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Abstract

Alcohol abuse is a leading cause of liver disease characterized by liver inflammation, fatty liver, 

alcoholic hepatitis, or liver cirrhosis. Immunomodulatory effects of alcohol on monocytes and 

macrophages contribute to alcoholic liver disease. Alcohol use, an independent risk factor for 

progression of hepatitis C virus (HCV) infection–mediated liver disease, impairs host defense and 

alters cytokine production and monocyte/macrophage activation. We hypothesized that alcohol 

and HCV have synergistic effects on the phenotype and function of monocytes. Our data show 

that acute alcohol binge drinking in healthy volunteers results in increased frequency of CD16+ 

and CD68+ and M2-type (CD206+, dendritic cell [DC]-SIGN+–expressing and IL-10–secreting) 

circulating CD14+ monocytes. Expression of HCV-induced CD68 and M2 markers (CD206 and 

DC-SIGN) in normal monocytes was further enhanced in the presence of alcohol. The levels of 

microRNA (miR)-27a was significantly upregulated in monocytes cultured in the presence of 

alcohol or alcohol and HCV as compared with HCV alone. The functional role of miR-27a in 

macrophage polarization was demonstrated by transfecting monocytes with an miR-27a inhibitor 

that resulted in reduced alcohol- and HCV- mediated monocyte activation (CD14 and CD68 

expression), polarization (CD206 and DC-SIGN expression), and IL-10 secretion. Over-

expression of miR-27a in monocytes enhanced IL-10 secretion via activation of the ERK signaling 

pathway. We found that miR-27a promoted ERK phosphorylation by downregulating the 

expression of ERK inhibitor sprouty2 in monocytes. Thus, we identified that sprouty2 is a target 

of miR-27a in human monocytes. In summary, our study demonstrates the regulatory role of 

miR-27a in alcohol-induced monocyte activation and polarization.

Alcohol is the most commonly used and abused recreational substance, which causes liver 

disease in >10 million people in the United States (1). Low- to moderate-dose alcohol 

consumption is associated with reduced risk of coronary heart disease (2, 3). However, 

excessive alcohol consumption is linked with numerous negative effects, including 

susceptibility to viral infections (3–5). Binge drinking is the most common form of alcohol 

consumption in young adults and it is also common in chronic alcoholics. Metabolism of 

alcohol triggers activation of the innate immune cells in the liver, which contributes to the 

development and pathogenesis of alcoholic liver diseases (ALD) (6, 7).
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It is estimated that 130–150 million people worldwide have chronic hepatitis C virus (HCV) 

infection (World Health Organization; http://www.who.int/mediacentre/factsheets/fs164/

en/), including 3.2 million Americans (Centers for Disease Control and Prevention; http://

www.cdc.gov/hepatitis/c/cfaq.htm). Of these, ~70% have a history of alcohol abuse (8). 

Alcohol predisposes HCV-infected patients to liver cirrhosis, liver cancer, and increased 

mortality (9–11). Cells of the innate immune system, monocytes and macrophages, are 

activated with alcohol exposure, and increased macrophage numbers have been reported in 

the liver in ALD (7, 12). Monocyte/macrophage activation occurs in chronic HCV infection, 

and dysfunctional macrophages contribute to disease progression and liver fibrosis (13, 14). 

HCV, a single-stranded RNA virus, can be sensed by monocytes via TLR8. A previous 

study from our group has shown that alcohol exposure modulates monocytic response to 

TLR8 stimulation (15). However, the mechanism by which alcohol modulates the monocyte 

response to HCV infection is not known.

Liver-resident macrophages (Kupffer cells) are one of the major innate immune cell 

populations; however, during injury and infection, bone marrow–derived and circulating 

monocytes also enter the liver for immune surveillance (16, 17). Monocytes differentiate 

into macrophages, and in response to various signals macrophages undergo polarization into 

classically activated (M1 or proinflammatory) or alternatively activated (M2 or anti-

inflammatory) phenotypes (18, 19). M1 macrophages can be generated in the presence of 

IFN-γ and/or LPS and they exhibit potent antimicrobial properties and promote Th1 

responses whereas IL-4, IL-13, IL-10, TGF-β, or glucocorticoids stimulate the M2 

macrophage phenotype that supports Th2-associated effector functions and resolution of 

inflammation (19–21). Cell surface markers such as CD86, MHC class II, CD40, and CD16 

are highly expressed on M1 macrophages, whereas M2 macrophages predominantly express 

CD206 (mannose receptor), dendritic cell (DC)-SIGN, and CD163 (scavenger receptor) 

(22).

