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Effective therapies for alcohol-associated liver disease (ALD) are
limited; therefore, the discovery of new therapeutic agents is
greatly warranted. Toll-like receptor 7 (TLR7) is a pattern recognition
receptor for single-stranded RNA, and its activation prevents liver
fibrosis. We examined liver and intestinal damage in T/r7~~ mice to
determine the role of TLR7 in ALD pathogenesis. In an alcoholic
hepatitis (AH) mouse model, hepatic steatosis, injury, and inflamma-
tion were induced by chronic binge ethanol feeding in mice, and
TIr7 deficiency exacerbated these effects. Because these results
demonstrated that endogenous TLR7 signaling activation is protec-
tive in the AH mouse model, we hypothesized that TLR7 activation
may be an effective therapeutic strategy for ALD. Therefore, we
investigated the therapeutic effect of TLR7 agonistic agent, 121, in
the AH mouse model. Oral administration of 121 was well tolerated
and prevented intestinal barrier disruption and bacterial transloca-
tion, which thus suppressed ethanol-induced hepatic injury, steato-
sis, and inflammation. Furthermore, 121 treatment up-regulated the
expression of antimicrobial peptides, Reg3b and Reg3g, in the intes-
tinal epithelium, which modulated the microbiome by decreasing
and increasing the amount of Bacteroides and Lactobacillus, respec-
tively. Additionally, 121 up-regulated intestinal interleukin (IL)-22
expression. IL-22 deficiency abolished the protective effects of 121
in ethanol-induced liver and intestinal damage, suggesting intesti-
nal IL-22 as a crucial mediator for 1Z1-mediated protection in the AH
mouse model. Collectively, our results indicate that TLR7 signaling
exerts protective effects in the AH mouse model and that a TLR7
ligand, 121, holds therapeutic potential for the treatment of AH.
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Icohol-associated liver disease (ALD) is caused by chronic
and excessive consumption of alcohol. The disease ranges
from alcohol-associated fatty liver to alcoholic hepatitis (AH), fi-
brosis, cirrhosis, and hepatocellular carcinoma (HCC) (1).
Alcohol-associated fatty liver is considered reversible and non-
progressive. Nearly 35% of heavy alcohol drinkers develop AH,
and up to 40% of severe AH patients die within 6 mo (2). AH
patients who survive may progress to alcohol-associated cirrhosis.
Treatment options for AH involve the use of corticosteroids and
have remained largely unchanged since the early 1970s. Unfortu-
nately, not all patients respond to corticosteroids, and the benefits
are temporary in responders (1, 2). Early liver transplant has been
shown to be superior to medical management for severe AH, but it
still has limitations and can only be considered in a highly selective
group of patients (1, 2). Thus, the identification of a better mo-
lecular therapeutic target for ALD is a significantly unmet medical
need for the development of effective therapies for AH.
Previous studies have demonstrated the involvement of Toll-
like receptors (TLRs), including TLR2, TLR4, and TLRY, in the
development of ALD (3-8). In addition to the direct effect of
alcohol and its metabolite, acetaldehyde, in hepatocytes, ethanol
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intake affects the function of the intestinal epithelial barrier.
Chronic alcohol consumption disrupts intestinal tight junction
integrity and increases gut permeability, resulting in elevated
bacterial lipopolysaccharide (LPS) concentrations in the portal
and systemic circulation (4). Translocated LPS activates resident
hepatic macrophages, known as Kupffer cells, via TLR4, thereby
promoting ALD (1, 2, 7, 8). Other TLRs, such as TLR2 and
TLRY, recognize gram-positive bacterial components and bac-
terial CpG-DNA, respectively (3, 4). Furthermore, TLR2, TLROY,
and MyD88 are required for the development of the preclinical
AH murine model (5), whereas TLR4 and TLR9Y exert protective
effects against intestinal inflammation (9, 10).

TLR7 signaling has been shown to be protective against liver
fibrosis in mice (11). Tl7~'~ mice exhibit augmented cholestasis
and carbon tetrachloride (CCly)-induced liver fibrosis (11). TLR7
signaling also induces IFN-a production in dendritic cells (DCs),
followed by interleukin (IL)-1 receptor antagonist (IL-1Ra) in-
duction in Kupffer cells. IL-1Ra suppresses IL-1-induced hepatic
stellate cell (HSC) activation, resulting in inhibition of liver fibrosis
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(11). Among the TLRs, TLR3 and TLR7 activation has been
reported to ameliorate some liver diseases (11, 12). However, a major
disadvantage of the currently available synthetic ligands for TLR3 and
TLR?7, such as poly I:C, imiquimod, and R848, is the excessive in-
duction of proinflammatory cytokines (3, 4). Thus, developing agents
without undesirable adverse effects is of great clinical interest.
IL-22 is a hepatoprotective cytokine produced by T helper
(Th) 17 cells, Th22 cells, y8 T cells, natural killer (NK) T cells,

