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SUMMARY

Chronic alcohol abuse results in elevated IL17A production

by liver ILC1 and NK cells apoptosis. ILC1-derived IL17A,
which is constrained by IFN-y from NK cells, plays a path-
ogenic role in the development of alcoholic steatohepatitis.

BACKGROUND & AIMS: Liver contains high frequency of group
1 innate lymphoid cells (ILC), which are composed of compa-
rable number of type 1 ILC (ILC1) and natural killer (NK) cells
in steady state. Little is known about whether and how the
interaction between ILC1 and NK cells affects the development
of alcoholic liver disease.

METHODS: A mouse model of chronic alcohol abuse plus
single-binge (Gao-Binge model) was established. The levels of
alanine aminotransferase/aspartate aminotransferase, hepatic
lipid, and inflammatory cytokines or neutrophils were
measured to evaluate the degree of liver injury, steatosis, and

inflammation. Flow cytometric analysis, cell depletion, or
adoptive transfer were used to interrogate the interaction be-
tween ILC1 and NK cells.

RESULTS: Upon chronic alcohol consumption, NK cells, but not
ILC1, underwent apoptosis, resulting in ILC1 dominance among
group 1 ILC. Interleukin (IL) 17A expression was up-regulated,
and increased IL17A was mainly derived from liver ILC1 after
chronic alcohol feeding. Either depletion of ILC1 or neutrali-
zation of IL17A could significantly attenuate liver steatosis,
inflammation, and injury in alcohol-fed mice. In contrast,
normalization of the ILC1/NK cells ratio through NK cells
transfer or expanding NK cells had a significant hep-
atoprotection against alcohol-induced steatohepatitis. Further-
more, NK cell-derived interferon gamma exerted a protective
function via inhibiting IL17A production by liver ILC1 during
alcoholic steatohepatitis.

CONCLUSIONS: This is the first study showing that the inter-
play between liver ILC1 and NK cells occurs and drives the
development of alcoholic steatohepatitis. Our findings support
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further exploration of liver ILC1 or NK cells as a therapeutic
target for the treatment of alcohol-associated liver disease. (Cell
Mol Gastroenterol Hepatol 2023;15:261-274; https://doi.org/
10.1016/j,jcmgh.2022.09.010)

Keywords: 1LC1; NK Cell; Alcoholic Steatohepatitis; IFN-vy;
IL17A.

I nnate lymphoid cells (ILC) are a heterogeneous group
of innate lymphocytes that reside in barrier tissues
and do not express clonally distributed diverse antigen re-
ceptors, distinguishing them from adaptive immune cells.!
These particular cells rapidly respond to a multitude of
invading challenges before the initiation of the adaptive im-
mune response and trigger immunopathology when dysregu-
lated.>” Because of the specific transcription factors required
for development and the different preferences for producing
effector cytokines, ILC are classified into 3 subsets (group 1,
group 2, and group 3).? By secreting interferon gamma (IFN-
v)/tumor necrosis factor alpha (TNF-«) or direct cytotoxicity,
group 1 ILC provide resistance to intracellular pathogens such
as viruses and intracellular bacteria.* They are composed of
both type 1 ILC (ILC1, also called liver-resident NK cells) and
conventional natural killer (NK) cells."”

Although ILC1 and NK cells share many common char-
acteristics in terms of IFN-y production, requirement of
transcription factor T-bet, and expression of overlapping cell
surface receptors,” ILC1 are markedly different from NK cells
in many aspects. NK cells are circulatory throughout the
body, whereas ILC1 are tissue-resident at steady state.” To
separate ILC1 from NK cells, expression of CD49a and CD49b
has often been used. In contrast to NK cells characterized as
CD49a'CD49b™*, ILC1 are identified as specific CD49a" CD49b"
phenotype with higher expression of TNF-related apoptosis-
inducing ligand (TRAIL) and CD69.” The expression of the
transcription factor Eomesodermin (Eomes) was also distinct
between these 2 subsets, because NK cells are Eomes-
dependent for development, whereas most of ILC1 are
not.2? In addition, a more recent study has demonstrated that
liver ILC1, but not NK cells, were developed locally from fatal
liver-derived Lin'CD122*CD49a" progenitors in an IFN-
y-dependent feed-forward loop, demonstrating the specific
developmental pathway of the ILC1."°