Increasing evidence suggests that microRNAs (miRs) play an important role in macrophage 

polarization and function (23–25). miRs are small noncoding RNA molecules that are 

specific for multiple target sequences. In immune cells, miRs affect the function of the 

innate and adaptive immune response through regulation of cellular differentiation and 

function (25, 26). The aim of the present study was to elucidate the mechanisms by which 

alcohol modulates monocyte differentiation, macrophage polarization, and function. Our 

results demonstrate that healthy human monocytes cultured in the presence of HCV are 

primed by alcohol to differentiate and polarize into M2 macrophages. Alcohol mediates this 

process by increasing expression of miR-27a, which activates the ERK signaling pathway 

and IL-10 secretion via targeting the ERK inhibitor, sprouty2.

Materials and Methods

In vivo human studies

For the in vivo study, healthy individuals (4 males and 13 females, age range 23–57 y) who 

did not have a history of alcohol-use disorder were enrolled. Written informed consent was 

obtained from the volunteers. The samples were de-identified and the consent files stored in 

locked cabinets. The Institutional Review Board for the protection of human subjects in 
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research at the University of Massachusetts Medical School approved the study. Alcohol 

was given at a dose of 2 ml vodka 40% (v/v) ethanol/kg body weight in a total volume of 

300 ml orange juice at the Clinical Research Center, University of Massachusetts Medical 

School. Blood was drawn at baseline (120 ml) and after every 30 min for the first 4 h (6 ml 

each time) and again 24 h after alcohol consumption (120 ml).

Alcohol concentration assay

The serum samples were analyzed for the determination of alcohol. This was performed in 

an Analox alcohol analyzer as per the manufacturer's instructions (Analox Instruments, 

Lunenberg, MA).

Reagents

DMEM and RPMI 1640 cell culture media, antibiotics, and nonessential amino acids were 

purchased from Life Technologies (Grand Island, NY). CD14+ monocytes were isolated by 

MACS CD14 microbeads from Miltenyi Biotec (Auburn, CA). Human Abs, including CD16 

allophycocyanin, CD16 FITC, CD14 FITC, CD40 FITC, and CD86 FITC, were purchased 

from eBioscience (San Diego, CA). Abs CD14 allophycocyanin, CD14 PE, CD163 PE, 

CD11c allophycocyanin, CD68 PE, CD206 allophycocyanin, DC-SIGN FITC, and isotype 

control Abs were purchased from BD Pharmingen (Franklin Lakes, NJ). Phospho-p44/42-

ERK1/2 and anti-mouse IgG PE were obtained from Cell Signaling Technology (Danvers, 

MA). Human IL-10 Ab and mouse IgG1 isotype control were from R&D Systems 

(Minneapolis, MN). miR-27a inhibitor, mimic, and scrambled controls were purchased from 

Ambion Life Technologies (Carlsbad, CA). Lipofectamine RNAiMAX transfection reagent 

was from Life Technologies. The sprouty2 construct was obtained from OriGene (Rockville, 

MD), which was transfected by Roche (Indianapolis, IN) X-tremeGENE transfection 

reagent. ERK inhibitor, U0126, was procured from EMD Millipore (Billerica, MA).

Biological materials

PBMCs were obtained from healthy individuals aged 18–60 y, females and males with no 

previous alcohol abuse history who consumed <6 drinks/wk and from individuals recruited 

in the in vivo study. The study was reviewed and approved by the Institutional Review 

Board for Protection of Human Subjects in Research. Monocytes from human peripheral 

blood were isolated by MACS CD14 microbeads following the manufacturer's instructions 

to ~95% purity (data not shown).

Huh7.5 cells were maintained in low-glucose DMEM containing 10% FBS (HyClone, 

Logan, UT), 10 μg/ml ciprofloxacin, and supplemented with nonessential amino acids. 

Transfection of JFH1 RNA into Huh7.5 cells and production of infectious virus in cell 

culture were performed as previously described (27). HCV viral supernatants were collected 

from Huh7.5 cells highly infected with JFH1 HCVcc (cell culture–derived HCV particles) 

and determined by flow cytometry (27). The supernatant was passed through 0.22-μm filters 

and concentrated 20–30 times using an Amicon Ultra-15 100K centrifugal filter unit, and 

virus stock was preserved at −80°C (Millipore). Uninfected Huh7.5 cell supernatant was 

collected, concentrated, and used as controls in the experiments with HCV concentrate.
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Coculture experiments

Monocytes (5 × 105 cells) were cocultured with either Huh7.5 cells or HCV-infected 

hepatoma (Huh7.5/JFH1) cells (48 h postinfection) or HCV concentrate (cell-free HCV) and 

Huh7.5 concentrate (uninfected control) in 12-well plates in a 37°C, 5% CO2 incubator for 7 

d. Ethanol at a concentration of 25 mM was maintained in one experimental plate and 

another plate did not receive any alcohol. Supernatants, cells, and RNA were collected from 

each experiment at the indicated time points and surface markers, cytokines, and miR 

expression were studied.

