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RESEARCH ARTICLE

Blockade of IL-17 signaling reverses
alcohol-induced liver injury and excessive
alcohol drinking in mice
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Chronic alcohol abuse has a detrimental effect on the brain and liver. There is no effective treatment
for these patients, and the mechanism underlying alcohol addiction and consequent alcohol-
induced damage of the liver/brain axis remains unresolved. \We compared experimental models
of alcoholic liver disease (ALD) and alcohol dependence in mice and demonstrated that genetic
ablation of IL-17 receptor A (IL-17ra”/") or pharmacological blockade of IL-17 signaling effectively
suppressed the increased voluntary alcohol drinking in alcohol-dependent mice and blocked
alcohol-induced hepatocellular and neurological damage. The level of circulating IL-17A positively
correlated with the alcohol use in excessive drinkers and was further increased in patients with
ALD as compared with healthy individuals. Our data suggest that IL-17A is a common mediator of
excessive alcohol consumption and alcohol-induced liver/brain injury, and targeting IL-17A may
provide a novel strategy for treatment of alcohol-induced pathology.

Introduction

Alcohol use disorder is a chronic, relapsing disorder manifested by repetitive and compulsive consump-
tion of alcohol, followed by a dysregulated emotional state during abstinence (1). The central nervous
system (CNS) is a major target of chronic alcohol toxicity, which can lead to a range of complications
with progressive neurocognitive disorders and brain pathologies, characterized by neuroinflammation,
neuronal apoptosis, and reactive astrogliosis (2). Patients addicted to alcohol often develop alcoholic
liver disease (ALD), which progresses from steatosis to steatohepatitis and cirrhosis (3). Loss of detoxi-
fying functions in the alcohol-damaged liver results in release of hepatotoxins and microbial metabolites
into circulation and development of systemic inflammation (4) that further increases permeability of the
blood-brain barrier (BBB), facilitates alcohol-induced brain injury (5), and as a result, may perpetuate
and promote the addictive behavior. However, no common underlying mechanism for alcohol-induced
liver/brain injury and alcohol addiction has been identified.
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Table 1. Histopathological comparison of livers from mice with acute or chronic ASH, or IG alcohol feeding-induced liver fibrosis

ALD stages

Experimental models

Serum alcohol, mg/dL

Body weight (g)
Biochemical parameters

Serum ALT (IU/L)

Live triglycerides (nmol/gL)
Pathological scores

Steatosis grade

Steatosis %

Lobular inflammation grade

Portal inflammation grade

Fibrosis stage
Histological parameters

H&E, lipid area (%)

Sirius red area (%)

F4/80" area (%)

Acute ASH Chronic ASH Alcoholic liver fibrosis
Lieber-DeCarli + 1 binge Lieber-DeCarli + weekly binge 1G alcohol feeding
370+10 437 + 23 471+12
19.9+1.2 25.8+2.3 205 & 2.7
110 + 32 121+ 30 215 + 51
73+54 94 +10.3 151+ 11.2
0 1-2 3
0 28+7 75+7
1 1-2 1-3
0 0 0-2
0 0-1 2-3
45+1.2 6.3+21 21.5+7.8
1.2+04 3.9+0.9 5.6+0.7
6.9+1.2 72+04 13.5+3

WT mice (male C57BL/6, 8 weeks old, n = 7-10/group, 2-3 independent experiments per model of alcohol-induced liver injury) were subjected to acute ASH,
chronic ASH, and IG alcohol feeding-induced liver fibrosis and compared with pair-fed (control) mice (n = 3-6/model). Hepatic liver injury was graded by a
pathologist based on histopathology (H&E, Sirius red, and anti-F4/80* staining); biochemical parameters were analyzed (vs. corresponding pair-fed control
mice). One-way ordinary ANOVA for multiple comparisons was applied.

IL-17A is produced mainly by CD4* Th17 cells and signals through the ubiquitously expressed receptor
IL-17RA (6). Expression of IL-17RA is upregulated in IL-17-responsive tissues, including liver (7) and brain
(8). Differentiation of ThO naive cells into Th17 cells is triggered by TGF-f1 and IL-6 (9) (the cytokines that also
drive development of liver fibrosis; ref. 10) and requires activation of transcription factor retinoic acid receptor—
related orphan nuclear receptor yt (RORyt, which regulates the development of Th17 cells, yd T cells, and other
innate lymphoid cells that express Th17 cell-like cytokines; refs. 6, 11). Th17 cells mediate immune responses
against extracellular bacteria and fungi, and their dysregulation is linked to autoimmune diseases, such as asth-
ma, rheumatoid arthritis, and psoriasis (11). IL-17 signaling has been implicated in the pathogenesis of lung,
liver, and skin fibrosis (7, 12, 13). Recent studies have linked IL-17A to brain disorders, such as autism-related
symptoms (14), morphine withdrawal syndrome (15), and development of neuroinflammation and anxiety-re-
lated behavior in alcohol-fed mice (16), suggesting that IL-17 signaling may provide a link between excessive
alcohol drinking that combines alcohol addiction and alcohol-induced liver and brain pathology.

Although the role of IL-17 signaling in the pathogenesis of chronic alcohol abuse has not been investigated,
several lines of evidence suggest IL-17A may be one of the missing common mediators (5). Patients with ALD
often exhibit elevated IL-17A, which correlates with the severity of alcoholic steatohepatitis and fibrosis (17).
Increased numbers of circulating Th17 cells were reported in active drinkers but not in abstinent alcoholics (18).

Alcoholism and ALD represent complex interactions of the brain/liver axis. There is not a single model
that can recapitulate development of alcohol dependence and progression of ALD in mice. Here we used 4
experimental models of ALD progression and alcohol dependence in mice to investigate the role of IL-17
signaling in excessive alcohol drinking and to explore the novel concept that IL-17 is the cytokine that is the
common mediator. Chronic high doses of alcohol raised the levels of IL-17A in mouse liver, reproducing the
findings in patients. Genetic and pharmacological inhibition of IL-17A revealed that IL-17 signaling facili-
tates progression of ALD, alcohol-induced brain injury, and escalation of voluntary alcohol drinking in mice.

