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Background: Toll-like receptor 7 (TLR7) is an endosomal TLR that is activated by single-stranded
RNA, including endogenous microRNAs (e.g., let-7b). Increased hepatic expression of TLRs, micro-
RNAs, and inflammatory mediators is linked to ethanol (EtOH) exposure and to alcoholic liver disease
(ALD). ALD invovles chronic hepatic inflammation that can progress to alcoholic hepatitis (AH), a
particularly severe form of ALD. This study aimed to investigate TLR7 expression in patients with dif-
ferent liver disease phenotypes and in mouse liver following alcohol exposure.

Methods: Hepatic mRNA expression was determined by RNA sequencing of liver tissue from
patients with liver disease or normal liver tissue. Mice were exposed to subchronic EtOH followed by
administration of the TLR7 agonist imiquimod. Primary human hepatocytes were exposed to EtOH or
imiquimod in vitro.

Results: RNAseq analysis revealed that hepatic expression of TLR7 and let-7b microRNA, an
endogenous TLR7 ligand, was significantly increased in AH patients. Hepatic expression of TLR7 and
let-7b positively correlated with hepatic IL-8 mRNA expression. In mice, EtOH increased hepatic
TLR7mRNA expression and enhanced imiquimod-induced expression of the pro-inflammatory media-
tors TNFa, MCP-1, and iNOS. In vitro, EtOH significantly increased hepatocyte TLR7 mRNA and
the TLR7 agonist, imiquimod, induced hepatocyte expression of TNFa and IL-8 mRNA. EtOH also
increased the release of let-7b in microvesicles from hepatocytes, suggesting that EtOH can increase the
expression of both the receptor and its endogenous ligand.

Conclusions: These studies suggest that increased TLR7 signaling caused by increased expression of
TLR7 and its endogenous ligand let-7b may contribute to the enhanced inflammatory response associ-
ated with AH.
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ALCOHOLIC LIVER DISEASE (ALD) is a leading
cause of cirrhosis and acute-on-chronic liver failure.

ALD is the main cause of mortality associated with organ
damage in adults with chronic alcohol abuse (Stickel et al.,
2017). ALD is a spectrum of disease states that progresses
from mild, nonsymptomatic disease (e.g., alcoholic steato-
hepatitis [ASH]) to more severe chronic ALDs including
fibrosis, cirrhosis, and hepatocellular carcinoma (HCC). In
addition, patients with underlying liver disease and excessive
alcohol intake can develop episodes of alcoholic hepatitis
(AH), a particularly severe form of acute-on-chronic liver
injury associated with a short-term mortality rate of up to 30
to 50% (Lanthier and Starkel, 2017). AH is characterized by
hepatic inflammation, including increased IL-8 levels, neu-
trophil infiltration, and hepatocyte damage. Although etha-
nol (EtOH) is known to enhance the hepatic pro-
inflammatory response, the mechanisms that trigger the
acute onset of AH remain unclear. Furthermore, treatment
with anti-inflammatory corticosteroids, the current first-line
therapy for AH, is not effective in many patients (Thursz
et al., 2015). Therefore, identification of disease-specific
mechanisms and novel therapeutic targets for AH represent
major needs in clinical hepatology.
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ALD progresses from early, subclinical disease to more
advanced stages, including cirrhosis and AH, through poorly
understood mechanisms that may represent multiple hepatic
insults or “hits” (Day and James, 1998; Tsukamoto et al.,
2009). In this paradigm of disease progression, lipid accumu-
lation caused by EtOH metabolism serves as a first “hit”
which sensitizes the liver to additional insults including
enhanced pro-inflammatory signaling, mitochondrial stress,
and oxidative stress. The subsequent “hit” of enhanced pro-
inflammatory signaling is consistent with progressive
increases in inflammation characterized by increased release
of pro-inflammatory cytokines from resident macrophages
and sensitization of parenchymal cells to the pro-inflamma-
tory signals. Researchers have further demonstrated that
enhanced inflammatory signaling during ALD is mediated,
at least in part, via increased expression of Toll-like receptors
(TLRs). Many studies investigating the role of TLRs in
ALD have focused on the role of TLR4 and its pathogen-
associated ligand, lipopolysaccharide (LPS), which is
increased in the blood by alcohol consumption. Those stud-
ies have found that TLR4 contributes to hepatic inflamma-
tion and fibrosis in multiple murine models of alcohol-
induced liver injury (Hritz et al., 2008; Uesugi et al., 2001;
Zhao et al., 2008). More recently, endogenous molecules
that contain damage-associated molecular patterns have also
been shown to activate TLRs, suggesting that endogenous
ligands may contribute to the progressive pro-inflammatory
response associated with the development of ALD. In con-
trast to TLR4 signaling, the roles of other TLRs in mediating
EtOH induction of hepatic immune responses remain less
clear. A study by Gustot and colleagues (2006) found
increased hepatic expression of multiple TLR receptors (e.g.,
TLR1, TLR2, TLR6, TLR7, and TLR8) after chronic feed-
ing of EtOH-containing liquid diet. The up-regulation of
multiple liver TLRs by EtOH exposure was associated with
enhanced hepatic TNFa levels and liver injury (Gustot et al.,
2006) in response to exposure to TLR agonists. However,
additional studies are required to investigate how multiple
TLRs, including TLR7, impact the progression of human
ALD and the onset of AH.

Previous studies report increased TLR7 expression both in
experimental ASH caused by chronic alcohol exposure in
mice (Gustot et al., 2006) and in humans with end-stage
ALD (Starkel et al., 2010). However, the functional effect of
increased TLR7 expression in the setting of ALD remains to
be determined. TLR7 is known to respond to viral single-
stranded RNA (ssRNA), and recent studies have found it
can also respond to endogenous microRNAs (Coleman
et al., 2017; Lehmann et al., 2012). Activation of TLR7 by
ssRNAs or small molecule agonists (e.g., imiquimod) stimu-
lates innate immune responses including induction of antivi-
ral interferons and pro-inflammatory cytokines (Novak
et al., 2008; Ramirez-Ortiz et al., 2015). In this study, we
hypothesized that EtOH-induced TLR7 expression would
increase hepatic inflammation in response to the TLR7 ago-
nist imiquimod. To test the effects of EtOH exposure on the

TLR7-mediated inflammatory responses, mice were preex-
posed to EtOH, and then, the response to the TLR7 agonist,
imiquimod, was determined. Previous studies have demon-
strated that hepatocyte-like cell lines (e.g., HepG2, Huh7)
express TLR7 and are activated by TLR7 agonists (Lee
et al., 2006; Sarkar et al., 2015). Furthermore, as a primary
site of alcohol metabolism, hepatocytes are a prime target
for alcohol-induced toxicity. Therefore, we determined the
effects of EtOH and imiquimod on hepatocyte TLR7 expres-
sion and inflammatory signaling. Because there is currently
no mouse model of EtOH exposure that adequately produces
the clinical sequelae of AH, the TLR7 signaling pathway,
including expression of the TLR7 receptor and the endoge-
nous let-7 miRNA agonists, was also determined in human
liver samples from patients with liver disease, including AH.
Here, we report that EtOH increased TLR7 mRNA expres-
sion in the liver of mice and in cultured primary human hepa-
tocytes. We further found that EtOH preexposure increased
TLR7 induction of pro-inflammatory genes in mice. RNA
sequencing of human liver tissue revealed that AH is associ-
ated with increased hepatic mRNA expression of the TLR7
receptor as well as let-7 microRNAs which can endogenously
activate TLR7 signaling. Importantly, hepatic expression of
both the receptor and endogenous ligands correlate with hep-
atic mRNA expression of IL-8, a known driver of AH.
Together, these findings support the hypothesis that
increased TLR7 signaling contributes to progressive
increases in liver inflammation and injury caused by alcohol
and may represent a “second hit” involved in the develop-
ment of severe ALD and AH.