and innate lymphoid cells (ILCs) (13). Exogenous administration
of IL-22 has a profound effect on tissue repair following liver
injury via the promotion of proliferation and inhibition of apo-
ptosis in hepatocytes of mouse models of AH (14), liver fibrosis,
and drug- and LPS-induced liver injury. Also, IL-22 promotes
tissue repair in the intestines and is protective against intestinal
epithelial damage and inflammation (13). These findings suggest
that IL-22 may suppress ALD via the maintenance of intestinal

* . e Isolated liver cells
N | BH 25 C - O Pair
—_ o —_
3 2 e ?r 2 g B EtOH
= < =
L 6 -
% 1.5] % 1.5 % :
E 1 E a4 £ 4
Y 2 osl z
B 0.5 g 3
0 0 0
&£
N Pair EtOH ¥ & o &
‘2‘0 \CP 'E’Q Q %0 00
R
o
D Owr Bnr7~ E
5.4 W 12[ e
aoof [ T3 St [T
g S 8
= 200 £ .
H [=]
z Q4
100 )
s 2 :
Pair EtOH 0 Pair EtoH EtOH-WT EtOH-TLR7*
Fg 80 - * G QOil Red O staining & 20 |—||—|
13 ﬁ 2 g
‘2 60 g 15
£ 40 S 10
H :
£ 2 = 5
3
oLLE & .
B EgH] Pair EtOH
H g o o S e _—
=) ) =)
S s g 10 r 2 2 r
s 2 ° g 15
S 4 E s 10
& = 4 3
F 2 4 2 -5
0 0 0 .
Pair EtOH Pair  EtOH Pair EtOH
I J =) n.s. =) —
= 15 X 33— 3 11.2
€ 11l s | = s
< 10 n.s. x 2 QE: 0.8
E 3 e 06
T 05 o 1 2 04
Q g g 02
5} =5
0 T o 0 e
Pair  EtOH Pair EtOH

EtOH

Pair

Fig. 1. TIr7~~ mice were susceptible to alcohol-induced fatty liver and liver injury. (A) Hepatic TLR7 mRNA expression in AH patients (GSE28619; 15 AH
patients, nine healthy controls). (B) Hepatic TLR7 mRNA expression in mice after chronic binge ethanol feeding (n = 6 to 10). (C) TLR7 mRNA expression in
primary Kupffer cells, pDCs, B cells, HSCs, and hepatocytes isolated from pair- and ethanol-containing diet-fed mice (n = 4/cell type). (D-H) Wild-type and
TIr7~'~ mice were subjected to chronic binge ethanol feeding (n = 6 to 14/group). (D) Serum ALT levels. (E) Quantification of M30-positive hepatocytes (Left).
Representative images of M30 staining (Right). (Scale bar, 50 pm.) (F) Liver triglyceride levels. (G) Representative images of Oil Red O staining (Left). (Scale bar
50 um.) Quantification of Oil Red O-positive area (Right). (H) qRT-PCR assays for TNFq, IL-1B, and IL-6 mRNA expression. (/) ZO-1 mRNA expression (n = 7, each).
(J) Hepatic 16S rRNA levels (n = 7, each). (K) TLR7 expression in LPLs isolated from the small intestines of ethanol-fed mice (n = 9 to 11). Data are presented as
the mean + SEM *P < 0.05, **P < 0.01. Two-tailed Student'’s t test (A-C and K); one-way ANOVA with Tukey’s post hoc analysis (D-J). n.s., not significant.
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barrier function, thereby preventing increased intestinal perme-
ability and bacterial translocation due to intestine-derived micro-
bial products that promote ethanol-induced liver injury (15, 16).

Here, we have developed a synthetic TLR7 ligand, 171, that
possesses antiinflammatory effects via IL-22 induction and that is
devoid of systemic toxicity after oral administration (17-19).
Treatment with 1Z1 has already been reported to be effective for
allergic encephalomyelitis, arthritis, dextran sodium sulfate (DSS)-
induced colitis, and type I diabetes in mice (17-20). We hypoth-
esize that targeting TLR7 activation may be an effective treatment
strategy for ALD. Our experimental results demonstrate that 171
oral administration inhibits ethanol-induced liver and intestinal
damage and that these beneficial effects are due to intestinal IL-22
induction in an AH murine model.