Results

Activation of IL-17 signaling is associated with ALD progression in mice. WT mice were subjected to 3 experimental
models of alcohol-induced liver injury: (a) acute alcoholic steatohepatitis (ASH) (10 days, ethanol Lieber-De-
Carli diet + single alcohol binge) (19), (b) chronic ASH (8 weeks, ethanol Lieber-DeCarli diet + weekly binges)
(20), and (c) liver fibrosis in intragastric (IG) alcohol-fed mice (8 weeks, ad libitum high—cholesterol/saturated
fat diet + alcohol infusion + binges) (21). Alcohol-induced liver injury was assessed by grading hepatic steatosis,
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Figure 1. Progression of ALD is associated with activation of IL-17 signaling. Livers from WT mice subjected to acute ASH, chronic ASH, or IG alcohol feed-

ing-induced liver fibrosis (male C57

BL/6, 8 weeks old, n = 7-10/group, 2-3 independent experiments/model) were analyzed by quantitative real-time PCR.

Data are fold induction versus chow-fed mice (compared with the appropriate pair-fed control mice). One-way ordinary ANOVA for multiple comparisons
was applied. *P < 0.05 (see Supplemental Figures 1and 2). EtOH, ethanol.

inflammation, and fibrosis (Table 1, Supplemental Figures 1-3, and Supplemental Text 1; supplemental material
available online with this article; https://doi.org/10.1172/jci.insight.131277DS1). These models closely reca-
pitulated the stages of ALD in patients and, therefore, were used in this study to investigate the role of IL-17
signaling in ALD progression. Hepatic expression of IL-17A and IL-17RA mRNA were progressively increased
in mice with acute (2-fold) or chronic (3-fold) ASH and alcohol-induced liver fibrosis (3- to 6-fold), compared
with the corresponding pair-fed controls (Figure 1), suggesting that activation of IL-17 signaling correlates with
the severity of alcohol-induced liver injury in mice.

Development of acute ASH is similar in WT and IL-17ra”~ mice. The contribution of IL-17 signaling
to ALD progression was further investigated using WT and IL-17ra”’~ mice. Both WT and IL-17ra”/~
mice developed similar characteristics of acute ASH and liver injury (alanine aminotransferase [ALT]
110 £ 40 TU/L vs. 104 £ 36 IU/L; Supplemental Figure 1, A and B, and Supplemental Texts 2 and 3),
suggesting that IL-17A does not significantly affect the onset of ALD in mice.

Development of chronic ASH is attenuated in IL-17ra™’~ mice. When development of chronic ASH was
compared in WT and IL-17ra’~ mice, hepatocellular injury, lipid peroxidation, and expression of cyto-
chrome P450 family 2 subfamily E member 1 and NADPH oxidase 4 (NOX4) were markedly reduced
in IL-17ra”~ mice (Supplemental Figure 2, A-F) and correlated with downregulation (about 2-fold) of
hepatic IL-8, macrophage inflammatory protein 1, and IL-6 and upregulation of IL-10 mRNA (3-fold,
Supplemental Figure 2, E-I), suggesting that IL-17 signaling facilitates hepatocellular damage and
negatively regulates IL-10 production.

IL-17ra™"~ mice are protected from alcohol-induced liver fibrosis. WT mice (male C57BL/6, 12 weeks old)
were subjected to the model of alcohol-induced liver fibrosis using IG alcohol feeding (compared with the
pair-fed mice) (21). The causal contribution of IL-17 signaling to the experimental model of alcohol-in-
duced liver fibrosis was investigated using WT and IL-17ra~~ mice. Liver injury, hepatic steatosis, triglycer-
ide synthesis, lipid peroxidation (6-fold), and oxidative stress (2 NOX1/2 fold) were strongly suppressed in
IG alcohol-fed IL-17ra”~ mice (vs. WT mice; Figure 2A, Supplemental Figure 3, A-F, and Supplemental
Text 4). (Of note, although hepatic steatosis was markedly reduced in IL-17RA~~ mice, expression of sterol
regulatory element-binding protein 1c, PPARa, and PPARy mRNA was not affected by IL-17RA defi-
ciency, suggesting that IL-17 signaling regulates hepatic lipogenesis by a mechanism distinct from de novo
lipogenesis). Furthermore, IL-17ra”~ mice were protected from alcohol-induced liver fibrosis, as shown by
reduction of the fibrous scar (3-fold Sirius red—stained area) and downregulation of fibrogenic (Collal,
a-SMA, Timpl) and inflammatory gene expression (116, I111B, TNFA,; Figure 2, B-D, and Supplemental
Figure 3G). Overall, IL-17 signaling appears to regulate progression of ASH to fibrosis, and inhibition of
IL-17A thus may be a potential target for patients with advanced stages of ALD. TCRB*CD4* T cells were
identified as a major source of IL-17A in fibrotic livers (Supplemental Figure 31).

