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Abstract: Alcohol-associated liver disease (ALD) represents a major public health issue worldwide and is a leading etiology of liver
cirrhosis. Alcohol-related liver injuries include a range of manifestations including alcoholic hepatitis (AH), simple steatosis,
steatohepatitis, hepatic fibrosis, cirrhosis and liver cancer. Liver disease occurs from several pathological disturbances such as the
metabolism of ethanol, which generates reactive oxygen species (ROS) in hepatocytes, alterations in the gut microbiota, and the
immune response to these changes. A common hallmark of these liver affections is the establishment of an inflammatory environment,
and some (broad) anti-inflammatory approaches are used to treat AH (eg, corticosteroids). Macrophages, which represent the main
innate immune cells in the liver, respond to a wide variety of (pathogenic) stimuli and adopt a large spectrum of phenotypes. This
translates to a diversity of functions including pathogen and debris clearance, recruitment of other immune cells, activation of
fibroblasts, or tissue repair. Thus, macrophage populations play a crucial role in the course of ALD, but the underlying mechanisms
driving macrophage polarization and their functionality in ALD are complex. In this review, we explore the various populations of
hepatic macrophages in alcohol-associated liver disease and the underlying mechanisms driving their polarization. Additionally, we
summarize the crosstalk between hepatic macrophages and other hepatic cell types in ALD, in order to support the exploration of
targeted therapeutics by modulating macrophage polarization.
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Alcohol-associated liver disease (ALD) is a major public health concern worldwide and represents the leading etiology of
liver cirrhosis in many parts of the world, including Europe, India and South America.' It is estimated that more than
800 million people in the world suffer from chronic liver disease accounting for 2 million deaths per year, including
1 million from cirrhosis complications. Since the liver is the main site of alcohol metabolism, it is the most vulnerable
tissue to chronic and heavy alcohol consumption. The effects of variable drinking patterns and individual (genetically
determined) susceptibility translate into a large range of hepatic injuries ranging from steatosis to advanced conditions
such as alcoholic steatohepatitis (ASH), alcohol-associated hepatitis (AH), and alcohol-associated cirrhosis (AC), all
bearing the risk of leading to liver failure. People with ALD regularly experience stigma and discrimination, which
contributes to inferior healthcare, low likelihood to request help, contributing to disease progression.* To alleviate the
stigma related to ALD, a new nomenclature has been proposed, replacing the term “alcoholic” by “alcohol-associated”,
nonetheless maintaining the familiar abbreviations ALD, ASH and AC, with the exception of alcoholic hepatitis due to
its long-established usage.’

Alcohol-induced liver damage occurs from different factors, via the alcohol metabolism which generates reactive oxygen
species (ROS),° alterations of gut microbiota called dysbiosis’ and the immune response to these disturbances that contribute
to the development and progression of ALD.® In addition, heavy alcohol consumption can lead to fat accumulation in the
liver, in lipid droplets inside hepatocytes, and represents the first reaction to excessive alcohol exposure. This stage is referred
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to as alcohol-associated fatty liver disease, an early stage of ALD. Fatty liver disease is rarely accompanied by clinical
symptoms; however, it represents a warning signal about harmful alcohol drinking pattern. At this stage, fatty liver disease is
reversible by adopting a healthier lifestyle and stopping alcohol consumption. Steatosis can evolve to steatohepatitis
following a second hit by another toxic agent and is accompanied by inflammation.”

AH is an acute manifestation of ALD and is a life-threatening condition with acute decompensation of the liver and
an important risk of liver failure and mortality. AH is associated with necrosis and apoptosis alongside substantial
recruitment of immune cells in the liver and accompanied by jaundice and ascites. '’

Despite the wide variety of alcohol-induced liver injuries, inflammation remains a common hallmark of all alcohol-

associated liver diseases.'!

More specifically, macrophages, which constitute the main immune cells in the liver
representing approximately 20% of the liver non-parenchymal cells, are key actors of inflammation-associated
liver diseases due to their capacity to react to a large range of stimuli.'”> Therefore, numerous studies have focused on
liver macrophages throughout the last decades, shedding light on their versatility and the complexity of their polarization
abilities, contrasting with the old classification mainly based on two subsets, inflammatory (“M1”) and anti-inflammatory
(“M2”) macrophages. Technological advances such as single-cell RNA sequencing, spatial transcriptomics and proteo-

N .1
transcriptomics 3

or multiplex immunohistochemistry have broadened our understanding of macrophage heterogeneity,
which was particularly useful to understand macrophage functionality in the context of metabolic, non-alcohol-associated
fatty liver diseases.' In this review, we focus on the various populations of hepatic macrophages in alcohol-associated
liver disease and the underlying mechanisms driving their polarization. We also review the current knowledge about
hepatic macrophage crosstalk with other hepatic cell populations in liver diseases, in order to support the exploration of

targeted therapeutics by modulating macrophage polarization.

Macrophage Heterogeneity in the Liver
Kupffer Cells

Macrophages represent the largest immune cell population in the liver. They were initially described as phagocytic cells
capable of recognizing, engulfing and degrading pathogens and cellular debris. Every 10 hepatocytes are accompanied by
about 3 macrophages.'> In principle, two major macrophage populations exist that are either tissue-resident (ie Kupffer
cells) or originate from infiltrating bone marrow-derived monocytes (ie monocyte-derived macrophages).'® Within the
liver, the resident macrophages known as Kupffer cells (KCs) are large cells located along the sinusoids tightly attached
to endothelial cells. Due to this strategic location, they represent the first cell population meeting gut-derived substances
brought through the portal vein. They highly express scavenger, complement and pattern recognition receptors (PRR)
such as toll-like receptors (TLR) and represent a major source of cytokines in the liver, making them key actors in the
host defense against gut-derived microorganisms, whole-body homeostasis and in hepatic regeneration.'”

