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Mitochondrial Double-Stranded RNA 
in Exosome Promotes Interleukin-17 
Production Through Toll-Like Receptor 3 
in Alcohol-associated Liver Injury
Jun-Hee Lee ,1 Young-Ri Shim,1 Wonhyo Seo,1,2 Myung-Ho Kim,1 Won-Mook Choi ,1 Hee-Hoon Kim,1 Ye Eun Kim,1 
Keungmo Yang,1 Tom Ryu,1 Jong-Min Jeong,1 Hei-Gwon Choi,3 Hyuk Soo Eun,3 Seok-Hwan Kim,4 Hyejin Mun,5 Je-Hyun Yoon,5 
and Won-Il Jeong 1

BaCKgRoUND aND aIMS: Mitochondrial double-
stranded RNA (mtdsRNA) and its innate immune responses 
have been reported previously; however, mtdsRNA generation 
and its effects on alcohol-associated liver disease (ALD) re-
main unclear. Here, we report that hepatic mtdsRNA stimu-
lates toll-like receptor 3 (TLR3) in Kupffer cells through the 
exosome (Exo) to enhance interleukin (IL)-17A (IL-17A) 
production in ALD.

appRoaCH aND ReSUltS: Following binge ethanol 
(EtOH) drinking, IL-17A production primarily increased in 
γδ T cells of wild-type (WT) mice, whereas the produc-
tion of IL-17A was mainly facilitated by CD4+ T cells in 
acute-on-chronic EtOH consumption. These were not ob-
served in TLR3 knockout (KO) or Kupffer cell–depleted 
WT mice. The expression of polynucleotide phosphorylase, 
an mtdsRNA-restricting enzyme, was significantly decreased 
in EtOH-exposed livers and hepatocytes of WT mice. 
Immunostaining revealed that mtdsRNA colocalized with the 
mitochondria in EtOH-treated hepatocytes from WT mice 
and healthy humans. Bioanalyzer analysis revealed that small-
sized RNAs were enriched in EtOH-treated Exos (EtOH-
Exos) rather than EtOH-treated microvesicles in hepatocytes 
of WT mice and humans. Quantitative real-time PCR and 
RNA sequencing analyses indicated that mRNA expression 

of mitochondrial genes encoded by heavy and light strands 
was robustly increased in EtOH-Exos from mice and humans. 
After direct treatment with EtOH-Exos, IL-1β expression 
was significantly increased in WT Kupffer cells but not in 
TLR3 KO Kupffer cells, augmenting IL-17A production of 
γδ T cells in mice and humans.

CoNClUSIoNS: EtOH-mediated generation of mtdsRNA 
contributes to TLR3 activation in Kupffer cells through exo-
somal delivery. Consequently, increased IL-1β expression in 
Kupffer cells triggers IL-17A production in γδ T cells at the 
early stage that may accelerate IL-17A expression in CD4+ 
T cells in the later stage of ALD. Therefore, mtdsRNA 
and TLR3 may function as therapeutic targets in ALD. 
(Hepatology 2020;72:609-625).

Alcoholic liver disease (ALD) results from mul-
tiple inflammatory responses mediated by self 
or nonself ligands (e.g., damage-associated 

molecular patterns [DAMPs] and pathogen- associated 
molecular patterns) through toll-like receptors (TLRs) 
or the inflammasome, in which damaged and stimu-
lated hepatocytes, nonparenchymal cells, and immune 
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cells release various inflammatory mediators such 
as cytokines, chemokines, and extracellular vesicles 
(EVs).(1,2)

EVs play important roles in intercellular communi-
cation by delivering diverse cargos, including mRNA, 
microRNA (miRNA), DNA, proteins, and lipids.(3,4) 
Depending on their size and biogenesis, they are clas-
sified into three types that include exosomes (Exos; 
50-100  nm), microvesicles (MVs; 100-1,000  nm), 
or apoptotic bodies (500-2,000  nm). EVs transfer 
their cargos to neighboring or target cells through 
receptor-ligand interactions, fusion, phagocytosis, or 
endocytosis. Recently, lines of evidence indicate that 
EVs released from hepatocytes after ethanol (EtOH) 
exposure play a substantial role in the inflamma-
tory responses of ALD.(5-8) Following acute binge or 
chronic EtOH exposure in mice, rats, and humans, 
damaged hepatocytes release EVs by cytochrome 
P450 2E1–mediated reactive oxygen species (ROS) 
or activated caspase-3–dependent mechanisms.(5,6) 
Their cargos including miRNA, mitochondrial DNA 
(mtDNA), CD40 ligand (CD40L), and heat shock 
protein 90, increase the production of inflammatory 
cytokines such as interleukin (IL)-1β in macrophages/
Kupffer cells and neutrophils.(5-10) In addition to the 
IL-1β production by macrophages that is import-
ant in the context of ALD, EVs may also stimulate 

or augment IL-17 production of hepatic γδ T cells, 
as these cells produce innate IL-17 in response to 
IL-1β and IL-23 stimulation without T-cell receptor 
engagement.(11,12) It has not been reported whether 
EV-mediated IL-1β production by macrophage/
Kupffer cells stimulates innate IL-17 production by 
γδ T cells. Additionally, the mechanism underlying 
this process remains unknown.

EtOH metabolism increases ROS production pri-
marily in the mitochondria of hepatocytes, where 
mtDNA may be a major target of EtOH-induced 
ROS, ultimately promoting depletion of mtDNA 
and cell death by apoptosis.(13,14) Interesting studies 
have suggested that mtDNA-enriched EVs, such as 
mitochondrial DAMPs, induced by EtOH increase 
inflammation through TLR9-mediated neutro-
philia(10) and that oxidized mtDNA plays critical roles 
in mediating nucleotide-binding oligomerization 
domain–like receptor P3 (NLRP3) inflammasome 
activation in macrophages.(15) TLR9-deficient mice 
reduce chronic and binge EtOH feeding–mediated 
liver injury by decreasing neutrophil infiltration in 
a manner that is dependent on TLR9 expression of 
hepatocytes and hepatic stellate cells (HSCs), but 
not Kupffer cells, indicating a partial involvement of 
Kupffer cells in neutrophil recruitment.(16) In addi-
tion, recent studies have reported that the process 
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of bidirectional transcription of mtDNA generates 
mitochondrial double-stranded RNA (mtdsRNA) 
but that it undergoes rapid decay by the RNA degra-
dosome to prevent deleterious function of mtds-
RNA through immunogenic receptors, including 
TLRs.(17,18) The key enzymes of the degradosome 
are mitochondrial RNA helicase suppressor of var1 
3-like protein 1 (SUV3) and polynucleotide phos-
phorylase (PNPase), which function to restrict the 
levels of mtdsRNA,(17) and the loss of either enzyme 
results in a large accumulation of mtdsRNA that 
escapes into the cytoplasm in a PNPase-dependent 
manner.(18) However, whether EtOH metabolic 
processes within the mitochondria could affect the 
expression and cytosolic appearance of mtdsRNA 
has not been investigated, leading to the transfer of 
mtdsRNA into EVs.

