-864 (2016).

. McGill, M. R. et al. The mechanism underlying acetaminophen-induced hepa-

totoxicity in humans and mice involves mitochondrial damage and nuclear DNA
fragmentation. J. Clin. Investig. 122, 1574-1583 (2012).

Mridha, A. R. et al. TLR9 is up-regulated in human and murine NASH: pivotal role
in inflammatory recruitment and cell survival. Clin. Sci. 131, 2145-2159 (2017).
Miura, K. et al. Toll-like receptor 9 promotes steatohepatitis by induction of
interleukin-1beta in mice. Gastroenterology 139, 323-334.e327 (2010).

Mechta, M., Ingerslev, L. R, Fabre, O., Picard, M. & Barres, R. Evidence suggesting
absence of mitochondrial DNA methylation. Front. Genet. 8, 166 (2017).

Nass, M. M. Differential methylation of mitochondrial and nuclear DNA in cul-
tured mouse, hamster and virus-transformed hamster cells. In vivo and in vitro
methylation. J. Mol. Biol. 80, 155-175 (1973).

. Collins, L. V., Hajizadeh, S., Holme, E., Jonsson, I. M. & Tarkowski, A. Endogenously

oxidized mitochondrial DNA induces in vivo and in vitro inflammatory
responses. J. Leukoc. Biol. 75, 995-1000 (2004).

Tian, J. et al. Toll-like receptor 9-dependent activation by DNA-containing immune
complexes is mediated by HMGB1 and RAGE. Nat. Inmunol. 8, 487-496 (2007).
Julian, M. W. et al. Mitochondrial transcription factor A serves as a danger signal
by augmenting plasmacytoid dendritic cell responses to DNA. J. Immunol. 189,
433-443 (2012).

He, Y. et al. Hepatic mitochondrial DNA/Toll-like receptor 9/MicroRNA-223 forms
a negative feedback loop to limit neutrophil overactivation and acetaminophen
hepatotoxicity in mice. Hepatology 66, 220-234 (2017).

. An, P. et al. Hepatocyte mitochondria-derived danger signals directly activate

hepatic stellate cells and drive progression of liver fibrosis. Nat. Commun. 11,
2362 (2020).

SPRINGERNATURE

311,

312

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

332

333.

334.

Sanyal, A. J. et al. Pioglitazone, vitamin E, or placebo for nonalcoholic steato-
hepatitis. N. Engl. J. Med. 362, 1675-1685 (2010).

Cusi, K. et al. Long-term pioglitazone treatment for patients with nonalcoholic
steatohepatitis and prediabetes or Type 2 diabetes mellitus: a randomized trial.
Ann. Intern. Med. 165, 305-315 (2016).

Gastaldelli, A. et al. Importance of changes in adipose tissue insulin resistance to
histological response during thiazolidinedione treatment of patients with
nonalcoholic steatohepatitis. Hepatology 50, 1087-1093 (2009).

Bell, L. N. et al. Relationship between adipose tissue insulin resistance and liver
histology in nonalcoholic steatohepatitis: a pioglitazone versus vitamin E versus
placebo for the treatment of nondiabetic patients with nonalcoholic steatohe-
patitis trial follow-up study. Hepatology 56, 1311-1318 (2012).

Colca, J. R. et al. Identification of a mitochondrial target of thiazolidinedione
insulin sensitizers (mTOT)-relationship to newly identified mitochondrial pyr-
uvate carrier proteins. PLoS ONE 8, e61551 (2013).

McCommis, K. S. et al. Targeting the mitochondrial pyruvate carrier attenuates
fibrosis in a mouse model of nonalcoholic steatohepatitis. Hepatology 65,
1543-1556 (2017).

Harrison, S. A. et al. Insulin sensitizer MSDC-0602K in non-alcoholic steatohe-
patitis: a randomized, double-blind, placebo-controlled phase lIb study. J.
Hepatol. 72, 613-626 (2020).

Ratziu, V. et al. Elafibranor, an agonist of the peroxisome proliferator-activated
receptor-alpha and—delta, induces resolution of nonalcoholic steatohepatitis
without fibrosis worsening. Gastroenterology 150, 1147-1159.e1145 (2016).
Abu-Hamdah, R. et al. Clinical review: the extrapancreatic effects of glucagon-
like peptide-1 and related peptides. J. Clin. Endocrinol. Metab. 94, 1843-1852
(2009).