MATERIALS ANDMETHODS

Animals and Treatment

Eight-week-old male C57BL/6J mice were exposed to EtOH (5 g/
kg, intragastric [i.g.], 25% EtOH, w/v) or water (isovolumetric con-
trol, i.g.) daily for 10 consecutive days as previously described (Qin
et al., 2008). Mice were administered the TLR7 agonist imiquimod
(R837; InvivoGen, San Diego, CA; 2.5 mg/kg, intraperitoneal [i.p.])
or saline (control) 24 hours after the last dose of EtOH. Liver tissue
was collected 2 hours after imiquimod (or saline) injection and was
immediately snap-frozen or formalin-fixed for histology. All proto-
cols were approved by the Institutional Animal Care and Use Com-
mittee and were performed in accordance with the National Institutes
of Health regulations for the care and use of laboratory animals.

Cell Culture

Cryopreserved primary human hepatocytes (cPHH) were pur-
chased from Triangle Research Laboratories (Research Triangle
Park, NC) and maintained following the supplier’s protocols. The
cPHH were seeded on collagen-coated 12-well plates overlaid with
Matrigel (Corning, Oneonta, New York) and allowed to attach
overnight before exposure to EtOH (100 mM; 24 hours) or imiqui-
mod (1 lg/ml; 2 hours). For TLR7 silencing studies, 15 pmol of
negative scrambled control or TLR7 Silencer small interfering RNA
(siRNA) (Ambion, Carlsbad, CA) was mixed with Lipofectamine
RNAiMax (Invitrogen, Carlsbad, CA) and added to cPHH for
24 hours. After removing the transfection media, cells were overlaid
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with Matrigel and allowed to grow for an additional 24 hours prior
to stimulation with imiquimod (1 lg/ml). VL-17A cells were a kind
gift from the Zeisel Lab at UNC’s Nutrition Research Institute and
were maintained as previously described (Donohue et al., 2006).
Immediately before use, mirVana let-7 mimic (Applied Biosystems,
Carlsbad, CA) was mixed with DOTAP Liposomal Transfection
Reagent (Roche, Mannheim, Germany). The VL-17A cells were
exposed to the liposomal let-7 mimic and to EtOH (100 mM) for
24 hours. RNA and media were collected at the termination of all
cell culture experiments.

Microvesicle Isolation

Microvesicles (MVs) were isolated by sequential centrifugation as
described previously (Coleman et al., 2017). The resulting MV-con-
taining pellet was immediately suspended in Qiazol (Qiagen, Valen-
cia, CA) for total RNA (tRNA) extraction. This preparation results
inMVs ranging between 100 nm and 1 mm in diameter.

RNA Isolation and qPCR

tRNA was isolated from mouse liver or cultured cells using
TRIzol (Life Technologies, Carlsbad, CA) and phenol:chloroform
extraction. One microgram of RNA was reverse transcribed into
cDNA using a commercially available kit (Life Technologies).
Real-time qPCR was performed with primer sets based on previ-
ously published sequences (Table 1) and the SYBR Green PCR
Master Mix (Life Technologies). qPCR products were run on the
Bio-Rad CFX system (Hercules, CA). Gene expression was nor-
malized to 18S. tRNA for microRNA analysis was isolated using
Qiazol (Life Technologies) and phenol:chloroform extraction.
qPCR analysis of miR-21 and let-7b microRNA was performed

using miRVana TaqMan assays (Life Technologies) following
manufacturer’s instructions. microRNA expression was normal-
ized to RNU6B (U6). The comparative 2�DDCT method was used
to determine fold changes in mRNA and microRNA expression
compared to control.

Western Blot

Snap-frozen liver tissue was homogenized in ice-cold RIPA buffer
(Sigma-Aldrich, St. Louis, MO) supplemented with protease and
phosphatase inhibitors (Sigma-Aldrich). Lysates were centrifuged at
21,0009g to remove particulates. Protein concentrations were deter-
mined with a commercially available BCA assay (ThermoFisher,
Grand Island, NY). Samples were diluted in DTT-containing reduc-
ing running buffer (ThermoFisher) to a final protein concentration
of 40 lg protein per well. Electrophoresis was performed using
MiniProtean TGX gel (Bio-Rad) and transferred onto nitrocellulose
membranes using the Bio-Rad Turbo Transfer system. Membranes
were blocked with Odyssey blocking buffer (Li-COR Biotechnol-
ogy, Lincoln, NE) for 1 hour prior to overnight incubation at 4°C
with primary antibody. Secondary antibody incubation was per-
formed at room temperature for 1 hour in TBST. Membranes were
visualized and bands quantified using the Li-COR Odyssey imaging
systemTM. Values for proteins of interest were normalized to b-actin
expression for each subject and are reported as fold of control.

RNA Sequencing of Human Liver Tissues

Hepatic mRNA expression was determined using a focused anal-
ysis of tRNA sequencing data from human liver tissues representing
multiple etiologies of liver disease including AH, nonalcoholic
steatohepatitis (NASH), and normal liver tissues (Argemi et al.,

Table 1. Primers Used for Real-Time PCR Analysis

Gene symbol Forward (50–30) Reverse (50–30)