Results

TIr7~'~ Mice Exhibited Exacerbated Hepatic Steatosis and Injury in an
Alcoholic Hepatitis Murine Model. To validate the role of TLR7
signaling in ALD, we first investigated hepatic TLR7 expression
during ALD in humans and mice. TLR7 mRNA expression was
significantly increased in the liver tissues of AH patients (GSE28619)
(21) as well as those of the AH murine model (Fig. 1 A and B). We
next investigated the cell type responsible for the elevated expression
of hepatic TLR7. TLR7 was predominantly expressed in Kupffer
cells, plasmacytoid dendritic cells (pDCs), and B cells, but not he-
patocytes or HSCs. Furthermore, it was dramatically up-regulated in
the pDCs and B cells of the AH murine model (Fig. 1C).

To elucidate the functional role of TLR7 in ALD, wild-type (WT)
and TIr7~'~ mice were subjected to chronic binge ethanol feeding, as
a murine model of AH. Chronic binge ethanol feeding induced
hepatocyte damage and hepatic steatosis, which were demonstrated
by increased levels of serum alanine aminotransferase (ALT), ap-
optotic hepatocytes, hepatic triglycerides, and lipid droplets (Fig.
1 D-G). The expression of hepatic proinflammatory cytokines, such
as TNF-a, IL-1f, and IL-6, was also increased in ethanol-fed WT
mice (Fig. 1H). Intriguingly, 77"~ mice exhibited a higher degree
of hepatocyte injury, fat accumulation, apoptosis, and inflammatory
cytokine expression compared with WT mice (Fig. 1 D-H). These
results suggest that endogenous TLR7 expression is protective
against alcohol-induced inflammation, injury, and steatosis in
the liver.

TLR7 Agonistic miRNAs Were Contained in Extracellular Vesicles and
Induced Antiinflammatory Response. Because intrinsic TLR7 sig-
naling plays a protective role in ALD (Fig. 1), TLR7 could be
activated by endogenous ligands. As previous studies reported that
GU-rich microRNAs (miRNAs) could be endogenous ligands for
TLR7 (22, 23), we examined the levels of miR-21a and miR-29a in
the extracellular vesicle (EV) released from hepatocytes (24) and in
the serum. The levels of miR-21a and miR-29a were elevated in the
EVs from hepatocytes (24) and in the serum after ethanol treat-
ment (SI Appendix, Fig. S1 A and B). These miRNAs up-regulated
antiinflammatory IL-10, but not proinflammatory TNFa in WT
Kupffer cells and pDCs (SI Appendix, Fig. S1 C and D), whereas
these miRNAs did not up-regulate 1L-10 in 77~ cells. These
results suggest that the specific miRNAs activate TLR7 signaling,
and induce antiinflammatory response, which could be associated
with the protective effect of hepatic TLR7 signaling in ALD.

Excessive Ethanol Consumption Suppressed TLR7 Expression in the
Intestines. Ethanol consumption damages the intestinal epithe-
lial barrier and can lead to the translocation of bacteria or bac-
terial components to the liver, thus contributing to liver injury (3,
4). Therefore, we investigated whether the adverse effects of Tlr7
deficiency were associated with intestinal epithelial barrier dys-
function and bacterial translocation to the liver. We examined the
effect of alcohol consumption on the expression of tight junction
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molecule zonulin-1 (ZO-1) in the intestinal epithelium and de-
tection of bacterial 16S rRNA in the liver, as a marker of bacterial
translocation due to increased intestinal permeability. Consistent
with previous studies (25), intestinal ZO-1 expression was reduced
and hepatic bacterial 16S rRNA levels were increased in ethanol-
fed WT mice compared with controls (Fig. 1 I and J and SI Ap-
pendix, Fig. SIE). Both control and ethanol-fed 777~ mice
exhibited significantly decreased intestinal ZO-1 expression and
increased hepatic bacterial 16S rRNA levels compared with WT
control mice (Fig. 1 I and J and SI Appendix, Fig. S1E). Notably,
intestinal ZO-1 expression and hepatic bacterial 16S rRNA levels
were not significantly changed between the ethanol-fed WT and
Tlr7~'~ mice (Fig. 1 I and J and SI Appendix, Fig. S1E). Intrigu-
ingly, TLR7 expression in lamina propria lymphocytes (LPLs) of
the small intestine was dramatically decreased (Fig. 1K). These
results suggest that decreased intestinal TLR7 expression due to
excessive alcohol consumption may be sufficient to disrupt the
intestinal epithelial barrier and result in bacterial translocation;
therefore, further significant changes were not observed in re-
sponse to TLR7 deficiency. The underlying mechanism of the
intestinal damage due to reduced TLR7 expression was thus
further investigated.