Flow cytometry

Cell surface markers on PBMCs and monocytes were analyzed by flow cytometry as 

described previously (27). To inhibit nonspecific binding of Abs, PBMCs and monocytes 

were incubated with FcR blocking reagent (Miltenyi Biotec). The cells were incubated with 

appropriate Ab or isotype control for 30 min at 4°C. Cells were washed with FACS buffer 

and acquired on a BD LSR II (BD Biosciences, San Diego, CA).

Data analysis was performed on FlowJo software (Tree Star, Ashland, OR). For PBMCs, the 

cells were gated on CD14+ monocytes and were further gated on the other monocyte/

macrophage markers as described in the figures. For CD14+ monocytes, we gated on the 

various markers and calculated the mean fluorescence intensity (MFI). The MFI data were 

plotted as fold difference as compared with the respective untreated control cells.

ELISA

Levels of human TNF-α and MCP-1 in the cell culture supernatant were measured using 

commercially available ELISA kits from BD Biosciences (Franklin Lakes, CA) following 

the manufacturer's instructions. Human IL-10 and TGF-β ELISA kits were purchased from 

eBioscience.

miR analysis

QIAzol lysis reagent (Qiagen, Germantown, MD) was used to lyse the cells. The lysate was 

incubated on ice for 5 min before miR isolation using a Direct-zol RNA MiniPrep kit (Zymo 

Research, Irvine, CA). Reverse transcription (30 min at 16°C, 30 min at 42°C, 5 min at 

85°C) was performed in an Eppendorf Mastercycler ep realplex (Eppendorf, Westbury, NY) 

using 10 ng RNA, TaqMan primers, and an miRNA reverse transcription kit followed by 

quantitative RT-PCR (qRT-PCR) (10 min at 95°C, 40 cycles of 15 s at 95°C, 1 min at 60°C) 

in an iCycler (Bio-Rad Laboratories) using TaqMan Universal PCR master mix and human 

primers for RNU48 as normalizing control, miR-27a, miR-132, miR-146a, and miR-155. 

Relative expression was calculated by the ΔΔCt method.

miR inhibition and overexpression studies

For miR-27a inhibition studies, monocytes were transfected with anti–miR-27a and anti–

miR-negative control 1 (anti–miR control), and for miR-27a overexpression studies, 

monocytes were transfected with miR-27a mimic and miR control 1 (miR control) using 

Lipofectamine RNAiMAX transfection reagent (28). Knockdown and overexpression 
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efficiency was determined by the miR-27a levels in transfected cells. Transfected cells were 

treated with and without alcohol and/or HCV for indicated duration according to 

experimental requirements before the isolation of RNA (Direct-zol RNA MiniPrep kit) or 

supernatant collection.

p-ERK detection and ERK inhibition assay

p-ERK detection was based on a previously described protocol (29). Briefly, monocytes 

stimulated under various conditions as described in Figs. 5 and 6 were fixed with 2% 

formaldehyde and permeabilized with 90% methanol. Staining was performed with anti–

phospho-p44/42 MAPK (ERK1/2) Ab from Cell Signaling Technology (clone E10). PE-

conjugated anti-mouse IgG secondary Ab was used and the cells were acquired and analyzed 

on a flow cytometer. ERK inhibitor U0126 was used at various doses to inhibit p-ERK 

expression as described in Results.

Sprouty2 overexpression

For sprouty2 overexpression experiments, monocytes were transfected with 0.1 μg PCMV-

SPRY2 construct (OriGene) by a Roche X-treme transfection kit. Sprouty2 overexpression 

was confirmed by gene expression analysis (Supplemental Fig. 4).

Statistical analysis

All values (expressed as mean ± SEM) were obtained from three or more independent 

experiments. Comparison between groups was made with the Student t test or ANOVA test. 

A p value <0.05 was considered statistically significant. GraphPad Prism software 

(GraphPad Software, La Jolla, CA) was used for statistical analysis.

Results

In vivo acute alcohol binge induces monocyte activation in healthy subjects

To investigate whether alcohol consumption induces monocyte activation in vivo, we 

evaluated the phenotype and function of circulating monocytes from normal, nonalcoholic 

individuals before and after acute alcohol binge drinking. Whole-blood samples were 

obtained before and after every 30 min for the first 4 h and again 24 h after consumption of 

alcohol equivalent to four to five standard drinks (0.85 g/kg body weight). Blood alcohol 

levels reached maximal levels of 10 mg/dl by 1 h after alcohol consumption (Supplemental 

Fig. 1). The average blood alcohol level at the time of 4 h after alcohol sampling was <40 

mg/dl (Supplemental Fig. 1) and undetectable by 24 h (data not shown).

PBMCs were immunophenotyped for monocyte markers and analyzed by flow cytometry. 

