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Abstract

The pathogenesis of alcoholic liver disease (ALD) is multifactorial and characterized by steatosis, 

steatohepatitis and cirrhosis. Several signaling pathways in different liver cell types that contribute 

to the development and progression of alcoholic liver injury have been identified. Among these, 

immune cells and signaling pathways are the most prominent and central to ALD. Both innate and 

adaptive immune responses contribute to ALD. The key features of inflammatory pathways in 

ALD including liver innate and adaptive immune cell types, signaling receptors/pathways, and 

pro- and antiinflammatory/protective responses are summarized here.
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Introduction

Alcohol is the most commonly abused drug and the second most common cause of liver 

disease to HCV infection, contributing to 20–25 % of the total cases in the US [1]. Alcoholic 

liver disease (ALD) is characterized by a spectrum of pathological conditions such as fatty 

liver disease or steatosis and steatohepatitis, which can progress to fibrosis, cirrhosis and 

hepatocellular carcinoma. Although chronic alcohol consumption leads to fatty liver, only 

30 %of heavy drinkers develop advanced liver injury. The progression of liver injury caused 

by alcohol involves parenchymal and non-parenchymal cells in the liver, including innate 

and adaptive immune cells as well as infiltrating cells, adding to the damage and 

inflammation. Despite a number of studies using in vitro and in vivo approaches, the 

pathophysiological mechanisms associated with alcoholic liver injury are still unclear, 

limiting effective therapies. Understanding the importance of innate and adaptive immune 
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signaling in ALD could provide insights into its pathogenesis and uncover new potential 

targets for therapeutic intervention. Here we summarize innate and adaptive immune cells 

involved in liver inflammatory responses, the signaling pathway molecules involved and 

mediators including cytokines and chemokines that propagate alcoholic injury in the liver 

(Fig. 1).

Innate and adaptive immunity in liver

The innate immune system is a universal and ancient form of host defense against infections. 

Cells of the innate immune system include monocytes, macrophages, dendritic cells (DC), 

neutrophils, NK cells and NKT cells, which are responsible for orchestrating the initial 

immune response. Cytokines, chemokines and other mediators released by innate immune 

cells as well as cell-cell interactions lead to adaptive immune responses important in 

inflammation and immunity. Adaptive immunity refers to lymphocyte-mediated immune 

responses tailored to specific pathogen or neoplastic cells. It is classified as humoral or cell 

mediated, principally executed by B and T lymphocytes, respectively. In the liver, adaptive 

responses primarily include antigen-specific proliferation of T cells, deletion of activated T 

cells, induction of tolerance to ingested and self-antigens, and removal of signaling and 

effector molecules following inflammation.

The liver is a predominant organ of innate immune activation and is crucial to the 

recognition of invading pathogens and toxins. In the liver, parenchymal hepatocytes occupy 

almost 80 % of the total liver volume and perform the majority of numerous liver functions. 

On the other hand, non-parenchymal liver cells, which contribute only 6.5 % to the liver 

volume, but 40 % to the total number of liver cells, are localized in the sinusoidal 

compartment of the tissue. The walls of the hepatic sinusoid are lined by different innate 

immune cell types: sinusoidal endothelial cells (SEC), Kupffer cells (KC) and hepatic 

stellate cells. Additionally, intrahepatic lymphocytes (IHL), including liver-specific natural 

killer (NK) cells, are often present in the sinusoidal lumen. Liver innate immune cells 

including KCs, DC, NK and natural killer-T (NKT) cells are dysfunctional in ALD. In 

addition, recruitment and infiltration of bone marrow-derived cells (BMDC) and neutrophils 

further contribute to the progression of alcoholic liver injury. Emerging evidence suggests 

that inflammation is the driving force in the development of ALD, and activation of innate 

immune cells is the hallmark of the alcohol-mediated inflammatory cascade in the liver [2]. 

