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Abnormal neutrophil traps and impaired efferocytosis contribute to liver injury and sepsis severity after binge alcohol use
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Background & Aims: Neutrophil extracellular traps (NETs) are an important strategy utilized by neutrophils to immobilize and kill invading microorganisms. Here we studied NET formation and its clearance by macrophages (MØ) (efferocytosis) in acute sepsis following binge drinking.

Methods: Healthy volunteers consumed 2 mL of vodka/kg body weight and blood endotoxin and 16s rDNA was measured. Peripheral neutrophils were isolated and exposed to alcohol followed by phorbol 12-myristate 13-acetate (PMA) stimulation. Mice were treated with three alcohol binges and i.p. LPS to assess the dynamics of NET formation and efferocytosis. In vivo, anti-Ly6G antibody (IA8) was used for neutrophil depletion.

Results

: Inducers of NETs (endotoxin and bacterial DNA) significantly increased in the circulation after binge alcohol drinking in humans. Ex vivo, alcohol alone increased NET formation but attenuated NET formation upon PMA stimulation. Binge alcohol in mice in vivo resulted in a biphasic response to LPS. Initially, binge alcohol reduced LPS-induced NET formation and resulted in a diffuse distribution of neutrophils in the liver compared to alcoholnaïve mice. Moreover, indicators of NET formation including citrullinated histone H3, neutrophil elastase, and neutrophil myeloperoxidase were decreased at an early time point after LPS challenge in mice with alcohol binge suggesting decreased NET formation. However, in the efferocytosis phase (15 h after LPS) citrullinated histone-H3 was increased in the liver in alcohol binge mice, suggesting decreased clearance of NETs. In vitro alcohol treatment reduced efferocytosis and phagocytosis of NETosing neutrophils and promoted expression of CD206 on MØ. Finally, depletion of neutrophils prior to binge alcohol ameliorated LPS-induced systemic inflammation and liver injury in mice. Conclusions: Dysfunctional neutrophil NETosis and efferocytosis after binge drinking exacerbates liver injury associated with sepsis.

Lay Abstract: Disease severity in alcoholic liver disease (ALD) is associated with significant liver neutrophil presence. It remains unknown how alcohol affects the capacity of neutrophils to control infection, a major hallmark of ALD. We found that binge alcohol drinking impaired important strategies used by neutrophils to contain and resolve infection resulting in increased liver injury during ALD.

Introduction

Alcoholic liver disease (ALD) affects millions of people worldwide. The multifaceted disease spectrum is characterized by increased liver inflammation and steatosis as a direct effect of alcohol, alcohol metabolites and increased hepatic oxidative stress [START_REF] Gao | Alcoholic liver disease: pathogenesis and new therapeutic targets[END_REF][START_REF] Szabo | Focus on: Alcohol and the liver[END_REF][START_REF] Szabo | Gut-liver axis in alcoholic liver disease[END_REF]. Sustained dysregulated hepatic inflammation during ALD is mediated by increased mobilization and recruitment of inflammatory cells into the liver. This occurrence normally precedes the breakdown of the gut barrier integrity and increased serum endotoxin levels, leading to prolonged hepatic inflammation and cell death [START_REF] Szabo | Gut-liver axis in alcoholic liver disease[END_REF][START_REF] Wang | Inflammation in alcoholic liver disease[END_REF]. During alcoholic hepatitis (AH), innate immune cells play a crucial role not only in recognizing and responding to pathogen-associated molecular patterns (PAMPs) but also in contributing to the activation of the inflammatory cascade that correlates with disease severity in AH [START_REF] Gao | Innate immunity in alcoholic liver disease[END_REF][START_REF] Szabo | Innate immunity and alcoholic liver disease[END_REF][START_REF] Nagy | The Role of Innate Immunity in Alcoholic Liver Disease[END_REF]. Most studies on innate immune cells in AH and ALD have focused on the dysregulated migration, phagocytosis, and inflammatory cytokine release properties of macrophages (MΦ) and neutrophils [START_REF] Jaeschke | Neutrophil-mediated tissue injury in alcoholic hepatitis[END_REF][START_REF] Mookerjee | Neutrophil dysfunction in alcoholic hepatitis superimposed on cirrhosis is reversible and predicts the outcome[END_REF][START_REF] Bertola | Chronic plus binge ethanol feeding synergistically induces neutrophil infiltration and liver injury in mice: a critical role for E-selectin[END_REF]. During ALD associated with clinical sepsis, neutrophils are recruited to the liver within hours, adhering to activated blood vessels or migrating to the parenchyma. Neutrophil recruitment is increased under systemic inflammatory conditions [START_REF] Gao | Alcoholic liver disease: pathogenesis and new therapeutic targets[END_REF][START_REF] Xu | The role of neutrophils in the development of liver diseases[END_REF]. Increased liver neutrophil infiltration correlates with mortality in acute AH; however, little is known about the functional capacity of neutrophils in AH. Mechanisms of neutrophil activation, recruitment, and innate immune functions, as well as their contribution to hepatic inflammation and injury during AH/ALD also remain incompletely understood.