Armstrong, M. J. et al. Liraglutide safety and efficacy in patients with non-
alcoholic steatohepatitis (LEAN): a multicentre, double-blind, randomised,
placebo-controlled phase 2 study. Lancet 387, 679-690 (2016).

Korner, M., Stockli, M., Waser, B. & Reubi, J. C. GLP-1 receptor expression in
human tumors and human normal tissues: potential for in vivo targeting. J. Nucl.
Med. 48, 736-743 (2007).

Watanabe, M. et al. Bile acids lower triglyceride levels via a pathway involving
FXR, SHP, and SREBP-1c. J. Clin. Investig. 113, 1408-1418 (2004).

Porez, G., Prawitt, J.,, Gross, B. & Staels, B. Bile acid receptors as targets for
the treatment of dyslipidemia and cardiovascular disease. J. Lipid Res. 53,
1723-1737 (2012).

Neuschwander-Tetri, B. A. et al. Farnesoid X nuclear receptor ligand obeticholic
acid for non-cirrhotic, non-alcoholic steatohepatitis (FLINT): a multicentre, ran-
domised, placebo-controlled trial. Lancet 385, 956-965 (2015).

Younossi, Z. M. et al. Obeticholic acid for the treatment of non-alcoholic stea-
tohepatitis: interim analysis from a multicentre, randomised, placebo-controlled
phase 3 trial. Lancet 394, 2184-2196 (2019).

Harrison, S. A. et al. Efficacy and safety of aldafermin, an engineered
FGF19 analog, in a randomized, double-blind, placebo-controlled trial of
patients with nonalcoholic steatohepatitis. Gastroenterology, https://doi.org/
10.1053/j.gastro.2020.08.004 (2020).

Sanyal, A. et al. Pegbelfermin (BMS-986036), a PEGylated fibroblast growth
factor 21 analogue, in patients with non-alcoholic steatohepatitis: a randomised,
double-blind, placebo-controlled, phase 2a trial. Lancet 392, 2705-2717 (2019).
Harrison, S. A. et al. Resmetirom (MGL-3196) for the treatment of non-alcoholic
steatohepatitis: a multicentre, randomised, double-blind, placebo-controlled,
phase 2 trial. Lancet 394, 2012-2024 (2019).

Lawitz, E. J. et al. Acetyl-CoA carboxylase inhibitor GS-0976 for 12 weeks reduces
hepatic de novo lipogenesis and steatosis in patients with nonalcoholic stea-
tohepatitis. Clin. Gastroenterol. Hepatol. 16, 1983-1991.e1983 (2018).

Loomba, R. et al. GS-0976 reduces hepatic steatosis and fibrosis markers
in patients with nonalcoholic fatty liver disease. Gastroenterology 155,
1463-1473.e1466 (2018).

. Vilar-Gomez, E. et al. Vitamin E improves transplant-free survival and hepatic

decompensation among patients with nonalcoholic steatohepatitis and
advanced fibrosis. Hepatology 71, 495-509 (2020).

Podszun, M. C. et al. 4-HNE immunohistochemistry and image analysis for
detection of lipid peroxidation in human liver samples using vitamin E treat-
ment in NAFLD as a proof of concept. J. Histochem. Cytochem. 68, 635-643
(2020).

Podszun, M. C. et al. Vitamin E treatment in NAFLD patients demonstrates that
oxidative stress drives steatosis through upregulation of de-novo lipogenesis.
Redox Biol. 37, 101710 (2020).

Xiang, M. et al. Targeting hepatic TRAF1-ASK1 signaling to improve inflamma-
tion, insulin resistance, and hepatic steatosis. J. Hepatol. 64, 1365-1377 (2016).

. Harrison, S. A. et al. Selonsertib for patients with bridging fibrosis or compen-

sated cirrhosis due to NASH: results from randomized phase Ill STELLAR trials. J.
Hepatol. 73, 26-39 (2020).

Cellular & Molecular Immunology (2021) 18:73-91


https://doi.org/10.1053/j.gastro.2020.08.004
https://doi.org/10.1053/j.gastro.2020.08.004

336.

337.

338.

339.

340.

341.

342.

343.