Several signaling pathways driven by pattern recognition receptors (PRRs) on innate 

immune cells and downstream adapters and kinases contribute to inflammatory cell 

activation [3]. On the other hand, the understanding of the effect of alcohol on adaptive 

immune T and B lymphocytes in the liver is still emerging. Involvement of Th1 cells in liver 

injury as well as circulating IgG in alcoholic hepatitis patients provides evidence for the 

importance of adaptive immunity in ALD.

Innate immune cell activation in ALD

The diverse pathogenesis of ALD involves direct or indirect activation of not only resident 

KCs/macrophages, but also infiltrating innate immune cells such as bone marrow-derived 
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cells (BMDCs), DCs, neutrophils, NK and NKT cells that migrate to the liver, adding to the 

inflammatory response and propagation of liver injury.

Kupffer cells and bone marrow-derived cells (BMDC)

KCs or resident macrophages, located in liver sinusoids, play an important role in alcoholic 

liver injury. Dr. Thurman et al. [4] provided the first evidence of a “two-hit” model of early 

alcoholic liver injury where recognition of gut-derived endotoxin by the KCs is the crucial 

step. PRRs including Toll-like receptors (TLRs) and NOD-like receptors (NLRs) are 

primarily expressed on KCs and drive inflammatory responses in the liver [5]. Activation of 

KCs leads to upregulation of the surface markers, CD68 and CD163, produces immune 

mediators such as IL-1, TNFα and IL-6, chemokines including IL-8, MCP-1, MIP-1 and 

RANTES, as well as reactive oxygen species (ROS) [5]. Circulating endotoxin during 

alcohol exposure is recognized by CD14/TLR4 on KCs and activates downstream IRAK, 

IKK and transcription factor NFκB, resulting in induction of proinflammatory cytokines [3]. 

Studies showing the importance of TLR4 and proinflammatory responses in early alcoholic 

liver injury point to a critical role not only for KCs, but also for bone marrow-derived 

myeloid cells [6, 7]. While regular KCs are able to eliminate pathogens, drugs and toxins, 

alcohol-exposed KCs exhibit increased sensitivity to lipopolysaccharides (LPSs), attributed 

to ROS production [8]. It is perceivable that alcohol-induced ROS and increased 

sensitization of KCs are major players in ALD. Recent studies show that in a rodentmodel of 

ALD, chronic alcohol feeding causes a shift of KCs to classical M1 macrophages [9]. 

Further, recent studies emphasize the M1 macrophage function of KCs in ALD [10]. 

Although resident KCs are important, infiltration of BMDCs contribute to ALD. While 

BMDCs affect restoration of liver function by hepatocyte regeneration, in the context of 

disease, these cells can also play an important role in liver injury based on the inflammatory 

milieu to which they are recruited. Alcohol liver injury mobilizes CD34+ stem cells into the 

circulation and recruits them into the liver. Alcoholic hepatitis patients show increased 

CD34+ cell counts in liver tissue and in blood as compared to controls [11].

Dendritic cells

Dendritic cells (DCs) are classical antigen-presenting cells in the liver found in the portal 

triad and the central veins; they efficiently capture and process antigens in the liver. Owing 

to their efficient antigen-presenting function, hepatic DCs can readily tip the balance 

between an active immune response and immune tolerance [12]. DC maturation is 

associated with upregulation of surface MHC class II, CD80 and CD86. Two major DC 

subtypes present in the liver are myeloid and plasmacytoid [13]. Myeloid DCs (mDCs) are 

CD14−, BDCA-1+, CD11c+, CD83+, CD33+ and HLA-DRbright cells, and they produce 

cytokines including IL-12 and IL-10 and little IFNα in response to pathogens. Plasmacytoid 

DCs (pDCs), predominant viral sensors, are potent producers of type-I IFNs and HLA-

DRbright, BDCA-2+, BDCA-4+ and CD123bright cells, but lack the myeloid markers CD11c 

and CD33. Both mDCs and pDCs are present in normal liver, but can also be recruited in 

response to infectious stimulation [13]. Recent studies show that chronic alcoholic liver 

injury is associated with inhibition of myeloid dendritic cell function [14]. However, 

whether alcohol affects the status of pDCs in ALD remains to be investigated.
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Neutrophils