Blockade of IL-17 signaling ameliorates alcohol-induced liver fibrosis. The effect of IL-17A blockade on devel-
opment of alcohol-induced liver fibrosis was tested in IG alcohol-fed WT mice therapeutically (10 days
after induction of liver injury) treated with neutralizing anti-IL-17A Ab (22) (which blocks IL-17A protein
vs. IgG) or RORyt inhibitor (VPR-254 from Visionary Pharmaceuticals), which prevents differentiation of
Th17 cells, versus vehicle (Figure 3, Supplemental Figure 4A, and ref. 23).

insight.jci.org  https://doi.org/10.1172/jci.insight.131277 3


https://doi.org/10.1172/jci.insight.131277
https://insight.jci.org/articles/view/131277#sd
https://doi.org/10.1172/jci.insight.131277DS1
https://insight.jci.org/articles/view/131277#sd
https://insight.jci.org/articles/view/131277#sd
https://insight.jci.org/articles/view/131277#sd
https://insight.jci.org/articles/view/131277#sd
https://insight.jci.org/articles/view/131277#sd
https://insight.jci.org/articles/view/131277#sd
https://insight.jci.org/articles/view/131277#sd
https://insight.jci.org/articles/view/131277#sd

. RESEARCH ARTICLE

A

ALT, IU/L

0

EtOH
B
oo . 4000 7 NS t = e ILra g
3004 . éanon' . -F LIJ
3 ° ® (]
< I
J E_; 2000 _*_
< L] -
1S
1009 rﬁ g 1000 " é
(%]
Pairfe F1OH Pairfed  EtOH P
@® Wt mice @ IL17ra’-
Collal oSMA TIMP1 TGF-B1
25 15 * 80 x 207

Whole liver
mRNA, fold change

* %k
® 109
[ ]

*

-

o

Whole liver
mRNA, fold change

Pair-fed

EtOH Pair-fed EtOH Pair-fed EtOH Pair-fed EtOH
IL-6 IL-1p TNF-a IL-10
* 259 * 287 * ] :

:#—mﬁ 1l s |

Pair-fed

EtOH Pair-fed EtOH Pair-fed EtOH Pair-fed EtOH

Figure 2. IL-17ra”- mice are protected from alcoholic liver fibrosis. WT and IL-17ra”/- littermates (male C57BL/6, 12 weeks old) were pair-fed (n = 5-7/group)
or IG alcohol fed (n = 7-10/group, 2 independent experiments). (A) Serum levels of ALT (IU/L) and EtOH (nM) were measured. (B) Livers were stained with
H&E and Sirius Red, and positive area was calculated as percentage; micrographs are shown using x20 objective. Expression of (C) fibrogenic and (D) inflam-
matory gene mRNA. Data are shown as fold change (vs. IG alcohol-fed WT mice). One-way ordinary ANOVA for multiple comparisons was applied. *P < 0.05;
**P < 0.01 (see Supplemental Figure 3). Colla]1, collagen type 1al; a-SMA, a-smooth muscle actin; TIMP1, tissue inhibitor of metalloproteinase 1.

insight.jci.org

Administration of anti-IL-17A Ab to IG alcohol-fed mice reduced serum levels of IL-17A pro-
tein (1.4 fold) and other inflammatory cytokines (Figure 3A and Supplemental Figure 4, B and D),
improved liver function (Figure 3B), reduced hepatic steatosis (2-fold, Figure 3C), and decreased
alcoholic liver fibrosis by approximately 50%, as shown by reduced Sirius red—stained area (2-fold)
and downregulation of fibrogenic and inflammatory genes (vs. IgG-treated mice; Figure 3, C-E,
and Supplemental Figure 4, E-G). Gene expression profiling revealed that depletion of circulating
IL-17A prevented hepatotoxicity and lipogenesis in alcohol-damaged hepatocytes (Supplemental
Figure 5, A—C), and suppressed activation of Kupffer cells (Supplemental Figure 5, D and E). A sim-
ilar effect was observed in IG alcohol-fed WT mice treated with RORyt inhibitor. Taken together,
we demonstrate that blockade of IL-17 signaling can block alcohol-induced liver fibrosis to a level
similar to that observed in IL-17ra~’~ mice.

IL-17ra”’~ mice are protected from alcohol-induced dysbiosis. Alcohol-induced dysbiosis has been implicat-
ed in the pathogenesis of ALD (24-26) and also contributes to activation of Th17 cells (27). Here we
demonstrate that IL-17 signaling critically affects alcohol-induced changes in the intestinal microbiota. IG
alcohol-fed IL-17ra”~ mice were largely protected from alcohol-induced dysbiosis versus WT littermates
(Supplemental Figure 6A). However, blockade of IL-17A suppressed alcohol-induced fibrosis but did
not reverse alcohol-induced dysbiosis in IG alcohol-fed mice (Supplemental Figure 6B), suggesting that
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IL-17A plays a role in the development of alcohol-induced dysbiosis, but once engaged, alcohol-induced
dysbiosis is refractory to IL-17A blockade. Results also suggest that recovery from ALD might not depend
on microbiome restoration.

IL-17A4 facilitates activation of primary astrocytes and microglia. Alcohol-induced liver and brain injury
are interconnected (28, 29). Hepatic stellate cells (HSCs) in the liver exhibit similarities with brain
astrocytes, while Kupffer cells and microglia both function as macrophages of their respective organs
(30-32). Because IL-17A targets HSCs and Kupffer cells in the injured liver (7), we tested whether
IL-17A can also activate astrocytes and microglia in the brain by examining the effect of IL-17A on
immunoregulatory properties of cultured astrocytes and microglia (33). In response to IL-17A stimu-
lation, GFAP* astrocytes and GFAP F4/80" microglia upregulated expression of IL-17RA, indicating
that both cell types respond to IL-17 signaling (Supplemental Figure 7A and Supplemental Text 5).
IL-17A induced activation and proliferation in astrocytes (fold upregulation by 1.8 GFAP and by 1.5
cyclin D1 [CCND1]) and stimulated microglia cells to produce TGF-p1 (1.3-fold), TNF-o (1.7-fold),
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and IL-1f (1.6-fold). In turn, TGF-B1 and IL-1P exerted strong inflammatory responses in cultured
astrocytes (Supplemental Figure 7, B-D). We concluded that IL-17A regulates astrocyte activation,
either directly (facilitating astrocyte proliferation) or indirectly (via activation of microglial cells).