Neutrophils represent the most abundant innate immune cell type accounting for about 40-75% of all circulating white blood cells in humans [START_REF] Hirz | Neutrophil Isolation and Analysis to Determine their Role in Lymphoma Cell Sensitivity to Therapeutic Agents[END_REF]. They have a short lifespan in the circulation of a few hours which is dramatically increased to days when they leave the circulation and migrate into tissues [START_REF] Tak | What's your age again? Determination of human neutrophil half-lives revisited[END_REF][START_REF] Sabroe | Selective roles for Toll-like receptor (TLR)2 and TLR4 in the regulation of neutrophil activation and life span[END_REF]. Despite their short lifespans, neutrophils are constantly replenished from bone marrow stem cells [START_REF] Navarini | Innate immuneinduced depletion of bone marrow neutrophils aggravates systemic bacterial infections[END_REF]. When released from the bone marrow, neutrophils can phagocytose and kill pathogens [START_REF] Navarini | Innate immuneinduced depletion of bone marrow neutrophils aggravates systemic bacterial infections[END_REF]. During infection or sterile tissue injury, neutrophils are the first responder cell type to be recruited to the site providing immune protection and contributing to healing and recovery. When exposed to pathogens or damage-associated molecular patterns (DAMPs), neutrophils engulf and degrade them in phagolysosomes by oxidative and non-oxidative mechanisms [START_REF] Miyasaki | Oxidative and nonoxidative killing of Actinobacillus actinomycetemcomitans by human neutrophils[END_REF]. The migratory, phagocytic capacity of PAMPs/DAMPs is significantly reduced in ALD but oxidative burst is increased. In addition to this pathogen killing strategy, in 2004, Brinkmann et al demonstrated the ability of bacteria-killing by neutrophils through neutrophil extracellular traps (NETs) [START_REF] Brinkmann | Neutrophil extracellular traps kill bacteria[END_REF]. NETs are networks of extracellular 'fibers in a spiderweb like' formation composed of DNA, citrullinated histones and antimicrobial peptides capable of directly killing some bacterial species. The functional role of NETs in ALD has not been described.

NET formation is dependent on PAMPs (LPS) and DAMPs (HMGB1) which can activate neutrophils leading to the release of NETs. We found that ALD patients had significantly higher levels of blood LPS and HMGB1 protein expression. Ex vivo stimulation of neutrophils from ALD patients showed reduced NET formation compared to healthy controls. In vitro and in vivo mouse experiments demonstrated that alcohol significantly suppressed hepatic NET formation and significantly decreased NETosis neutrophil clearance by macrophages. Taken together, our observations suggest that increased hepatic injury during ALD associated with acute sepsis might be exacerbated by reduced NET formation and their impaired clearance by macrophages. 

Materials and Methods

Mice

Acute binge alcoholic hepatitis model

For assessing the effect of alcohol consumption on NET formation in vivo, mice received a daily oral gavage of alcohol at 5 mg/kg body weight (20% vol/vol in sterile phosphate buffer saline) for three days as previously described [START_REF] Bukong | Therapeutic Benefits of Spleen Tyrosine Kinase Inhibitor Administration on Binge Drinking-Induced Alcoholic Liver Injury, Steatosis, and Inflammation in Mice[END_REF]. On day three following the final alcohol gavage, mice received a single i.p. injection of LPS or saline. Mice were sacrificed 12h and 15h after the injection. At the end of all animal experiments, blood samples were obtained from mice by cheek bleed into serum collection tubes (BD Biosciences, San Jose, CA, USA) and processed within the hour. Following blood collections, mice were euthanized and liver samples harvested and stored appropriately for further analysis.

Neutrophil isolation from blood samples

Total neutrophils from whole blood from humans or mice were obtained by negative selection using the EasySep Mouse or Human Neutrophil Enrichment Kit from STEMCELL technologies (Vancouver, Canada) according to the manufacturer's specifications. For the NETosis assay giving the need for more neutrophils, we employed a modified ficoll isolation method. Briefly, whole blood was separated by ficoll separation method as similarly described. The red blood cell-neutrophil containing fraction was recovered. This fraction was treated with red blood cell lysis buffer (Sigma-Aldrich cat. #11814389001) and washed three times with 1x phosphate buffer saline. The recovered neutrophils were assessed to ascertain non-activation using the Cellular Reactive Oxygen Species Detection Assay Kit (Abcam cat. #186029). Neutrophils were used for subsequent NETosis experiments as detailed below.