Double-stranded RNA (dsRNA)of natural origin 
(viral, nuclear, and ribosomal) has been indicated as 
a potential inhibitor of protein synthesis and a mod-
est inducer of interferons(19); however, polyinosinic- 
polycytidylic acid (poly I:C), a synthetic dsRNA, 
efficiently induces interferons and does not inhibit pro-
tein synthesis,(20) suggesting differential interactions 
and effects of various dsRNA at specific subcellular 
locations. Currently, three types of pattern recognition 
receptors, including retinoic acid– inducible gene I 
(RIG-I), melanoma differentiation–associated gene 5 
(MDA5), and TLR3, are thought to play key roles in 
the host defense against dsRNA viral infection.(21,22) 
Extracellular dsRNAs are internalized by cells through 
clathrin-dependent endocytosis, in which TLR3 rec-
ognizes dsRNA (>40 base pairs [bp]) in the endosome 
or internalized dsRNA exits from the endosome to 
the cytosol through a mammalian dsRNA transporter: 
systemic RNA interference defective protein-1, trans-
membrane family member 2.(22) In the cytoplasm, 
RIG-I recognizes short dsRNA with a 5′-triphosphate 
end generated by viral polymerase, whereas MDA5 
detects long dsRNA (>1,000  bp).(21,22) Although 
the activation of RNA sensors is strictly regulated 
to avoid autoimmunity, various self-RNAs, including 
mtdsRNA, mRNA, and noncoding RNA, activate 
MDA5 and TLR3.(12,18,23,24) Here, we investigated 
EtOH-mediated mtdsRNA generation, enrichment 
of mtdsRNA within EVs, and mtdsRNA-mediated 
TLR3 activation in Kupffer cells and the impacts of 
these processes on innate IL-17 production by γδ T 
cells in ALD.

Materials and Methods
aNIMalS

Male C57BL/6 and TLR3 knockout (KO) mice 
(C57BL/6 background) were purchased from The 
Jackson Laboratory (Bar Harbor, ME) and main-
tained in a specific pathogen-free facility (Bio Model 
System Park; Korea Advanced Institute of Science 
and Technology [KAIST], Daejeon, Korea). Chimeric 
mice were generated by reciprocal bone marrow 
(BM) transplantation as described.(12) All animals 
received humane care in accordance with the “Guide 
for the Care and Use of Laboratory Animals,” pub-
lished by the National Institutes of Health, and all 
animal experiments were approved by the KAIST 
Institutional Animal Care and Use Committee.

INDUCtIoN oF etoH-INDUCeD 
lIVeR INJURy

For the single-binge EtOH-drinking model, 4 g/kg  
EtOH was administered to mice by oral gavage, and 
the mice were sacrificed at several time points. As 
reported,(25) to induce acute-on-chronic liver injury, 
mice were fed a 4.5% Lieber-DeCarli EtOH liquid 
diet (Dyets Inc., Bethlehem, PA) for 10 days, 4 g/kg  
EtOH was administered to mice by oral gavage, and 
the mice were sacrificed at 6  hours after last oral 
gavage. For depletion of Kupffer cells, 10 μL/g clodro-
nate liposomes (Haarlem, Netherlands) was injected 
intraperitoneally in each mouse. Depletion was con-
firmed at 2 days after the injection by fluorescence- 
activated cell sorting (FACS) analyses.

ISolatIoN oF pRIMaRy HepatIC 
CellS

HSCs, Kupffer cells, and hepatocytes of mice were 
isolated by collagenase perfusion followed by differen-
tial centrifugation on an Opti-Prep (Sigma, St. Louis, 
MO) density gradient as described.(26) For human 
cells, we obtained small-sized healthy liver during 
liver resection from the departments of surgery and 
internal medicine at Chungnam National University 
Hospital (Daejeon, South Korea) and collected human 
primary cells through liver perfusion. More detailed 
procedures have been described in the Supporting 
Information. Authorization for the use of these tissues 
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for research purposes was obtained from the institu-
tional review board (IRB) of Chungnam National 
University Hospital (IRB number: 2016-03-02-003), 
Daejeon, Korea. Informed consent was received from 
all patients who had provided the tissue.

ISolatIoN oF eVs
To collect EVs from EtOH-treated hepatocytes 

(100  mM, 24  hours), we established the differen-
tial centrifugation methods. Briefly, collected super-
natants were centrifuged at 300g for 10  minutes to 
eliminate debris, and further centrifuged at 2,000g for 
12 minutes to remove the apoptotic bodies. Next, the 
supernatant was carefully centrifuged at 15,000g for 
30 minutes to collect MVs. Finally, Exos were isolated 
from the collected supernatants using ExoQuick-TC 
Exo precipitation solution (System Biosciences Inc., 
Mountain View, CA). The fractions of MVs and Exos 
were confirmed and counted using a Dynamic Light 
Scattering System and a Nanosight Nanoparticle 
Tracking Analysis System (Malvern Instruments Ltd., 
Worcestershire, United Kingdom), respectively.

BIoaNalyZeR aNalySIS
Total RNA was extracted by TRIzol reagent 

(Thermo Fisher Scientific, Waltham, MA) from EVs. 
After quantification of extracted total RNA by using 
a NANODROP LITE spectrophotometer (Thermo 
Fisher Scientific), RNA Nano Chips for use with the 
Agilent 2100 Bioanalyzer System were used for the 
analysis of RNA (Agilent Technologies, Santa Clara, 
CA) according to the manufacturer’s instructions.

dsRNa StaININg
Cells fixed with 4% paraformaldehyde were washed 

and added to 0.5% Triton X-100 for 15  minutes at 
room temperature (RT). After three washes with 0.05% 
phosphate-buffered saline with Tween-20, blocking 
was performed with 5% goat serum at RT for 1 hour. 
Primary antibodies against dsRNA (#10010500, J2 
monoclonal antibody, mouse, immunoglobulin G 
[IgG] 2a, kappa chain; SCICONS, Szirák, Hungary) 
were incubated for 3 hours at 37°C. Cells were washed 
three times and then incubated with secondary don-
key anti-mouse IgG conjugated with Alexa Fluor 488 
(#ab150109; Abcam, Cambridge, UK) at a 1:300 con-
centration at RT for 1 hour. Primary hepatocytes were 

incubated with MitoTracker Deep Red (100  nM, 
M22426; Invitrogen, Seoul, Korea) for 30  minutes 
at 37°C before fixing. More detailed procedures have 
been described in the Supporting Information.