Compared to baseline we observed a significant increase in the percentage of circulating 

CD14+CD16+ monocytes in healthy individuals after alcohol consumption, and there was no 

change in the frequency of monocytes expressing CD40 and CD86 (Fig. 1A). Alcohol 

consumption also resulted in a significant increase in the frequency of monocytes expressing 

the macrophage marker CD68 (Fig. 1A, Supplemental Fig. 2). Importantly, acute alcohol 

consumption led to an increase in the percentage of monocytes expressing the well-known 

M2 markers, CD206, CD163, and DC-SIGN (Fig. 1A, Supplemental Fig. 2). We also 
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observed an increase in the expression levels (MFI) of CD16, CD68, CD206, and CD163 on 

the CD14+ monocytes after acute alcohol consumption (Fig. 1B). These results showed that 

activation as well as phenotypic modulation of monocytes occurred after acute alcohol binge 

drinking.

To further evaluate the effects of alcohol, monocytes were isolated from the PBMCs before 

and after alcohol binge and stimulated ex vivo with 25 mM ethanol. Secreted TNF-α, 

MCP-1, and IL-10 levels were assessed in the culture supernatant. A significant decrease 

was seen in TNF-α induction in response to ex vivo ethanol stimulation in monocytes 

obtained on day 2 after alcohol binge (Fig. 1C). However, we did not observe such an effect 

on MCP-1 levels (Fig. 1D). Acute alcohol binge resulted in a significant increase in IL-10 

secretion by monocytes, which were further increased by ex vivo ethanol stimulation (Fig. 

1E). These results demonstrate that acute alcohol consumption leads to changes in the 

monocyte phenotype that attenuate proinflammatory cytokines and enhance anti-

inflammatory cytokine production.

Acute alcohol potentiates the effect of HCV on monocytes

We have previously shown that both acute and chronic alcohol interferes with type I IFN 

production by monocytes in response to viral and bacterial pathogen-derived signals (15). 

Monocyte activation has been observed during chronic HCV infection (14, 30). In fact, 

increased IL-10 and lowered IL-12 secretion by monocytes and macrophages during HCV 

infection have been shown to have inhibitory effects on antiviral T cell response (31, 32). In 

the present study, we tested the hypothesis that acute alcohol can synergize with HCV and 

modulate monocyte phenotype and function. In HCV-infected individuals monocytes/

macrophages are exposed to circulating HCV viral particles derived from hepatocytes, the 

cell type that hosts viral replication (30).

To mimic the interaction between peripheral blood monocytes and HCV-infected 

hepatocytes, we obtained PBMCs from healthy control individuals before and 24 h after 

alcohol consumption and cocultured them with Huh7.5 cells or Huh7.5 cells infected with 

JFH1 (HCV) for 7 d. We observed that monocytes obtained 24 h after alcohol had a high 

expression of CD14, CD68, CD16, CD206, and DC-SIGN compared with baseline (Fig. 

2A–C). We also observed that monocytes cultured in the presence of HCV-infected 

hepatocytes had significantly increased expression of macrophage markers, CD14, CD68, 

and CD11c (Fig. 2A) and M2 markers CD206, CD163, and DC-SIGN (Fig. 2C) compared 

with monocytes cocultured with HCV uninfected hepatoma cells (Huh7.5) or unstimulated 

cells. Alcohol and HCV had synergistic effects on the upregulation of macrophage markers, 

CD68 and M2 markers, CD206, and DC-SIGN on the monocytes (Fig. 2A–C). The levels of 

costimulatory markers CD40 and CD86 on monocytes were not modulated by either alcohol 

or HCV (Fig. 2B).

Cytokine production is another important indicator of monocyte activation, and thus we 

determined the cytokine secretion over a period of 7 d following alcohol and HCV 

stimulation. Levels of anti-inflammatory cytokines, IL-10 and TGF-β, were increased in 

monocytes after alcohol treatment (Fig. 2D). Alcohol and HCV had a synergistic effect on 

increasing monocyte secretion of IL-10 but not TNF-α. These results suggest that alcohol-
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exposed monocytes are more susceptible to changes in the phenotype and function mediated 

by HCV.

Expression profile of miRs in alcohol and HCV-exposed monocytes

Recent studies have identified that alcohol or HCV infection alters monocyte/macrophage 

miR expression (28, 33). miRs also regulate the process of monocyte differentiation and 

macrophage polarization (23, 34). Thus, we hypothesized that alcohol may act via miRs to 

change the monocyte phenotype. Monocytes were differentiated in the presence of M-CSF 

and polarized to M1 or M2 phenotype by treatment with IFN-γ and LPS or IL-4, 

respectively (34). We found increased expression of miR-155, miR-146a, and miR-132 in 

M1 polarized macrophages (Supplemental Fig. 3). miR-132 and miR-27a levels were 

upregulated in M2 macrophages (Supplemental Fig. 3). Monocytes obtained from 

individuals after binge drinking had significantly increased expression of miR-27a, 

miR-146a, and miR-132 but no change in miR-155 (Fig. 3).