Indeed, in response to their microenvironment, KC can produce a wide variety of cytokines and can acquire a pro-
inflammatory phenotype (traditionally referred to as “M1”) activated by interferon (IFN)-y, lipopolysaccharide (LPS) and
characterized by a great ability to present antigens, produce inflammatory cytokines such as tumor necrosis factor (TNF)-
o, interleukin (IL)-1, IL-6, IL-12, IL-23, nitric oxide, and are considered to be tumoricidal and microbicidal.
Alternatively, KC can acquire an anti-inflammatory phenotype (previously termed “M2”) characterized by their ability
to balance the inflammatory responses and facilitate tissue repair through the release of IL-10, IL-4, IL-13 and
transforming growth factor (TGF)-p and low production of IL-12, IL-6 and TNF-a. In homeostasis, KCs contribute to
maintain a “tolerogenic” immune environment in the liver.'®

While this dichotomic view illustrates the spectrum of Kupffer cell responses towards environmental signals, more recent
studies highlighted KC heterogeneity in the liver beyond their inflammatory polarization. While KCs are commonly described as
CD45F4/80"CD11b™CLEC4F" cells in mice (Figure 1),'2° fatty liver due to obesity provokes the occurrence of two KC
populations in mice, a major CD206°ESAM  population (KC1) and a minor CD206"ESAM" population (KC2). The
CD206"ESAM" KC2 population is actively involved in fatty acid metabolism via CD36, demonstrating that KCs actively
participate in metabolic processes.”’ RNA sequencing analysis further highlighted the existence of a variety of hepatic
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Figure | Hepatic macrophage populations and their roles in ALD. Hepatic macrophages are mainly composed of two ontogenetically distinct subtypes, monocyte-derived
macrophages and liver resident Kupffer cells. Each subtype can further be regarded as heterogeneous populations based on their inflammatory properties, functions. Within
Kupffer cells (KCs) and monocyte-derived macrophages (MoMFs), pro- and anti-inflammatory subtypes co-exist. The spectrum of macrophage phenotypes and their roles in
ALD is presented in a simplified manner in this figure.

macrophage subsets. Several genes have been identified to segregate between the different populations including the
MAcrophage Receptor with COllagenous structure (MARCO) gene which is only expressed in non-inflammatory KC (Figure 1).

Monocyte-Derived Macrophages

Although KCs represent the largest subpopulation of hepatic macrophages at steady state, upon hepatic injury circulating
monocytes patrolling through the hepatic vascular network infiltrate the liver tissue and differentiate into monocyte-
derived macrophages (MoMFs).'%'®*? For example, following alcohol consumption, an accumulation of monocytes in
mouse liver has been reported.”*** Their activation through the stimulation of TLR-2 was shown to contribute to
inflammation and alcohol-associated hepatic injury in humans.*

Although KCs and MoMFs share most markers such as the ionized calcium-binding adapter molecule 1 (IBA1) also
expressed by macrophages in other organs such as the microglia,?® a few markers have been proposed to distinguish KC
from recruited macrophages.

The MoMFs are derived from bone marrow CX3CR1°CD117" Lin~ progenitors. CX3CR1, the G-protein coupled
fractalkine receptor, is found on monocytes and capsular macrophages but is not expressed on (adult) KC.?’ In humans,
blood monocytes are classified into two main subpopulations (as well as an intermediate state) according to the
expression of CD14, CD16, CCR2 and CX3CRI. The classical subset, which represents about 90% of circulating
monocytes, is characterized by the phenotype CD14"CD16~ and CCR2"/CX3CR1'.%® The non-classical monocytes are
CD14%™CD16" and CCR2 /CX3CR1™/CCR5"™ (Figure 1).

Similarly, in mice, we find the classical Ly6C™ monocytes comparable to the human CD14"CD16 monocytes as
well as non-classical Ly6C'® monocytes with some similarities to human CD14“™CD16" monocytes (Figure 1). Ly6C™
monocytes can invade inflamed tissues but may switch to a Ly6C'® phenotype upon phagocytosis of apoptotic

hepatocytes.?’ Tissue Ly6C'® monocyte-derived macrophages have been associated with tissue repair.>°
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Macrophage Polarization in Early Stages of Alcohol-Associated Liver
Disease
Role of Macrophage Populations in the Development of ALD

In ALD patients, increased macrophage numbers in portal areas have been observed along with increased macrophage-
related biomarkers in the circulation.”® Conversely, hepatic macrophage depletion mediated by the administration of
gadolinium chloride (GACI3) protects against alcohol-provoked inflammation in the rat liver,>' indicating a crucial role of
liver macrophages in the pathogenesis of alcohol-induced liver disease.

