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Accumulating clinical and experimental evidences have demonstrated that both innate
and adaptive immunity are involved in the pathogenesis of alcoholic liver disease (ALD), in
which the role of immunity is to fuel the inflammation and to drive the progression of ALD.
Various immune cells are implicated in the pathogenesis of ALD. The activation of innate
immune cells induced by alcohol and adaptive immune response triggered by oxidative
modification of hepatic constituents facilitate the persistent hepatic inflammation.
Meanwhile, the suppressed antigen-presenting capability of various innate immune cells
and impaired function of T cells may consequently lead to an increased risk of infection
in the patients with advanced ALD. In this review, we summarized the significant recent
findings of immune cells participating in ALD. The pathways and molecules involved in
the regulation of specific immune cells, and novel mediators protecting the liver from
alcoholic injury via affecting these cells are particularly highlighted. This review aims to
update the knowledge about immunity in the pathogenesis of ALD, which may facilitate
to enhancement of currently available interventions for ALD treatment.

Keywords: immune cells, inflammation, alcoholic liver disease (ALD), innate immunity, adaptive immunity

INTRODUCTION

Alcoholic liver disease (ALD) encompasses a broad spectrum of liver injuries ranging from
steatosis with a minimal parenchymal injury to steatohepatitis, fibrosis, and finally cirrhosis.
Although there is limited progress in the therapy of ALD in recent years, plenty of studies have
advanced our knowledge about the pathological process of liver injury induced by alcohol. Notably,
the implication of immunity in fueling the inflammation and progression of ALD has been emerged
by the accumulating clinical and experimental studies (1-3). It is well-known that both innate and
adaptive immunity are involved in the pathogenesis of ALD. The leakage of microbes and microbial
products from the damaged gastrointestinal tract, alcohol per se, and its intermediate metabolites
are immune challenges to disturb the fine-tuned immune pathways in the liver (4, 5). A variety
of cellular sensors of pathogen- or damage-associated molecular patterns (PAMPs/DAMPs) are
further activated, resulting in the production of pro-inflammatory cytokines such as TNF-a and
IL-1B, which leads to cellular dysfunction that contributes to ALD (5). The intermediate metabolites
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FIGURE 1 | The process of immunologic priming induced by alcohol.
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such as acetaldehyde and malondialdehyde trigger protein
adducts, which could be recognized by antigen-presenting
cells, leading to the response of adaptive immunity and
production of pro-inflammatory cytokines. The process
of immunologic priming induced by alcohol is shown
in Figure 1.

Increasing evidences indicated that disturbed immunity is
implicated in the development of ALD from early to an advanced
stage. At the initial stage of ALD, impaired barrier function
of the intestinal mucosa caused by alcohol leads to increased
lipopolysaccharide (LPS) to the portal circulation, which
further activates innate immunity via Toll-like receptors (TLRs)
expressed by various immune cells, resulting in inflammatory
response (6, 7). The induced pro-inflammatory cytokines, such
as chemoattractant protein-1 (MCP-1), are involved in the early
alcoholic hepatic steatosis. Subsequent alcohol abuse leads to
the development of alcoholic hepatitis and fibrosis (6). At
this stage, the oxidative breakdown of alcohol, acetaldehyde,
constrains the function of certain immune cells such as natural
killer (NK) cells that induce apoptosis of activated hepatic
stellate cells (HSCs) to moderate fibrosis. Cytokines produced
by inflammatory macrophages recruited from the periphery and
Kupffter cells activate quiescent HSCs, leading to the proliferation
of myofibroblasts that produce extracellular matrix proteins with

the consequence of the generation of scar tissue (8). Moreover,
CD8*' T-lymphocytes also contribute to the pro-fibrogenic
activation of HSCs (9). About 10-20 percent of fibrosis patients
without abstinence from alcohol might progress to cirrhosis, the
final stage of ALD, which is characterized by fibrotic deformation
of tissues and blood vessels, as well as necrosis of cells. The failure
in liver’s function to remove microbial and other circulating pro-
inflammatory metabolites, as well as release of immunogenic
cellular debris from necrotic hepatocytes ultimately cause
persistent activation of immune pathways and aggravates the
illness (10, 11).

Given the vital role of immunity in the pathological process
of ALD, interventions targeting the immune system might
represent the promising therapeutic approach for the treatment
of ALD. The key components of the immune system are
immune cells. Recent extensive studies into the roles of various
immune cells in ALD have facilitated our understanding
of the molecular basis of this disease. In this review, we
summarize the major recent findings of participating immune
cells in ALD. The pathways and molecules involved in the
regulation of specific immune cells including innate and adaptive
immune cells, and novel targets protecting the liver from
alcoholic injury via affecting these multiple cell types are
particularly highlighted.
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INNATE IMMUNE CELLS

The cells of the innate immune system include macrophages,
neutrophils, dendritic cells, NK cells, and NKT cells. On the
one hand, they orchestrate innate immune response, which is
the primary response to danger signals raised from stimulus
or damaged host cells and tissues. On the other hand,
they initiate adaptive immune responses via cell interactions,
chemokines, cytokines, and other mediators secretion (12).
Generally, inflammation is considered to be the most robust
and typical response of the innate immune system to danger
signals. Alcohol-induced activation of innate immunity in liver
precipitates disorders ranging from localized and temporary
inflammation to extensive hepatocellular damage and tissue
injury (13, 14).

Macrophages and Kupffer Cells

Macrophage Activation and Recruitment

The recruitment of macrophages and activation of Kupffer
cells, a liver resident macrophage subpopulation, are critical
cellular events of ALD pathogenesis. Generally, the increased
intestinal permeability and injured hepatocytes induced by
alcohol consumption lead to the release of pathogen- or
damage-associated molecular patterns (PAMPs/DAMPs). Then
these molecular patterns activate Kupffer cell through TLRs
pathway (15-17), thereby leading to hepatic inflammation and
exacerbating ALD. The plasma level of soluble CD163, a specific
marker of inflammatory macrophage activation, was increased
in patients with stable alcoholic cirrhosis compared with that in
healthy individuals (18). It was considered as an independent
predictor of the 84-day mortality of alcoholic cirrhosis patients.
The contents of several critical components of the LPS pathway
including plasma LPS, soluble CD14, and LPS-binding protein
were increased to the same degree as soluble CD163 in these
patients, suggesting that the activation of hepatic macrophage
possibly via LPS pathway (18).