NET trap formation and analysis assay

In vitro NET formation by neutrophils was assessed by microscopy and by ELISA. For microscopy analysis, neutrophils (10 5 cells) from healthy donors were plated on poly-L-lysinecoated coverslips. Cells were allowed to settle for 1h, then treated with 50mM ethanol or untreated, then stimulated with 0.2nM PMA (phorbol 12-myristate 13-acetate) for 4h. Cells were then fixed in 25 formol-saline for 10min at room temperature, then stained with DAPI and visualized by fluorescent microscopy for extracellular DNA. Quantitative neutrophil elastase, which forms part of NETs, was measured using the Cayman Chemical NETosis assay kit (cat #: 601010, Cayman Chemical, Ann Arbor, MI, USA) according to the manufacturer's specifications.

Healthy subjects and patients diagnosed with alcoholic hepatitis

The use of human samples for this research was approved by the UMMS Committee for the Protection of Human Subjects in Research and conformed to the ethical guidelines of the 1975 Declaration of Helsinki. All apparently healthy blood donor volunteers were recruited from the laboratory, hospital staff, graduate and medical students at UMMS. Signed informed written consents were obtained from all participants and the study was approved by the UMMS Institutional Review Board for the Protection of Human Subjects in Research (IRB #2284).

Healthy individuals were defined as being free of any systemic and non-systemic diseases, and either abstained from alcohol use or reported only occasional social alcohol use based on patients' history and routine laboratory findings identified by their primary care physician and at interviews. Subjects for binge alcohol use were recruited following a strict criterion. Males were expected to never have had more than 12 drinks/week and females less than 9 drinks/week. All study participants had to abstain from alcohol use for at least 48 h prior to participating in the study. Study participants received 2 ml of vodka 40%v/v ethanol/kg body weight in 300 ml of orange or strawberry juice similar to previous reports [START_REF] Bala | Acute binge drinking increases serum endotoxin and bacterial DNA levels in healthy individuals[END_REF]. Control subjects received 300 ml of orange or strawberry juice.

Additional methods

Please see the supplementary methods section for additional methodology used in this study.

Statistical analysis

All graphical results are expressed as the mean + S.E.M. for data analyzed with an unpaired two-tailed student's t-test and checked by analysis of variance (ANOVA) with p<0.05 considered to be statistically significant.

Results

Binge drinking increases blood endotoxins and significantly reduces NET formation following ex vivo stimulation of neutrophils in humans

Despite significant neutrophil infiltration into the liver, sepsis-related organ failure represents the major cause of mortality in ALD patients [START_REF] Gao | Alcoholic liver disease: pathogenesis and new therapeutic targets[END_REF][START_REF] O'brien | Alcohol dependence is independently associated with sepsis, septic shock, and hospital mortality among adult intensive care unit patients[END_REF][START_REF] Wong | Sepsis in cirrhosis: report on the 7th meeting of the International Ascites Club[END_REF][START_REF] Taylor | Circulating neutrophil dysfunction in acute liver failure[END_REF]. While studies have shown that alcohol use can compromise neutrophil oxidative burst and phagocytosis [START_REF] Stadlbauer | Effect of probiotic treatment on deranged neutrophil function and cytokine responses in patients with compensated alcoholic cirrhosis[END_REF], the mechanism of neutrophil NET formation and clearance following binge alcohol use remains unknown. We found that binge alcohol consumption in healthy subjects resulted in a significant increase in blood alcohol (Fig. 1A), serum endotoxins (LPS) (Fig. 1B) and bacterial 16s rDNA levels (Fig. 1C). To directly assess the effect of binge alcohol consumption on NET formation, neutrophils from healthy subjects were treated with ethanol (50 mM) and/or PMA stimulation ex vivo. Our neutrophil isolation method did not lead to cellular activation based on measurement of cellular ROS compared to positive activation control (Sup. Fig. 1). Alcohol-treated neutrophils exhibited increased release of extracellular DNA (Fig. 1D) and increased release of neutrophil elastase (Fig. 1E). PMA stimulation alone also induced both extracellular DNA (Fig. 1D) and neutrophil elastase release in neutrophils (Fig 1E). However, acute alcohol treatment of neutrophils prior to PMA stimulation resulted in significantly lower release of extracellular DNA (Fig. 1D) and released less NETs [NETosis assay] (Fig. 1E) by neutrophils compared to PMA only stimulation suggesting a suppressive or exhaustive effect of acute alcohol on NET formation.