Recruitment of neutrophils in the intralobular region of the liver is a hallmark of alcoholic 

hepatitis [15]. Inflammatory mediators, particularly chemokines such as IL-8 and IL-17, 

play an essential role in neutrophil infiltration in ALD [15, 16]. These mediators not only 

recruit neutrophils, but also prime neutrophils for increased ROS production, creating an 

oxidative environment in the liver, leading to mitochondrial injury and hepatocyte damage. 

Increased myeloperoxidase activity, activation of NADPH oxidase and iNOS in recruited 

neutrophils further contribute to tissue damage [15]. Furthermore, mature neutrophils reside 

in the bone marrow and are rapidly mobilized during an inflammatory episode such as in 

alcoholic hepatitis patients [17]. Alcoholic cirrhosis patients exhibit lower phagocytic 

activity and dysfunction despite inflammation in peripheral tissue [18]. Increased expression 

of TLR4, 2 and 9 influenced neutrophil dysfunction without any effect on phagocytic 

activity [19]. Recent studies show that neutrophil infiltration is mediated by E-selectin 

during alcoholic liver injury [20]. How defective neutrophils contribute to ALD requires 

further investigation.

NK and NK-T cells

The role of natural killer (NK) and NK-like T cells (NK-T) in alcoholic liver injury is poorly 

understood. NK cells are regulated by cytokines derived from KCs such as IL-12 and IL-18, 

produce large amounts of antiviral interferon gamma (IFNγ) and modulate T cell responses 

in the liver. The antifibrotic role of NK cells via direct NKG2D and TRAIL-dependent 

killing of hepatic stellate cells or increased IFNγ was reported [21]. In a murine ALD model, 

alcohol decreased NK cell cytotoxicity against hepatic stellate cells by decreasing 

expression of TRAIL, NKG2D and IFNγ [21] and reducing NK cell release from bone 

marrow as well as enhancing splenic NK cell apoptosis [22]. On the other hand, NK-T cell’s 

capability to steer the immune system to either inflammation or tolerance [23] was based on 

the different types: type I invariant or type II is associated with hepatosteatosis. NK-T cells 

are abundant in the liver and recognize lipid antigens via presentation by the non-classical 

MHC class I-like molecule CD1. The change in NKT cell numbers in animal models of 

alcohol-related hepatosteatosis is associated with a disruption of cytokine homeostasis, 

resulting in a more pronounced release of proinflammatory cytokines, which render the 

steatotic liver highly susceptible to secondary insults [24]. Liver NKT cells increase in ALD, 

and further activation by alpha-galactosylceramide causes lethal liver injury [24]. Alcohol-

fed NK-T cell-deficient mice exhibit a delay in alcohol-induced liver injury [24]. In general, 

based on the tissue microenvironment, reduced function of NK and increased numbers as 

well as function of NK-T cells can accelerate early liver injury by producing 

proinflammatory cytokines and killing hepatocytes in an oxidative milieu. Future 

investigation of the precise role of NK and NK-T cells in the pathogenesis of ALD is 

warranted.

Adaptive immunity in ALD

The contribution of adaptive immune cells to alcohol-induced liver inflammation has 

received little or no attention. Lymphocyte infiltration in the liver is commonly observed in 

patients with alcoholic hepatitis. Malondialdehyde-acetaldehyde (MAA) adducts induced in 
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alcoholic liver are immunogenic and can induce adaptive responses [25]. While the 

contribution of MAA adducts to the pathogenesis of ALD is unclear, recent data suggest that 

MAA-modified cytosolic proteins can induce liver damage and increase proinflammatory 

cytokines and profibrotic factors [26]. T cell proliferation and IgG antibodies were also 

detected in the livers after immunization with MAA adducts, suggesting a role for adaptive 

responses in disease pathophysiology [26, 27].