eXoSoMal RNa aNalySIS
Total exosomal RNA was isolated using TRIzol 

according to the manufacturer’s instructions. 
Complementary DNA was generated from 0.05 μg of 
RNA using random hexamers and reverse transcriptase 
(Maxima kit, Thermo Fisher Scientific). For ampli-
fying transcripts originated from mouse and human 
mitochondrial genomes, the primers are designed and 
provided in Supporting Tables S1 and S2. The rela-
tive quantities of mitochondrial RNAs were calculated 
using the delta-delta-threshold cycle value method 
without normalization. For high-throughput RNA 
sequencing, we followed the standard protocol of 
Illumina sequencing using the TruSeq Stranded Total 
RNA kit with Ribo-Zero (Part#15031048 Rev. E) 
and NovaSeq6000 S4 (San Diego, CA, 150 bp Paired-
End, PE). Analyse were performed on two paired-
end samples with 3.1 Gb raw data/2.6 Gb trimmed 
data for the control sample and 3.4 Gb raw data/2.8 
Gb trimmed data for the EtOH-treated sample. The 
percentages of bases with quality over a Phred score 
of 30 for raw and trimmed data were 93%/95% and 
92%/95%, respectively. Trimmed reads were mapped 
to the reference genome (Homo sapiens (Human) 
Genome 19 with mitochondria-originated [chrM] 
transcripts),(27) with hierarchical indexing for spliced 
alignment of transcripts resulting in 27% and 44% 
mapping ratios. After the read mapping, StringTie 
was used for transcript assembly. The expression pro-
file was calculated for each sample and transcript/gene 
as read count and fragment per kilobase of transcript 
per million mapped reads. (Supporting Table S3).

StatIStICal aNalySIS
Data are presented as the mean ± SEM. To com-

pare values obtained from two groups, a Student t test 
or one-way analysis of variance (ANOVA) was per-
formed, and a one-way ANOVA with a Dunnett test 
was performed for multiple comparison versus con-
trol. A value of P  < 0.001, 0.01, or 0.05 was consid-
ered statistically significant.

Other detailed materials and methods are described 
in the Supporting Information.
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Results
KUpFFeR CellS CoNtRIBUte 
to Il-17a pRoDUCtIoN IN γδ 
t CellS IN aCUte alCoHol-
aSSoCIateD lIVeR INJURy

Serum and FACS analyses revealed that liver injury 
and the frequency of IL-17A–producing lymphocytes 
peaked at 6 hours after single-binge EtOH feeding in 
wild-type (WT) mice (Fig. 1A,B). Intracellular cyto-
kine staining indicated that hepatic γδ T cells were 

the major producers of IL-17A, although the popula-
tion of these cells was relatively small compared with 
those of CD4+ and CD8+ T cells (Fig. 1B). In quan-
titative real-time PCR (qRT-PCR) analysis, Il1b and 
Il23a mRNA expression significantly increased only 
in freshly isolated Kupffer cells from binge EtOH–fed 
mouse liver compared with that of control mouse liver; 
however, this increase was not observed in isolated 
HSCs (Fig. 1C). Chemokine (C-C motif ) ligand 20 
(Ccl20) mRNA expression was slightly decreased but 
still higher in Kupffer cells than in HSCs (Fig. 1C). 
Additionally, Il17 mRNA expression was not increased 

FIg. 1. Kupffer cells contribute to increased IL-17A production of γδ T cells in acute alcohol-associated liver injury. WT mice were 
fed with 4  g/kg EtOH (binge drinking) for various time points (n  =  5/group). (A) Serum levels of ALT and AST were measured.  
(B) IL-17A–expressing liver MNCs were analyzed by flow cytometry after binge drinking. (C) Freshly isolated HSCs and Kupffer cells 
were subjected to qRT-PCR analyses (three replicates). (D-F) WT mice were sacrificed at 6 hours after binge drinking with or without 
2-day pretreatment of clodronate (10 μL/g) (n = 5/group). Total frequency (D) and each cell type (E) of IL-17A–producing liver MNCs 
were analyzed by flow cytometry (F). Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, compared with the corresponding 
control, based on unpaired t test between two groups and one-way ANOVA with Dunnett test for multiple comparison versus control. 
Abbreviation: AST, aspartate aminotransferase.
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in freshly isolated Kupffer cells and HSCs after binge 
EtOH consumption (Supporting Fig. S1A). These 
data suggest that Kupffer cells may be the major acti-
vator of IL-17A production in γδ T cells. To confirm 
this hypothesis, WT mice were given a single-binge 
EtOH dose after Kupffer cells were depleted using 
clodronate (Supporting Fig. S1B,C). Although liver 
injury did not differ after binge EtOH drinking, 
IL-17A–producing lymphocytes were significantly 
decreased in mice treated with clodronate compared 
with mice without clodronate treatment (Fig. 1D; 
Supporting Fig. S1D). Interestingly, Kupffer cell 
depletion induced a remarkable decrease of IL-17A 
production in γδ T cells (Fig. 1E,F and Supporting 
Fig. S1E). Collectively, these data suggested that 
Kupffer cells contributed to IL-17A production in 
hepatic γδ T cells by increasing IL-1β expression in 
response to acute alcohol-associated liver injury.