A TLR7 Agonist, 121, Had a Low Proinflammatory Property and
Counteracted TLR9 Signaling. Because intrinsic TLR7 activation
protected against alcohol-induced liver injury (Fig. 1), we pos-
tulated that exogenous TLR7 activation may be an effective ther-
apeutic approach for ALD. Therefore, we evaluated the effects of
a synthetic TLR7 ligand, 171, which we developed via conjugation
to a 6-polyethylene glycol (PEG) chain (SI Appendix, Fig. S24), in
Kupffer cells and pDCs that express TLR7. We compared the
effects of 171 to those of a commonly used TLR7/8 agonist, R848.
Although standard concentrations of R848 induced high proin-
flammatory cytokine expression, a 10 times higher concentration of
171 did not up-regulate proinflammatory cytokines (SI Appendix,
Fig. S2B). Moreover, 171 up-regulated IL-10, PD-L1, and IRAK-
M antiinflammatory molecules in liver macrophages; however, this
effect was not observed in 7™ cells, indicating that the 1Z1-
induced up-regulation of antiinflammatory molecules was medi-
ated through TLR7 (SI Appendix, Fig. S2C). In addition, 1Z1
inhibited the expression of proinflammatory cytokines induced by
CpG-DNA (SI Appendix, Fig. S2D). These in vitro results suggest
that 1Z1 may be a safer therapeutic agent than R848 and has an
antiinflammatory property that inhibits TLRO signaling, which is an
essential pathway for the promotion of ALD (5).

Systemic Administration of 1Z1 Inhibited Alcohol-Induced Hepatic
Steatosis and Injury. Because 171 exerted antiinflammatory ef-
fects on immune cells (SI Appendix, Fig. S2), we investigated its
therapeutic potential in ALD development. Mice subjected to
chronic binge ethanol feeding were treated with a subcutaneous
(s.c.) injection of 1Z1 (SI Appendix, Fig. S34). Vehicle-treated
ethanol-diet-fed mice showed increased serum ALT levels, he-
patocyte apoptosis, hepatic triglyceride levels, and accumulation
of lipid droplets, whereas the s.c. injection of 1Z1 had reduced
hepatic injury and fat accumulation induced by the ethanol-
containing diet (SI Appendix, Fig. S3 B-E), indicating that the
systemic administration of 1Z1 protected mice from ethanol-
induced hepatic steatosis and injury.

Oral Ingestion of 121 Protected Against Alcohol-Induced Fatty Liver
and Liver Injury. After the validation of the systemic effect of 171,
we examined the effect of 1Z1 via an oral route for consideration
of future drug development. Mice were subjected to chronic
binge ethanol feeding for 6 d to initiate ALD development. Mice
were then divided into two groups and ethanol feeding was
continued for progression to AH. One group was administered
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vehicle and the other was treated daily with 1Z1 (1 pmol) for an
additional 8 d while ethanol feeding was continued (SI Appendir,
Fig. S44). In vehicle-treated mice, ethanol feeding resulted in
increased lipid droplets within the cytoplasm of hepatocytes,
elevated hepatic triglyceride and serum ALT levels, and increased
expression of hepatic TNF-a and IL-18 mRNA, indicating hepatic
fat deposition, hepatocyte injury, and liver inflammation (Fig.
2 A-F). In contrast, 1Z1-treated mice exhibited a lesser extent of
ethanol-induced hepatic fat deposition, injury, and inflammation.
These results suggest that orally administered 121 has beneficial
effects in this AH mouse model. Of note, pharmacokinetic anal-
ysis showed that orally administered 1Z1 (1 pmol) was not
absorbed into systemic circulation when compared with iv. in-
jection (SI Appendix, Fig. S4B), suggesting that the effect of oral
171 ingestion on ALD may be independent of its direct effect on
the liver. We also confirmed that oral administration of 171 did
not cause body weight changes (SI Appendix, Fig. S4C), demon-
strating that it is well tolerated.

