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Abstract

Lipopolysaccharide (LPS)-mediated activation of Toll-like receptors (TLRs) in hepatic 

macrophages and injury to hepatocytes are major contributors to the pathogenesis of alcoholic 

liver disease (ALD). However, the mechanisms by which TLR-dependent inflammatory responses 

and alcohol-induced hepatocellular damage coordinately lead to ALD are not completely 

understood. In this study, we found that mice deficient in IRAKM, a proximal Toll-like receptor 

pathway molecule typically associated with inhibition of TLR signaling, were actually protected 

from chronic ethanol-induced liver injury. In bone marrow derived macrophages challenged with 

low concentrations of LPS, which reflect the relevant pathophysiological levels of LPS in both 

alcoholic patients and ethanol-fed mice, the IRAKM Myddosome was preferentially formed. 

Further, the IRAKM Myddosome mediated the up-regulation of Mincle, a sensor for cell death. 

Mincle-deficient mice were also protected from ethanol-induced liver injury. The endogenous 

Mincle ligand, SAP130 is a danger signal released by damaged cells; culture of hepatocytes with 

ethanol increased the release of SAP130. Ex vivo studies in bone marrow derived macrophages 

suggested that the endogenous Mincle ligand, SAP130, and LPS synergistically activated 

inflammatory responses, including inflammasome activation. Conclusion: This study reveals a 

novel IRAKM-Mincle axis that contributes to the pathogenesis of ethanol-induced liver injury.
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Introduction

Alcoholic liver disease (ALD) ranges from simple steatosis to alcoholic hepatitis, fibrosis, 

cirrhosis and hepatocellular carcinoma. Alcohol exposure induces endoplasmic reticulum 

(ER) stress and mitochondrial dysfunction in hepatocytes, which leads to hepatocyte 

apoptosis, necrosis, necroptosis and inflammation (1). Alcohol disrupts the balance of gut 

microflora associated with an increased intestinal permeability, resulting in increased 

translocation of bacterial products into the circulation (2, 3). Increased levels of 

lipopolysaccharide (LPS) are indeed detected in the serum of alcoholic patients (4, 5) and 

alcohol-treated experimental animals, ranging from 80–130 pg/ml (5–9). The activation of 

hepatic macrophages (Kupffer cells) in response to portal endotoxin/LPS plays a key role in 

the early pathogenesis of alcohol-induced liver injury. LPS recognition by Toll-like receptor 

4 (TLR4) on hepatic macrophages results in the release of inflammatory cytokines, such as 

TNF and IL-1, that can in turn impact hepatocyte function. Mice deficient in TLR4 or 

interlukin-1 receptor (IL-1R) are resistant to ethanol-induced liver disease (9, 10). 

Conversely, previous studies have shown that signals released from hepatocytes injured by 

alcohol are also critical to the activation of hepatic macrophages. Thus, one important 

question is how TLR-dependent inflammatory responses and alcohol-induced cellular 

damage coordinately lead to the pathogenesis of ALD.

TLRs transduce signals through the adaptor molecule MyD88 and IL-1R-associated kinase 

(IRAK) family members, which include: IRAK1, IRAK2, IRAKM (also known as IRAK3) 

and IRAK4 (11). We recently reported the co-existence of two parallel TLR-mediated NFκB 

activation pathways: TAK1-dependent and MEKK3-dependent, respectively (12–14). 

IRAK4 kinase activity and its substrates, IRAK1 and IRAK2, are necessary for TAK1-

dependent NFκB activation and mRNA stabilization of chemokines and cytokines, but not 

for MEKK3-dependent NFκB activation (15–17). IRAKM is able to interact with MyD88-

IRAK4 to form IRAKM Myddosome, allowing it to control TAK1-independent MEKK3-

dependent NFκB activation (18). This IRAKM-dependent pathway is necessary for the 

second wave of TLR-induced NFκB activation in the company of IRAK1/IRAK2. Notably, 

the IRAKM-dependent pathway only induces expression of the inhibitory molecules 

SOCS1, SHIP1, A20 and IκBα. Thus, IRAKM exerts an overall inhibitory effect on 

inflammatory response.

In this study, we were surprised to discover that IRAKM-deficient mice were protected from 

ethanol-induced liver injury and inflammation. Mechanistically, IRAKM-dependent NFκB 

activation was the dominant pathway in hepatic macrophages challenged with low dose of 

LPS (100 pg/ml). Analysis of TLR4-induced IRAKM-dependent genes revealed one gene of 

particular interest: Mincle, a C-type lectin receptor, that senses non-homeostatic cell death. 