ILC1 were originally discovered in the livers of C57BL/6
mice and subsequently found in other tissues such as sali-
vary gland, skin, and uterus.'*? In the liver, ILC1 and NK
cells show comparable frequency within group 1 ILC and
represent the predominant population of ILC family.™” It is
of interest whether the imbalance in the ratio of liver ILC1
to NK cells is correlated to the progression of certain liver
diseases. In addition to the phenotypic and developmental
differences between ILC1 and NK cells mentioned above,
ILC1 and NK cells exhibit more complexity regarding the
functional roles in liver disease. For example, liver ILC1
protected mice from carbon tetrachloride-induced or
acetaminophen-induced acute liver injury through the
release of IFN-y in an IL-7 and CD226-dependent mecha-
nism, whereas the role of NK cells is minimal.*
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Interestingly, ILC1 and NK cells can exert synergistic or
opposite immune responses in the liver against pathogen
infections or tumor metastasis.'”'® Both liver ILC1 and NK
cells constrained CD8*T cells proliferation by competing for
local interleukin (IL) 2 availability and controlled T-
cell-mediated immunopathology during chronic hepatitis B
virus infection.'® Moreover, recent studies documented that
ILC1 and NK cells join forces to control liver metastasis and
Toxoplasma gondii, a common protozoan parasite, infec-
tion."”*® However, ILC1 suppressed hepatic T-cell-mediated
antiviral responses via the interaction between programmed
death-1 and programmed death ligand 1 during both acute
and chronic lymphocytic choriomeningitis virus infection. In
contrast, NK cells promoted antiviral T-cell activities.'®

Nevertheless, little is known about the role of ILC1 in
inflammatory liver disease such as alcohol-induced steato-
hepatitis. More importantly, no studies have assessed
whether and how the interplay between ILC1 and NK cells
affects the development of liver disease. In this study, we
investigated the crosstalk between ILC1 and NK cells in the
pathogenesis of alcoholic steatohepatitis.

Results
Chronic Alcohol Consumption Causes Severe
Imbalance in the Ratio of Liver ILC1 to NK Cells
by Inducing the Apoptosis of NK Cells

Emerging evidence supports the critical role of group 2
ILC and group 3 ILC subsets in orchestrating immune
response during the inflammation, metabolism, and ho-
meostasis of their resident tissues,'” ' implying a flexible
and essential function of these tissue-resident ILCs in pro-
cessing signals that threaten tissue homeostasis. However,
the pathophysiological role of group 1 ILC in alcohol-
associated liver disease remains ill-defined. We hypothe-
sized that group 1 ILC was involved in the pathogenesis of
alcohol-induced steatohepatitis. To test this hypothesis, the
mice were exposed to the Gao-binge model of ethanol-
induced steatohepatitis with 10-day chronic plus single-
binge ethanol feeding.*> The frequency and the absolute
number of group 1 ILC in the liver decreased significantly
after ethanol feeding (Figure 14). Compared with liver
group 1 ILC from control diet feeding mice, these cells from
ethanol feeding mice exhibited altered phenotype with
higher expression of TRAIL and CD69 (Figure 1B and (),
which were closer to the characteristics of liver type 1 ILC

*Authors share co-first authorship.
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(ILC1) in previous studies.” To address the hypothesis that
ILC1 are dominant in liver group 1 ILC after ethanol feeding,
we further examined the subsets composition in group 1
ILC. We found that the liver ILC1 from ethanol-fed mice
exhibited same characteristics to those from wild-type (WT)
mice, showing CD45"CD3'NK1.1"CD49a"CD49b
T-bet"Eomes’RORyt" phenotype (Figure 1D). Surprisingly,
the frequency of NK cells reduced significantly, leading to
that the ratio of liver ILC1 to NK cells was switched from 1:1
in steady state to approximate 5:1 after ethanol feeding
(Figure 1E). We observed similar ratio of liver ILC1 to NK
cells after ethanol feeding in female and male mice (Figure 1E
and F), suggesting that this phenomenon was not gender
dependent. Furthermore, only a short-term 10-day ethanol
feeding without binge is sufficient to induce the dominance of
liver ILC1, indicating it has commonly occurred in various
alcohol-associated liver diseases (Figure 1G).