One of the functions of hepatic macrophages is the clearance of alcohol and gut-derived substances coming from the
portal vein. Alcohol consumption is associated with an impairment of the intestinal barrier and alteration of the gut
microbiota, which augments gut permeability and allows translocation of bacteria and their metabolites (such as LPS)
that reach the liver via the portal circulation and activate hepatic macrophages (Figure 2).** This has been particularly
well described in severe alcoholic hepatitis, where enhanced gut permeability and increased portal levels of endotoxins
result in the activation of Kupffer cells.*® Interestingly, the depletion of gut microbiota by the use of antibiotics or their
direct clearance by KC can relieve ALD.** Moreover, bacterial translocation appears to be especially pronounced in ALD
in comparison to other types of liver injury, as concluded from comparisons of different mouse models.*”

The exposure to such pathogen-associated molecular patterns (PAMPs) from microbial pathogens (eg, bacteria, parasites,
viruses) triggers inflammasome activation. Inflammasomes are important innate immune sensors in the form of cytoplasmic
multiprotein complexes involved in maintaining cellular integrity in response to pathogens or stress signals.*® Upon
stimulation, the activation of the inflammasome leads to the cleavage of caspase-1 and production of pro-inflammatory
cytokines such as IL-1p and IL-18. More specifically, activation of the inflammasome inside hepatic macrophages has been
reported in chronic liver diseases, such as ALD and non-alcoholic steatohepatitis (NASH).*” IL-1p, which is released
subsequently to the activation of inflammasome in KC, plays a key role in the development of alcohol-mediated steatosis
and inflammation, contributing to liver injury.’® In mice, deletion of caspase-1 or caspase-1 adaptor (ASC) impaired IL-1p
production, thereby alleviating ALD.*®
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Figure 2 Macrophage crosstalk with hepatic cell populations and soluble signals in the context of ALD. Macrophages are sensitive to a wide variety of signals and pathogens
and play an essential role in maintaining homeostasis. In the context of ALD, several factors such as extracellular vesicles (EVs) derived from injured hepatocytes, gut derived
lipopolysaccharide (LPS) and other mediators can trigger their activation and polarize them towards a pro-inflammatory phenotype. Their interaction and mutual feedback
with other non-parenchymal cells such as neutrophils and hepatic stellate cells (HSCs) play a major role in the development or containment of liver injury and fibrosis.
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Alongside liver-resident Kupffer cells, following chronic alcohol consumption in mice, it has been shown that
monocyte-derived macrophages accumulate in the liver, consistently with observations from other types of chronic
liver injuries.”’ A more detailed phenotypic analysis revealed a polarization of monocyte-derived macrophages based on
the expression of Ly6C, where Ly6C" macrophages displayed inflammatory and tissue-damaging effect, while Ly6C'®
monocytes showed anti-inflammatory and tissue-protective properties. In this study, using C57BL/6J mice subjected to
a 4-week ethanol feeding, the ratio of Ly6C"/Ly6C'®" macrophages is higher in mice chronically fed ethanol and binged,
which substantially aggravated liver injury.?’

Mechanisms of Macrophage Polarization in Early Stages of Steatosis and

Steatohepatitis

Researchers have investigated how alcohol consumption may trigger hepatic macrophage activation in early stages of
ALD. One of the main signals involved in the early stages of ALD, and in particular alcohol-associated steatosis, is
oxidative stress. In fact, reactive oxygen species (ROS) production may be one of the mechanisms responsible for
Kupffer cell sensitization to LPS in alcohol-associated liver disease.’® Prolonged exposure to ethanol induces macro-
phage-derived ROS production.*® Interestingly, rats pretreated with a nicotinamide adenine dinucleotide phosphate
(NADPH) inhibitor to reduce ROS production exhibited reduced phosphorylation of extracellular signal-regulated kinase
(ERK)-1/2 and lower production of TNF-a in Kupffer cells, highlighting the key role of ROS production in Kupffer-cell
activation.***’

Additionally, the receptor complex CD14/TLR4 has also been described as an important component in alcohol-
mediated macrophage activation. The LPS-induced activation of this receptor triggers downstream signaling kinases in
macrophages including the IL-1R associated kinase (IRAK) and IkappaB kinase (IKK), leading to the induction of the
proinflammatory cytokines TNF-a, IL-6, and macrophage chemoattractant protein (MCP)-1, also known as chemokine
C—C motif ligand 2 (CCL2). Indeed, macrophages from alcohol-fed mice display increased LPS responses associated
with higher levels of TNF-a and MCP-1.*2

Increased levels of TNF-a, along with IL-1, IL-1a, IL-6 and CCL3 have also been reported in KC isolated from mice
with myeloid specific deletion of the cannabinoid receptor 2 (CB2™Y*"), upon LPS stimulation, indicating a macrophage
switch towards a pro-inflammatory phenotype.** The authors of this study further show that the cannabinoid receptor 2
(CB2) on KC protects mice from ALD in an autophagy-dependent pathway. Indeed, in their murine models, mice with
myeloid-specific deletion of CB2 receptor (CB2™Y*"") or autophagy gene ATG5 (ATG5™*") displayed exacerbated liver
inflammation and alcohol-induced steatosis.*> These data highlight the anti-inflammatory and anti-steatogenic properties of
macrophage autophagy mediated by CB2 in ALD, suggesting a rationale for the development of CB2 agonists to stimulate
macrophage autophagy and inflammation in the context of ALD. In the same line of evidence, disruption of the LC3-
associated phagocytosis pathway (a non-canonical form of autophagy) in monocytes from cirrhotic patients and in
genetically modified mice with chronic liver disease enhances inflammation and liver fibrosis.**

Besides changes in macrophage activation state and phenotype, the number of hepatic macrophages significantly
increases via MOMF recruitment, upon alcohol-induced liver damage.?® However, the contribution of KCs and MoMFs
to liver inflammation and injury depends greatly on the disease and model used. For instance, in a murine model of
steatohepatitis induced by high-fat diet and alcohol, proinflammatory MoMFs are activated to produce proinflammatory
TNF-a and IL-1f in a Notchl-dependent manner with subsequent inflammatory macrophage polarization, with no
significant change in the KC population.**® Additionally, Wingless and Int-1 (Wnt) expression was shown to be
induced in infiltrating macrophages during steatosis.*’ Whether these pro-inflammatory macrophages persist or switch
phenotype in the course of ALD remains to be clarified. This process is further compounded by alcohol-induced
intestinal gut microbial dysbiosis and impaired gut epithelial integrity favoring translocation of gut-derived microbial
products such as LPS.