etoH-DeRIVeD HepatIC eVs 
StIMUlate Il-1β pRoDUCtIoN 
IN KUpFFeR CellS

Next, we tested whether EtOH-derived EVs from 
hepatocytes stimulate IL-1β production in Kupffer 
cells. Total EVs were isolated from media of cultured 
hepatocytes with or without EtOH treatment, and 
hepatic MVs and Exos were then separated by dif-
ferential isolation techniques and confirmed using a 
dynamic light scattering system (Fig. 2A; Supporting 
Fig. S2A). The shapes and the increased numbers 
of MVs and Exos from EtOH-treated hepatocytes 
(EtOH-treated MVs [EtOH-MVs] and EtOH-
treated Exos [EtOH-Exos]) were identified and com-
pared with those of control hepatocytes using electron 
microscopy and nanoparticle tracking analysis, respec-
tively (Fig. 2B; Supporting Fig. S2B). On direct 
treatments of isolated WT Kupffer cells with EVs 
(designated as isolated MVs and Exos in this study), 
EV isolated from EtOH-treated hepatocyte, or EV 
of EtOH-treated hepatocyte (EtOH-EV) treatment 
significantly increased the IL-1β concentration in 
media compared with those observed in the untreated 
and vehicle-treated EV (Veh-EV) treatment controls  
(Fig. 2C). Based on the above findings, we next 
investigated whether increased IL-1β production by 
Kupffer cells could influence IL-17A expression in 
γδ T cells. In the experiments using a coculture sys-
tem, EtOH-EV treatment significantly increased 

the mRNA expression of Il1b, Il23a, and Ccl20 in 
Kupffer cells and Il17a mRNA expression in γδ T 
cells compared with the expression levels observed 
in Veh-EV treatment (Fig. 2D and Supporting 
Fig.  S2C). Similar to what has been shown in pre-
vious reports,(11,12) IL-17A production and its 
expression in γδ T cells were significantly increased 
by the treatment of IL-1β and IL-23 (Supporting 
Fig. S2D). On separate treatments with EtOH-MVs 
or EtOH-Exos, the expression of Il1b, Nlrp3, and 
Ccl20 mRNA was significantly increased in Kupffer 
cells by both EtOH-MVs and EtOH-Exos (Fig. 2E). 
Consistent with these findings, both treatments sub-
stantially increased the protein levels of NLRP3, 
pro–IL-1β and pro–caspase-1, along with caspase-1 
activation, in Kupffer cells compared with the lev-
els observed in Veh-treated Kupffer cells (Fig. 2F).  
However, Tlr3 mRNA expression was significantly 
increased only in EtOH-Exo–treated Kupffer cells, 
whereas absent in melanoma 2 (Aim2) and Tlr9 
mRNA expression, encoding receptors for dsDNA 
and CpG sequences of DNA, were unchanged or 
markedly decreased (Fig. 2E). Based on the above 
data, we speculated that dsRNA and TLR3 may be 
involved in EtOH-Exo–mediated IL-1β production 
in Kupffer cells.

mtdsRNa aND mtDNa aRe 
DelIVeReD to KUpFFeR CellS 
tHRoUgH exos aND MVs

To test the hypothesis mentioned above, we inves-
tigated RNA contents within isolated EVs. RNA 
bioanalyzer analysis revealed that small and diversely 
sized RNAs (approximately 25 ~ 500 nucleotides) 
were mainly identified in isolated Exos compared with 
MVs, and their contents were significantly increased 
in EtOH-Exos compared with Veh-Exos (Fig. 3A). 
These findings suggested that, in addition to miRNA 
(about 22 nucleotides), hepatic exosomal delivery 
of small-sized RNA might affect Kupffer cells. In 
immunostaining analyses using J2 antibody, dsRNA 
colocalized with DiI (1,1′-dioctadecyl-3,3,3′,3′- 
tetramethylindocarbocyanine)-stained EtOH-Exos 
in Kupffer cells (Fig. 3B). In qRT-PCR analyses, 
mitochondrial mRNAs coded from heavy-strand and 
light-strand mtDNA were mostly observed, and their 
expression was significantly increased in EtOH-Exos 
compared with Veh-Exos (Fig. 3C).
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As reported,(10,15) MitoTracker-stained mitochon-
drial components and their delivery to Kupffer cells 
were significantly increased in EtOH-MVs compared 
with MVs of vehicle-treated hepatocyte or MVs iso-
lated from vehicle-treated hepatocyte (Veh-MVs) 
(Fig. 3D,E). Additionally, mtDNA sequences, such 
as cytochrome c oxidase subunit 3 (Cox3 gene), were 
increased in EtOH-MVs compared with Veh-MVs 
(Fig. 3F). These data suggested that mtdsRNA and 
mtDNA were enriched in EtOH-induced EVs and 
that they could be delivered to Kupffer cells through 
hepatic Exos and MVs, respectively.

etoH-INDUCeD eXoSoMal 
mtdsRNa StIMUlateS Il-1β 
eXpReSSIoN IN KUpFFeR CellS

In contrast to the effects of mtDNA, the effects 
of mtdsRNA have not been clearly investigated. An 
interesting study demonstrated that mtdsRNA in 
mammalian cells can be generated by down-regulating  
the expression of mitochondrial RNA helicase SUV3 
(Supv3l1) and the expression of PNPase (Pnpt1).(18) 
qRT-PCR and western blot analyses revealed that 
Pnpt1 gene expression and protein levels of PNPase 

FIg. 2. EtOH-derived hepatic EVs stimulate IL-1β production in Kupffer cells. (A) Differential isolation of hepatic EVs. MVs and Exos 
were collected by stepwise centrifugation and ExoQuick-TC. Each size was analyzed by dynamic light scattering. (B) Shapes and numbers 
of MVs (arrow in insert) and Exos (arrow head) were assessed by electron microscope and nanoparticle tracking analysis. Bar = 500 nm. 
(C) Freshly isolated hepatocytes were treated with or without 100 mM EtOH for 24 hours. Next, the IL-1β concentration was measured 
in the media after treatments of Kupffer cells with Veh-EVs and EtOH-EVs for 24 hours. (D) Schematic diagram of the coculturing 
system using Transwell supports with 3-μm pores. After pretreatment of WT Kupffer cells with Veh-Exos or EtOH-Exos for 12 hours, 
the media were changed, and then they were cocultured with WT γδ T cells for an additional 4 hours. Kupffer cells and migrated γδ T 
cells were subjected to qRT-PCR. (E,F) After treatments of Kupffer cells with vehicle (medium) and EtOH-induced MVs and Exos, the 
expression changes of genes and proteins were analyzed by qRT-PCR and immunoblotting, respectively. Values and images represent the 
results from three experimental replicates. Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, compared with the corresponding 
control, based on unpaired t test between two groups and one-way ANOVA with Dunnett test for multiple comparison versus control.
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were significantly decreased in liver tissues of mice 
after binge EtOH feeding and in hepatocytes treated 
with various doses of EtOH in vitro, whereas Supv3l1 
expression and SUV3 levels were unchanged by 
EtOH (Fig. 4A-C). The EtOH-mediated decrease 
in Pnpt1 expression in hepatocytes was also verified 
using an in situ closed perfusion system (Fig. 4D). 