Next, we investigated the effect of cell-free HCV on miR expression in normal and alcohol-

exposed monocytes. Coculture of monocytes with Huh7.5/JFH-1 cells or with cell-free HCV 

viral particles had similar effects on monocyte phenotype and function (B. Saha, K. Kodys, 

and G. Szabo, submitted for publication); thus, we are showing the data only for the cell-free 

HCV. We observed an additive effect of in vivo alcohol and HCV on the monocytes 

selective to miR-27a upregulation, as we found no increase in miR-155, miR-146a, and 

miR-132 (Fig. 3). These results suggest that the effect of alcohol and HCVon the monocyte 

phenotype and function might be mediated by miR-27a.

Functional role of miR-27a in alcohol and HCV-mediated monocyte differentiation and 
polarization

Induction of miR-27a by alcohol and HCV was further confirmed in vitro (Fig. 4A). To 

evaluate the functional role of miR-27a on monocyte differentiation and polarization by 

alcohol in the presence of HCV, we overexpressed an miR-27a inhibitor in monocytes and 

in vitro exposed them to alcohol and HCV for 7 d. As expected, the alcohol- and HCV-

induced miR-27a increase was prevented in the presence of miR-27a inhibitor (Fig. 4A). 

The increase in HCV and alcohol-induced CD14 and CD68 was prevented by the presence 

of the miR-27a inhibitor but not the anti–miR control (Fig. 4B). We also observed reduced 

expression of CD206 and DC-SIGN surface markers on alcohol plus HCV-exposed 

monocytes in the presence of the miR27a inhibitor compared with anti–miR control (Fig. 

4C).

Transfection of miR-27a inhibitor led to decreased secretion of IL-10 but no change in the 

levels of TNF-α or TGF-β (Fig. 4D). A significant decrease was found in IL-10 levels in 

monocytes that were treated with alcohol or alcohol plus HCV in the presence of the 

miR-27a inhibitor as compared with control inhibitor (Fig. 4D). Conversely, overexpression 

of an miR-27a mimic resulted in increased IL-10 levels in monocytes. miR-27a mimic 

further increased alcohol- and HCV-induced IL-10 levels (Fig. 4E). The TGF-β levels were 

not modulated with miR-27a mimic overexpression (Fig. 4E). These results suggest that 

miR-27a might exert its effects on monocytes via regulating the expression of IL-10. 

Saha et al. Page 7

J Immunol. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Furthermore, our results indicate that some of the effects of the alcohol on monocytes are 

mediated via miR-27a induction.

miR-27a regulates alcohol-induced M2 polarization via the ERK signaling pathway

The MAPK/ERK pathway critically regulates a variety of physiological processes, such as 

cell growth, differentiation, survival, and many others. In immune cells, such as monocytes/

macrophages, plasmacytoid DCs, and myeloid DCs, IL-10 expression following TLR 

stimulation is dependent on ERK activation (35). Also, over-expression of miR-27a 

promotes the expression of IL-10 in human monocyte-derived DCs (36). Thus, we 

investigated the role of miR-27a in ERK activation in the monocytes exposed to alcohol and 

HCV.

We observed increased p-ERK levels in the alcohol- and alcohol plus HCV–treated 

monocytes (Fig. 5A–C). The increase in p-ERK was dependent on miR-27a levels, as the 

miR-27a inhibitor reduced and miR-27a mimic increased p-ERK levels (Fig. 5B, 5C). HCV 

had no effect on alcohol-induced p-ERK levels. Furthermore, to demonstrate the role of 

ERK activation in IL-10 secretion, monocytes were pretreated with U0126, a p-ERK 

inhibitor. A dose-dependent reduction in the expression of CD14, CD68, CD206, and DC-

SIGN was observed with U0126 (Fig. 5D–G). Furthermore, we measured the levels of IL-10 

and TGF-β in a similar experimental setting and again observed a dose-dependent reduction 

in alcohol-induced IL-10 levels in monocytes pretreated with U0126 (Fig. 5H). ERK 

inhibitor lowered TGF-β levels in monocytes cultured with HCV alone but not with alcohol 

(Fig. 5I). These results suggested a role of p-ERK in alcohol-mediated IL-10 induction.

Sprouty2, the connecting link between miR-27a and ERK signaling

Sprouty2 is a validated target of miR-27a. In lung cancer and angiogenesis it negatively 

regulates the ERK/MAPK pathway (37, 38). Because our results demonstrated that 

increased miR-27a leads to increased ERK activation and IL-10 secretion, we investigated 

the role of sprouty2 in alcohol-induced IL-10 production. As HCV did not have any effect 

on p-ERK levels, we focused our study on the role of sprouty2 in monocytes exposed to 

alcohol.