Observations on current drinkers with mild liver injury and steatosis, anti-inflammatory macrophages were more
predominant than in patients with severe liver injury who harbor more pro-inflammatory macrophages,*® indicating that
in the early stages of ALD such as steatosis, hepatic macrophages seem to display anti-inflammatory properties and to be
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protective. Several mechanisms driving macrophage polarization towards an anti-inflammatory phenotype have been
described.

It is known that modifications of lipid metabolism in Kupffer cells are associated with pro-inflammatory phenotype.
Scavenger receptors like MSR1 can bind saturated fatty acids and oxidized LDL, for example, which in turn polarize
Kupffer cell phenotype into a pro-inflammatory state, as shown in msrl knock-out mice subjected to a high fat diet.
These mice display less inflammation and greater resistance to fibrosis.*’ Additionally, in steatohepatitis, accumulation of
toxic lipids including diacylglycerol and ceramide drives KC towards a pro-inflammatory phenotype. Macrophages can
also be activated by cholesterol and phagocytosis of apoptotic steatotic hepatocytes.*’

Kriippel-like factor 4 (KLF4) is a transcription factor, which has been reported to play a role in macrophage
polarization in the context of ALD. Indeed, in mice overexpressing KLF4 the expression of ethanol-induced pro-
inflammatory mediators TNF-a and IL-1p was decreased, and the levels of anti-inflammatory markers Arginase (Arg)
1 and Mannose receptor C-type (Mrc) 1, also known as CD206, was increased, indicating a role of KLF4 in macrophage
polarization towards an anti-inflammatory phenotype.*®

Lastly, prostacyclin synthase (PTGIS) is an enzyme of the prostaglandin pathway with anti-inflammatory properties.
Although its role in ALD is not yet fully understood, a recent study showed that PTGIS is downregulated in ALD and
that adenovirus-mediated PTGIS overexpression in vivo alleviated the inflammatory response and suppressed pro-
inflammatory macrophage phenotype in mice. Loss- and gain-of function-experiments revealed that PTGIS overexpres-
sion inhibited macrophage switch to a pro-inflammatory phenotype in favor of an anti-inflammatory phenotype.’’

Macrophage Polarization in Advanced Stages of Alcohol-Associated Liver
Disease
Mechanisms of Macrophage Polarization in Advanced Stages of Alcohol-Associated

Fibrosis and Cirrhosis

In advanced stages of alcohol-associated fibrosis and cirrhosis, macrophages play a critical role in the progression of the
disease. The mechanisms of macrophage polarization in advanced stages of fibrosis and cirrhosis are thought to be
mediated by various signaling pathways, including those activated by pro-inflammatory chemokines such as IFN-y and
TNF-q, as well as anti-inflammatory cytokines including IL-4 and IL-13.%*

Additionally, patients with cirrhosis often experience complications, such as infections, leading to high morbidity and
mortality. Indeed, more than 30% of patients with advanced cirrhosis develop bacterial infections.’® The increased
susceptibility to infections is the results of distinctive immune alterations in advanced liver diseases, termed cirrhosis-
associated immune dysfunction (CAID).>* Variations of monocyte and macrophage phenotype and functions during
cirrhosis critically contribute to cirrhosis-associated immunoparesis.”

Chronic alcohol consumption also leads to the activation of hepatic stellate cells (HSCs), which produce excessive
extracellular matrix proteins, leading to liver fibrosis. In the context of chronic alcohol consumption, HSCs release anti-
inflammatory cytokines such as IL-10 and TGF-f that polarize macrophages towards an anti-inflammatory phenotype.
These macrophages are implicated in tissue repair and fibrosis resolution.’® Anti-inflammatory macrophages can in turn
produce cytokines such as IL-13 and IL-4, which promote the differentiation of fibrogenic cells such as myofibroblasts
(Figure 2). When activation of anti-inflammatory macrophages persists, this profibrogenic state leads to liver fibrosis and
cirrhosis by inducing the production of collagen and other extracellular matrix components. Liver fibrosis is character-
ized by impairment of the composition of the extracellular matrix. In the healthy liver, the extracellular matrix mainly
comprises collagen type IV, laminin, and proteoglycans, which are replaced by collagen type I and III upon fibrogenesis
leading to the disruption of the lobule architecture.’’

In response to alcohol-induced liver tissue damage, Ly-6C™ monocytes infiltrate the liver, differentiate into pro-
inflammatory macrophages and produce cytokines and chemokines that attract other immune cells. The monocyte
recruitment relies on the CCL2-CCR2 axis. In mice, the disruption of the CCL2-CCR2 axis through genetic deletion
or pharmacological inhibition led to reduced liver fibrosis.’® Recently, scRNA-seq data from human cirrhotic livers have
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revealed the presence of scar-associated macrophages (SAM) derived from MoMF, preferentially located in fibrotic
areas.”’