Infiltrating macrophages, which are differentiated from
circulating monocytes in the liver, have several subtypes
with opposite functions. Macrophages derived from Ly6Cl"
infiltrating monocytes showed an anti-inflammatory and
protective phenotype while Ly6Che" infiltrating monocytes
present a pro-inflammatory and tissue detrimental phenotype.
The ratio of Ly6CM&"/Ly6Cl®" increases when mice exposed
to ethanol, leading to significant liver injury. However,
pro-inflammatory Ly6C"8" monocytes could switch to anti-
inflammatory Ly6C'®" cells upon phagocytosis of apoptotic
hepatocytes, suggesting the complex role of macrophages in the
pathogenesis of ALD (19).

Macrophage Polarization

Increasing evidences showed that different macrophage
subpopulations exhibit diverse effects in the context of ALD.
Macrophages have a unique capacity to change their phenotypes
and functions depending on surrounding factors, such as
cytokines and growth factors (20). There are two major
macrophage phenotypes: M1 and M2 macrophages. The M1
macrophage, which are activated by TLRs agonists, PAMPs

and DAMPs, produce inflammatory cytokines and chemokine
such as TNF-q, IL-18, CCL2, and CXCLI1, and result in tissue
inflammation and damage (20). When the injury is controlled,
M1 might switch to an anti-inflammatory and tissue-repairing
phenotype, the alternatively activated macrophages (M2).
The M2 macrophage is generally activated by IL-4/IL-13 and
dead cells, and these macrophages resolve inflammation via
production of anti-inflammatory mediators such as IL-10 (21).
Meanwhile, macrophage expressing markers TLR-2, TLR-4,
and TLR-8 as well as the chemokine CCL-1 and CCL-18, were
detected in both M1 and M2, indicating that a complex interplay
between different types of macrophages is implicated in alcoholic
hepatitis (22). As shown by liver biopsies from patients with
alcoholic hepatitis, robust overexpression of TGF-B, a growth
factor associated with fibrogenic properties in M2 macrophages
was observed.

The role of telomerase reverse transcriptase (23) in
macrophage regulation of ALD has been demonstrated by
a recent research (24). The TERT expression and telomerase
activity were significantly increased in liver tissue of mice
receiving ethanol treatment. In vitro study showed that ethanol
could up-regulate the expression of TERT in Kupfter cells
and RAW 264.7 cells. It was shown that TERT switched
macrophages toward M1 phenotype via regulation of the
NF-kB signaling pathway, while showed a limited effect on
M2 macrophages polarization. Furthermore, TERT expression
and M1 macrophage hallmarks were significantly reduced by
NF-kB inhibitor, suggesting the cross-talk between TERT and
p65. TERT might be partially responsible for ethanol-mediated
hepatic inflammation response and M1 macrophage polarization
(24). In another study, Kruppel-like factor 4 (KLF4) has also
been identified as a key mediator of M1/M2 macrophage
polarization in ALD. Ethanol promotes the induction of KLF4
and M2 phenotype, whereas acetaldehyde diminishes KLF4 and
facilitates M1 macrophage, which may elucidate the increased
populations of M1 and M2 macrophage in ALD (25).

Emerging Mediators

Emerging studies have identified a variety of mediators that
regulate the activation and polarization of macrophage in
response to alcohol. Targeting these mediators might be
an effective intervention for treating ALD. Some of these
factors positively promoted the activation and polarization
of macrophages toward inflammatory phenotype via NF-
kB signaling, which further drives the process of alcoholic
liver injury. Macrophage migration inhibitory factor (26), a
multipotent cytokine that contributes to the inflammatory
response to injury, plays a critical role in the pathogenesis of
ALD in mice and patients (27). The serum contents of MIF in
patients with alcoholic-related liver hepatitis and cirrhosis were
higher than healthy controls and positively correlated with the
serum transaminase levels (28). In the liver of alcohol-treated
MIF-/- mice, the expression of TNF-a was attenuated due to
reduced F4/80+ macrophages population. Moreover, chronic
alcohol feeding failed to sensitize MIF~/~ mice to LPS, leading to
the decreased chemokine production and monocyte recruitment
into the liver (29). These studies evidenced that MIF is an
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essential mediator in the regulation of chemokine expression and
immune cell infiltration in the liver during the ethanol-induced
liver injury (27-29).

Increasing number of studies showed that iron accumulation
in macrophage that associated with NF-kB activation is a crucial
feature of ALD (24). Chronic alcohol administration increased
expression of transferrin receptor-1 and hemochromatosis gene,
enhanced iron uptake, and accentuated intracellular labile iron
response for NF-kB activation in Kupffer cells, resulting in
significant TNF-a production. The enhanced iron uptake is
responsible for iron loading in Kupffer cells, and the intracellular
labile iron response is a function acquired by differentiated
macrophages in humans, serving as a priming mechanism for
alcoholic liver injury (30). A variety of micro-RNAs (miR) such as
miR-125b, miR-146a, and miR-155 are involved in inflammatory
responses to LPS. In the case of chronic alcohol treatment, miR-
155 was increased in RAW 264.7 macrophages via the NF-kB
pathway (31). The increased miR-155 further facilitates alcohol-
induced production of TNF-a via enhancing mRNA stability
(31). Ethanol can synergize with LPS to induce TNF-a by
reducing the cellular cAMP levels in monocytes/macrophages,
indicating that cAMP-elevating agents might be a practical
therapeutic approach in counteracting the progression of ALD
(32). Moreover, extracellular vesicles, which could transfer
biomaterials such as proteins and microRNAs and serve as
important effectors of intercellular communication, have been
demonstrated to modulate the Kupffer cell phenotype and result
in inflammatory activation in the setting of alcoholic liver injury.
Extracellular vesicles mediated the increased percentage of TNF-
at IL-12/23% M1 Kupfler cells and decreased the population
of CD206TCD163" M2 Kupffer cells in mice with ALD.
Furthermore, the increased of heat shock protein 90 (hsp90) in
circulating extracellular vesicles of alcoholic mice was found to
contribute to the activation of macrophage (33). The inhibition
of hsp90 could reduce inflammatory cells, decrease sensitization
of hepatic macrophage to LPS, leading to NF-kB inhibition and
diminished pro-inflammatory cytokine production in mice with
alcoholic liver injury (34).