Oral Ingestion of 121 Prevented Alcohol-Mediated Disruption of Gut
Tight Junctions, Bacterial Translocation, and Bacterial Overgrowth.
Because little absorption of 1Z1 was observed via the oral route
(8I Appendix, Fig. S4B), we postulated that the protective
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mechanism of oral 1Z1 treatment against alcohol-induced liver
injury may be due its local effects in the intestines, including the
inhibition of gut epithelial damage, tight junction disruption, and
bacterial translocation. Indeed, oral 1Z1 treatment inhibited
ethanol-mediated ZO-1 reduction (Fig. 3 A and B). Further-
more, ethanol suppressed the physiological proliferation of in-
testinal epithelial cells, which was shown by proliferating cell
nuclear antigen (PCNA) expression. However, 1Z1 treatment
preserved the intestinal epithelial cell proliferation (Fig. 3C).
Moreover, 171 treatment reduced the ethanol-induced levels of
bacterial 16S rRNA in the liver (Fig. 3D). Also, ethanol sup-
pressed the expression of antimicrobial peptides, Reg3b, Reg3g,
and a-defensin (Fig. 3E), and this effect was again mitigated by
171 treatment (Fig. 3E). Consistently, 1Z1 also affected the gut
bacterial composition by increasing the relative abundance of
beneficial Lactobacillus and reducing that of Bacteroides
(Fig. 3F). These findings suggest that intestinal TLR7 signaling
activation via oral administration of 1Z1 ameliorates ethanol-
induced intestinal epithelial damage and facilitates epithelial
proliferation, which maintains the function of the intestinal ep-
ithelial barrier and subsequently prevents the translocation of
gut bacterial products to the liver. Moreover, 171 treatment
increases the amount of beneficial Lactobacillus in the intestines,
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Fig. 2. Oral administration of 1Z1 mitigated alcohol-induced fatty liver and liver injury. Mice undergoing chronic binge ethanol feeding were treated with
1Z1 (1 pmol/mouse) for the last 8 d (n = 7/group). (A and B) Representative images of Oil Red O staining (A) and hematoxylin and eosin staining (B). (Scale bar,
50 pm.) (C) Quantification of Oil Red O-positive area. (D) Liver triglyceride levels. (E) Serum ALT levels. (F) qRT-PCR assays for TNFa and IL-1p mRNA expression.
Data are presented as the mean + SEM *P < 0.05, **P < 0.01. One-way ANOVA with Tukey’s post hoc analysis (C—F).
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Fig. 3. Oral administration of 121 ameliorated alcohol-induced intestinal barrier dysfunction and bacterial translocation. Mice undergoing chronic binge
ethanol feeding were treated with 1Z1 (1 umol/mouse) for the last 8 d (n = 4 to 9/group). (A) Representative immunofluorescence staining images for ZO-1 in the
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Representative images of staining for PCNA in the small intestines. (Scale bar, 50 um.) (D) Hepatic 16S rRNA levels. (E) gRT-PCR assays for intestinal Reg3b, Reg3g,
and a-defensin mRNA expression. (F) Fecal samples were collected and 16S rRNA sequences were analyzed. The graph demonstrates the relative abundance of
each genus. Data are presented as the mean + SEM *P < 0.05, **P < 0.01. One-way ANOVA with Tukey’s post hoc analysis (B and D-E).

which is likely mediated through the induction of antimicrobial
peptides (26).

Oral Ingestion of 1Z1 Contributed to the Induction of IL-22 and
Antimicrobial Peptides in the Intestines. Next, we explored the
underlying mechanism of the TLR7-mediated protection against
alcohol-induced alterations in the intestines. IL-22 has prolifer-
ative, antiapoptotic, and antimicrobial effects in various experi-
mental models, and it is also induced by TLR7 signaling (27-29).
We hypothesized that TLR7-mediated IL-22 expression may have
protective effects on the function of the intestinal epithelial barrier.
IL-22 was expressed in intestinal immune cells, including LPLs, and
ethanol ingestion dramatically reduced its expression (Fig. 4 4 and
B). However, 171 treatment increased the IL-22 expression in
LPLs both in vivo and in vitro (Fig. 4 A-C). The flow cytometry
(FACS) analysis revealed that the dominant IL-22-producing cells
in the naive intestine are the RORyt*CD3~ lymphocyte subset,
which includes innate lymphoid cell type 3 (ILC3), whereas after
oral 1Z1 treatment the cells expressing RORyt, CD3, and/or CD4,
such as Th17/22 cells and yd T cells, also produce IL-22 (SI Ap-
pendix, Fig. S5). To test whether IL-22 was responsible for the gut
phenotype of 1Z1-treated mice (30), ethanol-fed WT and 11227/~
mice were treated with vehicle or 1Z1. The beneficial effects of 121
were not observed in the /1227~ mice, as no changes were detected
in the expression of antimicrobial peptides, gut bacterial composi-
tion, bacterial translocation, or tight junction molecule (Fig. 4 D-G
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and SI Appendix, Fig. S6). These results suggest that intestinal IL-22
up-regulation is responsible for the beneficial effects of 1Z1 on the
gut bacterial composition and against bacterial translocation.