Fibrogenic macrophages can switch towards a restorative phenotype with low Ly-6C expression and higher levels of
anti-inflammatory mediators (such as IL-10) and matrix metalloproteinases (including MMP-9, MMP-12, MMP-13).2%-
The underlying mechanisms driving this phenotypic plasticity have not been fully elucidated yet. Evidence from murine
models indicates that reduction of danger signals and resolution of liver injury promotes a restorative macrophage
phenotype.®’

Mechanisms of Macrophage Polarization in Alcohol-Associated Hepatitis and

Acute-on-Chronic Liver Failure

In chronic alcohol-associated liver disease, liver injury is characterized by chronic inflammation and tissue damage,
leading to fibrosis and cirrhosis. Macrophages are involved in the pathogenesis of alcohol-associated chronic hepatitis
and can undergo polarization towards different phenotypes depending on the microenvironmental cues present in the
liver. The principal relevance of macrophages for alcohol-associated hepatitis is probably best demonstrated by the fact
that their accumulation in portal areas was identified as the strongest immunological feature determining disease severity
in a recent analysis of human liver biopsies by sequential multiplex immunostaining.®!

In a group of heavy alcohol drinkers, the expression of the anti-inflammatory macrophage markers CD206 and
CD163 in the liver was lower in patients with advanced liver injury than in those with minimal hepatic damage.
Consistently, following ethanol feeding, BALB/c mice, which display higher anti-inflammatory markers compared to
alcohol fed C57BL6/J, exhibit significantly less damage and fat accumulation in the liver than their C57BL6/J counter-
parts. Interestingly, in the BALB/c mice, which displayed a significant resistance to ethanol injury mediated by F4/
80"CD206"iNOS ™ anti-inflammatory macrophages, the authors reported a mechanism driving the apoptosis of the pro-
inflammatory subset mediated by anti-inflammatory KC. Mechanistically, IL-10 secreted by anti-inflammatory KC
promotes the death of F4/80"CD206 iNOS" pro-inflammatory macrophages displaying high expression of inducible
nitric oxide synthase, through the induction of arginase. In alcohol-fed mice, IL-10 neutralization led to an impairment in
pro-inflammatory macrophage apoptosis. BALB/c mice chronically exposed to alcohol displayed a significant reduction
in the number of KC, associated with a lower density of pro-inflammatory KC. Remaining KC in alcohol-fed mice
predominantly (60% of F4/80°CD206" macrophages) acquired an anti-inflammatory phenotype.*®

Mechanistically, hepatic macrophage polarization towards a pro-inflammatory phenotype is highly regulated by the
nuclear regulatory factor kB (NFxB), a key regulator of cellular stress in virtually all hepatic cell types. By forming p65/
pS50 heterodimers in macrophages, NFkB binds to the promoter region of pro-inflammatory genes leading to their
activation. Increased NFkB activation in both liver resident macrophages and monocytes is observed in chronic ALD
patients compared to controls.®

One of the mechanisms leading to NF«B activation involves the activation of TLR4 by circulating LPS in chronic
alcohol-mediated liver injury. At steady state, the proteins of the NFxB family, which include RelA/p65, RelB, c-Rel and
p50, form dimers with inhibitory kB (IxB) molecules in the cytosol. Upon stress signals and injury, danger signals induce
IxB phosphorylation leading to its ubiquitination and degradation by the proteosome. The dissociation of IkB exposes
NF«B translocation sites. In murine models of chronic alcohol feeding, liver analysis showed increased NFkB nuclear
translocation and DNA binding.®

Transcription factor AP-1 is also upregulated following alcohol exposure and has been shown to increase macrophage
sensitization leading to higher CD14 mRNA levels and pro-inflammatory cytokine production.®® Indeed, ROS inhibition
in the liver abrogates the expression of AP-1 activity and CD14. Additionally, in human monocytes, the alcohol-mediated
activation of AP-1 is dependent on Src kinase and has been shown to promote IL-10 production.®*

Recent data reported a role of extracellular vesicles (EVs) in ALD and their potential use for diagnostics (as
biomarkers for instance) or therapeutic purposes.®® Indeed, AH patients display higher levels of circulating EVs/
exosomes, suggesting that they could serve as potential diagnostic markers and may facilitate the development of
novel strategies for diagnostics, monitoring, and therapeutics of AH.®® From a macrophage perspective, EVs may be
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a central component on how alcohol-injured hepatocytes communicate with macrophages and other non-parenchymal
cells to initiate inflammatory and fibrogenic activation.

Recently, in a mouse model of alcoholic hepatitis (AH), significant increases in EV levels have been observed
following alcohol consumption. Analysis of the content of these EVs revealed that 20 miRNAs were upregulated
(including miR-181 and miR-27a) and 40 were downregulated, in mice exposed to alcohol. Transfection of miR-181
and miR-27a in HSCs leads to the inhibition of NR1D2 (repressor of transcription). Moreover, the analysis of EV
composition of hepatic macrophages showed that damage-associated molecular patterns (DAMPs), such as mitochondrial
DNA and organelle proteins, induce IL17A and IL1B upregulation mediated by TLR9.%’

Another study, carried out on mice with alcohol-associated liver disease, reported that heat shock protein 90 of
circulating EVs from ALD mice demonstrates a functional role in hepatic macrophage activation.®® In mice who received
a transfer of ALD EVs, hepatocytes displayed higher levels of monocyte chemoattractant protein 1, which was not
observed in control EV-administered mice, indicating a role of ALD EVs on monocyte recruitment. In addition, mice
who received ALD EV displayed significantly more F4/80™ CD11b" KCs and higher percentages of pro-inflammatory
TNF-o'IL-127IL-23" KCs and F4/80™ CD11b" recruited monocytes and lower percentage of anti-inflammatory
CD206'CD163" KC than control EV-administered mice. In vitro, ALD EV administration induced IL-1p and TNF-a
expression in macrophages and inhibited CD163 and CD206 expression. The authors further observed that heat shock
protein 90 contained inside ALD EV was a key macrophage activator in ALD.®