Induction of Mincle in hepatic macrophages was ablated in IRAKM-deficient mice and 

Mincle-deficient mice were protected from ethanol-induced liver injury. Spliceosome-

associated Protein 130 (SAP130, also known as SF3B3), the endogenous ligand of Mincle, 

was released from hepatocytes after ethanol exposure, while recombinant SAP130 

synergized with low dose LPS to robustly induce inflammatory gene expression and activate 

the inflammasome in macrophages. Since Mincle is a sensor for cell death and its expression 
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is IRAKM-dependent, our results suggest that TLR-induced IRAKM-dependent Mincle up-

regulation in hepatic macrophages critically links alcohol-induced cell death to subsequent 

inflammatory responses, contributing to the pathogenesis of ALD.

Materials and methods

Details regarding materials, details of the animal procedures and basic biochemical methods 

are given in the Supporting Information.

Mouse models

IRAKM deficient and Mincle deficient mice were previously described (19, 20). All 

procedures using animals were approved by the Cleveland Clinic Institutional Animal Care 

and Use Committee. KO and wild-type (WT) mice in the ethanol-fed groups were allowed 

free access to an ethanol containing diet: 1% (vol/vol) ethanol for 2d followed by 2% 

ethanol for 2d, 4% ethanol for 1w, 5% ethanol for 1w followed by 6% ethanol (32% of total 

calories) for the final week. Control mice were pair-fed a control diet which iso-calorically 

substituted maltose dextrins for ethanol over the entire feeding period.

Inflammasome activation

Bone marrow derived macrophages (BMDMs) were plated in 6-well plates at a 

concentration of 2.0 × 106 cells per well the day before the experiment. The day of the 

experiment, cells were stimulated with low concentration of LPS (100 pg/ml), recombinant 

SAP130 (5 µg/ml) or TDB (10 µg/ml) for the indicated time. Cell free supernatants were 

then prepared as described in Supporting information.

Immunoblotting

Cells and tissues were harvested and lysed in a Triton-containing lysis buffer (0.5% Triton 

X-100, 20 mM HEPES (pH 7.4), 150 mM NaCl, 12.5 mM β-glycerophosphate, 1.5 mM 

MgCl2, 10 mM NaF, 2 mM dithiothreitol, 1 mM sodium orthovanadate, 2mM EGTA, 1 mM 

phenylmethylsulfonyl fluoride and complete protease inhibitor cocktail from Roche). Cell 

lysates were then separated by 10% SDS-PAGE, transferred to Immobilon-P membranes 

(Millipore), and subjected to immunoblotting.

Data analysis and Statistics

Date were normally distributed, if not, non-parametric statistical analysis was applied to all 

data sets. Data are expressed as mean ± SEM. Differences were analyzed by Student t test 

and one-way ANOVA were used to compare normally distributed data set. Mann-Whitney U 

test and Kruskal-Wallis test were used for non-parametric analysis. P < 0.05 was considered 

significant.

Results

IRAKM is required for low dose LPS-mediated NFκB activation

Recently, we reported a novel role for IRAKM in TLR signaling: IRAKM interacts with 

MyD88-IRAK4 to mediate a MEKK3-dependent second wave NFκB activation (18). In 
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response to typical doses of LPS (10 ng/ml-1 µg/ml), MEKK3 modification and second 

wave IκBα phosphorylation are ablated in IRAKM-deficient macrophages, whereas LPS-

induced IRAK1 modification/degradation, TAK1 activation and IKKα/β phosphorylation 

are not affected ((18), Fig. 1A and Suppl. Fig. 1). This IRAKM-dependent second wave of 

NFκB activation in response to LPS (10 ng/ml–1 µg/ml) induces expression of genes that are 

not regulated at the posttranscriptional level (including inhibitory molecules SOCS-1, 

SHIP-1, A20 and IκBα).