We found that sprouty2 gene expression was decreased in monocytes treated with ethanol 

(Fig. 6A). Second, we observed a significant increase in the gene expression of sprouty2 in 

the presence of an miR-27a inhibitor (Fig. 6B). Conversely, the miR-27a mimic had an 

opposite effect on monocytes and lowered sprouty2 expression levels (Fig. 6B). These 

results demonstrate that sprouty2 gene expression was dependent on miR-27a levels in 

monocytes.

Finally, to investigate the functional role of sprouty2 in alcohol-mediated ERK signaling and 

IL-10 secretion, we performed sprouty2 overexpression studies in healthy monocytes 

(Supplemental Fig. 4). We observed that monocytes overexpressing sprouty2 showed a 

significant reduction in p-ERK expression with alcohol treatment (Fig. 6C, 6D). 

Furthermore, IL-10 secretion by monocytes exposed to ethanol was also significantly 

reduced in the presence of sprouty2 overexpression (Fig. 6E). Taken together, these results 

demonstrate that the increased miR-27a levels in monocytes treated with alcohol lower the 
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sprouty2 levels, which in turn relieves the inhibitory effect on ERK and subsequently leads 

to increased IL-10 secretion, and in the presence of increased sprouty2 this effect is reversed 

(Fig. 7).

Discussion

In this study we demonstrate that alcohol intake leads to monocyte activation and 

polarization in vivo. We show that alcohol has a synergistic effect on HCV-mediated 

monocyte differentiation and macrophage polarization. We demonstrate a novel role of 

miR-27a in mediating monocyte differentiation and M2 polarization. Our observations 

suggest that miR-27a regulates ERK-mediated IL-10 secretion by monocytes exposed to 

ethanol (Fig. 7). Alcohol is a known immunomodulator and alcoholics are highly susceptible 

to bacterial and viral infections (28, 39). A previous study from our group has also shown 

that the monocytes exposed to alcohol have impaired antiviral and antibacterial immune 

responses (28). Thus, the M2 polarization in the presence of alcohol observed in HCV-

exposed monocytes is one of the mechanisms that impairs antiviral response during 

infections (Fig. 7).

Monocytes and macrophages, which are important players in the innate immune system, are 

highly plastic and are heterogeneous in their phenotype and function. Depending on the 

environmental cues, monocytes migrate to the tissues and differentiate into macrophages 

and become polarized. This phenomenon has been reported during liver injury and fibrosis 

(40). Circulating monocytes are the precursors of the inflammatory macrophages and further 

polarize into repair macrophages during sterile injury (41). The observation that in vivo 

alcohol has an effect on the phenotype and function of the circulating monocytes suggests 

not only that alcohol affects intrahepatic cells but also affects immune cells in the periphery. 

Studies from French and colleagues (42) have demonstrated the presence of M1 and M2 

macrophages in the liver of alcoholic hepatitis patients. They have shown the presence of 

CD206+ and CD163+ M2 macrophages in the liver of alcoholic hepatitis patients by 

immunohistochemisrty, which suggests that chronic consumption of alcohol does lead to 

increased M2-type macrophages in the liver (42). Our results demonstrate that the addition 

of alcohol to HCV-exposed cells further alters the phenotype and functions of normal 

monocytes to an M2-polarized, profibrogenic macrophage, demonstrating the role of alcohol 

in impairing antiviral immune response.

The role of miRs in the process of hematopoiesis, differentiation, survival, and function of 

immune cells, including monocytes and macrophages, has been demonstrated previously 

(26, 43). miR-27a is upregulated in a differentiated THP-1 monocytic cell line during 

Salmonella infection (26). Transfection of miR-29b, miR-125a-5p, or miR-155 mimics in 

THP-1 cells altered macrophage polarization to M1 macrophages (23). Experiments with 

human macrophages have identified unique miRs associated with polarized macrophage 

phenotypes such as miR-155 in M1 macrophages and miR-27a and miR-132 expression in 

M2 macrophages (23). Thus it is evident that miRs regulate macrophage polarization by 

altering gene expression under polarizing environmental conditions. In our study we 

observed that increased miR-27a expression correlated with M2 macrophage phenotype in 

the alcohol- and HCV-exposed monocytes.
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miR-27a is a member of the miR-23~27-24 cluster and is highly expressed in endothelial 

cells along with miR-27b (44). miR-27a enhances differentiation of myeloblasts into 

granulocytes by downregulating Runx1 and cell proliferation in several cancers (37, 45). 