Alcohol binge inhibits LPS-induced neutrophil NET formation in the mouse liver

We sought to further characterize the effects of binge-alcohol on neutrophil NET formation using mouse disease models. To assess hepatic neutrophil infiltration and trap formation, mice received a single i.p. injection of LPS. Mice were then sacrificed 12, 15 and 20 h post LPS injections. We found significant neutrophil infiltration at 12 h post LPS injection in trap-like cluster formations in the hepatic parenchyma as demonstrated by H&E and neutrophil elastase immunohistology (Sup. Fig. 2). These neutrophil clusters were decreased by 15 h and were completely cleared by 20 h post LPS injections (Sup. Fig. 2). Based on the neutrophil infiltration kinetics in alcohol-naïve mice, we next assessed the effect of alcohol binge on hepatic neutrophil infiltration and cluster formation. We found that alcohol binge or LPS resulted in a significant increase in neutrophil elastase expression (indicative of hepatic neutrophil infiltration) in the liver compared to sugar controls (Fig. 2A). However, neutrophil recruitment to the liver in response to LPS was significantly lower in mice that received binge alcohol compared to sugar control (Fig. 2A). Further, binge alcohol treatment with and without LPS injection resulted in either no change or only a slight reduction in the hepatic levels of the NET activator, HMGB1 (Fig. 2B). However, binge alcohol significantly attenuated hepatic LPS-induced HMGB1 increase (Fig. 2B). Another marker of NET, citrullinated histone H3 protein levels, was significantly increased in control LPS-treated mice compared to sugar controls, but was not significantly changed in binge alcohol-treated mice (Fig. 2C). These observations suggest that binge alcohol suppressed LPS-induced hepatic NET formation in mice. Because an encounter with a pathogen by innate immune cells leads to an initial inflammatory response characterized by cytokine release [START_REF] Pullamsetti | Inflammation, immunological reaction and role of infection in pulmonary hypertension[END_REF], we assessed MCP-1 expression, an early marker of the inflammatory response. We found that while LPS induced a significant increase in MCP-1 protein expression, alcohol binge significantly reduced MCP-1 induction in the liver (Fig. 2D).

Alcohol binge significantly reduces hepatic NET clearance in LPS-induced sepsis in mice

To assess the effects of binge alcohol consumption on MΦ clearance of NETosis neutrophils, mice received three alcohol binges followed by a single i.p. LPS injection. Based on our preliminary findings that showed neutrophil recruitment followed by neutrophil clearance 15 h after LPS-induced acute sepsis in mice (Sup. Fig. 2), we next tested the effects of alcohol 15 h after LPS challenge. We found that alcohol binge prior to LPS-induced sepsis resulted in sustained presence of hepatic neutrophils at 15 h post LPS injection (Fig. 3A). Western blot analysis revealed significantly higher citrullinated histone H3 expression in livers from mice with alcohol binge compared to control mice after LPS injection suggestive of reduced clearance of NETosis neutrophils (Fig. 3B). Further, in LPS-induced sepsis, mice with binge alcohol treatment had significantly higher levels of liver inflammation compared to control mice as demonstrated by increased IL-6 total liver mRNA expression and increased serum MCP-1 levels (Fig. 3C&D). In the liver, we found increased numbers of apoptotic cells after alcohol binge alone (Fig. 3E). Furthermore, sepsis in alcohol binge mice was associated with significant hepatocyte cell death compared to sepsis in alcohol-naïve mice (Fig. 3E). Given these observations, we surmised that persistent neutrophil hepatic survival which can be mediated by increased IL-6 [START_REF] Biffl | Interleukin-6 delays neutrophil apoptosis via a mechanism involving platelet-activating factor[END_REF] and or reduced NETosis neutrophil clearance of DAMPs could be responsible for worsening disease outcomes in the event of acute infection following binge drinking. To address the effect of IL6 on neutrophil viability, we carried out additional experiments. In-vitro, cultured neutrophils spontaneously undergo apoptosis over time [START_REF] Majewska | Spontaneous apoptosis of neutrophils in whole blood and its relation to apoptosis gene proteins[END_REF][START_REF] Kirschnek | Molecular analysis of neutrophil spontaneous apoptosis reveals a strong role for the pro-apoptotic BH3-only protein Noxa[END_REF].

We found that dose dependent IL6 treatment in vitro did not impact cellular apoptosis of human neutrophils (Fig. 4A) similar to a previous report [START_REF] Wright | Effects of IL-6 and IL-6 blockade on neutrophil function in vitro and in vivo[END_REF]. These observations suggest that IL6 might predominantly mediate hepatic neutrophil recruitment as previously reported [START_REF] Fielding | IL-6 regulates neutrophil trafficking during acute inflammation via STAT3[END_REF].