Immunostaining revealed that increased dsRNA gen-
eration ( J2 foci) was observed in the mitochondria at 
12 hours after EtOH treatment, and the number of J2 
foci (dsRNA) was decreased and primarily observed 
outside of the mitochondria at 24  hours (Fig. 4E). 
These findings suggested a translocation of dsRNA 
from mitochondria to cytosol and a subsequent release 

FIg. 3. EtOH-derived mtdsRNA is delivered to Kupffer cells through Exos. (A) Size distribution and contents of total RNA isolated 
from hepatocytes, MVs, and Exos were analyzed using a Bioanalyzer. (B) Representative immunostaining of J2 antibody in Kupffer 
cells after incubation with DiI-stained Veh-Exos and EtOH-Exos (4 hours). Bar = 20 μm. (C) Representative mitochondrial mRNA 
expression in isolated Veh-Exos and EtOH-Exos was assessed by qRT-PCR (relative expression versus mitochondrially encoded 12S 
RNA, Rnr1). (D,E) MitoTracker-stained mitochondrial components within MVs of Veh-treated and EtOH-treated hepatocytes were 
assessed using by flow cytometry (D) and immunocytochemistry (E). Bar = 10 μm. (F) Presence of mtDNA in MVs was assessed by 
qRT-PCR analysis. Values and images represent the results from three experimental replicates. Data are expressed as the mean ± SEM. 
*P < 0.05, compared with the corresponding control. Abbreviation: Rnr1, ribosomal RNA-1.
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of dsRNA through the Exo. Next, we investigated 
the effects of exosomal mtdsRNA on Kupffer cells 
using RNase III, a ribonuclease of dsRNA. In immu-
nostaining, RNase III significantly decreased J2 foci 
in EtOH-treated hepatocytes (Fig. 4F). In parallel 
with these results, EtOH-Exo–mediated Il1b expres-
sion by Kupffer cells was completely suppressed after 
RNase III treatment (Fig. 4F), suggesting mtdsRNA- 
mediated Il1b expression in Kupffer cells.

BINge etoH DRINKINg 
StIMUlateS Il-17a eXpReSSIoN 
By γδ t CellS IN tlR3- aND 
KUpFFeR Cell–DepeNDeNt 
MaNNeRS

Next, we investigated whether exosomal mtdsR-
NA-mediated TLR3 activation in Kupffer cells could 
stimulate IL-17A production by γδ T cells in acute 

FIg. 4. EtOH treatment decreases PNPase expression and generates mtdsRNA in hepatocytes. (A-C) Expression levels of genes and 
proteins were assessed by qRT-PCR and western blotting in mouse livers (n = 6-8) and isolated hepatocytes with or without EtOH 
treatments, respectively. (D) After circulation of EtOH for 2 hours, hepatocytes were isolated and subjected to qRT-PCR. (E) Representative 
immunostaining of J2 antibody (arrowhead) in Veh-treated and 100-mM EtOH–treated mouse hepatocyte (12 and 24 hours). Bar = 20 μm. 
(F) After treatment with 100 mM EtOH for 12 hours, RNase III was added to the medium for an additional 6 hours. Next, hepatocytes 
were fixed and immunostained with J2 antibody (bar = 20 μm), and collected Exos from the medium were coincubated with freshly 
isolated mouse Kupffer cells for 24 hours. Kupffer cells were subjected to qRT-PCR. Values and images represent the results from three 
experimental replicates. Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, compared with the corresponding control, based on 
unpaired t test between two groups and one-way ANOVA with Dunnett test for multiple comparison versus control.
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alcohol-associated liver injury. After binge EtOH 
drinking in WT, TLR3 KO, or TLR3 KO mice with 
or without clodronate treatment, there were no differ-
ences in liver injury and frequencies of F4/80+CD11b+ 
cells (infiltrating macrophages) and lymphocyte anti-
gen 6 complex locus G (Ly6G)+CD11b+ cells (neutro-
phils) between WT and TLR3 KO mice or between 
TLR3 KO mice with and without Kupffer cell dele-
tion (Fig. 5A; Supporting Fig. S3A,B). The frequency 

of IL-17A–producing lymphocytes, however, was sig-
nificantly decreased in γδ T cells of TLR3 KO mice 
compared with those of WT mice, whereas TLR3 
KO mice with Kupffer cell depletion did not increase 
the IL-17A production of γδ T cells in response to 
acute alcohol-associated liver injury (Fig. 5B). In 
qRT-PCR analysis, the expression of Il1b, Il23a, and 
Ccl20 mRNA was significantly decreased in isolated 
Kupffer cells of TLR3 KO mice compared with those 

FIg. 5. Ablation of TLR3 decreases IL-17A production in γδ T cells in acute alcohol-associated liver injury. WT and TLR3 KO mice 
were fed with 4 g/kg EtOH (binge drinking) for 6 hours with or without 2-day pretreatment with clodronate (10 μL/g) (n = 5/group). 
(A) Serum levels of ALT were measured. (B) IL-17A–expressing liver MNCs were analyzed by flow cytometry in WT and TLR3 KO 
mice or in TLR3 KO mice with or without clodronate treatment. (C) After binge drinking, gene expression was assessed by qRT-PCR 
in freshly isolated Kupffer cells from WT and TLR3 KO mice, or in TLR3 KO mice with or without clodronate. (D,E) WT γδ T cells 
were cocultured with WT and TLR3 KO Kupffer cells for 12 hours after pretreatment with EtOH-Exos (4 hours) using Transwell 
systems with 3-μm pores. Next, migrated γδ T cells were counted under the microscope (D; ×200 magnification) and subjected to qRT-
PCR analyses (E). (F) Gene expressions were analyzed after poly I:C stimulation in primary WT Kupffer cells (three replicates). Data 
are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, compared with the corresponding control, based on unpaired t test 
between two groups and one-way ANOVA with Dunnett test for multiple comparison versus control.
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of WT mice, whereas Kupffer cell–depleted TLR3 
KO mice possessed similar or lower expression of 
Il1b, Ccl20, and Nlrp3 mRNA than TLR3 KO mice 
(Fig. 5C; Supporting Fig. S3C,D). Consistently, the 
expression of Il17a and Il1b was decreased in the liver 
mononuclear cells (MNCs) of WT mice compared 
with those of TLR3 KO mice (Supporting Fig. S3C). 
The expression levels of Aim2 and Tlr9 mRNA were 
not significantly affected by acute alcohol liver injury 
(Supporting Fig. S3D,E). These data suggested that 
TLR3 may be responsible for the expression of Il1b 
and Ccl20 in Kupffer cells and for inducing migra-
tion and IL-17A production in γδ T cells. To con-
firm these findings, we cocultured EtOH-Exo–treated 
WT and TLR3 KO Kupffer cells with WT γδ T cells 
using a Transwell system. Migration of WT γδ T 
cells was significantly decreased in TLR3 KO Kupffer 
cells compared with WT Kupffer cells (Fig. 5D). 
Additionally, IL-17A expression was also decreased 
in WT γδ T cells that were cocultured with TLR3 
KO Kupffer cells compared with WT Kupffer cells  
(Fig. 5E). In vitro poly I:C treatment, a synthetic 
TLR3 ligand of WT Kupffer cells, remarkably 
increased the expression of Il1b and Nlrp3 at 3 hours, 
and then this expression gradually decreased, but the 
expression of Aim2 and Tlr9 was unchanged and sig-
nificantly decreased (Fig. 5F). Collectively, TLR3-
mediated IL-1β expression in Kupffer cells stimulates 
innate IL-17A production by γδ T cells at the early 
stage of ALD.