Alcohol-associated hepatitis can further evolve to acute-on-chronic liver failure (ACLF) with a high risk of short-term
death within 28 days after hospital admission. This life threatening liver condition is characterized by important
hepatocellular loss exceeding the liver’s ability to regenerate leading to acute hepatic decompensation, jaundice, ascites,
single- or multiple-organ failure with intense systemic inflammation.®® Paradoxically, patients with liver failure are also
immunosuppressed with apparent immune dysfunctions making them more vulnerable to infections.”® Patients with
ACLF have higher risk of bacterial translocation and infections.”' In this context, monocytes and macrophages play
a major role in sensing gut-derived PAMPs. Manifold adaptations have been reported in monocytes and macrophages
during ACLF, especially in circulating monocytes, that include their subset distribution, cellular metabolism, expression
of sensing receptor molecules, phagocytosis capacity and expression of effector mediators such as cytokines and

chemokines.>>"?

Understanding Macrophage Plasticity Through Their Crosstalk with Other
Hepatic Cells
Hepatocytes

Hepatocyte ballooning is a common sign of cellular injury that histologically translates into swollen hepatocytes, reduced
cytoplasm and loss of staining for cytokeratin 8 and 18.7> KCs have been shown to be crucial for hepatocyte regeneration
and tissue repair after alcohol-induced liver damage. Indeed, KC depletion by clodronate-loaded liposomes leads to the
impairment of proliferating hepatocyte DNA synthesis in mice during liver repair after alcohol-induced injury.”*
Conversely, upon ethanol exposure, hepatocytes play a major role in macrophage activation. However, the underlying
mechanisms responsible for macrophage activation by hepatocyte exposed to alcohol in ALD are not fully understood.

The development of efficient techniques for the study of EV has shed light on their key functions in cellular
communication and crosstalk in the context of ALD. In vitro, EV from alcohol treated hepatocytes stimulated macro-
phage activation and their polarization towards a pro-inflammatory phenotype with induction of TNF-a, IL-1pB and IL-6
production.”” Further analysis revealed that EVs derived from alcohol-exposed hepatocyte (Alc-EV) were enriched in
CD40L (TNFSF5), a member of the TNF family which mediates macrophage activation (Figure 2). Neutralization of
CD40L from Alc-EV abrogated the induction of pro-inflammatory cytokine production from activated THP-1 macro-
phages and primary macrophages. In addition, CD40L neutralization attenuated EV-induced ERK activation indicating
a role of ERK in pro-inflammatory cytokine production.” As ethanol-induced EV release requires caspase activation,
alcohol-induced injury and macrophage infiltration were significantly reduced in mice receiving a pan-caspase inhibitor
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or with genetic deletion of CD40 or the caspase-activating TRAIL receptor, in vivo. Consistently, serum from patients
with alcoholic hepatitis showed increased levels of CD40L-enriched EV.”

Monocyte chemoattractant protein 1 mRNA levels were also increased in hepatocytes isolated from mice after transfer
of ALD EVs.°® Compared to control-EV-recipient mice, ALD-EV administration led to higher number of F4/80™CD11b'"
KC and percentages of proinflammatory KC producing TNF-g, IL-12 and IL-23 along with higher rates of F4/80™CD11b"
infiltrating monocytes, and a reduction of anti-inflammatory CD206°CD163" KC percentage.®®

Another study on EV reported the role of hepatocyte-derived macrophage migration inhibitory factor (MIF) on liver
macrophage populations following ethanol exposure. Immunohistochemical analysis performed on liver tissue sections
from AH patients showed that macrophage MIF was predominantly expressed within hepatocytes. Interestingly, MIF
levels in suprahepatic serum were found to be positively associated with the severity of the disease and mortality.”® The
role of MIF on macrophage population and alcohol-associated liver injury was further deciphered in vivo, using chimeric
mice. Mice lacking MIF specifically in non-myeloid cells did not develop liver injury after alcohol feeding.
Immunohistochemistry analysis of F4/80" macrophages and Ly6C" monocytes revealed that both populations were
significantly increased after chronic ethanol exposure, while no change was observed in livers of chimeric mice lacking
MIF in hepatocytes and non-myeloid cells indicating a role of hepatocyte-derived MIF on the expansion of macrophage
populations in the liver following ethanol exposure.’®

Neutrophils

Lobular inflammation is often characterized by a major recruitment of neutrophils, surrounding ballooned hepatocytes,”
that interact with macrophages. In liver biopsies of ALD patients, neutrophils, monocytes and monocyte-derived
macrophages were mostly observed in peri-central areas with steatosis among the steatotic patients.”” However, it is
important to note that different histopathological subtypes seem to exist, particularly for patients with severe AH,
including either high neutrophil accumulation (and low CD8 T lymphocytes) or high CD8 T lymphocytes (and low
neutrophil numbers), suggesting immunologically distinct drivers of disease progression in patient subgroups.”®

Growing evidence suggests that there is an important cellular crosstalk between hepatic macrophage populations and
neutrophils.&79 As the liver constitutes a major site for the clearance of bacteria, viruses, and other foreign substances,
both macrophages and neutrophils play essential roles in orchestrating the immune response to these pathogens.
Macrophages team up with neutrophils for the clearance of pathogens, dead cells and cellular debris tagged for
phagocytosis. Neutrophils, on the other hand, are recruited to the liver upon infection or injury and are involved in the
elimination of invading pathogens and tissue repair.*® Studies have shown that macrophages can regulate neutrophil
recruitment to the liver during infection. Additionally, macrophages can also regulate neutrophil activity by producing
cytokines and chemokines that either activate or suppress neutrophil function.