TLR7 ATG TGGACA CGGAAGAGA CAA GGT AAGGGT AAGATT GGTGGTG
TLR8 GAA AAC ATG CCCCCT CAG TCA CGT CACAAGGAT AGC TTC TGGAA
TLR3 GTGAGA TAC AACGTAGCTGAC TG TCC TGC ATC CAAGAT AGC AAG T
TLR4 ATGGCA TGGCTT ACA CCA CC GAGGCC AAT TTT GTC TCC ACA
TLR9 CTC CAACCG TAT CCA CCA CC GAGAAG TGCAGGGGGCTA AG
TNFa GACCCT CACACT CAG ATC ATC TTC T CCT CCA CTTGGTGGT TTGCT
MCP-1 (CCL2) ATT GGGATC ATC TTGCTGGT CCTGCT GTT CACAGT TGCC
KC (CXCL1) GCA CCC AAA CCG AAG TCA TAGC CTT GGGGAC ACC TTT TAGCATCT
MIP-2 (CXCL2) AAG TTT GCC TTGACC CTG AAG ATC AGG TACGAT CCAGGC TTC
IFNa AATGAC CTGCAAGGC TGTCT CAGGGGCTG TGT TTC TTC TC
IFNb CAC AGCCCT CTCCATCAACT GCA TCT TCT CCG TCA TCT CC
IL-1b CTGGTG TGTGACGTT CCC ATT A CCG ACAGCA CGAGGC TTT
IL-6 GGCCTT CCC TAC TTC ACA AG ATT TCC ACG ATT TCC CAG AG
IL-10 GCT CTT ACT GAC TGGCAT GAG CGC AGC TCT AGGAGC ATG TG
HMGB1 CCA TTGGTGATG TTGCAA AG CTT TTT CGC TGC ATC AGG TT
iNOS GCT ATGGCCGCT TTGATG TG TCG AAC TCC AAT CTC GGTGC
gp91 CAGGAG TTCCAAGAT GCC TG GAT TGGCCT GAG ATT CAT CC
COX-2 CGAGGCCAC TGA TACCTA TTG C GCT GGCCTGGTACTC AGT AGGTT
F4/80 CTT TGGCTA TGGGCT TCC AGT C GCA AGGAGG ACAGAG TTT ATC GTG
Cd11b GAGGCCCCC AGGACT TTA AC CTT CTT GGT AGCGGG TTC T
CD317 CAC AGGCAA ACT CCT GCA AC TCC TGG TTC AGC TTC GTGAC
MARCO-2 GAA ACA AAGGGGACA TGGG TCC ACA CCT GCA ATCCCT G
Myd88 TCA TGT TCT CCA TAC CCT TGG T AAACTGCGAGTGGGGTCAG
IRF7 GGTGTG TCC CCAGGA TCA TTT GCA TAGGGT TCC TCG TAA ACA
Neat1 lncRNA ATTGTAGGAGCC AAC CTG CC TACCAGACCGCTGAC ACA AC
HuR ATGAAG ACC ACA TGGCCG AAG ACT AGT TCA CAA AGCCAT AGCCCA AGC
TIMP-1 CCC ACCCACAGA CAGCCT TC CGG CCCGTG ATG AGA AAC TC
aSMA TGCCAT CAT GCG TCT GGA CT GCCGTGGCC ATC TCA TTT TC
TGFb TGC TAA TGG TGGACCGCA AC GGCGTA TCAGTGGGGGTC AG
Col1a1 GTC TTC CTGGCCCCT CTGGT AGCAGGGCC AGT CTC ACC AC
18S GGT AAC CCG TTGAACCCC AT CAA CGCAAGCTT ATG ACCCG
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2018). Biopsies from patients with AH (n = 29) or NASH (n = 9)
and fragments of normal liver tissue (n = 10) were obtained from
the National Institute on Alcohol Abuse and Alcoholism–funded
InTeam consortium biorepository core as described elsewhere
(Argemi et al., 2018). All AH patients had a histological diagnosis
of AH; inclusion criteria for AH have been described previously
(Colmenero et al., 2007; Dominguez et al., 2008, 2009). Patients
with NASH were diagnosed according to Kleiner’s criteria (Kleiner
et al., 2005). A laparoscopic liver biopsy was obtained from these
patients during bariatric surgery. Fragments of normal liver tissue
were obtained from patients undergoing hepatic resection of liver
metastases as previously described (Affo et al., 2013).

For sequencing, tRNA was extracted from healthy, AH, or
NASH liver tissues using TRIzol (Affo et al., 2013). Extracted
tRNA was analyzed with the Agilent 2100 Bioanalyzer system (Agi-
lent Biotechnologies, Palo Alto, CA). High-quality tRNA was used
for library construction using the Illumina TruSeq Stranded Total
RNA Ribo-Zero Gold kit (Illumina, San Diego, CA). Multiplexed
samples were sequenced using Illumina HiSeq2000 platform using a
read length of 2 9 100 bases. Short read alignment was performed
using STAR alignment algorithm with default parameters (Dobin
et al., 2013). Normalization of gene expression level across samples
was computed as transcripts per million mapped reads (Wagner
et al., 2012).

Validation of select RNAseq data was performed in separate,
confirmatory cohorts of AH and control liver tissues using real-time
qPCR. The confirmatory cohort of AH tissues (n = 17) was col-
lected at the University of North Carolina (UNC) at Chapel Hill
Hospital as part of the human biorepository of the InTeam Consor-
tium. These biopsies were collected by transjugular approach in
patients diagnosed with AH by histological analysis. The confirma-
tory cohort of control tissues consisted of fragments of normal liver
tissue (n = 7) from patients undergoing hepatic resection of liver
metastases that were provided by the UNC at Chapel Hill Lineber-
ger Cancer Center’s Tissue Procurement Facility.

Clinical data for all patient cohorts are included in Table 2. All
human studies conformed to the ethical guidelines of the 1875 Dec-
laration of Helsinki and were approved by the local institutional
review committee. Informed consent was obtained in writing from
each patient prior to inclusion in the study.

Statistics

Results are reported as mean � SEM. Analysis of variance with
Bonferroni’s post hoc test (for parametric data) or t-test was used
for the determination of statistical significance among treatment
groups, as appropriate. Correlations between variables were evalu-
ated using Pearson’s r correlation. A p-value less than 0.05 was
selected before the study as the level of significance.

RESULTS

EtOH Exposure Increases Hepatic TLR7 mRNA Expression
and Pro-Inflammatory Responses in Mice

The purpose of this experiment was to determine whether
exposure to EtOH and/or the TLR7 agonist imiquimod
altered hepatic mRNA expression of TLR7 and other
immune signaling molecules. Previous studies have used
multiple binge EtOH exposures to investigate EtOH sensiti-
zation to TLR4 and TLR3 responses (Beier et al., 2009;
Massey and Arteel, 2012; Qin and Crews, 2012; Qin et al.,
2008). For our study, we determined the effect of multiple
EtOH binges on hepatic TLR expression. Accordingly,
mice were exposed to EtOH (5 g/kg/d, i.g.) or water (con-
trol) by oral gavage once per day for 10 days. EtOH was
allowed to clear before administration of the TLR7 agonist
imiquimod (24 hours after the last dose of EtOH) since
alcohol intoxication could confound interpretation of the
TLR7 agonist response (Massey and Arteel, 2012). The imi-
quimod-induced inflammatory response was assessed
2 hours after imiquimod administration.

The average blood alcohol concentration 1 hour after
EtOH treatment was 279 � 11 mg/dl. Histological analysis
of liver tissue by hematoxylin and eosin (H&E) staining
revealed no morphological changes in mice exposed to

Table 2. Clinical Data for Human Subjects

RNAseq qPCR

Control (n = 10) NASH (n = 9) AH (n = 29) Control (n = 7) AH (n = 16)

Demographics
Agemedian (IQR) 32 (29–49) 49.5 (43–53) 46 (42.5–49.5) 59 (54–68) 50 (45–60)
Gender male n (%) 7 (70) 2 (25) 18 (62) 6 (54) 26 (74)

Analytic parameters median (IQR)
Hemoglobin (g/dl) 14.6 (12.9–15.5) 14.3 (12.5–14.9) 11.6 (10.0–13.2) 12.3 (11.1–14) 11.1 (9.67–12.00)
Leukocyte count9109/l 5.73 (5.22–7.06) 8.1 (6.9–10.2) 8.3 (6.7–12.50) 7.4 (6.05–8.15) NA
Platelet count9109/l 237 (210–282) 262 (221–361) 124 (83–208)a 236 (186–350.50) 124 (79–159)a

AST (U/l) 25 (16.75–31.25) 30 (25–36.3) 125 (100–226)a 30 (22.5–46) 132 (101.5–202.25)a

ALT (U/l) 21.5 (19.25–25.75) 40 (31–49.5) 44 (31–59)a 27 (25.5–42) 44 (33–57.25)a

Albumin (g/dl) 4.6 (4.43–4.6) 4.5 (4.4–4.6) 2.9 (2.3–3.2) 3.8 (3.65–4.23) 2.25 (1.88–2.90)
Creatinine (mg/dl) 0.8 (0.74–0.9) 1.05 (0.84–1.1) 0.85 (0.65–1.10) 0.89 (0.74–0.97) 0.7 (0.55–1.11)
Bilirubin (mg/dl) 0.6 (0.5–0.7) 0.6 (0.4–0.9) 12.0 (2.6–26.7)a 0.6 (0.5–0.85) 12.80 (7.31–20.38)a

INR 1.03 (0.99–1.48) NA 1.56 (1.35–1.74) 1.1 (1.05–1.2) 1.8 (1.6–1.9)

Human specimens, including liver tissue and serum, were collected in accordance with approved IRB protocols. Biopsies were collected from AH
patients using a transjugular approach. Patients with nonalcoholic hepatitis (NASH, n = 9) were also included as diseased controls. Fragments of normal
liver tissue (“healthy,” n = 10) were obtained from patients undergoing hepatic resection of liver metastases as previously described (Affo et al., 2013).
Clinical chemistries were performed at the time of hospital admission.