IL-22 Was Crucial for the Inhibition of Alcohol-Mediated Steatohepatitis
by 1Z1. Lastly, we wanted to know whether 1L-22 was indeed
crucial for the 1Z1-mediated protection against alcohol-induced
hepatic steatosis and injury. Compared with WT mice, 11227/~
mice displayed slightly higher degrees of hepatic steatosis without
a significant increase in serum ALT levels (Fig. 4 H-K). Although
our previous results showed that 1Z1 treatment suppressed he-
patic steatosis and injury in WT mice, 1Z1 treatment did not have
any therapeutic effects in the /1227~ mice (Fig. 4 H-K). Collec-
tively, these results suggest that the therapeutic effects of 1Z1 for
alcohol-induced steatohepatitis are mediated through IL-22.
Furthermore, the 1Z1-mediated effects on the liver may be sec-
ondary to the protective effects of intestinal IL-22 against gut
damage and bacterial translocation.

Discussion

The development and validation of novel, effective therapeutic
agents for the treatment of severe AH are critically needed because
the current treatments are limited to corticosteroids and liver
transplantation. Corticosteroids are potent antiinflammatory agents
with unfavorable side effects, including increased risk of infection.
Liver transplantation is only considered in a highly selective group
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mice. (A) /l-22 promoter-driven tdTomato reporter mice undergoing chronic binge ethanol feeding

were treated with 121 (1 pmol/mouse) for the last 8 d. Representative fluorescence images. (Scale bar, 50 um.) (B) IL-22 mRNA expression in LPLs isolated from the
small intestines of ethanol-fed mice (n = 3 to 4, each). (C) IL-22 mRNA expression in LPLs treated with 121 (5 uM) for 16 h (n = 3 to 4, each). (D-J) Wild-type and 11-227"-
mice undergoing chronic binge ethanol feeding were treated with 121 (1 pmol/mouse) for the last 8 d (n = 6 to 9/group). (D) qRT-PCR assays for intestinal Reg3b and
Reg3g mRNA expression. (E) Fecal samples were collected and 16S rRNA sequences were analyzed. The graph demonstrates the relative abundance of each genus. (F)
Hepatic 16S rDNA levels. (G) ZO-1 mRNA expression. (H) Serum ALT levels. (/) Liver triglyceride levels. (J) Quantification of the Oil Red O-positive area. (K) Repre-
sentative images of Oil Red O staining. (Scale bar, 50 pm.) *P < 0.05, **P < 0.01. One-way ANOVA with Tukey's post hoc analysis (B-D, F, and J). n.s., not significant.

of patients, and the limited availability of donor livers, high
cost, and need for life-long immunosuppressants remain as
significant concerns. Here, we have demonstrated that endog-
enous TLR7 signaling intrinsically inhibits the development of
ALD and that exogenous TLR7 activation by oral administra-
tion of a synthetic TLR7 ligand, 171, inhibits the development
of AH in mice. Mechanistically, we found that intestinal IL-22
expression is required for the 1Z1-mediated protective effects
against AH. Because IL-22 has been proposed as a therapeutic
agent for AH and is currently being tested in clinical trials (31,
32), 171 may also be an attractive agent that induces IL-22 for
the treatment of AH.
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TLR7 is mainly expressed in immune cells, such as macrophages,
DCs, and B cells. TLR7 has been implicated in the promotion of
some autoimmune diseases, including plaque psoriasis, systemic
lupus erythematosus, and autoimmune cholangitis (33-35). How-
ever, TLR7 plays beneficial roles in other diseases. For instance, in
cancer immunotherapy, TLR7 activation inhibits cancer growth by
enhancing myeloid cell presentation of cancer antigens in the tu-
mor microenvironment and tumor-specific T cell-dependent can-
cer cytotoxicity (36). Additionally, in viral infections, TLR7
activation induces type I IFN production, which enhances Th1 and
cytotoxic T cell responses (37). TLR7 signaling also inhibits the
progression of liver fibrosis and nonalcoholic fatty liver disease in
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mice (11, 38). The 1Z1 molecule was designed to maximize the
tissue protective effects of TLR7 signaling, while avoiding systemic
toxicity due to inflammatory cytokine release. Consistent with this
pharmacological profile, our previous studies showed that 171
treatment prevented the development of allergic encephalomyeli-
tis, arthritis, DSS-induced colitis, and diabetes in mice (17, 18, 20).