Alcohol binge impairs clearance of NETosis neutrophils and attenuates efferocytosis by macrophages

Apoptotic cell death by neutrophils (NETosis) is an integral part of the immune response following NET formation to control microbial infection [START_REF] Yipp | NETosis: how vital is it?[END_REF][START_REF] Steinberg | Unconventional roles of the NADPH oxidase: signaling, ion homeostasis, and cell death[END_REF]. To prevent further inflammation following NETosis, NETs (DAMPs) are cleared by macrophages (MΦ) in the process of efferocytosis, a vital process for maintaining tissue homeostasis [START_REF] Farrera | Macrophage clearance of neutrophil extracellular traps is a silent process[END_REF]. MΦ clearance of neutrophils following NETosis can also lead to MΦ polarization into an M1 or M2 phenotype that can sustain or suppress inflammation, respectively [START_REF] Wang | Chronic alcohol ingestion modulates hepatic macrophage populations and functions in mice[END_REF]. It remains unclear, however, how acute alcohol use affects MΦ phagocytosis and polarization following clearance of NETosis DAMPs.

To assess this gap in knowledge, we co-cultured NETosis neutrophils (Fig. 4B-E) with acute alcohol-exposed macrophages (Human monocyte-derived macrophages [START_REF] Bukong | Lentivirus-associated MAPK/ERK2 phosphorylates EMD and regulates infectivity[END_REF] and RAW 264.7 MΦ) to determine how acute alcohol modulated efferocytosis of neutrophils. We found that acute alcohol treatment significantly decreased phagocytosis of NETosis neutrophils by human (Fig. 4B) and mouse(Fig. 4C) MØ. We revealed that alcohol treatment alone of RAW 264.7 cells induced expression of both M1 (Fig. 4D) and M2 (Fig. 4E) MØ surface markers.

Phagocytosis of NETosis neutrophils by MΦ in the absence of alcohol exposure increased both M1 and M2 surface markers on MØ (Fig. 4D&E). Strikingly, alcohol suppressed NETosis neutrophil-induced M1 markers, but did not suppress NETosis neutrophil-induced M2 markers following phagocytosis of NETosis neutrophils (Fig. 4D&E).

In vivo neutrophil depletion attenuates binge alcohol and/or LPS-induced liver damage

Altogether, previous studies and our novel observations suggest a role for neutrophils in the liver manifestation of sepsis and in ALD [START_REF] Bertola | Chronic plus binge ethanol feeding synergistically induces neutrophil infiltration and liver injury in mice: a critical role for E-selectin[END_REF][START_REF] Agraz-Cibrian | Alterations in neutrophil extracellular traps is associated with the degree of decompensation of liver cirrhosis[END_REF]. Thus, we hypothesized that transient depletion of neutrophils might provide therapeutic benefits in alcohol-induced liver injury. To test this hypothesis, we first examined if a specific Ly6G antibody could deplete circulating and hepatic neutrophils in mice. We found that, compared to an IgG control antibody, the Ly6G antibody could specifically deplete circulating (Fig. 5A) and hepatic (Fig. 5B) neutrophils and this depletion prevented the LPS-induced increase in circulating (Fig. 5A) and hepatic (Fig. 5B) neutrophil numbers. The minimal increase in circulating and hepatic neutrophils after LPS challenge was suggestive of potential bone marrow recruitment.

Next, we assessed the in vivo therapeutic benefit of neutrophil depletion in the context of an alcohol binge. In the control antibody-treated mice 15 h post LPS injection, we found significantly increased levels of citrullinated histone H3 (NET component) in the alcohol binge plus LPS mice consistent with previous findings (Fig. 5C). These observations suggested possible reduced clearance of NETosis neutrophils or prolonged neutrophil persistence during AH in mice. Neutrophil depletion with the Ly6G antibody significantly reduced citrullinated histone H3 in both LPS alone and in binge alcohol plus LPS-treated mice compared to control antibody-treated mice (Fig. 5C). To determine the in-vivo presence of NETs and the effects of Ly6G neutrophil depletion, we performed fluorescent liver immunobiology probing for neutrophil elastase and histone H3. We found that binge-alcohol associated with sepsis resulted in persistent hepatic NET presence (Fig. 5D). In addition, we found that circulating neutrophil depletion using a Ly6G antibody in mice with alcohol binge plus LPS (AH) significantly attenuated systemic inflammation indicated by serum MCP-1 levels compared to controls (Fig. 5E). More importantly, neutrophil depletion prevented liver injury induced by LPS, alcohol binge or their combination as indicated by normal AST serum levels in alcohol or alcohol plus LPS challenged mice compared to IgG-control (Fig. 5F). These results suggested that neutrophil leukocyte depletion ameliorated liver injury and pro-inflammatory cytokine induction in the liver in LPS-induced sepsis with and without binge alcohol exposure.