IQR, interquartile range; AST, aspartate aminotransferase; ALT, alanine aminotransferase; INR, international normalized ratio; NASH, nonalcoholic
steatohepatitis; AH, alcoholic hepatitis.

ap < 0.05 compared to control.
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EtOH, imiquimod, or a combination of both at the time
point studied (Fig. S1). Hepatic mRNA expression of Toll-
like receptors TLR3, TLR4, TLR7, TLR8, and TLR9 was
determined by qPCR (Table 3). Hepatic mRNA expression
of TLR7 and TLR4 was significantly increased by EtOH
exposure by 256 and 323%, respectively (Fig. 1A). Western
blot analysis indicated that EtOH increased TLR4 protein
levels by 126% compared to water controls (p = 0.028)
(Fig. S2). EtOH also increased mRNA of pro-inflammatory
cytokines INFa (340%), IFNb (372%), HMGB1 (179%) as
well as the anti-inflammatory mediator IL-10 (983%), and
the COX-2 oxygenase (1,350%, Table 3). To determine
whether EtOH induction of TLR7 expression increased
TLR7 responses, the small molecule TLR7 agonist imiqui-
mod was administered 24 hours after the last dose of EtOH
and liver tissue was collected 2 hours later. Imiquimod alone
significantly increased mRNA expression of TNFa (298%)
and KC (4,405%), a mouse homolog of IL-8 which is a
known driver of AH, as well as mRNA expression of MCP-
1 (445%), IFNa (304%), IFNb (295%), and MIP-2 (263%).

However, the TLR7 agonist did not increase TLR7 or
TLR4 mRNA expression, whereas EtOH increased both.
Interestingly, imiquimod did significantly increased hepatic
levels of the lncRNA NEAT1 (448%) (Fig. 1B), which has
been implicated as a regulator of a unique subset of inflam-
matory cytokines, including human IL-8. EtOH treatment
did increase multiple imiquimod TLR7 responses in the liver
(Table 3; Fig. 1B). The combination of EtOH and imiqui-
mod increased TLR9 mRNA (581%) (Fig. 1A) and signifi-
cantly enhanced expression of TNFa (701%) and iNOS
(1,417%) (Fig. 1B) as well as MCP-1 (Table 3). The combi-
nation of EtOH and imiquimod also significantly increased
MyD88 mRNA by 612% over control, consistent with
enhancement of multiple TLR signaling pathways including
TLR7. EtOH alone did not alter the mRNA expression of
the fibrogenic mediators collagen 1a1, aSMA, TGFb, or
TIMP-1 at the time point studied. In contrast, imiquimod
significantly increased expression of collagen 1a1 by 200%
(Table 3) and TIMP-1, an inducible protease inhibitor asso-
ciated with pro-inflammatory responses, by 660% compared

Table 3. Hepatic mRNA Expression of Toll-Like Receptors, Inflammatory Signaling Molecules, Oxygenases, Cell Receptors, Intracellular Signaling
Mediators, and Fibrogenic Markers in Mice Exposed to EtOH, Imiquimod, or the Combination (EtOH+Imiq)

Gene symbol Control EtOH Imiquimod EtOH + Imiq.

Toll-like receptors
TLR7 1.00 � 0.09 2.56 � 0.20a 1.26 � 0.12 2.54 � 0.51a

TLR8 1.00 � 0.13 1.81 � 0.28 1.41 � 0.20 1.81 � 0.27
TLR3 1.17 � 0.27 0.742 � 0.22 1.24 � 0.25 1.79 � 0.40
TLR4 1.00 � 0.36 3.23 � 0.33a 1.46 � 0.16 2.20 � 0.35a

TLR9 1.00 � 0.43 2.93 � 1.28 2.96 � 0.93 5.81 � 1.31a

Inflammatory signaling molecules
TNFa 1.00 � 0.23 2.49 � 0.97 2.98 � 0.72a 7.01 � 0.83a,b,c

MCP-1 (CCL2) 1.00 � 0.18 2.30 � 1.62 4.45 � 1.01a 10.04 � 2.78a,b,c

KC (CXCL1) 1.00 � 0.18 6.72 � 4.75 44.05 � 9.46a,b 55.76 � 7.98a,b

MIP-2 (CXCL2) 1.00 � 0.27 0.72 � 0.51 2.63 � 0.40a,b 2.87 � 0.61a,b

IFNa 1.00 � 0.34 3.40 � 0.84a 3.04 � 0.47a 4.88 � 1.02a

IFNb 1.00 � 0.45 3.72 � 0.96a 2.95 � 0.42a 4.78 � 1.06a

IL-1b 1.00 � 0.22 1.02 � 0.40 1.71 � 0.50 1.83 � 0.39
IL-6 1.00 � 0.39 0.70 � 0.17 1.42 � 0.37 1.47 � 0.18
IL-10 1.00 � 0.28 9.83 � 3.39a 5.06 � 2.47 5.37 � 3.54
HMGB1 1.00 � 0.13 1.79 � 0.36a 1.11 � 0.17 1.53 � 0.19a

Oxygenases
iNOS 1.00 � 0.17 0.77 � 0.06 3.56 � 1.03a 14.17 � 7.43a,b,c

gp91 1.00 � 0.13 1.14 � 0.025 1.36 � 0.48 1.19 � 0.19
COX-2 1.00 � 0.26 13.48 � 7.07a 2.189 � 0.78 18.47 � 5.08a

Inflammatory cell receptors
F4/80 1.00 � 0.26 0.87 � 0.11 0.87 � 0.21 0.94 � 0.17
Cd11b 1.00 � 0.13 2.24 � 0.43a 1.59 � 0.23a 1.88 � 0.24a

CD317 1.00 � 0.22 0.86 � 0.26 0.66 � 0.12 0.79 � 0.30
MARCO-2 1.00 � 0.27 3.14 � 0.52a 3.33 � 1.04a 10.48 � 1.96a,b,c

Intracellular signaling
Myd88 1.00 � 0.08 1.96 � 0.40a 3.78 � 0.73a 6.121 � 1.7a,b

IRF7 1.00 � 0.17 1.17 � 0.32 1.29 � 0.16 0.84 � 0.19
Neat1 lncRNA 1.00 � 0.13 0.73 � 0.24 4.48 � 1.72a 4.74 � 1.43a

HuR 1.00 � 0.12 2.66 � 0.58a 1.19 � 0.10 1.73 � 0.12a

Fibrogenesis
TIMP-1 1.00 � 0.14 1.59 � 0.38 6.66 � 1.58a 9.20 � 2.53a,b

aSMA 1.00 � 0.06 0.67 � 0.20 1.08 � 0.20 0.66 � 0.15
TGFb 1.00 � 0.24 1.75 � 0.45 2.10 � 0.59 1.30 � 0.33
Col1a1 1.00 � 0.15 1.25 � 0.21 2.09 � 0.31a 2.20 � 0.35a