Chronic alcohol exposure induces phenotypic changes in neutrophils and augments LPS-induced neutrophil-
extracellular trap (NET) production.®' Interestingly, in vitro, co-culture of monocytes with NETs or NET-producing
neutrophils led to the differentiation of monocytes into a CD14"CD16" intermediate phenotype, which is known to be
increased in ALD. Additionally, the CD86 expression, a marker of pro-inflammatory macrophages, increased after co-
culture with NET-producing neutrophils. These findings indicate that NETs are potent macrophage activators and can
drive their differentiation towards a pro-inflammatory phenotype that promotes inflammation.®' Furthermore, flow
cytometry analysis on blood from AH patients showed that a subset of neutrophils referred to as low-density neutrophils
(LDNSs) was enriched in the circulation. Whole transcriptome profile revealed that these neutrophils are characterized by
an exhausted phenotype, impaired functions and escape from macrophage clearance. Interestingly, no LDNs were found
in the circulation of healthy controls, or that of NASH patients indicating the specificity of enriched LDNs to AH.®'

Hepatic Stellate Cells

Activated HSCs are known to be major producers of extracellular matrix proteins that contribute to liver fibrosis. Studies
have shown that macrophages play a key role in the progression of ALD by modulating HSC activation and promoting
inflammation and fibrosis in the liver (Figure 2).82
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Indeed, in vitro, non-classical CD14"CD16" macrophages have been reported to activate stellate cells.*>** In a cohort of
226 patients with chronic liver disease (CLD) and 184 healthy controls, blood monocytes were significantly higher in CLD-
patients than in healthy controls with a shift towards the non-classical CD14"'CD16" phenotype which correlated with
proinflammatory cytokine production and disease progression. Higher numbers of CD14'CD16" macrophages were also
observed in patients with cirrhosis. On average, these cells represented half of the total hepatic monocytes/macrophages in
cirrhosis patients while accounting for just 10% in the liver of non-cirrhotic patients, which explains the total increase of
macrophages in cirrhotic livers.** Furthermore, experiments where monocytes were HSC co-cultured with CD14"CD16"
monocytes displayed higher collagen expression, while no induction was observed with CD14"CD16 monocytes. The
CD14'CD16" monocyte-mediated HSC activation was partly abolished with anti-TGF-B antibodies. This highlights that in
addition to the production of proinflammatory mediators, monocytes can also favor fibrogenic behaviors on HSC.**

Beyond the HSC activation, monocyte-derived macrophages can also induce the transdifferentiation of HSC into
collagen-producing myofibroblasts through the secretion of TGF-B. Upon chronic liver injury, CD11b F4/80 Ly6C"
monocytes differentiate into macrophages characterized by a high production of nitric oxide synthase along with
profibrogenic and proinflammatory properties triggering HSC activation. Indeed, impaired monocyte recruitment in
Cer2”" mice resulted in weaker HSC activation and reduced liver fibrosis.®’

Similar to recruited monocytes, hepatic macrophages have been shown to induce HSC activation, in different contexts
including NASH as well.*® A microarray analysis revealed that co-culture of HSCs and F4/80" hepatic macrophages
from fibrotic livers strongly induced the overexpression of NF-kB-regulated genes which were inhibited by the
administration of adenoviral IkB suppressor or IKK inhibitor.®” In addition, clodronate-induced macrophage depletion
significantly repressed the expression of the NF-kB-dependent gene that were upregulated by hepatic macrophages in the
co-culture setup. Further investigation revealed that hepatic macrophages induce NF-«B in a TNF-a and IL-1B-dependent
manner. Indeed, TNF-a and IL-1B neutralization with antibodies resulted in a significant reduction of NF-kB-mediated
luciferase activity.®’

Novel Strategies Using Macrophages as Therapeutic Targets in ALD

To date, alcohol abstinence constitutes the most sustainable and efficient care for ALD. Thus, treatment of ALD cannot
solely focus on the liver disease itself but needs to address the alcohol use disorder (AUD) as well, so that liver function
recovery is not compromised by the patient returns to alcohol consumption.®® There are multiple pharmacologic and non-
pharmacologic therapies for AUD, which are discussed elsewhere.*’ In addition to abstinence, several liver-directed
pharmacotherapy options have been proposed.

The most widely explored treatment for AH is corticosteroids, which are intended to alleviate the hepatic
inflammation.'® In a large prospective trial, prednisolone was correlated with a moderate reduction in short-term
mortality of AH patients, while long-term benefit was determined by abstinence.”® More recent clinical observations
indicate that AH patients with a MELD (model of end-stage liver disease) score between 25 and 39 are most likely to
benefit from steroids.”’ The major risk of corticosteroids in patients with AH is the increased number of infectious
complications.”

Macrophages play crucial functions in liver injury, but also in host defense. Therefore, there is a concern that
impairing their functions or their recruitment might be counterproductive (eg, increasing the risk of infections). Instead,
a strategic therapeutic approach based on the use of key factors that trigger a switch in macrophage polarization favoring
a restorative phenotype could be more efficient and help accelerate injury resolution and support hepatocyte regeneration.
One promising approach is to modulate the activity of macrophages by using drugs that modulate the effects of pro-
inflammatory cytokines or that promote the activity of anti-inflammatory cytokines. Anakinra, is an anti-IL-1 monoclonal
antibody that has been tested in clinical trials (NCT04072822).°> However, in a recently reported randomized controlled
trial, anakinra (in combination with pentoxifylline and zinc) was not superior to current standard treatment with
prednisolone in patients with AH.”