miR-27a targets multiple intracellular signaling networks (37). miR-27a has been shown to 

inhibit DC-mediated differentiation of Th1 and Th17 cells and promote the DC-mediated 

accumulation of Tr1 (CD4+IL-10+), regulatory T cells, and increased secretion of IL-10 

(36). A recent study has reported that miR-27a regulates the inflammatory response of 

macrophages by targeting IL-10 and decreasing the levels of IL-10 (46). Results of our study 

revealed that the effect of miR-27a on IL-10 levels in monocytes is not direct, rather indirect 

via increasing ERK signaling (Fig. 5). SEMA6A and sprouty2 are both targets of miR-27 in 

endothelial cells (37, 38, 45). Our results showed that alcohol-treated monocytes increased 

miR-27a expression, which in turn lowered sprouty2 levels. Transfection experiments with 

miR-27a inhibitor and mimic also demonstrated that sprouty2 is its target in alcohol-exposed 

monocytes.

MAPKs such as ERK regulate numerous cellular events associated with the inflammatory 

response, cellular proliferation, and cell survival (45). The production of IL-10 by 

macrophages and DCs is mediated by activation of ERK. We and others have found ERK 

activation in monocytes exposed to alcohol, and the role of ERK activation in alcohol-

exposed monocytes is sensitization to other TLR ligands (47, 48). It has been demonstrated 

that miR-27a inhibited JNK and p38 phosphorylation by targeting MAPK2K4, MAP2K7, 

and p38 MAPK, whereas ERK activity was not suppressed (45). miR-27a expression has 

been shown to promote the production of IL-10, which in turn promotes the accumulation of 

CD4+Foxp3+ regulatory T cells in tumor sites infused with miR-27a transfected DCs (45). 

In our study we observed that miR-27a indirectly increased ERK activation by targeting 

sprouty2, which is an inhibitor of ERK1/2. This led to increased levels of IL-10 secretion by 

monocytes treated with alcohol. We did not observe a change in the ERK levels in 

monocytes exposed to HCV. However, we observed a decrease in the levels of HCV-

induced monocyte/macrophage markers in the presence of ERK inhibitor. This may be 

attributed to the decreased levels of HCV-induced TGF-β in the presence of ERK inhibitor 

(Fig. 5I).

The anti-inflammatory cytokine IL-10 has a central role in limiting the immune response to 

inflammatory and autoimmune pathologies (35). IL-10 acts as a developmental switch 

guiding monocyte differentiation to macrophages during murine peritoneal infection (49). 

IL-10 prevents the differentiation of monocytes to DCs but promotes their maturation into 

macrophages and polarizes to alternatively activated macrophages (50, 51). Thus, the 

increased IL-10 secreted by monocytes in the presence of alcohol can act as a differentiating 

factor and generate M2-polarized macrophages. In a situation where alcohol and HCV are 

both present, we found a synergistic action on altering monocyte phenotype and cytokine 

secretion pattern. In summary, our study identified the important role of miR-27a in the 

immunomodulatory effects of alcohol on monocytes.

Further research is required to understand the role of other miRs in alcohol-mediated effects 

on the monocyte/macrophage regulation. One of the limitations of the present study is that 

we were unable to assess the role of miR-27a in the liver of the alcoholic patients. However, 
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it would be interesting to study the role of miR-27a in a chronic alcohol model of mice to 

further decipher the role of this miR in regulating intrahepatic monocyte/macrophage 

phenotype and cell function, which would lead to a broader and deeper understanding of the 

role of miR-27a in alcoholic liver diseases.
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Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Acute alcohol intake leads to monocyte activation in vivo. Normal, nonalcoholic individuals 

received acute alcohol binge (2 ml vodka/kg body weight). Blood samples were taken before 

and 24 h after alcohol intake. PBMCs were isolated and immunophenotyped by flow 

cytometry. (A and B) Frequency and MFI of CD14+ cells expressing various markers as 

mentioned in the figure are depicted in the bar graphs. The data are represented as means ± 

SEM (n = 10 individuals). #p < 0.05 compared with the “No EtOH” group. (C–E) 

Monocytes were isolated from the PBMCs mentioned above and were stimulated in vitro 

with 25 mM EtOH for 24 h. Levels of TNF-α, MCP-1, and IL-10 were determined by 

ELISA. The data are represented as means ± SEM (n = 10 individuals). *p < 0.05. EtOH, 

ethanol.
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FIGURE 2. 
Acute alcohol enhances HCV-induced phenotypic changes and cytokine secretion. 