Data are shown as mean � SE.
ap < 0.05 compared to control.
bp < 0.05 compared to EtOH alone.
cp < 0.05 compared to imiquimod alone.
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Fig. 1. EtOH treatment (10 days) significantly increases hepatic expression of TLR mRNA and increases the inflammatory response induced by the
TLR7 agonist imiquimod in mice. Male C57BL/6J mice were exposed to EtOH (5 g/kg, i.g.) for 10 days. Twenty-four hours after the last EtOH dose,
some mice were exposed to the TLR7 agonist imiquimod (2.5 mg/kg, i.p.) as described in Materials and Methods. Hepatic mRNA expression of (A) the
Toll-like receptors 7, 4, and 9 and (B) the signaling molecules TNFa, KC, iNOS, MyD88, TIMP-1, and NEAT1 lncRNA were determined by qPCR. Data
are shown asmean � SEM (n = 5). a, p < 0.05 compared to control; b, p < 0.05 compared to EtOH alone; c, p < 0.05 compared to imiquimod alone.
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to control (Fig. 1B). EtOH preexposure enhanced imiqui-
mod-induced TIMP-1 expression to more than 920% of
control. Among the immune signals assessed, EtOH
robustly enhanced imiquimod induction of mRNA expres-
sion of pro-inflammatory cytokines (TNFa, MCP-1) and

oxidases (iNOS, COX-2) as well as the receptor MARCO-2
and the immune receptor adaptor Myd88 in the liver. These
findings suggest that EtOH induction of hepatic TLR7 levels
and responses may also impact other immune signaling
pathways. In summary, EtOH treatment of mice induces
TLR7 mRNA as well as the hepatic response to the TLR7
agonist imiquimod.

EtOH and TLR7 Agonist Imiquimod Responses in Culture
cPHH

Hepatocytes are the main site of alcohol metabolism and,
accordingly, are particularly susceptible to the effects of alco-
hol. Additionally, previous studies have shown that

Fig. 2. EtOH or imiquimod exposure increases mRNA expression of
pro-inflammatory mediators in cultured primary human hepatocytes. Pri-
mary human hepatocytes were exposed to (A) EtOH (100 mM, 24 hours)
or (B) imiquimod (1 lg/ml, 2 hours). For siRNA studies (C,D), primary
human hepatocytes were exposed to control or TLR7-targeted siRNA as
described in Materials and Methods. Cellular mRNA was collected at the
termination of the experiments. Intracellular mRNA expression of TLR7,
MyD88, NFjB, IL-8, TNFa, and NEAT1 was determined by qPCR. Data
are shown as mean � SEM (n = 4). a, p < 0.05 compared to control
siRNA; b, p < 0.05 compared to unstimulated control.

Fig. 3. EtOH or imiquimod exposure increases the level of let-7b in
microvesicles released from primary human hepatocytes. tRNA was iso-
lated from hepatocyte-derived MVs as described in Materials and Meth-
ods. 5 ng of MV-associated tRNA was used for qPCR for the TLR7-
binding microRNAs miR-21 and let-7b in MVs released from hepatocytes
exposed to EtOH (A) or imiquimod (B). Data are shown as mean � SEM
(n = 4). a, p < 0.05 compared to control.
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hepatocytes express TLR7 and are sensitive to TLR7 activa-
tion (Lee et al., 2006; Sarkar et al., 2015) and, furthermore,
that hepatocytes can contribute to hepatic innate immune
response through multiple signaling pathways (Crispe, 2016).
Therefore, we investigated the effect of EtOH or imiquimod
on the mRNA expression of TLR7, TLR signaling mole-
cules, and innate immune genes in cPHH. EtOH exposure
(100 mM, 24 hours) significantly increased TLR7 mRNA
expression by nearly 400% in the hepatocytes (Fig. 2A). Fur-
thermore, EtOH exposure increased the mRNA expression
of the TLR signaling pathway including the TLR adaptor
protein MyD88 (450%) and the NFjB subunit NFjB-p65
(550%). EtOH also significantly increased mRNA expression
of the inflammatory mediators IL-8 (300%) and TNFa
(270%). In contrast to EtOH exposure, the TLR7 agonist
imiquimod did not affect the expression of TLR7 mRNA at
the concentration (1 lg/ml) and time point (2 hours) studied
(Fig. 2B). However, imiquimod stimulation did robustly
increase mRNA expression of MyD88 (800%), NFjB-p65
(1,200%), IL-8 (1,250%), and TNFa (3,800%) and also
increased levels of the lncRNA NEAT1 (170%). To confirm
that imiquimod was stimulating the hepatocyte inflammatory
response through the TLR7 receptor, cultured hepatocytes
were transfected with control siRNA or TLR7 siRNA
24 hours before exposure to imiquimod. Transfection with
TLR7 siRNA decreased TLR7 mRNA expression by
60% � 12% (Fig. 2C) and blunted imiquimod-induced
TNFa mRNA expression by 52% � 15% (Fig. 2D). Thus,

EtOH increased hepatocyte TLR7 mRNA expression and
imiquimod induced pro-inflammatory cytokine (e.g., TNFa)
expression via activation of TLR7 receptor in primary
human hepatocytes.

EtOH and Imiquimod Increase MV Levels of the TLR7
Agonist Let-7b in Cultured Primary Human Hepatocytes

EtOH exposure increases vesicle release from cultured
hepatocytes (Momen-Heravi et al., 2015), and other studies
find that EtOH increases let-7 microRNAs released in MVs
(Coleman et al., 2017). Therefore, we measured the level of
total MV-associated RNA and of MV-associated TLR7-
activating microRNAs let-7b and miR-21 in the conditioned
media of primary human hepatocytes exposed to EtOH or
the TLR7 agonist imiquimod. As expected, EtOH signifi-
cantly increased the release of MV-associated RNA in the
hepatocyte media by 175% and let-7b mRNA by 200%
(Fig. 3A), but did not affect the release of MV-associated
miR-21. Imiquimod increased the release of MV-containing
let-7b mRNA about 200%, similar to EtOH exposure
(Fig. 3B). Thus, both EtOH and imiquimod increased
human hepatocyte release of let-7b inMVs.

Hepatic TLR7 Expression Is Increased in AH

In the absence of an adequate animal model of AH, we
studied the association of TLR7 with human AH using

Fig. 4. Hepatic TLR7 mRNA expression is increased in patients with AH and correlates with liver injury and IL-8 mRNA levels in humans. (A) RNAseq
was performed on liver tissue from alcoholic hepatitis (AH; n = 29), nonalcoholic steatohepatitis (NASH; n = 9), or normal fragments of tissue (control,
n = 10). TLR7 mRNA levels are shown as transcripts per kilobase million (TPM). (B) TLR7 mRNA expression was validated in a separate cohort of con-
trol (n = 7) and AH (n = 17) liver tissues by qPCR. Correlations between hepatic TLR7 and (C) serum AST or (D) hepatic IL-8 were determined by Pear-
son’s coefficient. mRNA expression data are shown as mean� SEM. a, p < 0.05 compared to control.
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RNA sequencing data of human liver tissue from patients
with liver disease of different etiologies including NASH and
AH. TLR7 mRNA expression was increased by more than
300% in patients with AH, but was not changed in liver of
patients with NASH (Fig. 4A). Importantly, TLR7 mRNA
expression was increased by nearly 30-fold in AH liver tissue
compared to control liver tissue when confirmed by qPCR in
a separate cohort of patients (Fig. 4B). TLR7 mRNA
expression correlated with serum aspartate aminotransferase
(AST) levels (r = 0.5994, p = 0.001) and with hepatic IL-8
mRNA levels (r = 0.6384, p = 0.0002) in AH patients
(Fig. 4C,D). In agreement with these results, TLR7 mRNA
expression also correlated with serum AST levels
(r = 0.7699, p < 0.001) and IL-8 mRNA (r = 0.734,
p = 0.0004) in a confirmatory cohort of AH patients
(Table 4). Thus, TLR7 mRNA is increased in AH, but
not NASH, and correlates with serum AST, a marker of
liver damage, and increased hepatic mRNA expression
of IL-8, a known driver of AH (Hill et al., 1993; Liu et al.,
2015).