Surprisingly, here we find that IRAKM-MEKK3-dependent NFκB activation was actually 

the dominant pro-inflammatory pathway in response to stimulation with low dose of LPS 

(100 pg/ml). In BMDMs (Fig. 1A) or primary Kupffer cells (Fig. 1B) treated with low dose 

LPS (100 pg/ml), IκBα phosphorylation – without IκBα degradation was observed, while 

IRAK1 modification/degradation and IKKα/β phosphorylation were absent, together 

indicating MEKK3-dependent NFκB activation. Importantly, IκBα phosphorylation and 

MEKK3 modification induced by low dose LPS were completely abolished in IRAKM-

deficient cells (Fig. 1A & B). Based on these results, we hypothesized that IRAKM is 

dominantly activated to mediate MEKK3-dependent NFκB activation at low concentrations 

of LPS, whereas the IRAK1-TAK1-dependent pathway is not activated by low dose LPS. In 

support of this, we found that mRNA induction of the inflammatory genes CXCL1, TNF-α 
and IL-6 in response to low dose LPS was normal in IRAK1/2-deficient macrophages, but 

was greatly reduced in IRAKM-deficient cells (Fig. 1C). Similar results were also observed 

in cultures of primary Kupffer cells isolated from liver of WT and IRAKM-deficient mice 

(Fig. 1 D). Together, these data suggest that low dose LPS preferentially induces formation 

of the IRAKM Myddosome, leading to MEKK3-dependent NFκB activation.

Low-dose LPS preferentially induces the formation of an IRAKM Myddosome via the death 
domain of IRAKM

One important question is how low dose LPS activate the IRAKM-MEKK3 pathway. We 

previously reported that upon high dose ligand stimulation, the kinase activity of IRAK4 is 

required for TLR-induced IRAK1-TAK1-, but not MEKK3-, dependent NFκB activation 

(12–14). Further, IRAK1 and its phosphorylation are required for TLR-induced TAK1- but 

not MEKK3-, dependent NFκB activation in response to high doses of ligand (15, 16). Thus, 

we hypothesized that the TLR4 complex induced by low dose LPS fails to trigger the 

aggregation of IRAK4, leading to recruitment of IRAKM, but not IRAK1, and formation of 

the IRAKM Myddosome, with subsequent MEKK3-dependent NFκB activation. We indeed 

found that, upon low dose LPS stimulation (100 pg/ml), IRAKM, but not IRAK1, was 

recruited to the IRAK4-MyD88 complex, whereas both IRAK1 and IRAKM interacted with 

IRAK4 upon high dose LPS stimulation (1 µg/ml) (Fig. 2A). Furthermore, low dose LPS-

induced MEKK3 modification and NFκB activation were unaffected in IRAK4 kinase 

inactive knock-in (KI) BMDMs (Suppl. Fig. 2). Taken together, these data suggest that 

IRAKM-dependent MEKK3-mediated NFκB activation in response to low dose LPS does 

not require IRAK4 kinase activity.

To further elucidate the mechanism for the specific activation of the IRAKM-MEKK3-

dependent pathway by low dose LPS, we compared IRAKM versus IRAK1 in their 
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differential recruitment to the TLR-MyD88-IRAK4 complex. The crystal structure of the 

Myddosome complex suggests that assembly of MyD88-IRAK4 with IRAK1, IRAK2 or 

IRAKM occurs via death domain (DD) interactions (21). We thus hypothesized that 

differential recruitment of IRAKM versus IRAK1 in response to low versus high dose LPS 

stimulation is determined by their respective death domains. We generated a chimeric 

protein by replacing the death domain of IRAK1 with that of IRAKM (DD(M)-IRAK1). 

IRAK1/2/M-deficient macrophages were then retrovirally infected with Flag-tagged wild-

type IRAK1, wild-type IRAKM, and DD(M)-IRAK1, followed by stimulation with low dose 

LPS. Indeed, we found that interaction of both wild-type IRAKM and DD(M)-IRAK1, but 

not IRAK1, with MyD88-IRAK4 was induced in response to low dose LPS stimulation (Fig. 

2B). The weak constitutive interaction of between IRAK1 and IRAK4 was probably due to 

the overexpression of IRAK1 (Fig. 2B). Similarly, IRAKM and DD(M)-IRAK1, but not 

IRAK1, restored low dose LPS-induced IκBα phosphorylation (Fig. 2C) and target gene 

expression (Fig. 2D). Together, these data suggest that the IRAKM death domain mediates 

the specific recruitment of IRAKM to the TLR-MyD88-IRAK4 complex in response to low 

dose LPS and promotes MEKK3-dependent NFκB activation.