Systemic IL-17A blockade ameliorates astrogliosis in the brains of IG alcohol—fed mice. The effect of sys-
temic IL-17A blockade on alcohol-induced brain injury was evaluated in IG alcohol-fed mice. After
10 days of alcohol feeding, administration of anti—-IL-17A Ab (or RORyt inhibitor) significantly sup-
pressed activation of Ibal* microglial cells (Figure 4, A—C), especially in the hippocampus, as demon-
strated by reduced cellular size (1.1 = 0.4 um? per cell vs. 2.4 + 0.3 control mice; Supplemental Figure
7, A and B) and downregulation of Ibal (1.35-fold), TNF-0, and IL-18 mRNA in the whole brains of
IG alcohol-fed WT mice (Figure 4, D and E, and Supplemental Figure 8C). Neuronal apoptosis was
assessed by immunostaining for active caspase-3. Expression of active caspase-3 was observed only
in the cerebellum of IG alcohol-fed mice and was significantly reduced (2.5-fold) mice treated with
anti-IL-17A Ab (2.0 £ 0.8% positive area vs. 5.1 £ 1.0% in IgG-treated mice; Supplemental Figure
8D). Furthermore, blockade of IL-17A prevented astrocyte proliferation and activation (astrogliosis;
ref. 34; Figure 4, A and B), as demonstrated by decreased astrocyte size (1.1 * 0.4 um? per cell vs. 2.4
+ 0.3 um? in IgG-treated mice) and reduced expression of GFAP mRNA in the whole brain (2-fold)
and in specific brain structures (1.5-fold frontal cortex; 1.7-fold cerebellum; and 3-fold hippocampus;
Supplemental Figure 8E). Taken together, inhibition of IL-17A overall ameliorated alcohol-induced
brain injury and suppressed alcohol-induced astrogliosis in IG alcohol-fed mice.

Development of astrogliosis is associated with neuroinflammation in IG alcohol—fed mice. Many cell types
respond to IL-17A stimulation by upregulation of IL-17RA (ref. 6 and Supplemental Figure 9A). Here
we demonstrate that IL-17RA mRNA was induced in the cortex (1.3-fold), hippocampus (1.7-fold),
and cerebellum of IG alcohol-fed mice (1.4-fold vs. chow-fed mice, Supplemental Figure 9B), sug-
gesting that chronic exposure to alcohol activates IL-17 signaling in the CNS. Although brain cells did
not express IL-17A mRNA (Supplemental Figure 9C), IL-17A protein was detected in the CSF of IG
alcohol-fed mice (6-fold vs. pair-fed mice), suggesting that IL-17A enters the CSF from circulation
(Figure 4D). The CSF levels of IL-1B, TGF-B1, and TNF-a cytokines were also elevated and correlated
with increased mRNA expression of these cytokines in the brains of IG alcohol-fed mice (Figure 4D
and Supplemental Figure 9D), indicating that brain cells serve as a significant source of cytokines and
contribute to neuroinflammation. Administration of anti—IL-17A Ab suppressed expression of TNF-a
in the brains of IG alcohol-fed mice and blocked alcohol-induced neuropathology (Figure 4E).

IL-17A passes across the damaged BBB of IG alcohol—fed WT mice. To determine the mechanism by which
IL-17A enters the CSF, the integrity of the BBB was examined in IG alcohol-fed mice. An increase of albu-
min content (3-fold, which was indicative of increased BBB permeability) was measured in the CSF of IG
alcohol-fed WT mice (vs. pair-fed mice, Supplemental Figure 10A). Immunostaining for tight junction pro-
tein Zo-1 (to visualize blood vessels) and albumin revealed the presence of extravasated albumin in the brain
parenchyma of IG alcohol-fed mice (but not in pair-fed mice, Supplemental Figure 10B and white arrows in
Supplemental Figure 10C). We concluded that serum IL-17A enters the brain across the damaged BBB. Our
data are in concordance with previous reports demonstrating that the integrity of the BBB is compromised
by chronic alcohol consumption in patients and contributes to neuroinflammation (35). IL-17A blockade
did not ameliorate BBB disruption in IG alcohol-fed mice (Supplemental Figure 10, A—C), indicating that
IL-17 signaling might not be directly responsible for the loss of BBB integrity in these mice.

Serum levels of IL-17A are elevated in patients with severe alcohol use disorder. Serum levels of IL-17A were
measured in healthy individuals and excessive drinkers with a history of ALD and without history of
alcohol-induced liver injury (Figure 5A). High levels of serum IL-17A were detected in excessive drinkers
as compared with healthy individuals. The correlation between excessive alcohol consumption and serum
levels of IL-17A was established in patients with normal liver function (ALT < 40 U/L) or abnormal ALT
(=40 U/L; Supplemental Tables 1 and 2). Strikingly, the level of circulating IL-17A was strongly increased
(10-fold) in excessive drinkers with normal liver function (ALT ranging 25-67 U/L) and was further elevat-
ed in excessive drinkers with ALD (16-fold vs. healthy individuals), suggesting that upregulation of serum
IL-17A might be associated with development of alcohol use disorder in excessive drinkers.