Expression of Let-7 microRNAs, the Endogenous Ligands of
TLR7, Is Increased in AH

TLR7 responds to ssRNA, viruses, and endogenous
microRNAs as well as small molecule drugs, such as imi-
quimod. Because the abundant let-7 microRNAs have been
identified as endogenous TLR7 agonists (Coleman et al.,
2017), the relative levels of let-7 microRNAs in hepatic tis-
sue of patients with AH and NASH were compared to
levels in fragments of normal liver tissue. RNA sequencing
revealed that 6 let-7 microRNAs were increased in patients
with AH including let-7b (246%), let-7a1 (500%), let-7d
(220%), let-7f1 (400%), let-7f2 (180%), and let-7g (250%)
(Fig. 5). Increased expression of let-7b was confirmed by
qPCR in a separate cohort of AH patients (Fig. 5I). As
expected, IL-8 expression was significantly increased in the
AH patient cohort compared to controls (Fig. 6A). Fur-
thermore, expression of IL-8 correlated with liver expres-
sion of let-7b (r = 0.5181, p = 0.001), let-7d (r = 0.5255,
p = 0.0008), let-7a1 (r = 0.5534, p = 0.0004) (Fig. 6B–D),
and let-7f1 (r = 0.5798, p = 0.003; Table 4). NEAT1 is a
lncRNA that has recently been shown to regulate IL-8
expression and additionally has been shown to be activated
downstream of TLR stimulation (West et al., 2014). Inter-
estingly, NEAT1 lncRNA expression was also increased in
the liver tissue of AH patients (Fig. 6E) and correlated with
hepatic IL-8 mRNA (r = 0.3470, p = 0.0328; Table 4), and
let-7 miRNA expression (Fig. 6F–H). Serum AST levels
were also positively correlated with hepatic expression of
let-7b (r = 0.3521, p = 0.0481) and let-7f1 (r = 0.5654,
p = 0.0009) (Table 4). The positive correlation of hepatic
IL-8 mRNA (r = 0.4875, p = 0.0292) and serum AST levels
(r = 0.559, p = 0.0045) with hepatic let-7b expression was
confirmed in the confirmatory cohort of AH patients
(Table 4).

Effect of a Let-7bMimic and EtOH Induction of TLR7 in
VL-17A Cells

We investigated let-7 agonist actions on TLR7 and
immune responses using a let-7b mimic prepared in lipo-
somes and VL-17A human HCC-derived cells that express
EtOH-metabolizing enzymes. Consistent with results in cul-
tured primary human hepatocytes, EtOH increased mRNA
expression of TLR7 (200%) and TNFa (160%) in the VL-
17A hepatocytes (Fig. 7). Addition of 5 nmol of liposomal
let-7b mimic did not affect TLR7 or TNFa mRNA expres-
sion in controls. Similar to imiquimod, let-7b mimic alone
increased TNFa mRNA expression by 150% compared to
scrambled control and EtOH exposure further increased
TNFamRNA expression caused by the let-7b mimic to more
than 250%. Therefore, a let-7b mimic, when encapsulated in
liposomal vesicles, increases TNFa pro-inflammatory cyto-
kine expression that is further increased with EtOH preexpo-
sure. Taken together with our findings in human liver tissue,
these data suggest that EtOH induction of let-7 microRNAs,
the let-7-responsive TLR7 receptor, and subsequent acute

Table 4. Summary of Clinical Correlations

R-value p-Value

Cohort 1 (RNAseq)
TLR7 versus AST 0.5994 0.0010
TLR7 versus IL-8 0.6384 0.0002
TR7 versus let-7b 0.3351 0.0433
TLR7 versus let-7d 0.2240 NS
TLR7 versus let-7a1 0.3775 0.0213
TLR7 versus let-7f1 0.4957 0.0025
TLR7 versus let-7f2 0.2608 NS
TLR7 versus let-7g 0.2329 NS
TLR7 versus NEAT1 0.2874 NS
Let-7b versus IL-8 0.5181 0.0010
Let-7d versus IL-8 0.5255 0.0008
Let-7a1 versus IL-8 0.5534 0.0004
Let-7f1 versus IL-8 0.5798 0.0003
Let-7f2 versus IL-8 0.0781 NS
Let-7g versus IL-8 0.2013 NS
NEAT1 versus IL-8 0.3470 0.0328
Let-7b versus AST 0.3521 0.0481
Let-7d versus AST 0.1792 NS
Let-7a1 versus AST 0.2361 NS
Let-7f1 versus AST 0.5654 0.0009
Let-7f2 versus AST 0.0264 NS
Let-7g versus AST 0.2124 NS
Let-7b versus NEAT1 0.7010 <0.0001
Let-7d versus NEAT1 0.6923 <0.0001
Let-7a1 versus NEAT1 0.6151 <0.0001
Let-7f1 versus NEAT1 0.5285 0.0013
Let-7f2 versus NEAT1 0.5905 0.0001
Let-7g versus NEAT1 0.6883 <0.0001

Cohort 2 (qPCR)
TLR7 versus AST 0.7699 <0.0001
TLR7 versus IL-8 0.7340 0.0004
TLR7 versus let-7b 0.8992 <0.0001
Let-7b versus AST 0.5590 0.0045
Let-7b versus IL-8 0.4875 0.0292

Correlations were performed using Pearson’s coefficient as described in
Materials in Methods.
NS, nonsignificant; AST, aspartate aminotransferase.
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phase pro-inflammatory responses may be a key component
in the transition to acute AH.

DISCUSSION

We report here that EtOH exposure increases TLR7
mRNA expression in mouse liver tissue, in cultured primary
human hepatocytes, and in a human hepatocyte cell line. We
find that EtOH and TLR7 agonists increase expression of

overlapping, but unique, immune signaling molecules and
that the combination of EtOH exposure followed by TLR7
activation enhances pro-inflammatory mediator expression
in mice. Additionally, TLR7 activation by imiquimod in
human hepatocytes induces IL-8, a unique human cytokine
known to contribute to AH (Hill et al., 1993; Liu et al.,
2015). Furthermore, we demonstrate that both EtOH and
imiquimod increase expression of MyD88 and NFjB-p65,
common elements in TLR signaling, and additionally induce