On the other hand, a series of mediators, such as Cannabinoid
CB2 receptors, adiponectin, IL-10 and IL-1 receptor like 1, have
been shown to attenuate alcoholic liver injury via acting on
macrophages (35, 36). Cannabinoid CB2 receptors are G protein-
coupled receptors, which are mainly expressed by immune cells
such as macrophages. They exert protective effects on ethanol-
induced liver injury via regulating M1/M2 balance in Kupffer
cells. CB2 receptors inhibited M1 polarization and promoted the
transition to an M2 phenotype, thereby diminishing hepatocyte
steatosis via paracrine interactions between hepatocytes and
Kupfter cells (37). Further mechanism research revealed that
CB2 receptor inhibited alcohol-induced hepatic inflammation in
an autophagy-dependent manner via hemeoxygenase-1 (HO-1)
induction (38). The CB2 receptor agonist-induced macrophage
autophagy to reduce hepatic steatosis in wild-type mice after
chronic-plus-binge alcohol feeding, but not in mice invalidated
for autophagy gene ATG5 in the myeloid lineage, suggesting that
the anti-inflammation and anti-steatogenic effects of the CB2
receptor is mediated by macrophage autophagy (38).

Neutrophil

The infiltration of neutrophils into liver is a prominent feature
of ALD (39, 40). Overwhelming evidence from clinical and
animal model studies has shown that alcohol-induced neutrophil
infiltration in liver contributes to the pathological manifestations
of ALD (40), possibly through production of ROS and proteases
to kill hepatocytes. Human neutrophil peptide (HNP)-1, an
antimicrobial peptide secreted by neutrophils, exacerbated
alcohol-induced liver fibrosis and hepatocyte apoptosis via
down-regulating Bcl2 expression and up-regulating miR-34a-
5p expression (41). The mechanisms by which neutrophils
were recruited to the liver during alcoholic liver injury have
been extensively studied. Neutrophil recruitment requires the
interaction of multiple adhesion molecules and their ligands
that are expressed by endothelial cells and neutrophils, such
as E-selectin and P-selectin, vascular cell adhesion molecule 1
(VCAM-1) and intercellular adhesion molecule 1 (ICAM-1). A
study has demonstrated that ICAM-1 deficiency significantly
reduced neutrophil infiltration and alleviated liver injury in a
mouse model with continuous enteral alcohol treatment (42).
In another study, genetic disruption of E-selectin eradicated
neutrophil infiltration, liver injury, and inflammation induced by
chronic-binge ethanol treatment, suggesting its pivotal role in the
pathogenesis of ALD at the early stage (43).

Increasing number of mediators have been demonstrated
to be involved in neutrophils infiltration and pathogenesis
of alcoholic liver injury by recent studies. In patients with
severe alcoholic hepatitis, a significant increase in albumin
oxidation was observed, which plays a role in neutrophils
activation, and subsequently induced hepatic oxidative stress
and inflammation (44). Plasma level and hepatic expression
of CCL2 were also found to significantly increase in alcoholic
hepatitis patients and were associated with the severity of
the disease. The hepatic expression of CCL2 was correlated
with neutrophil infiltration and IL-8 expression, indicating that
CCL2 might be implicated in the pathogenesis of ALD via
neutrophil recruitment (45). Moreover, hepatocytes and HSCs
generate high amounts of CXCLI through TLR2 and TLRY-
dependent MyD88 pathway, which then stimulates neutrophil
infiltration into the liver via CXCR2, leading to the progression
of alcohol-mediated liver injury (46). Lipocalin-2, a siderophore
binding peptide, has been demonstrated to drive ethanol-caused
neutrophilic inflammation and contribute to the development of
ALD (47). Recently, it was demonstrated that both neutrophils
and hepatocytes contest bacterial infection via mediating the
generation of lipocalin-2 (48). In another study, miR-223, one
of the most abundant miRNAs in neutrophils, has been shown
to mediate neutrophil function and ameliorate alcoholic liver
injury. Compared with healthy individuals, the expression of
miR-223 was down-regulated in peripheral blood neutrophils
from alcoholics. Mechanistic study revealed that miR-223 directly
inhibited the expression of IL-6 and subsequently suppressed
phagocytic oxidase p47expression with reduced ROS production
in neutrophils (49).

Furthermore, the role of a matricellular proteinosteopontin
(OPN) in alcohol-induced neutrophil infiltration has been
intensively studied. The expressions of OPN were found to
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be up-regulated in the liver of mice and patients with ALD
(50). Higher expression of hepatic OPN is likely to be the
contributing factor of higher and early neutrophil infiltration in
females, which might be the reason for increased susceptibility
of females to ALD (51). Further mechanistic study showed that
OPN-regulated neutrophil infiltration in the liver might result in
activation of N-terminal integrin binding motif (SLAYGLR) of
OPN via its receptor agf; (VLA9) and ayP; (VLA4) integrins
on neutrophils (52). However, in another study, it was found
that OPN deficiency does not decrease the incidence of alcoholic
hepatitis and expression of fibrogenic genes, but promotes the
generation of IL-17a and neutrophil infiltration in mice receiving
alcohol (53). This observation hints a complex role of OPN in
mediating neutrophil at a different stage of ALD, deserving to be
further thoroughly explored. Manipulating these mediators that
participate in the pathological process of ALD via neutrophils
infiltration represents the potential therapeutic approach for
this disease.

Paradoxically, some studies suggested that decreased
neutrophil phagocytic capacity is correlated with disease severity
(54, 55). As a matter of fact, the leading cause of death in
alcoholic hepatitis patients is the infection. This might be
due to the severe functional failure of neutrophils mediated
by endotoxemia. The overexpressed TLR2, 4, and 9 induced
by bacterial products in activated neutrophil mediate the
abnormalities of neutrophil function in alcoholic hepatitis (54).
As the neutrophil dysfunction in alcoholic hepatitis is reversible,
endotoxin-removal strategies might be new targets for ALD
treatment, particularly at the advanced stage (56).