Circulating IL-17A is upregulated in alcohol-dependent mice. The potential role of IL-17 signaling in the motiva-
tional aspects of chronic alcohol abuse was studied using a mouse model of ethanol dependence that combines
chronic intermittent inhalation of ethanol vapor (CIE, repeated rounds of intoxication: 4 cycles, 16 hours,
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target blood alcohol level = 200 mg/dL, followed by 8 hours’ withdrawal) with voluntary ethanol drinking
during limited-access 2-bottle choice sessions (2BC, water vs. ethanol 15% v/v, 2 h/d, 3-7 days’ withdrawal
from vapor; Figure 5B). In this model, CIE-exposed mice became alcohol dependent and developed a grad-
ual escalation of voluntary ethanol drinking compared with nondependent (Air) mice (36). Development of
alcohol dependence in CIE mice was also associated with a significant increase of serum IL-17A (1.3-fold, vs.
Air mice) that persisted for more than 4 days into withdrawal from ethanol vapor (Figure 5, B and C, and Sup-
plemental Figure 11A). Serum levels of other inflammatory cytokines (IL-1 and TNF-a) were not changed
between CIE and Air mice and were comparable to those observed in naive mice (Supplemental Figure 11A).
Among all tested cytokines, IL-17A was the only cytokine upregulated in the blood of CIE mice.
Blockade of IL-17A suppressed voluntary ethanol drinking in dependent mice. On average, CIE mice consumed 3
times more alcohol than Air mice, as shown during a 2BC session at day 3 into withdrawal from ethanol vapor
(Figure 6, A and B). Dependent (CIE) and nondependent (Air) mice were further divided into 2 groups (n =
6/group) and treated with a single dose of anti-IL-17A Ab (25 mg/kg, i.p., or IgG). Eighteen hours later the
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Figure 5. Serum levels of IL-17A
are elevated in excessive
drinkers and alcohol-depen-
dent mice. (A) Serum levels of
IL-17A cytokine were measured
in excessive drinkers with
normal ALT (<40 U/L, n = 21)

or elevated ALT (240 U/L, n
=36) and healthy individuals

(n =18). Data are shown as
IL-17A concentration, pg/mL,
presented as mean + SD. Two-
way ordinary ANOVA. Patient
information is summarized in
Supplemental Tables 1and 2.
(B) Naive mice (male C57BL/6),
n = 4-6/experimental condition)
were subjected to 2BC sessions
to determine baseline voluntary
ethanol drinking. Mice were
then exposed to either Air (non-
dependent mice) or CIE (depen-
dent mice). CIE produced an
escalation of voluntary ethanol
drinking during 2BC sessions
conducted 3 to 7 days into
withdrawal from vapor (vs. non-
dependent mice). Dependent
and nondependent mice (n =
4-6/group) were treated with or
without anti-IL-17A Ab, or with
or without RORyt inhibitor, and
(C) serum IL-17A was measured
(after CIE or Air, withdrawal day
4, and 24 hours after 2BC-CIE;
also see Supplemental Figure
11A). *P < 0.05.

intake of alcohol (vs. water) was measured in these mice during 2BC sessions (at days 4-7 into withdrawal from

ethanol vapor). Voluntary ethanol consumption was selectively reduced in anti-IL-17A Ab-treated dependent
mice (vs. IgG-treated dependent mice) but had no effect on nondependent mice (Figure 6A). The effect of
anti—IL-17A Ab was most robust after the first treatment (withdrawal day 4). When anti-IL-17A Ab was admin-
istered daily, voluntary alcohol intake was reduced in dependent mice throughout the whole week (Figure 6A).
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Figure 6. Inhibition of IL-17A suppresses voluntary alcohol drinking in alcohol-dependent mice. (A and B) Voluntary
alcohol intake (g ethanol/kg body weight) was measured during 2BC sessions (2 hours) in Air and CIE mice with or with-
out anti-IL-17A Ab (or with or without RORyt inhibitor). (A) Multiple doses of anti-IL-17A Ab were administered on con-
secutive days (the regimen is shown, red arrows). The most significant effect was detected on the first day of treatment
(withdrawal day 4: effect of Ab, F[1,19] = 6.6, and P < 0.05; effect of CIE, F[1,19] = 9.7, and P < 0.01; Ab by CIE interaction,
F[119] = 5.1, and P < 0.05) and persisted throughout the week (withdrawal days 4-7: effect of Ab, F[1,19] = 3.5, and P <
0.08; see Supplemental Figure 10). (B) Air and CIE mice with or without RORyt inhibitor. There was no immediate effect
of RORyt inhibitor on voluntary ethanol drinking. The mice were then exposed to an additional week of CIE (or Air) and
resumed 2BC sessions. The most significant effect was observed on withdrawal day 3 (effect of inhibitor, F[1,20] = 10.1,
and P < 0.071; effect of CIE, F[1,20] = 47.3, and P < 0.0071; inhibitor by CIE interaction, F[1,20] = 7.2, and P < 0.05) but per-
sisted throughout the week (withdrawal days 3-6: effect of inhibitor, F[1,20] = 5.5, and P < 0.05). The regimen of IL-17A
inhibition is specified (red arrows). One-way ordinary ANOVA for multiple comparison was applied.

A similar effect was observed in alcohol-dependent CIE mice treated with RORyt inhibitor (3 X 50 mg/
kg, oral gavage, 18 hours prior to 2BC sessions; Figure 6B). Administration of RORyt inhibitor substan-
tially reduced alcohol intake in dependent mice following exposure to an additional week of CIE, and this
effect persisted for 1 week (vs. vehicle-treated dependent mice). Our data suggest that blockade of IL-17
signaling suppresses voluntary alcohol drinking in alcohol-dependent mice.

Blockade of IL-17A signaling suppresses astrocyte activation in alcohol-dependent CIE mice. To identify objective
and measurable changes associated with development of alcohol dependence in mice, the brains of the
alcohol-dependent and nondependent mice with or without anti-IL-17A Ab (or IgG) were collected 3 days
after the last 2BC session and analyzed. The volume of the cortex, hippocampus, and corpus callosum were
reduced in alcohol-dependent mice, (Figure 7A), while the size of GFAP* astrocytes in the hippocampus
(Figure 7, B and C) and amygdala was increased (Figure 7D) and was associated with elevated levels of
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circulating IL-17A (Figure 5C). Administration of anti—IL-17A Ab reduced serum levels of IL-17A to base-
line (Figure 5C) but had no effect on the overall brain volume in these mice (Figure 7A). In turn, the size of
hippocampal astrocytes was reduced in CIE mice treated with anti-IL-17A Ab (1.1 £ 0.4 pm? vs. 2.4 + 0.3
um? in IgG-treated CIE mice; Figure 7E) and correlated with decreased GFAP expression in the amygdala
(Figure 7E, Supplemental Figure 11, B-D, and Supplemental Figure 12). Our data indicate that depletion
of circulating IL-17A reduced activation of brain astrocytes and suppressed voluntary alcohol drinking in
alcohol-dependent mice (also see Supplemental Figure 12 and Supplemental Text 6).