KUpFFeR CellS WItH tlR3 
DepletIoN aMelIoRate lIVeR 
INJURy IN CHRoNIC aND aCUte 
alCoHol INgeStIoN

To investigate the additional effects of TLR3 on 
Kupffer cells and the involvement of IL-17A produc-
tion at the late stage of ALD, we first fed a liquid EtOH 
diet to WT and TLR3 KO mice for 8 weeks (alcohol- 
associated steatosis model). Although liver injury was 
decreased in TLR3 KO mice compared with WT 
mice, there were no differences in the frequencies of 
IL-17A–producing cells in liver MNCs between WT 
and TLR3 KO mice (Supporting Fig. S4). Next, we 
generated chimeric mice possessing TLR3-deficient 
Kupffer cells by transplantation of WT BM into WT 
mice (WTWT) and TLR3 KO (TLR3 KOWT) mice. 
After confirming TLR3 chimerism in Kupffer cells 

(Fig. 6A), the mice were fed a liquid EtOH diet for 
10 days, and this was followed by one-binge drinking 
to induce alcohol-associated hepatitis as reported.(25) 
At sacrifice, the levels of serum alanine aminotransfer-
ase (ALT) and liver triglyceride (TG) were both sig-
nificantly attenuated in TLR3 KOWT mice compared 
with those of WTWT mice (Fig. 6B,C). The numbers 
of total liver MNCs and IL-17A–producing cells were 
significantly decreased in TLR3 KOWT mice compared 
with WTWT mice (Fig. 6D). In contrast to observations 
after single-binge drinking, the major populations of 
IL-17A–producing cells were CD4+ T cells in chronic 
and binge EtOH ingestion (Fig. 6D). The frequen-
cies of CD11b+Ly6G+ and CD11b+F4/80+ cells were 
similar, but their numbers were decreased in TLR3 
KOWT mice compared with WTWT mice (Fig. 6E).  
Based on the qRT-PCR analysis, the expression of 
Il1b, Il23a, 1l17a, and retinoic acid receptor–related 
orphan receptor C (Rorc) RAR-related orphan recep-
tor gamma (RORγ) is a protein that in mice is encoded 
by the Rorc (RAR-related orphan receptor C) gene. 
mRNA was significantly decreased in TLR3 KOWT 
mice compared with WTWT mice (Fig. 6F). Indeed,  
the expression levels of chemokine (C-X-C motif ) 
ligand 1 Cxcl1  and C-X-C motif chemokine receptor 
2 Cxcr2 mRNAs for the recruitments of neutrophils 
and macrophages were decreased in TLR3 KOWT mice 
(Fig. 6F). In contrast, the expression of Chemokine 
(C-C motif ) ligand 20 (CCl20) and Fasl mRNAs, 
critical factors for the migration and activation of γδ 
T cells in liver fibrosis,(28) was not changed in TLR3 
KOWT mice compared with WTWT mice (Fig. 6F). 
Based on these findings, hepatic Exo– mediated TLR3 
activation of Kupffer cells stimulated innate IL-17A 
production by γδ T cells at early alcohol- associated 
liver injury. Meanwhile, it could enhance the pro-
duction of IL-1β and IL-23 in macrophages, which 
subsequently leads to the acceleration of steatosis and 
IL-17A production in CD4+ T cells at the later stage 
of alcohol-associated liver injury.

HUMaN KUpFFeR CellS 
StIMUlateD By eXoSoMal 
mtdsRNa aUgMeNt Il-17a 
pRoDUCtIoN oF HUMaN γδ  
t CellS

To confirm our findings in human cells, we freshly 
isolated primary human hepatocytes, Kupffer cells, 
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and γδ T cells from healthy livers for use in in vitro 
experiments. EtOH treatment decreased PNPT1 
expression and the protein levels of PNPase, respon-
sible for degradation of mitochondrial light-strand 
transcripts,(17) in primary hepatocytes at 24  hours, 
suggesting the occurrence of mtdsRNA accumula-
tion (Fig. 7A). Consistent with the above findings, 

immunostaining revealed that J2 foci were signifi-
cantly increased in human hepatocytes after EtOH 
treatment (Fig. 7B). Based on qRT-PCR analysis, 
the expression levels of IL1B, IL23A, CCL20, TLR3, 
and TLR3–interferon regulatory factor-3 (IRF3) were 
significantly increased in EtOH-Exo–treated human 
Kupffer cells (hKCs) compared with Veh-Exo–treated 

FIg. 6. Ablation of TLR3 in Kupffer cells ameliorates liver injury in chronic and acute alcohol consumption. (A) After 8 weeks of WT 
BM transplantation in WT mice and TLR3 KO mice, the chimerism of Kupffer cells, BM, or PBMCs was assessed by PCR. After 
confirmation of chimerism, the mice were fed E10d and underwent one-binge drinking (4 g/kg) (n = 5/group). (B) Serum levels of ALT, 
AST, TG, and TC were measured. (C) Liver sections were stained with H&E. Bar = 50 μm. (D,E) IL-17A–expressing T, Ly6G+CD11b+, 
and F4/80+CD11b+ cells of liver MNCs were analyzed by flow cytometry after chronic and binge EtOH consumption. (F) Liver MNCs 
were subjected to qRT-PCR analyses (three replicates). Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, compared with the 
corresponding control, based on unpaired t test between two groups and one-way ANOVA with Dunnett’s test for multiple comparison 
versus control. Abbreviations: AST, aspartate aminotransferase; E10d, a liquid EtOH diet for 10 days; H&E, hematoxylin and eosin; 
PBMC, peripheral blood MNC; TC, total cholesterol.
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hKCs (Fig. 7C). In parallel with gene expression, 
EtOH-Exo–treated hKCs recruited and interacted 
with cocultured human γδ T cells, leading to increased 
expression of IL17A in γδ T cells compared with that 
in c-cultured γδ T cells with Veh-Exo–treated hKCs 
(Fig. 7D). To test whether mtdsRNA might induce 
IL1B expression, hKCs were treated with EtOH-Exos 
in the presence or absence of RNase III. Increased 
IL1B expression by EtOH-Exos was decreased in 
hKCs after RNase III-mediated degradation of mtds-
RNA (Fig. 7E). In direct treatment with poly I:C, 