Since chemokines play an important role in the recruitment of inflammatory monocytes and in the progression of
ALD, they may represent a therapeutic target for the control of liver inflammation. For example, data in mice showed that
MIF exerts protective properties against ethanol-mediated liver damage.”* Preclinical evidence on mice also showed that
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cenicriviroc, a CCR2/5 antagonist can prevent and reverse alcohol-mediated inflammation, steatosis and liver injury.”
However, cenicriviroc did not provide sustained histological benefit in clinical trials involving patients with NASH,”®
making it unlikely that this compound is tested in patients with AH.

Another strategy for targeting macrophages in ALD is to modulate their polarization to inhibit pro-inflammatory
signaling pathways and promote anti-inflammatory signaling pathways to shift the balance of macrophage polarization
towards anti-inflammatory macrophages, which are responsible for the resolution of inflammation and tissue repair.”” One
example is adiponectin, an anti-inflammatory adipokine. Indeed, globular adiponectin treatment abrogated LPS-mediated
TNF-a expression in Kupffer cells in an IL-10/STAT3/heme oxygenase-1 dependent manner and through the induction of
an anti-inflammatory phenotype.”®”” Conversely, another potent strategy for the treatment of ALD might aim at promoting
IL-10-mediated desensitization of alcohol-exposed macrophages. Indeed, lower levels of IL-10 following alcohol exposure
play an important role in sensitizing macrophages, and data obtained in IL-10 knock-out mice reported higher levels of
proinflammatory cytokines following alcohol exposure.'” On the contrary, TLR-3 activation was found to alleviate
alcohol-induced liver injury by promoting the production of IL-10 from KC and HSC.'"!

In the same line of evidence, another study showed that TLR2 and TLR3-deficiency ameliorated and accentuated
ALD-induced liver injury, respectively. The underlying mechanisms involve Kupffer cell inactivation, a polarization
switch from pro- to anti-inflammatory phenotype, and STAT3-mediated IL-10 expression resulting in the TLR3
stimulation and TLR2 inhibition. Furthermore, the authors identified polyphenol epigallocatechin-3-gallate (EGCG),
a green tea extract that interacts with TLR2 and TLR3 on macrophages to promote IL-10 production. IL-10 deficiency
worsened ALD and abolished EGCG-induced hepatoprotection, while macrophage depletion partially recovered liver
injury but abrogated the effect of EGCG.'??

In more advance hepatic conditions such as liver failure syndromes, immune dysfunction is common, which translates
to a higher risk for the patients to develop infectious complications. In this context, the effects of hematopoietic growth
factors aiming at restoring immune functions represent an interesting therapeutic approach.'® In a study conducted with
ACLF patients, administration of granulocyte colony-stimulating factor (G-CSF) for 28 days, classically secreted by
macrophages and other immune cells, was described to reduce disease gravity, infections and improved survival.'®*
However, this finding was not replicated in a larger multicenter European trial, which involved mainly patients with AH
or ACLF based on alcohol-associated liver cirrhosis. In fact, G-CSF caused more (and partly serious) adverse effects
while not providing a substantial survival benefit.'® Clearly, a much more granular understanding of pathomechanisms is
needed to tailor a “macrophage-targeted” intervention. In experimental mouse models of ACLF, G-CSF combined with

a TLR4 inhibitor reduced inflammation and promoted liver regeneration.' %

Conclusions

Alcohol-related liver disease represents a major public health concern worldwide with high morbidity and mortality.
Beyond the prior dichotomic classifications of macrophages, hepatic macrophages represent heterogenous cell popula-
tions involving circulating monocytes infiltrating the hepatic parenchyma as well as liver resident KC. These cells play
various roles in homeostasis and pathology, which correspond to a large spectrum of phenotypes. Data have shown that
macrophage polarization is a key element in the early phase and the development of liver diseases. The underlying
mechanisms involved in macrophage polarization in ALD are complex and not fully understood. However, studies show
that chronic alcohol consumption modulates macrophage polarization through several mechanisms, including gut-derived
endotoxemia, which activates TLR4 signaling pathway and leads to macrophage polarization towards a pro-inflammatory
phenotype and the production of pro-inflammatory cytokines; conversely, the activation of signaling pathways associated
with CB2 tends to favor an anti-inflammatory phenotype. Although anti-inflammatory macrophages are beneficial to
alleviate alcohol-associated inflammation, their prolonged activation leads to the stimulation of HSC, which significantly
contributes to liver fibrosis and the development of ALD. Given the lack of efficient therapeutic options for advanced
stages of ALD, targeting macrophages should be further explored as a promising strategy. Rather than aiming at
depleting hepatic macrophages, the focus at early stages should be to suppress inflammation and excessive macrophage
activation by inhibiting bacterial translocation with the administration of antibiotics, which have been shown to improve
steatohepatitis, and inhibit pathogen recognition receptors using TLR antagonists,'®” for example. Additionally, some
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novel therapeutic strategies developed for later stages of ALD include drugs that inhibit monocyte recruitment, modulate
macrophage polarization towards an anti-inflammatory phenotype to promote tissue repair and reduce inflammation in
ALD or regulate macrophage-mediated cytokine production. The intensive research aiming at characterizing macrophage
populations has improved our knowledge about hepatic macrophages and refined our perception of this widely hetero-
genous population. This rapid increase in scientific knowledge regarding the underlying mechanisms driving macrophage
polarization in ALD is leading to the identification of new potential new therapeutic target and novel promising therapies.
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