Th17 cells

Interleukin-17 (IL-17)-producing CD4+ T cells (Th17) are important “players” in 

inflammation-associated diseases. In patients with alcoholic hepatitis, a recent study showed 

increased IL-17 levels in human ALD [28]. CD4+ T cells producing IL-17 (Th17) cells were 

identified in peripheral blood of alcoholic cirrhosis patients and liver inflammatory 

infiltrates [28]. Further IL-17+ cells correlated with the stage of the disease, and IL-17 

receptors were identified on hepatic stellate cells. These observations suggest that increased 

Th17 cell recruitment and activation in the liver are associated with ALD and likely promote 

inflammation and fibrogenesis. The importance of Th-17-associated mechanisms and their 

participation in ALD needs further investigation.

Immune signaling pathways in ALD

Innate immune signaling pathways including PRRs, adapters and downstream kinases as 

well as transcription factors have been the major focus in ALD research. A number of 

studies have pointed to their potential applicability as likely therapeutic targets. Immune 

signaling mechanisms in adaptive T and B cells remain to be investigated.

Pattern recognition receptors, adapters and kinases in ALD

PRRs are membrane-associated, endosomal and cytoplasmic and recognize pathogens or 

danger-associated molecular patterns (DAMPs) [3]. The different groups of PRRs 

comprising the TLRs, cytoplasmic NLRs and RIG-I-like receptors (RLRs) bind to distinct 

DAMPs and enable downstream signaling [3]. Increasing evidence suggests that various 

PRRs and signaling components play an important role in the pathogenesis of ALD (Fig. 2). 

The role of TLRs and particularly TLR4 has been investigated in alcoholic liver injury [6, 7, 

29]. In ALD, recognition of gut endotoxin/LPS by the CD14/TLR4 complex activates 

downstream signaling in liver macrophages [2]. The contribution of oxidative stress due to 

ROS generation largely adds to alcohol-induced sensitization of liver macrophages and 

inflammatory responses [30]. A pivotal role for ROS-mediated activation of NADPH 

oxidase, increased TLR expression [31] and stress proteins hsp70 and hsp90 [32] in 

alcoholic macrophage activation is reported. The role of DAMPs in ALD is not well 

understood. Among the DAMPs, necrotic or apoptotic bodies generated because of alcohol-

induced oxidative stress could be recognized by PRRs and play an important role in liver 

injury [33]. While research until now has focused on TLRs, recent studies show alcohol-

mediated activation of the NOD-like receptor, NLRP3, in alcoholic liver [34]. On the other 

hand, TLR3 activation induced protection from alcoholic liver injury because of IL-10 

production by KC and stellate cells [35]. Thus, it is increasingly evident that besides TLR4, 

oxidative stress and intracellular PRRs are also major players in ALD.
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Engagement of TLR4 by endotoxin leads to its activation and recruitment of IRAK-1 to the 

TLR4 complex via interaction with MyD88 and IRAK-4. The importance of the common 

TLR4 adaptor molecule, MyD88, in a mouse model of alcoholic liver injury is shown [6]. 

MyD88 knockout mice were highly susceptible to alcohol-induced fatty liver, likely due to 

increased oxidative stress [6]. TLR4-induced MyD88-dependent and -independent pathways 

led to the IKK kinase activation crucial in proinflammatory gene expression [3]. Chronic 

alcohol exposure induces LPS-mediated IKK kinase activation in murine macrophages [32]. 

Stress-mediated molecular chaperone, hsp90, plays an important role in maintaining IKK 

activity in chronic alcohol-exposed macrophages. Inhibition of hsp90 decreases IKK activity 

and prevents alcohol-mediated proinflammatory cytokine expression [32]. Downstream 

from PRRs, members of the mitogen-activated protein kinase (MAPK) family including 

extracellular receptor-activated kinases 1/2 (ERK1/2), p38 and c-jun-N-terminal kinase 

(JNK) are activated. Chronic alcohol enhances LPS-induced ERK1/2 activation and 

transcription of Egr-1, contributing to murine hepatic macrophage activation [36, 37]. KCs 

exposed to chronic alcohol in vivo exhibit increased LPS-induced p38 activity and 

decreased JNK activity [38]. Thus, alcohol regulates PRR-associated adapter molecules and 

intracellular kinases, resulting in cytokine/chemokine alterations in ALD.