the expression of IL1B was remarkably increased in 
hKCs, along with others genes such as IL23A, CCL20, 
and NLRP3 (Fig. 7F). These findings suggested that 
EtOH-Exos stimulated IL1B expression of hKCs and 
their interaction with γδ T cells through the mtdsR-
NA-TLR3 signaling pathway. Collectively, these data 
suggested that EtOH-induced hepatic Exos contain 
dsRNA and can be delivered to Kupffer cells by endo-
cytosis, which augments IL-17A production of γδ T 
cells through dsRNA/TLR3-mediated IL-1β produc-
tion of Kupffer cells.

FIg. 7. mtdsRNA in Exos stimulates IL-1β production of human primary Kupffer cells. (A) In EtOH-treated human hepatocytes, 
expression of genes (PNPT1 and SUPV3L1) and expression of proteins (PNPase and SUV3) were assessed by qRT-PCR and western 
blotting, respectively (12, 24 hours). Bar = 20 μm. (B) Representative immunostaining of J2 antibody in Veh-treated and EtOH (100 mM)–
treated human primary hepatocyte (24 hours). dsRNA (arrowhead), bar = 10 μm. (C) Primary hKCs were treated with freshly isolated 
EtOH-EVs from primary human hepatocytes for 24 hours, and then gene expression was analyzed. (D) hKCs were coincubated with 
WT γδ T cells (white arrowhead) for an additional 4 hours after treatments with Veh-Exos and EtOH-Exos. (E) Primary hKCs (black 
arrowhead) were treated with Veh-Exos and EtOH-Exos in the absence and presence of RNase III (24 hours). (F) Primary hKCs were 
treated with poly I:C (50 μg/g) for 3 hours, and then they were subjected to qRT-PCR. Values and images represent the results from three 
experimental replicates. Data are expressed as the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, compared with the corresponding 
control, based on unpaired t test between two groups and one-way ANOVA with Dunnett test for multiple comparison versus control.
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eNRICHeD tRaNSCRIpt 
eXpReSSIoN oF 
MItoCHoNDRIal geNeS 
eNCoDeD By HeaVy aND lIgHt 
StRaNDS IN exos oF etoH-
tReateD HUMaN HepatoCyteS

Next, we investigated RNA contents in human 
hepatic EVs after EtOH treatment. Similar to obser-
vations in mice, observations in humans showed that 
RNA content was enriched in hepatic Exos compared 
with that of MVs, and RNA content was also signifi-
cantly increased in EtOH-Exos compared with that 
of Veh-Exos (Fig. 8A; Supporting Fig. S5A). Based 
on RNA sequencing analysis, chrM RNA was mainly 
increased in the total RNA reads of EtOH-Exos 
compared with that of Veh-Exos (Fig. 8B). In the top 
50 RNA reads, 84% of total reads (14 mitochondrial 
genes) was composed of chrM RNA in EtOH-Exos 
(Fig. 8C). In addition, RNA sequencing and qRT-
PCR analyses revealed that nearly all of the mitochon-
drial RNA and transcripts, including mitochondrially 
encoded reduced nicotinamide adenine dinucleotide 
(NADH) dehydrogenase (MT-ND 1, 3, 4, 4L, 5, 
and 6), cytochrome c oxidase (MT-CO1, MT-CO3), 
coenzyme Q-cytochrome c reductase/cytochrome b 
(MT-CYB), ATP synthase 6 (MT-ATP6), and trans-
fer RNA  (tRNA), were increased in EtOH-Exos 
compared with their levels in Veh-Exos (Fig. 8D;  
Supporting Fig. S5B). These transcripts origi-
nated from both heavy-stranded and light-stranded 
mtDNA, reflecting the presence of mtdsRNA within 
EtOH-Exos of human hepatocytes.

Discussion
In the present study, we clearly demonstrated that 

alcohol-associated stress in hepatocytes generates 
mtdsRNA and that exosomal delivery of mtdsRNA 
to TLR3 in Kupffer cells stimulates IL-1β production 
to augment innate IL-17A production of γδ T cells 
at the early stages of ALD, subsequently leading to 
IL-17A production in CD4+ T cells at the later stage 
of ALD. The mechanisms underlying the generation, 
delivery, and TLR3 activation of exosomal mtdsRNA 
are summarized in Fig. 8E.

Although EVs are known to deliver diverse cargos, 
including mtDNA, miRNA, lipids, and proteins,(7-10) 

the generation, delivery, and immunologic functions 
of dsRNA in EVs have not been clearly investigated 
in ALD. EtOH metabolism by alcohol dehydrogenase 
generates cytosolic NADH that is further oxidized by 
mitochondrial electron transport complexes I, III, and 
IV, resulting in mitochondrial ROS formation, which 
in turn induces inappropriate functions of mitochon-
dria through mtDNA strand breaks, oxidized mtDNA, 
and mtDNA depletion.(13,14) In fact, oxidized mtDNA 
by alcohol or high-fat diet consumption is delivered 
to neutrophils and macrophages in mice and humans 
through EV-mediated delivery, contributing to the ini-
tiation of inflammatory responses through TLR9 and 
NLRP3 inflammasome activation.(10,15,29,30) In con-
trast, in the present study, we demonstrated that EtOH-
mediated metabolic stresses generated mtdsRNA, and 
exosomal delivery of mtdsRNA stimulated IL-1β 
expression in WT Kupffer cells in a TLR3-dependent 
manner. Uniquely, individual mitochondrial ribosomal 
RNAs and mRNAs can be released and matured after 
excising 22 interspersed tRNAs from two polycistronic 
transcripts of heavy and light strands.(27) However, 
imbalanced turnover of polycistronic transcripts by 
loss of SUV3 and PNPase (encoded by SUPV3L1 and 
PNPT1 respectively) may cause accumulation of mtds-
RNA.(17,18). Accordingly, an interesting study examin-
ing the mitochondrial transcriptome reported that the 
ND5 3′ untranslated region is antisense to the ND6 
gene, suggesting stable antisense transcripts.(27) In 
our study, PNPase expression in hepatocytes was sig-
nificantly decreased by EtOH treatment in mice and 
humans, resulting in the generation and accumulation 
of mtdsRNA. Moreover, RNA sequencing analysis 
revealed that the expression of MT-ND5 and MT-ND6 
mRNAs was enriched in EtOH-Exos, where dsRNA 
was also detected by J2 antibodies; however, these find-
ings were not observed in Veh-Exos. Therefore, further 
studies are needed to elucidate the formation of dsRNA 
between of MT-ND5 and MT-ND6 mRNAs in Exos.