IRAKM-dependent pathway is required for the development of chronic ethanol-induced 
liver disease

Alcohol intake increases gut permeability, allowing accumulation of low levels of TLR 

ligands in the circulation. Activation of hepatic macrophages (Kupffer cells) in response to 

portal endotoxin/LPS plays a key role in the early pathogenesis of ALD (22). Considering 

the reported low concentrations of LPS in serum of alcoholic patients and ethanol-treated 

experimental animals (ranging from 80–130 pg/ml), our findings led us to hypothesize that 

IRAKM-dependent signaling induced at low concentrations of LPS might be the dominant 

TLR-activated pathway in ALD. To test this hypothesis, we subjected female IRAKM-

deficient and littermate control WT mice to chronic ethanol feeding via the Lieber-DeCarli 

liquid diet to model steatosis and mild inflammation. Compared to pair-fed control mice, 

chronic ethanol-fed WT mice had increased hepatocyte injury, as assessed by serum 

aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels (Fig. 3A) and 

steatosis, characterized by the presence of lipid droplets in hepatocytes by H&E and Oil Red 

O staining, (Fig. 3B and 3C) and hepatic triglycerides (Fig. 3D). Compared to WT mice, 

IRAKM-deficient mice had reduced serum AST and ALT levels (Fig. 3A) and hepatic 

steatosis (Fig. 3B–D). Moreover, IRAKM deficiency significantly reduced the chronic 

ethanol-induced upregulation of TNF-α, IL-6, pro-IL-1β and MCP-1 mRNA in liver of 

ethanol-fed mice (Fig. 3E). Together, these data support the crucial role of IRAKM in the 

pathogenesis of chronic ethanol-induced inflammatory responses in the liver.

IRAKM is required for TLR-mediated Mincle expression

Given that low dose of LPS induced only modest levels of inflammatory cytokines and 

chemokines in wild-type BMDMs (Fig. 1E), we suspected that the impact of IRAKM on 

ALD might not be solely due to its direct role in induction of canonical inflammatory genes. 

Interestingly, we found that Mincle, a C-type lectin (CLR) membrane receptor that senses 

cell death, was strongly induced by low dose of LPS in WT, but not in IRAKM-deficient, 
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BMDMs (Fig. 4A) and primary Kupffer cells (Suppl. Fig. 3A). It is important to note that 

induction of Mincle was not affected in IRAK1/2-double deficient macrophages (Fig. 4B).

We next examined Mincle expression in liver in pair-fed and ethanol-fed WT and IRAKM-

deficient mice. Interestingly, immunofluorescent staining showed that Mincle expression 

was increased in liver of ethanol-fed wild-type mice. Mincle expression co-localized with 

F4/80, a marker of resident macrophages (Fig. 4C). In contrast, chronic ethanol-induced 

expression of Mincle was attenuated in IRAKM-deficient mice. To further confirm this 

finding, we performed flow cytometry-based sorting of macrophages (F4/80+CD11b+) from 

the livers of pair-fed and ethanol-fed mice. Mincle mRNA expression was induced by 

ethanol-feeding in resident macrophages of WT mice; this response was attenuated in 

resident macrophages from IRAKM-deficient mice (Fig. 4D). Consistent with an induction 

of Mincle, the phosphorylation of Syk, a tyrosine kinase known to be activated CLR-

mediated signaling(23, 24), was increased in the liver of ethanol-fed WT mice, but not in 

IRAKM-deficient mice (Fig. 4E). Taken together, these data implicate the induction of 

Mincle as a possible effector in mediating the impact of IRAKM in the pathogenesis of 

ethanol-induced liver injury.

Mincle-mediated pathway is required for the development of chronic ethanol-induced liver 
disease

Given that ethanol feeding induced Mincle expression in hepatic macrophages in an 

IRAKM-dependent manner, we hypothesized that this upregulation of Mincle might 

contribute to the pathogenesis of ALD. To test this hypothesis, we examined the impact of 

genetic deletion of Mincle on ethanol-induced liver injury. Compared to WT, Mincle-

deficient mice indeed showed reduced chronic ethanol-induced hepatocyte injury and 

steatosis, demonstrated by lower levels of ALT/AST in the plasma, reduced lipid droplet 

formation in hepatocytes and reduced hepatic triglyceride concentrations (Fig. 5A–D). 

Further, phosphorylation of Syk was upregulated in liver of ethanol-fed WT mice, but not 

Mincle-deficient mice (Fig. 5E). Mincle deficiency also attenuated the upregulation of TNF-

α, IL-6, pro-IL-1β and MCP-1 gene expression in the livers of ethanol-fed mice, suggesting 

a crucial role for Mincle in the pathogenesis of chronic ethanol-induced inflammatory 

responses in the liver (Fig. 5F).