Transcription factors in ALD

In innate immune cells, TLR-induced MyD88-dependent and -independent signaling leads 

to activation of NFκB and/or interferon regulatory factor 3 (IRF3), respectively, resulting in 

induction of proinflammatory cytokines or type I IFN. In ALD, LPS/TLR4-mediated NFκB 

activation in monocytes and macrophages contributes to production of proinflammatory 

cytokines such as TNFα [39]. On the other hand, LPS activated IRF3 also binds to the 

TNFα promoter and promotes macrophage activation by chronic alcohol exposure [40]. 

Whether NFκB and IRF3 act in concert with each other to increase proinflammatory 

cytokines and liver injury is not yet clear. Another transcription factor, AP-1 induced by 

TLR4 and JNK, leads to phosphorylation of c-jun and binds to the TNFα promoter. 

Oxidative stress-mediated transcription factor HSF-1 is activated in chronic alcohol-exposed 

macrophages [32]. However, target genes hsp70 and hsp90 are differentially regulated with 

selective induction of hsp90 in chronic alcohol-exposed macrophages. It is likely that 

chronic alcohol exposure induces hsp90, selectively exploiting its chaperone function of 

kinases such as IKK, crucial in the induction of inflammatory responses in the liver [32]. 

Transcription factors such as SREBP and PPARα also play a pivotal role in early alcoholic 

liver injury [41]. Decreased PPARα activity in hepatocytes promoted oxidative stress in the 

alcoholic liver and increased sensitization of TNFα-induced liver injury [41]. The role of 

STAT3, another transcription factor in alcoholic liver injury, was extensively studied by 

Gao and colleagues [42]. KCs from alcohol-fed hepatocyte-specific STAT3KO mice 

produced similar amounts of ROS and proinflammatory cytokines compared to control 

mice. On the other hand, KCs from myeloid-specific-STAT3KO mice produced higher ROS 

and TNFα compared with wild-type controls. These results suggest that STAT3 in 

hepatocytes promotes oxidative stress and inflammation, whereas Kupffer cell STAT3 

reduces hepatic inflammation during alcoholic liver injury [42]. Endothelial STAT3 seems 

to play an important dual role of attenuating hepatic inflammation and sinusoidal endothelial 

cell death during alcoholic liver injury [43]. Thus, based on the cell type involved, 
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transcription factors can exert distinct downstream gene expression. Further exploration of 

novel transcription factors and related epigenetic events at the chromatin level in immune 

cells will advance our understanding of their role in the pathogenesis of ALD.

Mediators in ALD: cytokines and chemokines

Proinflammatory cytokines in ALD

Major proinflammatory cytokines including TNFα, IL-1β and IL-6 are increased in ALD 

and have been extensively studied. Liver immune cells produce TNFα, which is important in 

liver homeostasis and can activate both pro-and antiapoptotic signaling in the liver. TNFα 

production was increased in serum or PBMCs and shown to correlate with disease severity 

in alcoholic hepatitis. Hence, targeting TNFα as a potential therapeutic strategy was tested 

in clinical trials using anti-TNFα antibodies in patients with acute alcoholic steatohepatitis 

but failed because of severe side effects including infections [44]. The role of IL-1β in the 

pathogenesis of ALD was recently uncovered by Petrasek et al. [34], who showed caspase-

dependent upregulation of IL-1β and signaling of IL-1R1, crucial in the pathogenesis of 

ALD. IL-6 in the liver induces an acute-phase response and has important hepatoprotective 

effects. Another critical proinflammatory cytokine, IL-8, is increased in alcoholic hepatitis 

patients and is linked to neutrophil infiltration [15]. The importance of the balance of Th1 

and Th2 cytokines in the liver microenvironment has been proposed. Increased expression of 

the Th1 cytokines IFNγ and IL-12 was reported in alcohol-fed rats and contributes to 

alcoholic steatosis [45]. IL-17, another proinflammatory cytokine secreted by T cells, 

correlated with infiltrating immune cells and the fibrosis score in alcoholic hepatitis patients, 

suggesting its role in the pathogenesis of ALD [28].