Limited information regarding the detailed features 
of mtdsRNA delivery to target cells is available, and 
in particular, the sensing mechanisms of mtdsRNA by 
pattern recognition receptors such as RIG-I, MDA5, 
or TLR3 are poorly understood.(21,22) A recent study 
demonstrated that mtdsRNA could engage cytoso-
lic MDA5 to trigger type 1 interferon production 
through mitochondrial antiviral signaling proteins 
within the same cytosol.(18) In our study, we could elu-
cidate the contribution of mtdsRNA in hepatocytes to 
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endosomal TLR3 of target Kupffer cells through exo-
somal delivery. Additionally, lines of evidence support 
our notion that diverse self ligands, including mRNA 

from necrotic cells, noncoding RNA from ultraviolet 
B–irradiated skin, and unknown self ligands of injured 
hepatocytes, stimulate TLR3 signaling in dendritic 

FIg. 8. RNA sequencing reveals increased mitochondrial RNA contents in Exos of EtOH-treated human hepatocytes. Human 
hepatocytes were treated with or without 100 mM EtOH for 24 hours, following which hepatic Exos were isolated from media. (A) 
Size distribution and total RNA content isolated from hepatic Exos were assessed by electrophoresis (three replicates). (B) Distribution 
of the mitochondrial gene transcripts from Veh-Exos RNA (left) or EtOH-Exos RNA (right) sequencing. (C,D) Distribution of the 
mitochondrial gene transcripts (chrM) in the top 50 RNAs from EtOH-Exo RNA sequencing and their relative expression compared 
with those of Veh-Exo RNAs. (D) Heavy (outer circle)–stranded and light (inner circle)–stranded location of increased mitochondrial 
gene transcripts (blue-colored arrow) from EtOH-Exo RNA sequencing. (E) Interaction mechanisms between mtdsRNA of hepatocytes 
and TLR3 in Kupffer cells mediated by Exos.
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cells, keratinocytes, and HSCs.(12,23,24) These data also 
suggest an explanation for the underlying cause of cer-
tain autoimmune diseases; self ligands such as mtds-
RNA may contribute to TLR3-mediated inflammatory 
disease. In contrast, some Exos limit the inappropri-
ate activation of RIG-I–like receptors by endogenous 
RNA to prevent autoimmune disorders.(31) In fact, the 
mitochondrion and its circular DNA originated from 
an ancient α-proteobacterium, and its components 
have recently been demonstrated to play important 
roles in host immune responses.(32) Given these con-
flicting data, it remains uncertain whether mitochon-
dria-derived immune responses were derived from self 
or nonself ligands. Further investigations are required 
to clarify this notion, as the activation of RNA sen-
sors is strictly regulated to avoid self-RNA–mediated 
autoimmunity. The next question is how captured 
mtdsRNA in Exos could be delivered to TLR3 in the 
endosomes of Kupffer cells. One study has provided 
evidence that circulating Exos were efficiently internal-
ized by Kupffer cells.(33) Diverse ligands present on the 
Exo surface are required to dock Exos to the surface 
of target cells. CD40L/CD40 interaction may con-
tribute to exosomal endocytosis in macrophages either 
directly or indirectly.(6,34) Interestingly, endocytosed 
Exo-endosome fusion has been reported in dendritic 
cells and hepatocytes in regard to presentation of allo-
antigen peptides and efficient transfer of interferon-α–
induced anti–hepatitis B virus activity.(33,35) Based 
on these findings, mtdsRNA might be transferred to 
TLR3 by fusion machinery. Regardless of this, further 
studies are necessary to unveil this mechanism.

Although the effects of IL-17 on ALD have been 
reported in mice and humans, the initial source of 
IL-17 and its production mechanism are not well 
understood in ALD, particularly in nonpathogen (e.g., 
DAMP)–mediated liver injury. Exosomal miRNA 
delivery or ligand-mediated stimulation of macro-
phages induces inflammatory responses by produc-
ing a number of cytokines such as IL-1β that further 
contribute to severe inflammation and steatosis in 
mice and patients with ALD.(6-9) Our results strongly 
indicate that mtdsRNA-mediated IL-1β production 
might be involved in the IL-17A production of γδ T 
cells in TLR3-dependent and Kupffer cell–dependent 
manners at the early stage of ALD; this subsequently 
affects IL-17A production by CD4+ T cells in chronic 
and acute EtOH ingestion. In response to IL-1β and 
IL-23, γδ T cells secrete innate IL-17 to promote 

T-helper 17 responses in autoimmune inflammation 
and chronic ALD.(2,11) Moreover, binge alcohol intake 
specifically induces the inhibition of TLR4 signaling by 
heat shock protein 70 and protein phosphatase 1 but 
does not inhibit the TLR3-IRF3 pathways in human 
monocytes.(36) Furthermore, chronic and acute EtOH 
ingestion increases liver injury through IRF3-induced 
apoptosis of restorative lymphocyte antigen 6 locus 
Clow macrophages.(37) However, the authors did not 
investigate which molecules activated TLR3 and IRF3 
signaling in macrophages after binge EtOH feeding. 
Here, we clearly demonstrated that generated mtds-
RNA in response to acute binge EtOH ingestion acti-
vated TLR3 in Kupffer cells through exosomal delivery.

In the current study, our findings demonstrate that 
EtOH exposure in hepatocytes induces the genera-
tion, enrichment, and release of mtdsRNA into Exos, 
ultimately triggering IL-1β production of neighbor-
ing Kupffer cells through mtdsRNA-mediated TLR3 
activation. Additionally, TLR3-mediated activation of 
Kupffer cells further leads to the recruitment of γδ T 
cells and their expression of IL-17A at the early stage 
of ALD. Therefore, our results suggest that mtdsRNA 
and TLR3 could serve as possible therapeutic targets 
to improve the treatment of ALD.
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