In the present study, we found that hepatic TLR7 expression is
up-regulated in patients with AH and in an AH murine model,
indicating that excessive alcohol consumption enhances TLR7
expression in the liver. However, because Tlr7~'~ mice display
exacerbated alcohol-induced hepatic steatosis, injury, and in-
flammation compared with WT mice, it is conceivable that he-
patic TLR7 signaling serves as a compensatory response and
suppresses alcohol-induced liver inflammation. Activation of
TLR7 signaling in Kupffer cells and pDCs induces the produc-
tion of antiinflammatory IL-10 and IFN-a (11). IL-10 is a well-
known antiinflammatory cytokine, and genetic deficiency of the
type I IFN receptor causes augmented alcohol-induced liver in-
jury in mice (6). Therefore, the decreased expression of IFN-a
may be an underlying mechanism of the exacerbated hepatic
inflammation and injury observed in the 707/~ mice (11). In
ALD, TLR7 signaling could be activated endogenously. Micro-
RNAs are single-stranded RNAs that can be natural ligands for
TLR7. Among microRNAs, GU-rich miRNAs, such as miR-21a
and miR-29a, exhibit TLR7 agonistic effects (22, 23). These
miRNAs induce IL-10 expression in Kupffer cells and pDCs.
Moreover, primary hepatocytes that are exposed to ethanol re-
lease EVs in which these miRNAs are contained. EVs act as a
vehicle to transfer their cargo to target cells. EVs transfer
hepatocyte-derived miRNAs to immune cells to regulate immune
functions. Through phagocytosis or endocytosis machinery, EVs
can deliver miRNAs intercellularly and engage to intracellular
TLR?7 to induce antiinflammatory response, negatively controlling
the development of ALD. Our findings also indicate another
potential mechanism of alcohol-induced liver injury associated
with lowered TLR7 expression in the intestines, which may be due
to an increased translocation of bacterial products, such as LPS
and bacterial CpG-DNA, from the intestines to the liver.

Our study demonstrates the effective treatment of mice via
systemic as well as oral administrations of 1Z1 for AH. Of note,
orally administered 1Z1 does not enter the systemic circulation.
Although some of the drug may have passed through the alcohol-
damaged epithelial barrier of the intestines, the data are con-
sistent with the interpretation that the intestines are the site of
the orally administered 1Z1-mediated protection against AH. Oral
171 treatment also maintains the expression of ZO-1 and PCNA
after ethanol feeding, suggesting that 171 is capable of stimulating
the repair and regeneration of the damaged intestinal barrier,
which in turn may prevent the translocation of intestinal bacterial
products to the liver (SI Appendix, Fig. S7). Moreover, oral 171
treatment increases the expression of antimicrobial peptides, which
likely affect the gut bacterial composition, thus increasing the
amount of beneficial Lactobacillus and reducing that of Bacteroides
(SI Appendix, Fig. S7) (26). Mechanistically, we determined that
intestinal IL-22 is responsible for the 1Z1-mediated tissue protec-
tion in the liver and intestines (SI Appendix, Fig. S7). IL-22 is an IL-
10 family member cytokine that has protective and regenerative
functions in tissues as well as antiapoptotic and antiinflammatory
properties. IL-22 is produced by Th17 cells, Th22 cells, yd T cells,
NKT cells, and ILC3s (13). Our FACS analysis suggested that
ILC3, Th17 cells, Th22 cells, and y8 T cells are the major sources of
IL-22. Upon 171 treatment, the CD3-expressing T cells produced
more IL-22 (SI Appendix, Fig. S5), suggesting that Th17 cells, Th22
cells, and y8 T cells could be the major IL-22-producing cells in
response to 1Z1. Previous studies have demonstrated that hepatic
IL-22 is not endogenously up-regulated in AH and liver fibrosis
mouse models (31, 39, 40). In contrast, exogenous administration
of IL-22 has a profound effect on tissue repair following liver injury
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via the promotion of proliferation and inhibition of apoptosis in the
hepatocytes of AH, nonalcoholic steatohepatitis, liver fibrosis, and
acute-on-chronic liver failure mouse models (31, 39-42).

In the intestines, IL-22 contributes to epithelial cell regener-
ation and antimicrobial peptide production (30, 43). Indeed, the
1Z1-induced tissue protection in the liver and intestines is lost in
11227~ mice along with the induction of intestinal antimicrobial
peptides and the beneficial changes to the gut bacterial com-
position. In particular, intestinal Reg3g expression is associated
with an increased amount of Lactobacilli (26), but this is not
observed in the 11227~ mice. The protective role of IL-22 has
been previously described in preclinical studies using various
experimental hepatitis animal models (31). IL-22 has recently
been studied in an open-label clinical trial for AH treatment and
has shown promising results (32). Additionally, IL-22-mediated
signaling has been reported to prevent Clostridioides difficile in-
fection, which is a life-threatening condition in hospitalized pa-
tients (44, 45). Thus, because IL-22 increases the amount of
Lactobacilli that is associated with Reg3g expression and because
it prevents C. difficile infection (46), it is conceivable that 1Z1-
induced IL-22 may also be beneficial for the treatment of re-
current C. difficile infections and other intestinal diseases in
which IL-22 induction is beneficial. Notably, 121 may be a more
cost-effective therapy than recombinant IL-22 because 171 is a
small water-soluble molecule that can be synthesized and for-
mulated at a much lower cost than recombinant proteins.