Monocytes isolated from individuals before and 24 h after acute alcohol binge were 

cocultured in the presence of Huh7.5/JFH1 cells or uninfected Huh7.5 cells for 7 d. Cell 

surface expression of (A) CD14, CD68, and CD11c, (B) M1 markers CD16, CD40, and 

CD68 and (C) M2 markers CD206, CD163, and DC-SIGN were determined by flow 

cytometry. (D) Cytokine levels of TNF-α, IL-10, and TGF-β were measured from the 

culture supernatants of the cocultures. The data are represented as means ± SEM (n = 5–7 

individuals). *p < 0.05, **p < 0.01. #p < 0.05 compared with “No EtOH” group. EtOH, 

ethanol.
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FIGURE 3. 
Expression levels of miRs involved in monocyte differentiation and polarization changes 

with alcohol intake. (A–D) Monocytes isolated from individuals before and 24 h after acute 

alcohol binge were cocultured in the presence of HCV concentrate or control concentrate for 

7 d. The cells were harvested and the expression of miR-27a, miR-146a, miR-132, and 

miR-155 were assayed by qRT-PCR, and data were normalized to RNU48 control. The fold 

increase in the expression of these miRs versus nonstimulated cells is shown. The data are 

represented as means ± SEM of at least four independent experiments. *p < 0.05. #p < 0.05 

compared with “No EtOH” group. EtOH, ethanol.
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FIGURE 4. 
miR-27a targets alcohol- and HCV-mediated monocyte activation and IL-10 secretion. (A–

E) Healthy monocytes were transfected with anti– miR control or miR-27a inhibitor (A–D) 

or miR control or miR-27a mimic (E), stimulated with 25 mM alcohol and/or HCV 

concentrate for 7 d (A–E) as indicated. (A) miR-27a levels were determined by qRT-PCR. 

(B and C) Cell surface expression of CD14, CD68, CD16, CD206, and DC-SIGN were 

determined on the monocytes. (D) Culture medium was collected and supernatants were 

analyzed for TNF-α, IL-10, and TGF-β production by ELISA. (E) miR-27a expression was 

assayed by qRT-PCR and normalized to RNU48 control after transfection with miR control 

or miR-27a mimic. Data from three experiments (means ± SEM) are shown. *p < 0.05. #p < 

0.05 as compared with anti–miR control or miR control. EtOH, ethanol.
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FIGURE 5. 
miR-27a regulates IL-10 secretion via ERK activation. (A) Healthy monocytes were 

stimulated with 25 mM alcohol and/or HCV concentrate. Phosphorylated ERK levels were 

determined by flow cytometry. Representative dot plot for each treatment condition is 

shown. (B and C) Healthy monocytes were transfected with anti–miR control or miR-27a 

inhibitor (B) or miR control or miR-27a mimic (C), stimulated with 25 mM alcohol and/or 

HCV concentrate for 7 d as indicated. Phosphorylated ERK levels were determined by flow 

cytometry, and the data are represented as means ± SEM (n = 3). *p < 0.05. #p < 0.05 as 

compared with anti–miR control or miR control. (D–I) Monocytes were pretreated with 

various doses of U0126 and then stimulated with alcohol and HCV as indicated. (D–G) Cell 

surface expression of CD14, CD68, CD206, and DC-SIGN were determined on the 

monocytes by flow cytometry. The bar graphs represent the MFI of the indicated proteins. 

(H and I) Cell culture supernatants were tested for IL-10 and TGF-β secretion by ELISA. 

The data are represented as means ± SEM (n = 4 experiments). *p < 0.05. #p < 0.05 

compared with the respective 0 μM U0126 control. EtOH, ethanol.
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FIGURE 6. 
Sprouty2 levels are modulated by miR-27a in the monocytes treated with ethanol. (A) 

Monocytes were treated with 25 mM EtOH for 24 h and the mRNA level of sprouty2 was 

determined. (B) Monocytes transfected with or without miR-27a inhibitor or miR-27a mimic 

were evaluated for the mRNA levels of sprouty2. (C) Sprouty2 overexpressing monocytes 

were stimulated with 25 mM EtOH for 24 h. We determined the levels of p-ERK by flow 

cytometry. Representative dot plots for each treatment condition are shown. The percentages 

of PE+ cells are the cells expressing activated p-ERK. (D and E) Healthy monocytes were 

transfected with sprouty2 overexpression construct and were stimulated with 25 mM EtOH 

for 24 h. (D) Levels of p-ERK were determined by flow cytometry. (E) Levels of IL-10 

cytokine were determined in the culture supernatant by ELISA. The data are represented as 

means ± SEM of three independent experiments. *p < 0.05. #p < 0.05 compared with 

medium or control. EtOH, ethanol.
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FIGURE 7. 
Alcohol mediates monocyte activation and polarization via miR-27a. Monocytes exposed to 

alcohol lead to increase in miR-27a levels, which target sprouty2, an inhibitor of ERK 

activation. Decreased sprouty2 levels relieve the inhibitory effect on ERK activation. This 

leads to increased IL-10 secretion by monocytes. Alcohol synergizes with HCV to mediate 

monocyte activation and polarization.
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