Natural Killer Cells

Natural killer (NK) cells, a key component of innate immunity,
play crucial roles in host defense against stimulus by natural
cytotoxicity and secreted cytokines such as interferon-gamma
(IFN-y) production. These cells help to control the viral hepatitis,
liver fibrosis, and liver tumorigenesis via directly killing infected
and damaged cells, while also cause liver damage when it is
over-activated. Accumulating studies have indicated that NK
cells are implicated in the pathogenesis of ALD. In the chronic
ethanol feeding mouse model fed with the Lieber-DeCarli liquid
diet containing 5% (vol/vol) ethanol, there was a significant
reduction of hepatic NK cells (57). In patients with severe
alcoholic hepatitis, impaired cytotoxic functions and reduced
activation of NK cells were observed (58). On the contrary, in
alcoholic hepatitis patients who showed no other lesions in liver
biopsy and undergoing their first episode of alcoholic hepatitis,
there was a remarkable expansion of both NK cells and activated
T cells in peripheral blood, associating with an increased NK
cytotoxic activity (59). This discrepancy suggested that alcohol
might exert different effects on NK cells at different stages of
ALD. Moreover, NK cytolytic activity was constantly repressed
at the stage of alcoholic cirrhosis, suggesting an off-tune immune
surveillance in these patients (59). Chronic alcohol consumption
accelerates liver fibrosis in patients with viral hepatitis, which
might be due to the suppression of anti-fibrotic property of NK
cells and interferon-gamma (IFN-y). The inferior natural killer
group 2 member D (NKG2D), TNF-related apoptosis-inducing

ligand, and IFN-vy expressions on NK cells from ethanol-fed mice
resulted in attenuated cytotoxicity against HSCs. Furthermore,
compared with pair-fed mice, HSCs from ethanol-fed mice were
resistant to NK cells killing as well as IFN-y-induced cell cycle
arrest and apoptosis. This resistance is resulting from diminished
IFN-vy-activated signal transducer and activator of transcription 1
(STAT1) in HSCs, which is caused by the production of oxidative
stress and the induction of suppressors of cytokine signaling
proteins (60).

The mechanisms by which alcohol consumption reduces
peripheral NK cell numbers and compromises cytolytic activity
of NK cells have been intensively studied (61-64). It was found
that chronic alcohol exposure disturbs the balance between bone
marrow-derived NK cells and thymus-derived NK cells (65).
The loss of splenic NK cells induced by alcohol is attributed
to compromised NK cell released from the BM and enhanced
splenic NK cell apoptosis (66). Chronic alcohol drinking reduced
cytotoxic conventional NK cell number and its cytolytic activity
by arresting these cells development at the CD27TCD11b™ stage
due to the lack of IL-15 availability in the microenvironment.
Supplementation with IL-15/IL-15Ralpha successfully recovered
developmental defect in NK cells caused by alcohol consumption
(61). A study has demonstrated that NF-kB and AP-1 partially
mediate the decreased cytolytic activity of IL-2-stimulated NK
cells in ethanol-treated mice through regulating transactivation
of genes involved in the control of NK cells target lysis such
as perforin, granzyme A, and granzyme B gene (67). Moreover,
other studies has shown that alcohol consumption suppressed
the cytolytic activity of NK cell partly by decreasing the function
of hypothalamic B-endorphin neurons, corticotropin releasing
hormone neurons, and the autonomic nervous system (68, 69).
The characterization of NK cell functions would help us to
better understand the pathogenesis of ALD, and indicates new
therapeutic targets for managing and treating this disease.

Natural Killer T Cells

Natural killer T (70) cells are a subset of lymphocytes that express
both a T-(TCR) and surface receptors for NK cells, which possess
characteristics of innate and adaptive immunity. There are at
least two distinct subsets of NKT cells, type I and II, which
recognize different lipid antigens presented by CD1d molecules.
They produce cytokines associating with T helper 1 and T helper
2 cells, and also make use of Fas and TNF-a in apoptosis
induction, steering the immune system into either tolerance
or inflammation (71). Growing evidence showed that alcohol
consumption induces peripheral and resident hepatic type I NKT
cells, but not type Il activation after alcohol feeding (26, 72). Type
I NKT cell-induced inflammation and neutrophil recruitment
lead to liver tissue damage whereas type II NKT cells show the
beneficial effect on ALD via undefined mechanism (72). Chronic-
plus-binge ethanol feeding increased the number of hepatic
type I NKT cells and induced their activation in mice, which
contributes to the development of alcoholic liver injury partially
by releasing inflammatory mediators that recruit neutrophils to
the liver (73). For example, IL-1f derived from Kupffer cell
after alcohol exposure recruits and activates hepatic type I NKT
cells, subsequently promotes neutrophil infiltration and liver
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inflammation, resulting in ALD (74). Another study showed that
consumption of alcohol stimulates a great proportion of hepatic
NKT cells and induces an elevated sensitivity of liver cells to cell-
mediated lysis, resulting in severe liver injury by a mechanism
that involves synchronous signals by Fas and TNF receptor-1 on
hepatocytes (75). A pathway involving all-trans retinoic acid and
its receptor signaling plays a vital role in suppressing activation
of type I NKT cells and, consequently, attenuating alcoholic liver
injury. Suppression of type I NKT cells by retinoids or activation
of type II NKT cells by sulfatide counteracts the liver injury
caused by alcohol (72). Although the role of NKT in ALD has
been explored in growing number of animal studies, evidence
from clinical research is absent. Since the CD1d pathway is well-
conserved between human and mice, NKT cell subsets might be
a promising target for ALD therapy and, future clinical study
targeting these cells is desirable.