Depletion of circulating IL-17A4 partially restores expression of astrocyte-regulated genes in the hippocampus of
alcohol-dependent mice. Hippocampi were dissected from the brains of alcohol-dependent and nondependent
mice with or without anti-IL-17A Ab and analyzed by RNA-Seq. Differential expression analysis identi-
fied 1020 alcohol dependence—specific genes (490 upregulated and 530 downregulated, P < 0.05) uniquely
expressed in the hippocampus of the alcohol-dependent CIE mice with IgG (vs. Air mice + IgG; the 25
most differentially expressed genes are shown, Figure 8A). Of these 1020 genes, hippocampus expression of
505 genes was reversed in CIE mice upon anti-IL-17A Ab treatment (171 were significantly reversed with
P < 0.05). Consistent with our findings (Figure 7, C-E), the markers of activated GFAP* astrocytes were
identified among the top 490 genes uniquely induced in the hippocampus of alcohol-dependent mice (vs.
Air mice; Figure 8, B and C), suggesting that reactive astrogliosis critically contributes to the pathogenesis of
alcohol dependence in mice. In turn, depletion of circulating IL-17A reversed astrocyte activation (as shown
by reduced expression of GFAP [ref. 37], Slcla3 [ref. 38], Hes1/5, Notchl, Nog, Mecp2, Nr2el, Binl,
and Atf5 markers [ref. 39]) and reinstated astrocyte-mediated pathways (ion transport, immune responses,
cell adhesion, cell cycle, apoptosis, protein and lipid metabolism, and mitochondrial function; Figure 8, B
and C). Anti-IL-17A Ab-treated CIE mice showed suppression of voluntary drinking (Figure 6, A and B),
and this effect was associated with downregulation of genes involved in the astrocyte-neuronal regulatory
networks (neurotransmitter metabolic process, regulation of neurotransmitter levels, and long-term memory
pathways) and associative learning and correlated with downregulation of Junb, Fosb, CREB, Deafl, and
Nfkb, transcription factors that drive activation of drug response genes (ref. 39; Figure 9, A and B; and
Supplemental Figure 13). Together, our results suggest that IL-17 signaling regulates brain molecular targets
associated with alcohol-induced astrocyte activation, especially in the hippocampus of alcohol-dependent
mice, and depletion of IL-17A might be beneficial for treatment of patients with alcohol use disorder.

Discussion

We demonstrate that IL-17A is elevated in response to chronic exposure to high blood alcohol. More
importantly, blockade of IL-17A either genetically or pharmacologically inhibits development of alco-
hol-induced liver fibrosis and suppresses excessive alcohol drinking in mice via preventing astrocytic reac-
tivity. Thus, IL-17A is a common mediator required for many of the pathological effects of alcohol abuse.

Development of neuroinflammation and neurodegenerative disorders, neuronal death, and astrogliosis
has been reported in patients with severe alcohol use disorder and has been often linked to development of
liver fibrosis (35). Elevated levels of circulating and hepatic IL-17A in patients with alcohol-induced liver
fibrosis have been well documented, but only recently was IL-17A linked to alcohol dependence in patients
and experimental animals (16, 18, 40). Our study provides evidence that excessive drinking is associated
with a strong increase of serum IL-17A levels in patients, even while their liver function is still normal
(Figure 5A), suggesting that systemic release of IL-17A precedes alcohol-induced liver injury. Serum levels
of IL-17A are further increased in patients with alcohol-induced liver injury (Figure 5A) and correlate with
progression of alcohol-induced liver fibrosis (7).

IL-174 signaling facilitates alcohol-induced liver injury. Similar to that observed in patients (7, 17), IL-17A was
increased in mice with alcohol-induced liver fibrosis. Here, we demonstrate that IL-17A plays an important
role in patients with ALD and ALD-like effects in mice, and we suggest that IL-17A is a significant activator
of fibrosis in multiple organs and tissues (7, 12, 13). Our data demonstrate that IL.-17A regulates a variety of
responses to alcohol in the damaged liver, including inflammation (IL-6, IL-1B, TNF-0, and ROS produc-
tion) and fibrosis (TGF-f1, activation of HSCs/myofibroblasts, Figure 2). Although IL-17 signaling has been
implicated in the pathogenesis of experimental nonalcoholic steatohepatitis (NASH) (41), responses to IL-17A
(steatohepatitis and fibrosis) were strongly amplified in alcohol-fed mice (Supplemental Figure 3). Thus, our
results provide a mechanism for previous studies that have demonstrated that elevated levels of serum and
hepatic IL-17A correlate with severity of ASH and fibrosis in patients with severe alcohol use disorder (7, 17).
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IL-17 signaling contributes to alcohol-induced brain injury. Alcohol affects multiple organs and systems,
including the brain and liver (4). Experimental models of alcohol dependence (CIE) and IG alcohol feed-
ing in mice closely recapitulate pathological changes observed in patients with moderate to severe alcohol
use disorder (42). In both models, the effect of increased IL-17 signaling was associated with increased
astrocyte reactivity (Figure 4, A and B, and Figure 7, B-E). Indeed, systemic blockade of IL-17A reversed
alcohol-induced reactive astrogliosis (characterized by proliferation, hypertrophy of astrocytes, and upreg-
ulation of astrocyte-specific markers GFAP and Slcla3) (43), improved neuroinflammation, and reversed
morphological changes associated with alcohol-induced brain injury (Figures 4 and 7). Thus, we propose
that targeting IL-17A may be beneficial for treatment of alcohol addiction in patients.