Fig. 5. Let-7b microRNA expression is significantly increased in the liver of patients with AH. (A–H) Let-7b microRNA expression was determined by
RNAseq in liver tissue from alcoholic hepatitis (AH; n = 29), nonalcoholic steatohepatitis (NASH; n = 9), or fragments of normal tissue (control, n = 10).
Sequencing data are shown as transcripts per kilobase million (TPM). (I) Let-7b microRNA levels were validated by qPCR in a confirmatory cohort of con-
trol (n = 7) and AH (n = 17) patients. qPCR data are shown as fold of control. a, p < 0.05 compared to control.
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the release of an endogenous TLR7 ligand, let-7b, in hepato-
cyte-derived MVs. For the first time, we report that a let-7
mimic induces TNFa in a human hepatocyte cell line. Taken
together, these findings suggest that EtOH can increase
TLR7 signaling through both induction of the TLR7 recep-
tor and TLR7 signaling components (e.g., MyD88, NFjB)
and through increased release of the endogenous TLR7
ligand, let-7. For the first time to our knowledge, we also
report that both TLR7 expression and let-7b expression are
increased in patients with AH and positively correlate with
expression of IL-8, a known driver of AH; NEAT1 lncRNA,
a positive regulator of IL-8 expression (West et al., 2014);
and with serum AST levels, an index of liver injury. These
results from patients with liver disease are consistent with
our in vivo and in vitro results as well as our hypothesis that
increased let-7 and TLR7 signaling may be a key component
contributing to the transition to acute AH from less severe
stages of ALD.
Our study finds that EtOH exposure induces liver TLR4

expression in mice, which is in agreement with previous stud-
ies supporting the role of TLR4 in ALD. LPS, a gut-derived
endotoxin known to be increased in blood by EtOH con-
sumption (Bode et al., 1987), increases liver inflammation
and steatohepatitis (Gao and Tsukamoto, 2016) via TLR4

and may contribute to increased alcohol drinking (Blednov
et al., 2011). Although TLR4 is closely linked to steatohep-
atitis, the factors that trigger progression from earlier stages
of ALD to severe forms of ALD (e.g., HCC and AH) are
poorly understood. For this study, we were particularly
interested in studying the role of TLR7 in AH. TLR7 is an
endosomal TLR which is distinct from TLR4. Previous stud-
ies have reported altered hepatocyte TLR7 expression in
patients with liver disease (Firdaus et al., 2014; Leake, 2014;
Lee et al., 2006; Lin et al., 2013), including end-stage alco-
holic cirrhosis (Starkel et al., 2010), and have found TLR7
responses in hepatocyte cell lines (e.g., HepG2, Huh-7) (Lee
et al., 2006; Sarkar et al., 2015). Interestingly, unsaturated
fatty acids reduce TLR7 expression, increase insulin-like
growth factor 1 (IGF1), and increase oxidative stress in
mouse hepatocytes and genetic ablation of TLR7 led to fatty
liver, reactive free radicals, and IGF1 up-regulation in TLR7
knockout mice, consistent with the involvement of TLR7 in
hepatic fat accumulation (Kim et al., 2016). TLR7 responds
to ssRNA, including viral ssRNA such as hepatitis C virus
(HCV) (Negash et al., 2013), linking TLR7 to chronic viral
hepatitis-associated cirrhosis HCC. Indeed, hepatocytes may
be uniquely involved in hepatic TLR7 signaling due to their
susceptibility to HCV infection, a ssRNA virus that activates

Fig. 6. Hepatic expression of let-7b, let-7d, and let-7a1 correlates with hepatic IL-8 and Neat1 expression in patients with AH. (A) Hepatic expression
of IL-8 was determined by RNAseq in liver tissue from AH (n = 29), nonalcoholic steatohepatitis (NASH; n = 9), or fragments of normal liver tissue (con-
trol, n = 10). Correlations between hepatic IL-8 mRNA expression and (B) let-7b, (C) let-7d, and (D) let-7a1 expression were determined by Pearson’s
coefficient. (E) NEAT1 lncRNA expression was analyzed in the RNA sequencing data of AH, NASH, and control liver tissue. Correlations between hepatic
NEAT1 expression and (F) let-7b, (G) let-7d, and (H) let-7a1 were determined by Pearson’s coefficient. mRNA expression data are shown as transcripts
per kilobase million (TPM). a, p < 0.05 compared to control.
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hepatocyte TLR7 and induces inflammatory responses (e.g.,
TNFa induction) in hepatocytes. In mouse hepatocytes,
TLR7 can induce autophagy responses through IGF1 that
are Myd88 dependent and reduced by fat accumulation
(Kim et al., 2016). In this study, EtOH induced TLR7
mRNA expression in both mice and in cultured hepatocytes,
whereas imiquimod, the TLR7 agonist, did not increase the
receptor’s mRNA expression at the time points studied.
Also, we report for the first time that IL-8 is induced by both
EtOH and TLR7 agonists in cultured primary human hepa-
tocytes. TLR7-mediated induction of innate immune genes
in hepatocytes is consistent with previous studies linking hep-
atocytes to the hepatic immune response (Crispe, 2016).
Increases in MyD88 and pNFjB induced by either EtOH or
imiquimod expression could support the enhancement of
multiple TLR signaling pathways which may amplify auto-
crine and paracrine induction of innate immune genes. These
findings suggest that induction of hepatocyte TLR7 signaling

may play an important role in innate immune induction in
the context of alcohol exposure.

In a mouse model of alcohol exposure followed by TLR7
stimulation, we find that EtOH induces expression of TLR7
and that the combination of EtOH pretreatment followed by
TLR7 activation in mice resulted in a unique pro-inflamma-
tory profile which consisted of simultaneous induction of
both TLR7-responsive genes (e.g., KC, MIP-2, Neat1) and
EtOH-responsive genes (e.g., TLR4, TLR7, COX2,
HMGB1) as well as increased induction of TNFa, MCP-1,
iNOS, MARCO-2, and TIMP-1 compared to EtOH or imi-
quimod exposure alone. Importantly, combined exposure
also blunted EtOH induction of IL-10, an immunoregulatory
cytokine important for maintaining inflammatory tone that
is decreased in AH. Increased induction of a distinct subset
of innate immune genes and concomitant loss of IL-10
induction in the co-exposed mice is consistent with EtOH
induction of TLR7 contributing to a hyperacute phase
response like that which is associated with AH (Fig. 8).

Although our findings in a mouse of alcohol exposure sup-
port enhancement of TLR7 pro-inflammatory signaling by
EtOH, the mouse model used is not a model of AH. AH is
difficult to model in rodents in vivo and even the most injuri-
ous models of alcohol-induced liver damage do not produce
the clinical sequelae of AH. Therefore, we also analyzed hep-
atic TLR7 mRNA expression in patients with chronic liver
disease, including AH. Our human studies find that TLR7
mRNA expression is uniquely increased in patients with AH,
but not in NASH. AH has previously been linked to
increased expression of both IL-8 and its receptor CXCR2
(Liu et al., 2015). IL-8 is a human cytokine with no direct
homolog in rodents. Here, we report that hepatic TLR7
expression positively correlates with hepatic IL-8 mRNA
levels as well as with serum AST levels. Our discovery that
AH has increased TLR7 expression compared to controls or
NASH patients suggests that sensitization to TLR7may con-
tribute to severe ALD including AH. The correlations of
TLR7 mRNAwith serum AST and IL-8 mRNA in both AH
cohorts link TLR7 induction levels to markers of AH pathol-
ogy.