Dendritic Cells

Dendritic cells (DCs) are pivotal in the coordination of innate
and adaptive immune responses, activating T lymphocytes in
an antigen-specific manner (76). Accumulating evidence showed
that alcohol intake impairs function of DCs, which contributes
to decreased adaptive immunity and increased susceptibility
to pathogens (77-82). As demonstrated by both in vitro and
in vivo studies, alcohol disturbs Tyl immune responses by
inhibiting differentiation of DCs and accessory cell function
via the mechanism involving reduced generation of IL-12 (83).
Decreased numbers of circulating DCs and reduced secretion
of inflammatory cytokines such as IL-1f, IL-6, IL-12, and TNEF-
o were observed in alcoholic liver cirrhosis patients (84). A
significant decreased expression of an MHC class II cell surface
receptor, human leukocyte antigen-DR isotype (HLADR), and
an increased reactivity for CD123 were observed on peripheral
blood DCs from alcoholics without significant liver injury (84).
Immature DCs from alcoholics displayed fewer CDla™ cells,
less CD86 expression and higher HLADR expression associated
with inferior endocytosis and allostimulatory functions than
immature DCs from healthy individuals, indicating altered
phenotype and functions of these cells. Further in vitro study
showed that alcohol exposure prevented immature DCs from
maturation, which in turn polarized naive allogeneic T cells
into Tyl cells in response to LPS stimulation and favored
a predominant T2 environment (85). Co-culture of purified
CD4™ T cells and CD11ctCD8a™ DCs derived from alcohol-
fed mice exhibits reduced production of IL-6, IL-12, IL-17A,
and IFN-y and increased level of IL-13 cytokine in response to
ovalbumin stimulation, indicating function alteration of this DCs
subset by alcohol consumption (86). Ethanol decreased surface
expression of co-stimulatory molecules (CD40, CD80, CD86)
on resting or CpG-stimulated DCs subset. Ethanol-treated DCs
derived from bone marrow showed inferior capacity to induce
naive, allogeneic T cell proliferation and reduced ability to prime
T cells in vivo, while liver DCs isolated from ethanol-fed mice are
less affected than splenic DCs, which showed impaired functional
maturation after CpG stimulation. The dysfunction of DCs
induced by alcohol might be a potential mechanism by which
alcohol drinking is associated with immunosuppression (87).

Mechanisms underlying the alcohol-mediated impaired
ability of DCs to promote proliferation of T cell are likely
associated with lack of co-stimulation and cytokine production
due to diminished receptors for inflammatory mediators (88).
Alcohol exposure suppresses co-stimulatory molecule CD83
expression during DCs transformation, attenuating its capacity
to prime T-cell expansion (89). Monocyte-derived DCs from
alcoholics showed higher levels of class I histone deacetylases
(HDACs) compared to controls. HDAC inhibitors blocked
alcohol-induced increased of class I HDACs and down-regulated
alcohol-induced oxidative stress related genes expressed by
monocyte-derived DCs (90). Additionally, the post-translational
modifications in human monocyte-derived DCs after chronic
alcohol exposure have been studied, and a significant increase in
acetylation at H4K12 (H4K12ac) caused by alcohol was observed.
Moreover, the blockage of ethanol-induced H4K12ac by inhibitor
enhanced the levels of IL-15, TGF-B1, as well as TNF-a, and
restored MCP-2 levels, suggesting the vital role of H4K12ac in
mediating inflammation under chronic alcohol conditions (91).
On the other hand, alcohol induces specifically unfolded protein
response (UPR) in monocyte-derived DCs due to high amounts
of ROS generated during alcohol metabolism, which may protect
the DCs from oxidant injury. The expression of glycolytic
enzymes, proteolytic enzymes, and chaperones hsp60 were
increased to generate energy and diminish the accumulation of
mis-folded proteins under the UPR. To stop mis-folded protein
synthesis, the dissociation of GRP78 from stress receptors occurs.
Then, an anti-apoptotic pathway by increasing the expression of
anti-apoptotic proteins such as cystatin B or down-regulating
pro-apoptotic factors Gal-1 and cyclophilin A might be activated
in DCs to promote cell survival (92). Specific target mediating
apoptosis in alcohol-induced DCs needs to be further elucidated
in the future study. These targets, such as HDACs or H4K12ac,
may be useful for uncovering novel therapeutic strategies for
the treatment of alcohol-induced damage and may delineate
different potential immune-modulatory mechanisms.

ADAPTIVE IMMUNE CELLS

Studies have extensively demonstrated that adaptive immunity
is implicated in the pathogenesis of ALD (93). The adaptive
immune system includes T cells-mediated cellular immunity
and B cells-mediated humoral immunity. Specifically, CD4* T
helper cells are essential for the activation and differentiation
of macrophages, cytotoxic CD8" T cells, and B cells; CD8"
T cells play a critical role in eliminating cells infected
with intracellular pathogens; B cells produce antibodies to
remove extracellular microorganisms and prevent the spread
of infections (93). Accumulating studies in animal models and
humans demonstrated that alcohol abuse decreases peripheral T
cells number, disrupts the balance between different T-cell types,
affects activation of T cells, impedes T cells functioning, and
provokes apoptosis of T cells (94). Chronic alcohol consumption
also seems to induce decrease in peripheral B cells, while
simultaneously promotes the generation of immunoglobulins. In
particular, ALD patients show increased contents of antibodies
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against liver-specific autoantigens, which may promote alcohol-
related hepatic injury (95). Although molecular mechanisms
underlying the action of alcohol on the adaptive immune system
are still incompletely elucidated, extensive studies showed that
oxidative stress plays a vital role in triggering allo- and auto-
immune reactions for persistent liver inflammation during the
progression of ALD (96-98). Progressive ALD patients show a
great prevalence of circulating immunoglobulin G (IgG) and
T cells toward epitopes derived from end products of lipid
peroxidation (98). The increased level of IgG against antigens
derived from lipid peroxidation is associated with elevated
generation of pro-inflammatory mediators, correlating with the
severity of liver inflammation in both heavy drinkers and alcohol-
fed animal models (98). Moreover, CYP2E1-alkylation by HER
facilitates the production of anti-CYP2E1 auto-antibodies in
some ALD patients (10).