Discussion

Neutrophils represent the first line of innate immune defense to clear or contain invading pathogens. In AH, characterized by increased serum endotoxins, an increase in hepatic neutrophils is associated with poor clinical outcomes [START_REF] Gao | Alcoholic liver disease: pathogenesis and new therapeutic targets[END_REF][START_REF] Taylor | Circulating neutrophil dysfunction in acute liver failure[END_REF]. Mortality in AH is closely linked to the development of sepsis and multi-organ failure [START_REF] Fukui | Relation of endotoxin, endotoxin binding proteins and macrophages to severe alcoholic liver injury and multiple organ failure[END_REF][START_REF] Michelena | Systemic inflammatory response and serum lipopolysaccharide levels predict multiple organ failure and death in alcoholic hepatitis[END_REF]. Recent studies have shown that neutrophils can exacerbate hepatic injury in ischemia or surgical injury models [START_REF] Tohme | Neutrophil Extracellular Traps Promote the Development and Progression of Liver Metastases after Surgical Stress[END_REF][START_REF] Huang | Damage-associated molecular pattern-activated neutrophil extracellular trap exacerbates sterile inflammatory liver injury[END_REF]. The capacity for neutrophils to cause or exacerbate liver injury was linked to their NET formation properties [START_REF] Tohme | Neutrophil Extracellular Traps Promote the Development and Progression of Liver Metastases after Surgical Stress[END_REF][START_REF] Huang | Damage-associated molecular pattern-activated neutrophil extracellular trap exacerbates sterile inflammatory liver injury[END_REF]. While neutrophils have been implicated in AH pathogenesis, their NET formation properties and functions after alcohol binge and sepsis have not been assessed.

Here, we show for the first time that acute-alcohol can induce spontaneous release of NETs by neutrophils. Subsequent stimulation or antigenic challenge of alcohol-exposed neutrophils however suppresses further NET formation and impairs efferocytosis (their clearance by MΦ) which can contribute to prolonged liver inflammation and injury.

Both ALD and binge drinking are associated with a significant increase in serum endotoxins (LPS) and DAMPs (HMGB1 and histones) due to compromised gut integrity and increased hepatocyte cell death, respectively [START_REF] Gao | Alcoholic liver disease: pathogenesis and new therapeutic targets[END_REF][START_REF] Szabo | Focus on: Alcohol and the liver[END_REF][START_REF] Gao | Innate immunity in alcoholic liver disease[END_REF][START_REF] Bala | Acute binge drinking increases serum endotoxin and bacterial DNA levels in healthy individuals[END_REF]. LPS and HMGB1 are important activators of neutrophil NET formation [START_REF] Huang | Damage-associated molecular pattern-activated neutrophil extracellular trap exacerbates sterile inflammatory liver injury[END_REF][START_REF] Tadie | HMGB1 promotes neutrophil extracellular trap formation through interactions with Toll-like receptor 4[END_REF]. Neutrophil NETs are composed of neutrophil elastase, citrullinated histones, and extracellular DNA. We found that ex vivo stimulation of acute alcoholexposed neutrophils from healthy donors released significantly lower amounts of NETs compared to alcohol-naïve neutrophils. It is possible that this reduced NET production in addition to decreased migratory and phagocytic properties of neutrophils demonstrated in previous studies and our current study can significantly impair neutrophil functions during binge drinking associated with sepsis. Importantly, we found spontaneous NET formation by neutrophils following acute alcohol treatment without additional in vitro activation. Given that the serum milieu following binge drinking is enriched in LPS which can induce NET formation, it is possible that blood neutrophils are activated in the circulation in binge drinking and become 'anergic' to further stimulation. Alternatively, our observation that alcohol alone can induce spontaneous NET formation while simultaneously suppressing further NET formation in response to ex vivo stimulation suggest complex alcohol effects on NET formation. Strikingly, our in vivo mouse studies demonstrated that alcohol binge significantly reduced hepatic neutrophil infiltration in an LPS-induced sepsis model. These observations suggest that in addition to suppressing migration and phagocytosis of neutrophils [START_REF] Xu | The role of neutrophils in the development of liver diseases[END_REF], alcohol can also suppress NET formation properties of neutrophils.