Emerging evidence indicates that endogenous microRNAs
including siRNAs and microRNAs can contribute to
immune modulation via TLR7 signaling. Initial studies sug-
gested that GU-rich microRNAs are TLR7 agonists (Heil
et al., 2004; Hornung et al., 2005) and more recent findings
indicate that the endogenous let-7 microRNA family can
contribute to pathogenesis via TLR7 activation (Lehmann
et al., 2012). The let-7 family of microRNAs consists of 13
closely related genes that contain variations of the GU-rich
motif proposed to stimulate TLR7 (Roush and Slack, 2008).
Let-7b has specifically been implicated in TLR7 activation
and immune signaling. For example, activation of neuronal
TLR7 by let-7b has been shown to contribute to neurodegen-
eration (Lehmann et al., 2012) and pain (Winkler et al.,
2014). Additionally, Coleman and colleagues (2017) recently
found that MV let-7 released from microglia contributes to

Fig. 7. EtOH exposure increases TLR7 mRNA and let-7-induced TNFa
and mRNA expression in cultured VL-17A cells, a recombinant human
HCC cell line which express alcohol-metabolizing enzymes. VL-17A cells
were exposed to EtOH (100 mM) for 24 hours followed by exposure to
liposomal let-7 mimic (5 nM or 30 nM), a TLR7 agonist, for 24 hours.
TLR7 (A) and TNFa (B) mRNA expressions were determined by qPCR.
Data are shown as mean � SEM (n = 3 to 4). a, p < 0.05 compared to
NT; b, p < 0.5 compared to 5 nM let-7 mimic; c, significant effect of EtOH.
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TLR7-mediated neurotoxicity. Importantly, Coleman and
colleagues (2017) also reported that EtOH induced the
release of let-7b from cultured microglia and that both
TLR7 and let-7b were increased in alcoholic brain. All of
these findings suggest that TLR7-let-7 signaling can mediate
innate immune activation in the absence of viral infection
and, furthermore, that its activation is up-regulated by EtOH
exposure. Here, we report that hepatic let-7 microRNA
expression is increased in patients with AH. Indeed, 6 of the
8 let-7 microRNAs detected by RNA sequencing are
uniquely increased in the liver of patients with AH. Further-
more, hepatic expression of let-7b, let-7d, let-7a1, and let-7f1
levels positively correlates with hepatic IL-8 mRNA and with

the lncRNA NEAT1, a positive regulator of IL-8 transcrip-
tion. These are the first studies to our knowledge to implicate
increased TLR7-let-7 signaling as a mechanism of innate
immune activation in the context of AH. Increased expres-
sion of both the TLR7 receptor and endogenous TLR7
ligands (e.g., let-7) in AH and correlation with expression of
IL-8, a known driver of AH, is consistent with TLR7 signal-
ing being a “second hit” that contributes to progression to
AH (Fig. 8).
Compartmentalization of TLR7 to the endosome allows

for recognition of viral ssRNAs and microRNAs that are
endocytosed while preventing constitutive activation by
cytosolic ssRNAs. Accordingly, ssRNAs, which are

Fig. 8. Activation of the TLR7 receptor by let-7 microRNAs as a novel mechanism contributing to the onset of alcoholic hepatitis (AH). Increased sys-
temic lipopolysaccharide (LPS) caused by EtOH has been shown to activate hepatic TLR4, which contributes to pro-inflammatory signaling (e.g., TNFa)
during alcoholic liver injury. However, the mechanisms that contribute to progression to acute AH remain unclear. In mouse hepatocytes, fat accumulation
was associated with decreased TLR7 expression (Kim et al., 2016); however, in our human liver biopsy studies, NASH did not show decreased TLR7
mRNA expression. Our research indicates that both the TLR7 receptor and let-7 microRNAs, endogenous ligands of TLR7, are increased in patients with
AH. Therefore, we propose that increased hepatic TLR7 signaling via increased expression of the TLR7 receptor, the endogenous ligand (let-7b), and
TLR7 signaling components (e.g., MyD88, NFjB-p65) may contribute to a hyperacute innate immune response which triggers progression to acute AH.
Activation of the lncRNA NEAT1 via TLR7 may also contribute to activation of a unique subset of inflammatory genes, including IL-8.
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encapsulated in liposomes or MVs, have greater TLR7-sti-
mulating effects than free ssRNA (Jackson and Linsley,
2010). Additionally, previous studies have shown that EtOH
alters vesicle release from hepatocyte cell lines (Momen-Her-
avi et al., 2015). Therefore, we determined the effect of EtOH
on the release of MV-associated let-7b from cultured hepato-
cytes. We found that EtOH exposure increased both let-7b
and tRNA levels in MVs released from cultured primary
human hepatocytes. To test the effects of encapsulated let-7b
on hepatocyte innate immune induction, we exposed VL-
17A cells to a liposome-encapsulated let-7b mimic (or nega-
tive control) in the presence or absence of EtOH. We found
that that liposomal let-7b mimic induces TNFa mRNA
expression in VL-17A cells (Fig. 7). Together, our finding
that EtOH induces the release of MV let-7b and that liposo-
mal let-7b can activate hepatocyte innate immune responses
is consistent with EtOH increasing both TLR7 signaling via
induction of both the TLR7 receptor and its endogenous
ligand, let-7.

In summary, we report that TLR7 signaling is activated by
EtOH exposure through up-regulation of both the TLR7
receptor and of its endogenous ligand let-7b. Indeed, we
found that increased TLR7 signaling, including induction of
the receptor and endogenous microRNA ligands (e.g., let-
7b), is associated with AH and correlates with liver IL-8
levels and serum AST. In an in vivo model of alcohol expo-
sure, we demonstrate that EtOH induction of hepatic TLR7
expression sensitizes the liver to innate immune activation
caused by the TLR7 agonist, imiquimod, including increased
expression of TNFa, MCP-1, iNOS, MyD88, and MARCO-
2. In vitro, we demonstrate that EtOH increases hepatocyte
TLR7 expression and that imiquimod induces innate
immune gene expression (e.g., TNFa, IL-8) through the
TLR7 receptor. Additionally, we demonstrate that both
EtOH and imiquimod stimulate the release of MV let-7b
from hepatocytes and that a let-7b mimic induces TNFa in a
hepatocyte cell line. Taken together, our findings suggest that
increased TLR7 signaling caused by EtOH is multifactorial
and includes up-regulation of the TLR7 receptor, induction
of TLR7 signaling components (e.g., MyD88, NFjB), and a
concomitant increase in the expression and release of
endogenous microRNA ligands of TLR7 (e.g., let-7b). The
highly translational approach of this study, including in vitro
studies, a mouse model of alcohol exposure, and analysis of
human liver diseases, was fundamental to connecting TLR7
activation to IL-8 induction since mice do not express IL-8.
Indeed, our data suggest that IL-8 induction via TLR7 may
mediate the hyperacute innate immune response critical for
the onset of AH. Since TLR7 antagonists are currently in the
drug development pipeline, future studies should determine
whether disruption of TLR7 activation could prevent sys-
temic inflammatory responses in vivo. Our findings are con-
sistent with EtOH induction of both the TLR7 receptor and
endogenous ligand let-7b in contributing to the induction of
acute phase innate immune genes, including IL-8, which
contribute to the onset of AH.
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Fig. S1 Effect of EtOH and imiquimodexposure on

liver morphology in mice. Male C57BL/6J mice were
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exposed to EtOH (5 g/kg, i.g.) for 10 days. Twenty-
four hours after the last EtOH dose, some mice were
exposed to the TLR7 agonist imiquimod (2.5 mg/kg,
i.p.) as described in Materials and Methods. Liver tissue
was collected 2 hours after imiquimod (or saline) admin-
istration. Formalin-fixed, paraffin embedded sections
were cut at 5 lm and mounted on glass slides. Sections
were deparaffinizedand stained with H&E. Representa-
tive photomicrographs (original magnification, 2009)
are shown.

Fig. S2. Effect of EtOH and imiquimodexposure on
liver TLR4 protein expression in mice. Male C57BL/6J
mice were exposed to EtOH (5 g/kg, i.g.) for 10 days.
Twenty-four hours after the last EtOH dose, some mice
were exposed to the TLR7 agonist imiquimod (2.5 mg/
kg, i.p.) as described in Materials and Methods. Liver tis-
sue was collected 2 hours after imiquimod (or saline)
administration. Western blot was performed as described
in Materials and Methods. Quantitative data are shown
as fold of control. *p < 0.05 compared to control.

2122 MASSEY ET AL.