T Lymphocytes

The altered numbers of peripheral T cells resulted from alcohol
abuse has been demonstrated since decades ago (99, 100).
As more recent studies have identified increasing subtypes
of T cells, the impact of alcohol exposure on T cells with
different phenotypes has been extensively explored (101). The
decreased number of peripheral blood CD47/CD25% T cell
regulatory (102) population is associated with immune activation
in alcoholic hepatitis patients, as evidenced by increased
inflammatory cytokines (103). Moreover, Treg population is
likely to be involved in the mechanism of hepatitis viral infection
in alcoholics. Increased CD25TFOXP3*" and CD4TFOXP3*
Treg populations induced by immunization with HCV core-
containing DCs from ethanol-fed mice might be responsible
for the suppression of HCV core-specific CD4% and CD8*
T-cell immune responses (104). IL-17-producing T helper 17
(Tgl7) effector cells, a subset of T helper cells distinct from
Tyl and T2 CD41 T cells, were identified in the circulation
and livers of patients with ALD (105). Th1l7 cells, which
play a crucial role in controlling defensive mechanisms to
bacterial infections, are increasingly recognized to promote liver
neutrophil infiltration by IL-17 during alcoholic hepatitis (106).
Given that a close association between T 17 and liver injury was
observed, the Ty17 pathway thus appears to play a vital role in
ALD. Additionally, mucosa-associated invariant T cells (107), a
recently identified subset of innate-like T cells, were found to
be significantly depleted in ALD patients, with the consequence
of increased risk of bacterial infection. It has been shown that
intestinal bacterial antigens and metabolites selectively reduced
MAIT cells, while did not affect CD8/CD3 T cells, indicating
that the depletion and dysfunction of MAIT cells are likely
due to exposure of bacteria in ALD patients (108). The hepatic
expression of transcription factors that control the differentiation
of MAIT cells such as RORC/RORyt, ZBTB16/PLZE, Eomes in
patients with severe alcoholic hepatitis were lower than that from
healthy individuals (108). The reduced number and impaired
function of MAIT is associated with the bacterial infection in
patients with ALD (109). Therefore, functionally reprogrammed
MAIT cells in vitro, MAIT cells manipulation and strategies

targeted at enhancing the gut barrier may signify promising
immunotherapeutic approach for patients with ALD (109).

In addition to the altered number, the disrupted balance
between different T cell types by alcohol exposure is intensively
implicated in the development of ALD. A significant decrease
in CCR5 expression on CD4™ T cells was found in alcoholic
hepatitis, which favor imbalance of Ty1/Ty2 (110). Alcohol
consumption reduced Treg cell population while increased T17
cell number and IL-17 production. Reversing this imbalance by
agents such as Lactobacillus rhamnosus GG supernatant could
ameliorate liver injury induced by alcohol (111). Expansion of
CD57" T subsets in both CD4™ and CD8™ cells has been noted
in ALD patients. It was found that the greater proportion of
CD57% T cells, the higher potential for a rapid TNF-o and
IFN-y response, showing extensive immediate Tyl responses
in patients with ALD, rather than Tyl deficient as assumed.
However, whether this rapid Tyl response has an impact on
provoking cell-mediated immunity or it only promotes a rapid
inflammatory response with induction of tissue damage, remain
unclear (112).

Alcohol consumption also influences T-cell activation and
functioning in humans and mouse models. Cytotoxic T cells
present impaired cytotoxic functions and reduced activation
in patients with alcoholic hepatitis, leading to severe immune
incompetence (58). In alcoholic hepatitis patients whose
condition seemed to improve, the frequency of IL-22-producing
T helper cells was found to be increased, indicating T cell
differentiation toward an IL-22-producing phenotype might be
favorable for ALD suppression (113). Patients with alcoholic
liver cirrhosis showed down-regulated expression of the CD28
co-stimulatory molecule, reduced ability of T cells binding to
exogenous IL-2, and increased soluble CD8 levels that might
interfere with CD8" T cells activation. The impaired Tyl
response and these abnormalities would affect the cytotoxic
response in these patients (114). A study indicated that actively
drinking patients with alcoholic cirrhosis induces Ty1 cellular
immune responses against the ethanol-oxidizing enzyme ADH,
and these responses are correlated with the severity of the disease
(115). The increase of ADH release from the cytoplasm of
injured hepatocytes triggers autoimmune responses, forming a
vicious circle to promote liver injury. These immune responses
triggered by ADH may provide new targets for immune-
regulatory therapies in ALD patients, and also serve as a
biomarker to identify the risk of alcoholics in progressing to
cirrhosis (115).

In a recent study, programmed cell death 1 (PD1), and T-
cell immunoglobulin and mucin domain-containing protein 3
(TIM3), as well as their respective ligands- PD ligand 1 (PD-
L1) and galectin-9, have been revealed as crucial mediators
involving in innate and adaptive immunity in acute alcoholic
hepatitis patients (116). T cells with an impaired function from
patients with acute alcoholic hepatitis, showed higher levels
of PD1 and PD-L1, or TIM3 and galectin-9, compared with
that of T cells from controls (116). Antibodies against PD1
and TIM3 restored INF-y production by T cells, decreased IL-
10-producing T cells and increased antimicrobial activities of
neutrophil. Blockade of PD1 and TIM3 might be the possible
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immune-regulation approach for ALD treatment. In our recent
study, we have defined the protective role of a heterogeneous
population, granulocytic-myeloid-derived suppressor cells (G-
MDSCs) in response to ethanol-induced acute liver injury (3).
After acute alcohol consumption, the activated T cells produce
pro-inflammatory mediators and further drives the progression
of alcoholic liver injury. The expansion of G-MDSCs after acute
alcohol administration alleviated alcohol-caused hepatic injury
via suppressing T cells activation. The role of G-MDSCs in
the chronic setting of ALD should be thoroughly elucidated,
which might be a novel potential target for immune-regulatory
treatment of ALD in the future.

B Lymphocytes

B cells, a subtype of lymphocytes derived from the bone marrow,
produce immunoglobulins located either on the cell surface or
secreted as antibodies, which mediates both T cells-dependent
and -independent immune responses (117). The B cells number
was lower in heavy alcoholics than that of moderate or light
drinkers. In alcoholics with ALD, the loss of circulating B cells
is particularly severe (101, 118). Moreover, alcohol exposure can
affect the differentiation of progenitor B cells at a late stage
by down-regulating the expression level of related transcription
factors and cytokine receptors (119). Increased circulating level
of immunoglobulins is a characteristic of alcoholic liver cirrhosis
patients, which might be attributed to TLR-9 priming of B
cells (120). TLR pathways are involved in the maturation and
immunoglobulins synthesis of B cells. However, another study
showed that short-term ethanol treatment at high dose down-
regulated splenic macrophages and DCs activity via enhancing
B cells function as the antigen-presenting cell, and eventually
facilitating a microenvironment that leads to increased activation
of CD4™ T cells (121). The roles of B cells within the spectrum
of ALD deserve to be further elucidated with mechanistic
studies required.