SAP130 activates Mincle and induces inflammasome activity following priming with low 
dose LPS

Mincle was originally discovered based on its strong induction in macrophages by 

inflammatory stimuli, including TLR ligands (25). Interestingly, a known endogenous ligand 

for Mincle is SAP130, a component of the small nuclear ribonucloprotein, which diffuses 

out of dying cells and initiates an inflammatory response (19). Alcohol exposure is known to 

induce endoplasmic reticulum (ER) stress and mitochondrial dysfunction in hepatocytes, 

resulting in hepatocyte apoptosis, necroptosis and necrosis. Exposure of primary hepatocyte 

cultures to ethanol results in both apoptotic and necroptotic cell death (26) (Suppl. Fig. 4). 

Interestingly, we observed that hepatocytes challenged with ethanol released SAP130 into 

the culture supernatant (Fig. 6A), suggesting the possibility that Mincle might mediate 

chronic ethanol-induced inflammatory responses in the liver in response to SAP130. We 
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indeed found that, while individually low dose LPS or SAP130 only induced very low levels 

of inflammatory gene expression in BMDMs, SAP130 was able to induce much higher 

levels of inflammatory gene expression in wild-type BMDMs primed by low dose of LPS 

(Fig. 6B). This synergistic impact of low LPS with SAP130 was abolished by Mincle 

deficiency, indicating low LPS-induced Mincle expression allows SAP130, a ligand 

associated with dying cells, to induce a robust inflammatory response (Fig. 6B).

In addition to ligands released during necrotic cell death, fungal and mycobacterial ligands 

for Mincle have also been identified. Mincle is essential for recognition of the mycobacterial 

cord factor and its synthetic analog Trehalose-Dibehenate (TDB) (27). Interestingly, while 

TDB has been shown to activate the NLRP3 inflammasome (28, 29), Dectin-1, another 

member of C-type lectin receptors, activates processing of IL-1β via a noncanonical 

caspase-8 inflammasome (30). Thus, we tested the possibility that Mincle might also 

mediate inflammasome activation in response to SAP130. Indeed, recombinant SAP130 

induced caspase-1 cleavage and IL-1β production in macrophages primed with low dose 

LPS (to up-regulate Mincle). This response was abolished in Mincle-, ASC- and NLRP3-

deficient macrophages (Fig. 6 C–D & Suppl. Fig. 5). These results suggest that Mincle 

ligation by SAP130 in macrophages results in activation of ASC-dependent inflammasomes.

Recent studies have shown that mice deficient in inflammasome components, such as the 

adaptor ASC and caspase 1, or IL-1R are protected from ethanol-induced liver injury (10). 

However, it has remained unclear how the inflammasome is activated in the liver of ethanol-

fed mice. Based on the ability of recombinant SAP130 to activate the inflammasome in 
vitro, we hypothesized that in vivo Mincle senses SAP130 released during chronic ethanol-

induced hepatocyte necrosis or necroptosis. SAP130 ligation of Mincle then activates an 

NLRP3/ASC-dependent inflammasome, leading to caspase1 activation and IL-1β 
production. Indeed, we detected increased caspase-1 activity (shown as cleaved caspase 1 

and processed IL-1β) in the liver of ethanol-fed mice, which was greatly reduced in 

IRAKM- and Mincle-deficient mice (Fig. 6 E–F).

Discussion

Alcohol intake increases gut permeability and leads to accumulation of low levels of LPS in 

the circulation. Here we have identified a novel TLR4-IRAKM-dependent signaling 

pathway induced by low dose LPS that contributes to the pathogenesis of ALD. We found 

that low dose LPS preferentially induces the formation of an IRAKM Myddosome resulting 

in MEKK3-dependent NFκB activation. Importantly, whereas the low dose LPS-activated 

IRAKM Myddosome induced only very modest induction of inflammatory gene expression, 

it mediated strong up-regulation of Mincle, a sensor of cell death. SAP130, the endogenous 

ligand of Mincle, was released from hepatocytes after ethanol exposure, while recombinant 

SAP130 synergized with low dose LPS to robustly induce inflammatory gene expression and 

inflammasome activation in macrophages. Consistent with the IRAKM-Mincle synergy 

observed ex vivo, upregulation of Mincle was ablated in the liver of IRAKM-deficient mice 

and deficiency of either IRAKM or Mincle was strongly protective from chronic ethanol-

induced liver injury (Fig. 7). Further, phosphorylation of Syk, a hallmark of Mincle 

signaling, was increased in the liver of ethanol-fed WT mice, but not in IRAKM-deficient 
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mice. These results suggest that the IRAKM-Mincle axis may represent a critical and 

previously missing link between ethanol-induced hepatocellular damage and innate immune 

activation during the pathogenesis of ALD.