The limitation of this study is that TLR7 activation may pro-
mote some liver diseases, including primary sclerosing chol-
angitis (47). However, 171 has antiinflammatory properties and
does not cause the production of proinflammatory cytokines,
even when given systemically. These properties may help avoid
the unfavorable side effects that are seen with other synthetic
TLR?7 ligands, and 1Z1 may also effectively treat primary scle-
rosing cholangitis, similar to ALD. However, further investiga-
tions are warranted to address this possibility.

Our collective data provide evidence that targeting TLR7 and
IL-22 with an oral agent may be an effective therapeutic approach
for AH. Because the mortality of severe AH is very high and no
effective therapies exist beyond alcohol abstinence and liver
transplantation, exogenous TLR7 activation by 171 may be a safe
and effective therapeutic option for AH as well as other liver and
enteric diseases; however, further investigation is warranted.

Materials and Methods

Mice. C57BL/6 WT and /227~ mice (no. 027524) were purchased from The
Jackson Laboratory. The TIr7~'~ mice were originally provided by S. Akira,
Osaka University, Osaka, Japan. Mice were backcrossed at least 10 generations
with the C57BL/6 background. For AH induction in the mice, we followed a
previously published protocol for the chronic-binge ethanol-feeding model with
slight modifications (48). Briefly, female mice were fed a control liquid diet ad
libitum for the first 5 d as an acclimatization step. The mice were subsequently
fed a Lieber-DeCarli diet (Bio-Serv) containing 5 to 6% ethanol (vol/vol) for 10 or
14 d. In the morning on the 11th or 15th day, mice received a single dose of
ethanol (5 g/kg of bodyweight) and were killed 9 h later. Each experiment in-
cluded six to eight mice/group. For some experiments, a synthetic TLR7 ligand
121 was orally administered at the dose of 1 pmol/mouse once daily from the 7th
to the 14th day of ethanol feeding, or s.c. injected at the dose of 0.4 pmol/mouse
once daily throughout the ethanol-feeding period. The mice received humane
care according to the National Institutes of Health recommendations outlined in
the Guide for the Care and Use of Laboratory Animals (49). All animal experi-
ments were approved by the Institutional Animal Care and Use Committees of
Cedars-Sinai Medical Center and the University of California, San Diego.

Human Data Analysis. For the analysis of TLR7 mRNA expression in human
livers, the GSE28619 dataset (15 AH patients, nine healthy controls) was
analyzed using R software (21).

Histological Analysis. Formalin-fixed, paraffin-embedded liver tissues were
used. For immunohistochemical analysis, tissues were deparaffinized and
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rehydrated, and then endogenous peroxidase was blocked and antigen re-
trieval was performed. After blocking, sections were incubated with primary
antibodies against cleaved cytokeratin 18 (clone M30; #12140322001, Sigma) or
PCNA (#307902, BioLegend). Secondary antibodies were used. The number of
M30-positive cells was counted from 8 to 10 randomly selected fields per slide at
a magnification of 100x using ImagelJ software (https:/imagej.nih.gov/ij). Neu-
tral lipids were analyzed by Oil Red O staining. The Oil Red O-positive area was
evaluated from 10 randomly selected fields per slide at a magnification of 200x.

Immunofluorescence Staining. For ZO-1 staining, small intestine sections were
incubated with ZO-1 antibody (1:100, #216880, Abcam), followed by Alexa
Fluor 594-conjugated goat anti-rabbit IgG (1:200, Thermo Fisher). Imaging
analyses were performed using a Zeiss LSM800 inverted microscope and Axio
Imager Z2m confocal system or a Keyence BZ-X710 fluorescence microscope.

Bacterial DNA Isolation and qPCR for 16S rRNA. Genomic DNA was isolated
from livers using the QlAamp DNA Mini Kit (51306, Qiagen). The qPCR value
of the 16S rRNA was normalized to that of the host 185 rRNA.
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Statistical Analysis. Statistical significance was assessed using GraphPad Prism
8.01 software (GraphPad Software). Differences between two groups were
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Tukey’s post hoc analysis. P values <0.05 were considered statistically
significant.

Data Availability. The 16S sequence data have been deposited in NCBI
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