POTENTIAL THERAPEUTIC APPROACHES
TO TREAT ALD VIA REGULATION OF
IMMUNE RESPONSE

The alterations of immune cells in the progressive stage of
ALD are summarized in Figure2. In the early stage of ALD,
the activated Kupffer cells induced by increased hepatic LPS
produce a large amount of ROS, as well as pro-inflammatory
cytokines and chemokines, which finally result in liver injury
(122). Then those chemokine and cytokines such as MCP-
1, macrophage inflammatory protein-(MIP)-1a, and MIP-1f
increased macrophage and neutrophil numbers in fatty liver
and steatosis (21). In alcoholic hepatitis, although neutrophils
are primed and infiltrate the liver to induce damage, their
phagocytic capacities are significantly reduced (56). Moreover,
NK cell numbers as well as their cytolytic activity are also
decreased in alcoholic hepatitis. The compromised cytolytic
activity is due to the reduced expression of tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL), natural killer
group 2D (NKG2D), and IFN-y on NK cells after chronic
alcohol exposure, subsequently abrogated the killing effects
of NK cells on activated HSCs (123). The expression of
NKG2D on cytotoxic T cells from alcoholic hepatitis patients
was also observed to be decreased, resulting in impaired
cytotoxic function. These comprised immune functions lead to
a high infection rate in patients with alcoholic hepatitis. In
alcoholic fibrosis, one of the most remarkable feature is the
activated HSCs and proliferation of myofibroblasts stimulated
by LPS and TGF-p1 (124). Increasing evidence has indicated
that the activation of NK cells could inhibit the pro-fibrotic
progress via killing HSCs (125). In alcoholic cirrhosis, both
amplified systemic inflammation and immunodeficiency were
observed. The immunodeficiency is mainly attributed to the
depressed NK cytolytic activity, decreased DC and reduced
B cells. Generally, the extent of immune dysfunction is
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TABLE 1 | Emerging mediators involved in the response of several immune cells in ALD.

Mediators/Targets Involved cells Effects Pathways References
Kruppel-like factor 4 Macrophage Regulate M1/M2 macrophage polarization Activation of NF-kB (25)
(KLF4)
Macrophage migration F4/80+ Sensitize mice to LPS and promote Recruit infiltrating monocytes and inflammatory (29)
inhibitory factor (26) macrophages alcoholic liver injury cytokine production
Extracellular vesicles Kupffer cell Increase TNF-at IL-12/23+ M1 Kupffer Hsp90 and NF-kB pathway (33)
cells and decrease CD206TCD163+ M2
Kupffer cells, lead to inflammation
activation
Telomerase reverse Macrophage Switch macrophages toward M1 Activation of NF-kB pathway (24)
transcriptase (23) phenotype
miR-155 Macrophage Promote macrophage activation and Production of TNF-a via enhancing mRNA (31)
facilitate alcohol-induced injury and stability
Cannabinoid CB2 Kupffer cells Regulate M1/M2 balance in Kupffer cells, Via an autophagy-dependent manner via by (37, 38)
receptors protect liver from alcoholic injury HO-1 induction
Adiponectin Macrophage Inhibit alcohol-induced ROS production, Inhibit activation of NADPH oxidase and the (126)
protective role against chronic alcohol increased expression of NADPH oxidase
exposure subunits including Nox2 and p22 by mediating
NF-kB pathway, induce the phosphorylation of
LKB1
IL-1 receptor like 1 Kupffer cells Prevent alcoholic liver injury at early and Suppress NF-«B pathway (127)
(ST2) mild stages of ALD, restrain the
inflasmatory activation of Kupffer cells
Human neutrophil Neutrophils Exacerbate alcohol-induced liver fibrosis Via down-regulating Bcl2 expression and 41)
peptide (HNP)-1 and hepatocyte apoptosis up-regulating miR-34a-5p expression
Intercellular adhesion Neutrophils Exacerbate alcoholic liver injury Promote neutrophil infiltration (42)
molecule 1 (ICAM-1)
E-selectin Neutrophils Exacerbate alcoholic liver injury, activation Promote transition from slow rolling to arrest, (43)
of neutrophils increase the efficient transendothelial migration
CCL2 Neutrophils Significantly increased in alcoholic IL-8, neutrophil recruitment (45)
hepatitis patients
Albumin Neutrophils Induce hepatic oxidative stress and Neutrophils activation (44)
inflammation
CXCL1 Neutrophils; Neutrophil infiltration, lead to alcoholic liver TLR2 and TLR9-dependent MyD88-dependent (46)
hepatocytes; injury pathway, CXCR2
HSCs
Lipocalin-2 Neutrophils Propagate the development of ALD Drive neutrophil infiltration 47)
miR-233 Neutrophils Mediate neutrophil function and ameliorate Inhibite IL-6 and subsequently suppressed (49)
alcoholic liver injury phagocytic oxidase p47 expression with
reduced ROS production in neutrophils
Osteopontin Neutrophils Regulate neutrophil infiltration Signaling by N-terminal integrin binding motif (52, 53)
(SLAYGLR) of OPN via its receptor agf1 (VLA9)
and oy PB4 (VLA4) integrins on neutrophils
IL-15/IL-15R alpha NK cells Increase cytotoxic conventional NK cell Inhibit the arrest of NK cell development at the 61)
number and cytolytic activity CD27tCD11b™ stage due to a lack of IL-15
availability in the microenvironment
IL-1B Type | NKT cells Lead to liver inflammation Promote neutrophil infiltration (74)
All-trans retinoic acid Type | NKT cells Attenuate alcoholic liver injury Suppressing activation of type | NKT cells (72)
Class | histone DC Promote alcoholic liver injury Regulate alcohol-induced oxidative stress (90)
deacetylases (HDACs) related genes expressed by monocyte-derived
DC
H4K12ac Human Mediate inflammation Decrease the levels of IL-15, TGF-p1, TNF-a, (91)
monocyte-derived and regulate MCP-2 levels
DC
IL-17 Ty17 Exacerbate alcoholic liver injury Promote liver neutrophil infiltration (106)
IL-22 T helper cells Attenuate alcohalic liver injury Inhibit inflammation (113)
PD1 and TIM3 T cells Drive alcohoalic liver injury Involve in INF-y production by T cells, promote (116)

IL-10-producing T cells, and affect
antimicrobial activities of neutrophil
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closely related to severity of liver injury, and the maximum
immunodeficiency is observed in patients with alcoholic
cirrhosis (11).