Chemokines are chemotactic cytokines that recruit leukocytes to the sites of injury and 

inflammation. Resident hepatic cell types secrete CXC chemokines such as IL-8, MIP-2 and 

CINC-1, resulting in migration of NK, NKT, CD4+ T cells and neutrophils in ALD. The 

role of the CC chemokine, MCP-1, in ALD was recently shown [46]. On the other hand, 

deficiency of the MCP-1 receptor, CCR2, exhibits alcohol-induced liver injury, suggesting 

that CCR2-mediated immune cell infiltration does not play a role in the pathogenesis of 

ALD [46]. Recent studies indicate an important role for macrophage migration inhibitor 

factor (MIF) in immune cell infiltration during ALD [47]. Using selective blockade of 

chemokines or chemokine receptors to understand the distinct effects on recruitment of 

immune cells and their possible development as therapeutic strategies in ALD is needed.

Antiinflammatory mediators in ALD

Antiinflammatory or protective cytokines curb the inflammatory response during ALD and 

are pivotal to the development and progression of liver injury. Various antiinflammatory 

mediators such as IL-6, IL-22, IL-10, prostaglandins and TGF-β render protection toward 

the inflammatory response and alleviate ALD. In addition, intracellular signaling molecules 

such as IRAK-M [39] contribute to the antiinflammatory effects in ALD. Chronic alcohol 

exposure did not significantly affect IL-10 in wild-type mice [48], but recent studies show 

that IL-6/STAT3-mediated mechanisms contribute to amelioration of alcoholic liver injury 

in IL-10-deficient mice [43]. Further, decreased IL-10 in alcohol-exposed type-I IFN 
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receptor-deficient mice further supports a protective role for IL-10 and type I interferons in 

ALD [49]. Another antiinflammatory mediator, adiponectin, was decreased after chronic 

alcohol feeding, and treatment of mice with adiponectin prevents alcohol-induced liver 

injury [9]. Recent studies provide evidence for a hepatoprotective role for cytokine IL-22 via 

activation of STAT3 and its potential use as a therapeutic target in ALD [50]. Thus, 

understanding the antiinflammatory mechanisms in ALD is crucial not only for the 

pathogenesis but also for the development of therapy.

Summary and perspectives

ALD is multifactorial, involving various cell types and intracellular signaling pathways. 

While various mechanisms of ALD have been emerging, the importance of inflammatory 

signaling pathways in liver-resident immune cells in the pathogenesis of ALD has been 

identified. How infiltrating innate and adaptive immune cells participate in disease 

progression needs further investigation. The reason for only 35 % of heavy drinkers 

developing ALD remains unanswered. Until now, key signaling cascades in innate immune 

cells such as PRRs, adapters and cellular kinases and transcription factors resulting in 

cytokine/chemokine production have been investigated in alcoholic liver injury. Future 

approaches to study cellular and molecular interactions of innate and adaptive immune cells 

in ALD could offer a powerful tool to understand the diagnosis, prognosis and treatment of 

ALD.
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Fig. 1. 
Immune cells and signaling intermediates in ALD. Alcohol stimulates innate and adaptive 

immune cells in liver via PRRs, TLRs and interleukin receptors activating downstream 

intracellular adapters/kinases and transcription factors to produce pro- and antiinflammatory 

cytokine mediators
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Fig. 2. 
Pattern recognition receptor (PRR) signaling in ALD. PRRs in ALD activate downstream 

signaling adaptors, kinases and transcription factors to induce proinflammatory cytokines 

and chemokines
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