Low concentrations of LPS have been detected in alcoholic patients and in ethanol-treated 

experimental animals. Importantly, mice deficient in TLR4 show a reduced ALD phenotype 

(9, 31). To our knowledge, this is the first study to show that the MyD88 downstream 

component IRAKM-Mincle axis is required for the development and pathogenesis of 

chronic ethanol-induced liver injury. Interestingly, Wang et al reported that IRAKM 

deficiency worsened liver injury in mice in response to an acute challenge with alcohol; in 

their study, mice were treated with 10% alcohol in drinking water for 7 day then gavaged 

with alcohol (6 g/Kg body weight) on day 7 (32). Furthermore, Mandrekar et al, making use 

of primary human monocytes in culture, found that IRAKM differentially contributes to the 

acute and chronic effects of alcohol on LPS-induced inflammation (33). Taken together with 

our study, these results suggest that the IRAKM-Mincle axis may differentially contribute to 

acute versus chronic effects of ethanol. Another important model to consider is the acute on 

chronic (Gao-binge) model of ethanol exposure that induces a more severe liver damage 

(34). In preliminary studies, we found that Mincle expression was not induced in Kupffer 

cells isolated from mice exposed to the Gao-binge protocol (unpublished data, Li and 
Nagy), in contrast to the strong induction observed in response to the Lieber-DeCarli 

chronic ethanol feeding protocol used here (Fig. 4C & D). Future studies are required to 

carefully compare and contrast the role of IRAKM-Mincle axis in these different models of 

ethanol-induced liver injury, likely leading to a better understanding of the multiple 

pathways by which different drinking patterns (acute, chronic and binge) can differentially 

lead to liver injury.

We and others have previously shown that high doses of LPS lead to rapid clustering/

aggregation of the TLR-MyD88-IRAK4 complex and activation of IRAK4, which then 

recruits and phosphorylates IRAK1 to activate TAK1-dependent NFκB activation (14). In 

support of this, we reported that IRAK4 dimerization is required for both IRAK4 auto-

phosphorylation and activation of kinase activity (35). Importantly, the IRAKM 

Myddosome, via the MEKK3-dependent pathway, is required for the late phase of NFκB 

activation which upregulates the inhibitory molecules SOCS-1, SHIP-1, A20 and IκBα. 

Furthermore, IRAKM, through interaction with IRAK2, inhibits TLR-mediated production 

of cytokines and chemokines at the levels of translational. Thus, IRAKM is known to 

function as a net negative regulator of overt microbial infection (modeled in vitro by high-

doses LPS) (20). However, the function of IRAKM in chronic inflammatory diseases, in 

which LPS concentrations are much lower than in response to infections, has not been 

carefully studied. Here, our data suggest that the low dose LPS-induced IRAKM 

Myddosome-dependent pathway plays a pathogenic pro-inflammatory role in ALD. 

Mechanistically, low dose LPS-induced IRAKM-dependent MEKK3-mediated NFκB 

activation does not require IRAK4 kinase activity, but does require IRAK4 as a structural 

adaptor for recruitment of IRAKM to proximal TLR-MyD88 complexes. Furthermore, the 

death domain of IRAKM specifically directs IRAKM recruitment to the TLR-MyD88-
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IRAK4 complex in response to low dose of LPS, leading to MEKK3-dependent NFκB 

activation.

One important question is how the IRAKM-dependent pathway mediates the pathogenesis 

of ALD. Since low dose of LPS induced only modest levels of inflammatory cytokines and 

chemokines in wild-type BMDMs, we suspect that the impact of IRAKM on ALD is not 

solely due to its direct role in TLR-mediated inflammatory gene expression. Through a 

search for novel IRAKM-dependent genes, we found that Mincle, a CLR membrane receptor 

that senses microbial products and cell death, is strongly induced by low dose of LPS and 

this induction was greatly reduced in IRAKM-deficient cells. Mincle-mediated responses are 

critical for anti-fungal and anti-mycobacterial host defense (36–39). Importantly, Mincle 

also functions as a sensor of non-homeostatic cell death in which the cellular contents are 

released (e.g. necroptosis and pyroptosis), thus promoting sterile inflammation. SAP130 was 

identified as an endogenous ligand recognized by Mincle following necrotic cell death (19). 