344,

Linton, S. D. et al. First-in-class pan caspase inhibitor developed for the treatment
of liver disease. J. Med. Chem. 48, 6779-6782 (2005).

Harrison, S. A. et al. A randomized, placebo-controlled trial of
emricasan in patients with NASH and F1-F3 fibrosis. J. Hepatol. 72, 816-827
(2020).

Garcia-Tsao, G. et al. Randomized placebo-controlled trial of emricasan for non-
alcoholic steatohepatitis-related cirrhosis with severe portal hypertension.
J. Hepatol. 72, 885-895 (2020).

Anstee, Q. M. et al. Cenicriviroc for the treatment of liver fibrosis in adults with
nonalcoholic steatohepatitis: AURORA Phase 3 study design. Contemp. Clin.
Trials 89, 105922 (2020).

Romeo, S. et al. Genetic variation in PNPLA3 confers susceptibility to nonalcoholic
fatty liver disease. Nat. Genet. 40, 1461-1465 (2008).

Rotman, Y. et al. The association of genetic variability in patatin-like phospholipase
domain-containing protein 3 (PNPLA3) with histological severity of nonalcoholic
fatty liver disease. Hepatology 52, 894-903 (2010).

Linden, D. et al. Pnpla3 silencing with antisense oligonucleotides ameliorates
nonalcoholic steatohepatitis and fibrosis in Pnpla3 1148M knock-in mice. Mol.
Metab. 22, 49-61 (2019).

Abul-Husn, N. S. et al. A Protein-truncating HSD17B13 variant and protection
from chronic liver disease. N. Engl. J. Med. 378, 1096-1106 (2018).

Ma, Y. et al. 17-beta hydroxysteroid dehydrogenase 13 is a hepatic retinol
dehydrogenase associated with histological features of nonalcoholic fatty liver
disease. Hepatology 69, 1504-1519 (2019).

Cellular & Molecular Immunology (2021) 18:73 -91

Immunological mechanisms and therapeutic targets of fatty liver diseases
H Wang et al.

345. Yang, J. et al. A 17-beta-hydroxysteroid dehydrogenase 13 variant protects from
hepatocellular carcinoma development in alcoholic liver disease. Hepatology 70,
231-240 (2019).

346. Stickel, F. et al. Genetic variation in HSD17B13 reduces the risk of developing
cirrhosis and hepatocellular carcinoma in alcohol misusers. Hepatology 72,
88-102 (2020).

347. Ma, Y. et al. Hsd17b13 deficiency does not protect mice from obesogenic diet
injury. Hepatology, https://doi.org/10.1002/hep.31517 (2020).

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative

Commons license, and indicate if changes were made. The images or other third party

material in this article are included in the article’s Creative Commons license, unless

indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly

from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2020

SPRINGER NATURE

91


https://doi.org/10.1002/hep.31517
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Immunological mechanisms and therapeutic targets of fatty liver diseases
	Introduction
	Immunological mechanisms of ALD
	Triggers of the immune response in ALD
	Enteric dysbiosis
	Hepatocyte death in ALD
	Binge drinking
	Adipose-liver organ crosstalk

	Immune cells in the pathogenesis of ALD
	Macrophages
	Neutrophils
	T�cells
	Natural killer T (NKT) cells
	Mucosa-associated invariant T (MAIT) cells

	Emerging mechanisms in ASH
	MicroRNAs (miRNAs)
	EVs
	Complement

	Inflammatory therapeutic targets for the treatment of ALD
	Microbial dysbiosis and intestinal barrier function
	Hepatocyte injury
	Therapeutics to directly reduce inflammation
	Combination therapies
	Behavioral interventions

	Immunological mechanisms of NAFLD
	Triggers of inflammation in NAFLD
	Hepatocyte death in NAFLD
	Gut microbiome
	Adipocyte death and inflammation
	Diet and nutrient intake

	Inflammatory cells in NAFLD
	KCs and infiltrating macrophages
	Neutrophils
	DCs
	T lymphocytes
	NKT�cells

	Emerging mechanisms in NAFLD
	EVs
	Inflammasome
	MtDNA

	Inflammatory targets for NASH
	Inflammatory Targets for the Treatment of NAFLD
	Metabolic target modulators
	Targeting inflammatory pathways
	Genetic targets


	Conclusions and future perspectives
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