To maintain organ homeostasis following suicide lytic NETosis [START_REF] Yipp | NETosis: how vital is it?[END_REF], proper clearance of NETosis neutrophils by MΦs is indispensable [START_REF] Farrera | Macrophage clearance of neutrophil extracellular traps is a silent process[END_REF][START_REF] Kaplan | Neutrophil extracellular traps: double-edged swords of innate immunity[END_REF][START_REF] Nakazawa | The responses of macrophages in interaction with neutrophils that undergo NETosis[END_REF]. Our novel data suggest that acute alcohol use could significantly impair the clearance of NETosis neutrophils by MΦs. Following phagocytosis of NETosis neutrophils, MΦs can polarize towards an M1 or M2 phenotype [START_REF] Nakazawa | The responses of macrophages in interaction with neutrophils that undergo NETosis[END_REF][START_REF] Martinez | The M1 and M2 paradigm of macrophage activation: time for reassessment[END_REF]. We found that acute alcohol exposure of MΦs, in addition to their reduced phagocytosis of NETosis neutrophils, was associated with a significantly lower increase in MΦ polarization to an M1 phenotype. During initial phagocytosis, an M1 MΦ phenotype is necessary for the initial respiratory burst to clear bacteria, which we observed to be suppressed with acute alcohol use.

Further, acute alcohol exposure of MΦs did not suppress their M2 phenotype, which increased significantly following phagocytosis of NETosis neutrophils similar to the alcohol-free condition.

MΦs with an M2 phenotype decrease inflammation and encourage tissue repair, which was not diminished with binge alcohol use. These observations prompted us to speculate that alcohol use suppresses the initial phagocytic and respiratory burst functions of MΦs to metabolize arginine to the "killer" molecule nitric oxide needed for the initial killing of bacteria [START_REF] Mills | Anatomy of a discovery: m1 and m2 macrophages[END_REF][START_REF] Thomas | Of mice and men": arginine metabolism in macrophages[END_REF][START_REF] Rath | Metabolism via Arginase or Nitric Oxide Synthase: Two Competing Arginine Pathways in Macrophages[END_REF].

Additionally, binge alcohol can also suppress M2 MΦ polarization following NETosis neutrophil phagocytosis, which can hinder their ability to metabolize arginine to the "repair" molecule ornithine further exacerbating liver inflammation and injury [START_REF] Mills | Anatomy of a discovery: m1 and m2 macrophages[END_REF][START_REF] Rath | Metabolism via Arginase or Nitric Oxide Synthase: Two Competing Arginine Pathways in Macrophages[END_REF]. We confirmed with in vivo experiments that binge alcohol use associated with acute sepsis was associated with higher systemic inflammation and hepatocyte cell death.

In addition to serum endotoxins, NET components were increased in both the circulation and liver of AH patients and a mouse model of alcohol binge and can act as DAMPs to exacerbate liver injury [START_REF] Huang | Damage-associated molecular pattern-activated neutrophil extracellular trap exacerbates sterile inflammatory liver injury[END_REF]. Further, histones and HMGB1 contained in NETs may also play a role in additional hepatic recruitment and activation of neutrophils to form NETs thereby sustaining inflammation and injury [START_REF] Pittman | Damage-associated molecular patterns control neutrophil recruitment[END_REF] Our observations reveal that the acute sepsis in mice is associated with significantly increased hepatic HMGB1 protein plus NET formation. However, acute sepsis associated with binge alcohol is characterized by significantly lower hepatic HMGB1 and NET, suggesting a potential mechanistic role of HMGB1 in the disease process. However, we did not completely assess all NET inducers. As such HMGB1 might not be the only factor. Other NET proteins like neutrophil elastase, a serine protease, induce liver injury in rats following ischemic reperfusion injury [START_REF] Uchida | The inhibition of neutrophil elastase ameliorates mouse liver damage due to ischemia and reperfusion[END_REF]. Given that NETs have been associated with sterile hepatic injury [START_REF] Uchida | The inhibition of neutrophil elastase ameliorates mouse liver damage due to ischemia and reperfusion[END_REF], further investigations to determine if NETs directly trap damaged hepatocytes and increase inflammatory responses while impairing their clearance are needed.

Therapeutically, neutrophil depletion has been shown to provide beneficial effects during ischemia-reperfusion injury and during bacterial infections [START_REF] Carr | Specific depletion reveals a novel role for neutrophil-mediated protection in the liver during Listeria monocytogenes infection[END_REF][START_REF] Martinez-Mier | Neutrophil depletion and chemokine response after liver ischemia and reperfusion[END_REF]. Given the important role of neutrophils in the pathomechanism of AH, we assessed if transient neutrophil depletion could provide similar therapeutic benefits during binge drinking. We found that a Ly6G-specific mAb [START_REF] Daley | Use of Ly6G-specific monoclonal antibody to deplete neutrophils in mice[END_REF], could deplete both circulating and hepatic neutrophils in mice. Neutrophil depletion alleviated alcohol-induced liver injury during acute alcohol binge, LPS induced sepsis, or a combination of both as demonstrated by significantly reduced systemic inflammation and hepatic injury. Given that neutrophils form an important immune cell type in host defense, transient neutrophil depletion might be feasible as a therapeutic option for patients with AH.