In this study, we found that TLR-induced Mincle expression is dependent on IRAKM in 

macrophages. In addition, Mincle is upregulated in hepatic macrophages from of ethanol-fed 

wild-type mice, but not in IRAKM-deficient mice. Both IRAKM- and Mincle-deficient mice 

were protected from chronic ethanol-induced hepatocyte injury, steatosis and liver 

inflammation. Since IRAKM’s expression is restricted to myeloid cells (Suppl. Fig. 3A–C), 

these results suggest that IRAKM-dependent Mincle expression in myeloid cells likely 

contributes to the pathogenesis of ALD. Mincle is commonly thought to be expressed 

mainly in myeloid lineage cells, such as macrophages. Notably, some Mincle positive cells 

in the liver of ethanol-fed wild-type and IRAKM-deficient mice did not co-localize with 

F4/80+ cells. We indeed found that Mincle expression was induced in primary hepatocytes 

by IL-1β (Suppl. Fig. 3B–C). Cell-specific deletion will help to determine the impact of 

Mincle in different cell populations on the pathogenesis of ALD. In the future, we will also 

test whether restoration of Mincle expression in IRAKM-deficient mice via generation of 

Mincle-transgenic mice would be sufficient to drive ethanol-induced liver injury.

Recent studies have shown that mice with genetic deletion of either inflammasome 

components or IL-1R are protected from ALD (10). In this study, we found that low dose 

LPS upregulates Mincle expression in macrophages and subsequent treatment with 

recombinant SAP130 was able to activate the ASC/NLRP3/caspase-1 inflammasome. 

Chronic ethanol-feeding induced caspase-1 and IL-1β activation in the liver; this response 

was dramatically reduced in IRAKM- and Mincle-deficient mice. However, future studies 

are required to elucidate the precise molecular mechanism by which the SAP130-induced 

Mincle-dependent pathway activates the inflammasome. Interestingly, Tanaka el al reported 

that resident macrophages in adipose tissue express Mincle, which is activated by an 

endogenous ligand released from dying adipocytes. This Mincle signaling was shown to be 

required for macrophages to form crown-like structures (CLS), as well as for the 

development of adipose tissue fibrosis (40). Additionally, Mincle was shown to play a 

pivotal role in a model of ischemic stroke (41). These studies thus underline the potentially 

wide-ranging importance of the IRAKM-Mincle axis and suggest this novel pathway as a 

possible therapeutic target for the treatment of diverse disease states.
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Fig. 1. IRAKM is required for low dose LPS-mediated NFκB activation
Cell lysates were prepared from A. WT and IRAKM KO BMDMs and B. primary cultures 

of mouse Kupffer cells after they were untreated or treated with high dose LPS (1 µg/ml) 

and low dose LPS (100 pg/ml) for the indicated times and analyzed by Western blot 

analysis. C. Total mRNA from BMDMs of WT, IRAK1/2-DKO and IRAKM KO mice 

treated with low dose LPS (100 pg/ml) for the indicated times were subjected to RT-PCR 

analyses. D. Total mRNA from BMDMs of WT and IRAKM KO mice treated with low dose 

LPS (100 pg/ml) for the indicated times were subjected to RT-PCR analyses. E. BMDMs 
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were treated with high dose LPS (1 µg/ml) or low dose LPS (100 pg/ml) for 24 hours. Cell-

free supernatants were collected and cytokine concentrations were measured by ELISA 

assay. The experiments were repeated for five times with similar results. Data represent 

mean ± SEM; *, P<0.05.
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Fig. 2. Low-doses LPS preferentially induces the formation of IRAKM Myddosome via the death 
domain of IRAKM
A. WT BMDMs were treated with high dose LPS (1 µg/ml) and low dose LPS (100 pg/ml) 

for the indicated times, followed by immunoprecipitation (IP) with anti-IRAK-4 antibody 

and analyzed by Western blot analysis. B–D. IRAK-1/2/M-triple deficient immortalized 

BMDMs infected with adenovirus expressing FLAG-tagged IRAK1, FLAG-tagged chimeric 

IRAKM death domain with IRAK1 kinase domain (DD(M)+IRAK1) and FLAG-tagged 

IRAKM were treated with low dose LPS (100 pg/ml) for indicated times. B. 

immunoprecipitates and C. cell lysates were analyzed by Western blot analysis. D. Total 

mRNA from transfected cells was subjected to RT-PCR analyses.
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Fig. 3. IRAKM-dependent pathway is required for the development of chronic ethanol-induced 
liver disease
WT and IRAKM KO mice were allowed free access to ethanol (EtOH) (n=6) or pair-fed 

control diets (n=4). A. AST and ALT activity was determined in plasma. B. Paraffin-

embedded liver sections were stained with hematoxylin and eosin. C. Frozen liver sections 

were subjected to Oil Red O staining. All images were acquired using a 10× objective. D. 