Strategy for blockade of IL-17 signaling. Genetic deletion of the I//77a gene causes increased IL-17A
production in mice (44). To avoid potentially adverse effects of the disregulated cytokine network
(such as upregulation of IL-17F or IL-10) (7, 45, 46) on the alcohol drinking pattern in dependent
mice, neither IL-17ra~~ nor IL-17a~~ mice were used for the behavioral studies. Our data are primarily
based on pharmacological inhibition of IL-17 signaling. By using 2 classes of IL-17A inhibitors, either
a neutralizing anti-IL-17A Ab (22) or a RORyt inhibitor that prevents Th17 cell expansion but does
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Figure 8. Blockade of IL-17A suppresses astrocyte
activation in the hippocampus of CIE mice. (A) One
thousand twenty alcohol dependence-associated genes
were identified in the hippocampus of CIE mice + IgG
versus Air mice + 1gG (P < 0.05). Heatmaps display-

ing the 25 most upregulated/downregulated genes.
Expression of 25 alcohol dependence-associated genes
that are most significantly upregulated/downregu-
lated in the hippocampus of CIE mice in response to
anti-IL-17A Ab treatment (vs. I1gG). (B) Expression of
GFAP and solute carrier family 1 member 3 (Slc1a3) (C)
and activation markers of hippocampal astrocytes in
alcohol-dependent CIE mice treated with IgG compared
with nonaddicted mice or CIE mice treated with anti-
IL-17A Ab compared with CIE mice treated with IgG.

Log fold changes indicated by heatmap color.
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Figure 9. Blockade of IL-17A partially restores Gene Ontology terms/pathways in the hippocampus of CIE mice. (A) Selected pathways (Gene Ontology
terms) were identified using gene set enrichment analysis (GSEA). Bar plots show the pathway normalized enrichment score, indicating the pathway was
up- or downregulated in CIE versus Air mice (shown in blue) or in CIE IL-17A Ab versus CIE I1gG mice (shown in yellow). (B) Heatmaps show individual genes’
alcohol dependence-associated pathways that were restored in CIE mice upon anti-IL-17A Ab treatment, log fold changes. Receptors: Drd5 (dopamine recep-
tor), Grin1 (glutamate receptor), Gabra5 (GABA receptor), Adrb2 (adrenergic receptor), and Htr2a and Htr3a (serotonin receptors). Hippocampus-associated
learning (Netol, corticotropin-releasing factor [CRF; Crh], Crhbp); calcium signaling (Calm 1, 2, and 3; Camk2n1 and -2; Atp2b1; Nrgn); focal adhesion (Jun,
Reln, Ntrk1, Nfkb, Nfam1, Cdk5, Gsk3a and -b, Kif5b, Wnt3); cell cycle (Ccnel, Cend1, Kras, Rin1); apoptosis (Bax); mitochondrial function (Bdh1); regulators of
transcription (Mecp2, Mbd1, Hdac2, Eftud2); metabolic (Smpd1, Hnmt, Adcy3, Ctns, CIn8). Pathway enrichment P < 0.05 (see Supplemental Figure 13).

not affect facultatively expressing IL-17A cells, e.g., mast cells and eosinophils (23), we demonstrate
that blockade of IL-17A suppresses escalation of voluntary drinking in dependent mice (Figure 6, A
and B). Anti-IL-17A Ab produced an immediate but short lasting (24 hours) effect on alcohol-de-
pendent mice. The effect of RORyt inhibitor was more delayed (most likely because of persistence
of circulating IL-17A) but lasted for more than 2 weeks. Reduced motivation for alcohol seeking in
anti-IL-17A Ab-treated, dependent mice was attributed to the IL-17A cytokine (and in part IL-17F,
but not other members of the Th17 cytokine family) (6, 47) because anti-IL-17A Ab specifically neu-
tralizes IL-17A homodimers and IL-17A/F heterodimers. Our study provides key preclinical evidence
for targeting IL-17A in patients with alcohol addiction and compulsive alcohol drinking. Anti—-IL-17
Abs and RORyt inhibitors are successfully used in clinical trials for psoriasis, inflammatory bowel dis-
ease, and other autoimmune disorders, and if proven, may become a treatment of choice for alcohol
dependence in patients with ALD (22, 23, 438).
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Astrocyte functions in alcohol-dependent mice. Astrocytes functionally interact with the endothelial cells
and synaptic terminals of active neurons, enabling nutrient exchange between blood vessels and brain tissue
and intercellular trafficking of neurotransmitters and cytokines. Astrocytes maintain extracellular homeo-
stasis, provide support to the BBB, regulate vascular tone and cerebral blood flow, and control synaptic
neurotransmission via uptake and clearance of the major excitatory amino acid transmitters (49).

Astrocytes have been implicated in regulation of the motivational properties of alcohol, which
occur on several levels (50). The acute reinforcing effects of alcohol have been shown to be mediated
by the dopamine, glutamate, and GABA systems in the nucleus accumbens and amygdala. In turn,
negative reinforcement via relief of negative emotional states (that also drives the motivation to seek
alcohol) has been linked to activation of CRF systems in the amygdala and bed nucleus of the stria
terminalis (BNST) (51). CRF-induced sensitization to alcohol withdrawal could be further enhanced by
adaptive responses of astrocytes to cytokines (50, 52). We hypothesize that IL-17A-mediated reactive
astrogliosis may facilitate focal release of IL-6 and other cytokines to drive the brain stress systems
and CRF production in the amygdala and BNST. In support of this hypothesis, systemic depletion
of IL-17A reduced activation of GFAP* and Slcla3* astrocytes in CIE mice and partially restored
expression of astrocyte-regulated genes (Figures 7 and 8). Thus, IL-17A affects motivational aspects of
alcohol drinking behaviors in alcohol-dependent mice, and such a mechanism may be a key to reestab-
lishing motivational homeostasis in individuals afflicted with alcohol use disorder.