Given the vital role of immune cells in the pathogenesis
process of ALD, interventions targeting the immune response
have been intensively studied. We have summarized the emerging
mediators that are involved in the response of several immune
cells in ALD from studies in recent several years (Table 1). These
mediators could be targeted to prevent or alleviate alcoholic
liver injury. Adiponectin, an adipokine mainly secreted by
adipocytes, has been shown to inhibit alcohol-induced ROS
production via regulating NADPH oxidase in macrophages,
playing a protective role against chronic alcohol exposure
(126). Globular adiponectin inhibited activation of NADPH
oxidase and increased expression of NADPH oxidase subunits
including Nox2 and p22 by mediating NF-kB pathway. Further
mechanistic study revealed that globular adiponectin-induced
the phosphorylation of liver kinase B1 (LKB1), which is an
upstream signaling molecule mediating AMPK activation, to
suppress the activation of NADPH oxidase induced by alcohol
in macrophages (126). Additionally, the impact of ethanol on the
adipose secretome has been demonstrated to be closely associated
with the cargo of adipocyte-derived extracellular vesicles and
anaphylatoxins complement component 5a receptor-1 (C5aR1)
was involved in this process (128). IL-1 receptor like 1 (ST2)
showed a beneficial role in preventing alcoholic liver injury at
early and middle stages of ALD. It restrains the inflammatory
activation of Kupffer cells via suppressing the NF-kB pathway.
In the case of severe alcoholic liver injury with significant
cell death, however, the release of IL-33 from dead cells that
acts through canonical ST2 signaling in hepatic macrophage
exacerbated hepatic injury (127). Retinoic acid, is found to
be depleted in ALD, with the consequence of priming pro-
inflammatory cytokines production. The supplementation of
retinoic acid in alcohol-treated animals reduced the stability
of TNF-a mRNA in hepatic macrophage, thus alleviating
liver injury (129). Beta-hydroxybutyrate (BHB), one of the
main ketone body, was found to show anti-inflammatory and
hepatoprotective effects via an Hcar2 dependent pathway. In
patients with alcoholic hepatitis, the loss of BHB occurs.
Supplementation of BHB displayed significant therapeutic effect
on preventing alcoholic liver injury (130). BHB treatment
increased the M2 phenotype of intrahepatic macrophage
and promoted hepatic IL-10 transcripts. In vitro study also
indicated that BHB induced lower mitochondrial membrane
potential, resulting in improved transcriptional level of M2
related genes in bone marrow derived macrophages (130). This
finding supports the concept of metabolite-based therapy for
alcoholic hepatitis.

Several clinic trials of drugs that target those mediators
for alcoholic patients are on-going or has been performed
(refer to http://www.ClinicalTrials.gov). For example, anakinra,
IL-1 receptor antagonist, has been tested in patients with
severe acute alcoholic hepatitis in a double-blind randomized
controlled trial (NCT01809132). It showed the potential to
decrease the associated inflammation, to enhance gut barrier
function, and to inhibit the progress of hepatorenal syndrome.

Clinic trials of granulocyte-colony stimulating factors (G-CSF)
on alcoholic hepatitis have been intensively performed in
recent years. Two studies (NCT01341951/NCT01820208) have
indicated the survival benefits with the use of G-CSF in
patients with alcoholic hepatitis. In several on-going clinical
studies, granulocyte-colony stimulating factors (G-CSF) is used
in alcoholic hepatitis patients to examine its safety and efficacy
(NCT03703674/ NCT02442180). The safety and efficacy of
combination therapy of G-CSF and N-acetyl cysteine are also
tested in the patients with alcoholic hepatitis by a randomized
clinic trial (NCT02971306). In the future, more clinic trials
testing agents which mediate immunity in patients with ALD
are expected.

Since therapeutic approaches for ALD are still limited and
unsatisfactory, Chinese herbal medicine has been considered
as a promising alternative approach (131-135). Chinese herbal
medicine used in treating liver injury is principally based
on eliminating toxins, increasing blood circulation, resolving
stasis, and improving host immunity (136-138). Several herbal
medicines have been demonstrated to prevent alcoholic liver
injury via immunoregulation by modern research. For example,
silymarin has been found to significantly promote the survival
period of alcoholic cirrhosis patients (139, 140). Further
mechanism study indicated that flavonoids from Silybum
marianum, including silybin and silymarin, could normalize
immunoregulatory defects via restorating the cellular thiol status,
inducing T-cell activation (CD69) with a significant reduction of
TNF (139, 141). Although there is still a long way to go to fulfill
the immunity treatment in ALD, it represents a very encouraging
field for ALD therapy.

CONCLUSIONS AND PERSPECTIVES

In conclusion, accumulating studies showed a complex
interaction between alcohol and the immune systems, which
might increase patient’s susceptibility to damage. On one hand,
at the early stage of ALD, activation of innate immunity induced
by alcohol in liver precipitates disorders ranging from localized
and temporary inflammation to extensive hepatocellular damage
and liver injury. Adaptive immune response triggered by
oxidative modification of hepatic constituents conversely favors
the stimulation of innate immune response, contributing to the
sustained hepatic inflammation in ALD. On the other hand,
the suppressed antigen-presenting capability of various innate
immune cell types, impaired proliferation, and function of T cells
indicates the off-tune immune system that may consequently
lead to increased risk of infection, especially in patients with
advanced ALD. The failure in the liver’s function to remove
microbial and other circulating pro-inflammatory metabolites,
as well as release of immunogenic cellular debris from necrotic
hepatocytes, consequently cause persistent activation of immune
pathways, which aggravates state of the illness. To define the
precise pathogenic role of these immune cells in the context of
ALD, more prospective clinical studies that further elucidate
their phenotypic diversity are expected. Future studies should
focus on understanding how alcohol affects the population,
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phenotypic switch, and functions of hepatic immune cells.
The interaction between diverse immune cells within ALD
spectrum, and if targeting those cells relieves hepatic injury,
will deliver promising strategies to manage patients with ALD
(21). Moreover, identification of specific immune component
at different stages of ALD might facilitate the discrimination of
alcoholics in risk of progression to alcoholic hepatitis, fibrosis
or cirrhosis.
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