Hepatic triglyceride content was measured in whole liver homogenates. E. Total mRNAs 

from livers of WT and IRAKM KO mice (pair-fed and EtOH-fed) were subjected to RT-PCR 

analysis.
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Fig. 4. IRAKM is required for TLR and chronic ethanol-induced Mincle upregulation
A. Cell lysates from WT and IRAKM KO BMDMs untreated or treated with low dose LPS 

(100 pg/ml) for the indicated times were analyzed by Western blot analysis B. Cell lysates 

from WT and IRAK1/2 DKO BMDMs untreated or treated with low dose LPS (100 pg/ml) 

for the indicated times were analyzed by Western blot analysis. C. Immunostaining of F4/80 

(green) and Mincle (red) was performed on frozen sections of liver from of WT and IRAKM 

KO mice (pair-fed and EtOH-fed). Confocal images are representative of five mice per 

group. D. Resident macrophages (F4/80+CD11b+) from livers of pair-fed and ethanol-fed 

mice were isolated by flow cytometry-based sorting. Total RNA was subjected to RT-PCR 

analysis. E. Tissue lysates from the whole liver of WT and IRAKM KO mice (pair-fed and 

EtOH-fed) were analyzed by Western blot analysis.
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Fig. 5. Mincle-dependent pathway is required for the development of chronic ethanol-induced 
liver disease
WT and Mincle KO mice were allowed free access to ethanol (EtOH) (n=6) or pair-fed 

control diets (n=4). A. AST and ALT activity was determined in plasma. B. Paraffin-

embedded liver sections were stained with hematoxylin and eosin. C. Frozen liver sections 

were subjected to Oil Red O staining. All images were acquired using a 10× objective. D. 

Hepatic triglyceride content was measured in whole liver homogenates. E. Tissue lysates 

from the whole liver of WT and Mincle KO mice (pair-fed and EtOH-fed) were analyzed by 

Western blot analysis. The black arrows point out the specific bands of pSyk. F. Total 

mRNAs from livers of WT and Mincle KO mice (pair-fed and EtOH-fed) were subjected to 

RT-PCR analysis.
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Fig. 6. SAP130-mediated mincle activation is required for low concentration LPS induced 
inflammation through inflammasome activation
A. Primary hepatocytes from WT mice were treated with EtOH (50 mM) for 24 hours. Cell-

free supernatants were collected and SAP130 was measured by Western blot analysis. B. 

BMDMs from WT and Mincle KO mice were treated with PBS, LPS (100 pg/ml) for 24 

hours, SAP130 (5 ug/ml) for 2 hours, TDB (100 µg/ml, 2 hours), LPS (100 pg/ml, 24 hours) 

+ SAP130 (5 µg/ml, 2 hours) or LPS (100 pg/ml, 24 hours) + TDB (100 µg/ml, 2 hours). 

Total mRNA was subjected to RT-PCR analyses. C. BMDMs from WT and Mincle KO mice 

were treated with PBS, LPS (100 pg/ml) for 24 hours, LPS (100 pg/ml, 24 hours) + SAP130 

(5 µg/ml, 6 hours) or LPS (100 pg/ml, 24 hours) + TDB (100 µg/ml, 6 hours). Cell lysates 

and supernatants were collected together and analyzed by Western blot. D. IL-1β was 

measured in Cell-free supernatants by ELISA. E. Tissue lysates from the whole liver of WT 

and IRAKM KO mice (pair-fed and EtOH-fed) were analyzed by Western blot. F. Tissue 

lysates from the whole liver of WT and Mincle KO mice (pair-fed and EtOH-fed) were 

analyzed by Western blot analysis.
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Fig. 7. IRAKM-Mincle axis contributes to the pathogenesis and development of ALD
Chronic alcohol consumption results in increased intestinal permeability and changes in 

bacterial microflora increase levels of bacterial products in alcoholic patients and animal 

models of ALD. Further, alcohol exposure can induce endoplasmic reticulum (ER) stress 

and mitochondrial dysfunction in hepatocytes, contributing to hepatocellular injury and 

death. TLR4- induced IRAKM-mediated MEKK3-dependent NFκB activation is required 

for the up-regulation of Minlce in hepatic macrophages. Mincle sense the necroptotic 

hepatocytes-released nuclear protein, SAP130, which in turn activates the inflammasome 

activation in macrophages. Secreted IL-1β may further act on hepatocytes inducing 

pyroptosis or on Stellate cells which leads to fibrosis.
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