In summary, we demonstrate that circulating levels of IL-17A are elevated in patients with excessive
alcohol use and in alcohol-dependent mice. IL-17A—dependent reactive astrogliosis is a common neuro-
pathology in mice chronically exposed to alcohol. Development of alcohol-induced liver injury further
facilitates systemic inflammation and release of IL-17A. We provide preclinical data demonstrating that
blockade of IL-17A suppresses excessive alcohol drinking in alcohol-dependent mice and ameliorates alco-
hol-induced liver fibrosis and astrogliosis. We suggest that systemic upregulation of IL-17A is the hallmark
of excessive alcohol consumption, and IL-17A might play a critical role in the pathogenesis of alcohol
addiction in patients with severe alcohol use disorder.

Methods

Mice and reagents. IL-17ra”~ mice and WT littermates (Amgen) (53), WT mice (male C57BL/6 mice,
Charles River), and WT mice (C57BL/6J mice, The Jackson Laboratories, used for 2BC experiments)
were treated with anti-IL-17 Ab or IgG (CNTO 8096 and 6601, 25 mg/kg, i.p., Janssen) (22), RORyt
inhibitor (VPR-254, 50 mg/kg, oral gavage, Visionary Pharmaceuticals), or vehicle (40% PEG400,
18% solutal in H,0).

Experimental model of alcohol-induced liver fibrosis. 1G alcohol feeding (high-cholesterol + high-fat diet
[HCFD] hybrid alcohol infusion + binges) was performed as previously described (21). Mice (male C57BL/6,
12 weeks old, n = 10/group; data are representative of >3 independent experiments) were fed ad libitum
diet plus a solid diet high in cholesterol and saturated fat (HCFD: 1% w/w cholesterol, 21% calories from
lard, 17% calories from corn oil) for 2 weeks. The mice were then operated on for implantation of gastric
catheters and 2 weeks later were subjected to IG feeding of liquid high-fat diet (36% calories from corn
oil) plus ethanol or isocaloric dextrose at 60% of daily caloric intake for 8 weeks for males. Ethanol dose
was increased from 19 to 32 g/kg/d. During the 8-week IG feeding period, mice continued to consume ad
libitum HCFD to match caloric intake plus weekly binges.

Detection of serum IL-17A in patients with severe alcohol use disorder. Archived serum from healthy controls
(n = 18, Roudebush VA Medical Center, Indianapolis) and excessive drinkers (54) (alcohol use 137-194
drinks/month # = 57, Fairbanks Drug and Alcohol Treatment Center, Indianapolis, Indiana, USA) were
analyzed by ELISA (BioLegend, 433914).

Experimental CIE-2BC model of alcohol dependence in mice. Single-housed male mice (male C57BL/6J, 10
weeks old, 4-6/group) were trained to self-administer ethanol (15% v/v) in 2-hour 2BC sessions conduct-
ed 5 days per week (55). Upon stabilization of ethanol intake, mice were divided and exposed to either
CIE (dependent mice) or Air (nondependent mice) inhalation. Weeks of CIE consisted of 4 cycles of 16
hours’ intoxication/8 hours’ withdrawal, followed by withdrawal from vapor for 3 days. Prior to each
16-hour intoxication, CIE mice were primed with ethanol (1.5 g/kg, i.p., target blood alcohol level = 200
mg/dL) and pyrazole (1 mM/kg, i.p., to stabilize ethanol clearance rate) to inhibit alcohol dehydrogenase
and prevent alcohol metabolism in the liver. Air mice were treated with pyrazole alone. 2BC resumed on
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withdrawal day 3; weeks of 2BC were alternated with weeks of CIE. Repeated rounds of CIE increased
voluntary consumption of ethanol during 2BC sessions, as measured by a higher intake of CIE mice com-
pared with Air mice during withdrawal days 3 to 7.

Gene expression profiling of murine hippocampus. Hippocampi were dissected from the brains of Air (n =
3) and CIE = anti-IL-17A Ab mice (n = 3/group) and analyzed by RNA-Seq. Strand-specific mRNA-se-
quencing libraries (polyA*) were generated using Illumina’s TruSeq stranded mRNA library prep kits and
sequenced on an Illumina HiSeq2500 to a depth of approximately 25 million reads. Sequencing reads were
aligned to the mouse genome (National Center for Biotechnology Information [NCBI] MGSCv38, mm10)
using STAR (56). Read quantification was performed with RSEM3 v1.3.0 and Ensembl annotation (Gencode
v19). The R Bioconductor packages edgeR (57) and limma (58) were used to implement the limma-voom (59)
method for differential expression analysis. Lowly expressed genes were filtered out (counts per million > 1
in at least 1 sample). Trimmed mean of M-values (60) normalization was applied. The experimental design
was modeled upon sample treatment (Ab or IgG) and addiction (CIE or Air). P values (P < 0.05; log fold
changes were adjusted using a moderated t-statistic in limma) were calculated for each comparison. RNA-Seq
data may be accessed from the NCBI's Gene Expression Omnibus database (accession number GSE137228).

Significantly enriched Gene Ontology terms were identified using GSEA (61). GSEA is a compu-
tational tool for pathway analysis that determines whether predefined pathways are significantly upreg-
ulated or downregulated between experimental conditions, without requiring an arbitrary significance
cutoff on differentially expressed genes.

Statistics. Comparisons of 2 groups were analyzed using an unpaired, 2-tailed Student’s ¢ test and pre-
sented as the mean + SD. One-way ANOVA with a multiple comparison was used for multiple pairwise
comparison among different groups. Comparisons of voluntary alcohol intake in 2BC-CIE mice are shown
as the mean * SEM. P < 0.05 was considered statistically significant.

Study approval. Mouse protocols were approved by the TACUC of UCSD, the University of Southern
California, and the Scripps Research Institute. The human study was approved by the Indiana University
Purdue University Institutional Review Board, the Research and Development Committee at Roudebush
VA, and Fairbanks Drug and Alcohol Treatment Center (see Supplemental Methods).
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