In conclusion (Fig. 6), our study demonstrates that alcohol use impairs circulating and hepatic NET formation. Further, binge alcohol significantly suppresses the phagocytic clearance of NETosis DAMPs and favors polarization of MΦs to a pro-inflammatory phenotype. Our observations suggest that transient neutrophil depletion could become a promising new approach in the treatment of patients following binge drinking associated with sepsis. LPS injection (0.05mg/kg). Mice were sacrificed 12h after LPS injection and liver samples analyzed by immunohistology for neutrophil elastase (A). Liver samples from mice were additionally analyzed by western blotting for HMGB1 (B) and citrullinated histone H3 (C) using β-Actin as a protein loading control. ELISA was performed on total liver protein lysate for MCP1 (D). A p < 0.05 compared to baseline sugar gavage (*) or sugar plus i.p. LPS treatment (#) was considered statistically significant using ANOVA for 5-6 mice per experimental group. NS, not significant. 

  Experiments presented used Female 10-12-week old wild type C57BL/6J mice obtained from Jackson Laboratories (Bar Harbor, ME, USA) and maintained on chow Rodent Diet, AIN-76A(BioServe). All mice were housed in MicroVENT IVC Systems cages at the University of Massachusetts Medical School (UMMS) animal facility and treated humanely according to the criteria outlined in the "Guide for the Care and Use of Laboratory Animals" prepared by the National Academy of Sciences and published by the National Institutes of Health. All experiments were performed under a UMMS Institutional Animal Care and Use Committee approved protocol number 1154. All mice had free and unlimited access to water at all times throughout the entire experimental period. A 12hours light and 12hours dark cycle was maintained for all experiments.
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 1 Figure 1: Binge drinking induces increases in blood alcohol content and serum endotoxin but acute alcohol reduces ex vivo NET formation in human neutrophils

Figure 2 :

 2 Figure 2: Reduced hepatic neutrophil infiltration and NET formation following acute alcohol use associated with sepsis

Figure 3 :

 3 Figure 3: Binge drinking associated with sepsis is characterized by the sustained hepatic presence of neutrophils, NETosis molecules, and increased cell death in mice.C57BL/6 mice received three alcohol or sugar gavages with i.p. LPS or saline treatment. Mice were sacrificed after 15h and liver/serum samples analyzed by immunohistology for neutrophil elastase (A), western blot analysis for citrullinated histone H3 (B), RT-qPCR for IL-6 (C) and ELISA for MCP-1(D). TUNEL assay was performed on liver samples from C57BL/6 binge alcohol or sugar gavage mice with or without i.p. LPS or saline treatment as indicated (E). A p < 0.05 compared to baseline sugar gavage (*) or sugar plus i.p. LPS treatment (#) was considered statistically significant using ANOVA for 3-6 mice per experimental group.

Figure 4 :

 4 Figure 4: IL6 does not impact neutrophil viability but alcohol use suppresses effective phagocytosis of NETotic neutrophils and promotes macrophage differentiation to a proinflammatory phenotype.
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flow cytometry for MΦ differentiation to an M1 (D) versus M2 (E) phenotype. A p < 0.05 compared to baseline sugar gavage controls (*) or sugar plus LPS stimulation (#) was considered statistically significant using ANOVA for three independent repeat experiments. Mice were untreated or pretreated with anti-mouse Ly6G or IgG control antibody followed by i.p. LPS injection as indicated. Blood (A) and liver (B) samples were collected after 15 h of LPS injection and analyzed for neutrophil content by flow cytometry. Mice were untreated or pretreated with anti-mouse Ly6G or IgG control antibody followed by three alcohol binges or sugar gavage as indicated. Some mice received additional i.p. LPS (0.05mg/kg) as indicated.

Mice were sacrificed 15 h after i.p. LPS injection and serum/liver samples collected. Liver samples were analyzed by western blotting for citrullinated histone H3 and β-actin was used as a loading control (C). Liver samples were analyzed by fluorescent immunobiology for neutrophil elastase and Histone H3 as NET markers with dapi as nuclear stain. Serum samples collected from mice were analyzed for MCP-1 (D) and AST (E). A p < 0.05 compared to baseline sugar gavage IgG controls (*) or sugar IgG plus LPS stimulation (#) was considered statistically significant using ANOVA for 3-6 mice per experimental group. 

Study Highlights

• Alcohol treatment induces spontaneous neutrophil extracellular trap (NET) formation.

• Alcohol impairs further NET release by the same neutrophils upon subsequent activation.

• Alcohol use reduces the efferocytosis of macrophages to clear NETotic neutrophils.

• Depletion of neutrophils in-vivo alleviates hepatic injury after binge-drinking.