To further investigate why the liver ILC1/NK cells ratio
increased dramatically after ethanol feeding, we compared
the absolute numbers of ILC1 and NK cells in the liver of
control diet feeding or ethanol feeding mice. Our data
showed that the number of ILC1 stayed unaltered, whereas
the number of NK cells, as well as other lymphocytes,
decreased markedly after ethanol feeding (Figure 24 and B),
suggesting that more NK cells had undergone apoptosis
compared with liver ILC1 during chronic ethanol con-
sumption. Indeed, the frequency of apoptotic NK cells
increased obviously after ethanol feeding compared with
control diet feeding, whereas ethanol feeding had little effect
on apoptosis of liver ILC1 (Figure 2C and D). For mecha-
nistic investigation, we compared the genome-wide tran-
scriptional profiles of liver ILC1 and NK cells from previous
study (GSE43339) by KEGG analysis.”® The data showed the
genes, which are related to PI3K-Akt signaling pathway,
calcium signaling pathway, and cAMP signaling pathway, are
expressed at higher level in liver ILC1 than in NK cells,
which may be partially associated with the anti-apoptotic
feature of liver ILC1 (Figure 2E). In addition, it did not
affect the proliferation of either liver ILC1 or NK cells after
ethanol feeding (Figure 2F). Together, chronic alcohol con-
sumption caused marked elevation in NK cells apoptosis but
had no obvious effect on ILC1, resulting in a significant in-
crease in the ratio of ILC1 to NK cells.

Normalization of the Ratio of Liver ILC1 to NK
Cells Protects Against Alcoholic Steatohepatitis
To determine whether restoring the original ratio of liver
ILC1 to NK cells during chronic ethanol feeding could
attenuate alcoholic steatohepatitis, adoptive cell transfer or
usage of stimuli to induce NK cell proliferation was applied
to expand the number of NK cells and achieve a balanced
ratio of ILC1 to NK cells in ethanol-fed mice. First,
CD49b*NK cells were purified from the spleen of Ragl'/'
mice and adoptively transferred into ethanol-fed mice. We
counted the absolute number of NK cells and found a sig-
nificant increase in liver at 6 hours after binge, whereas
liver ILC1 showed no change (Figure 34). As expected, the
ratio of liver ILC1 to NK cells was normalized to 1:1 after NK
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cells transfer, whereas the control mice injected with
phosphate-buffered saline (PBS) still showed a higher ILC1/
NK cells ratio (Figure 3B). Interestingly, compared with
PBS-injected control mice, mice adoptively transferred with
NK cells displayed significantly decreased levels of hepatic
triglyceride contents, plasma alanine aminotransferase
(ALT), and aspartate aminotransferase (AST) (Figure 3C and
D). Moreover, the inflammatory response was alleviated
after NK cells transfer, which was evident by reduced mRNA
level of IL6 and IL1@8 (Figure 3E). H&E and Oil Red O
staining analyses demonstrated that mice receiving NK cells
transfer exhibited a lower degree of steatosis when
compared with PBS-injected mice that underwent the same
ethanol treatment (Figure 3F).

In addition, we made use of polyriboinosinic poly-
ribocytidylic acid (polyl:C) to induce NK cell proliferation.
The treatment of polyl:C resulted in a significant increase
in the absolute number of NK cells but had no obvious
effect on liver ILC1, which eventually decreased the ratio of
ILC1 to NK cells in ethanol-fed mice (Figure 44 and B).
Similarly, polyl:C-induced NK cells expansion could signif-
icantly ameliorate ethanol-induced steatosis and liver
injury and inflammation, as demonstrated by lower hepatic
triglyceride levels, less lipid accumulation in liver, reduced
ALT/AST levels in plasma, and decreased mRNA level of
IL6 and IL13 (Figure 4C-F). Taken together, these data
revealed a protective role for NK cells against alcohol-
induced steatohepatitis by normalizing liver ILC1/NK
cells ratio.

Liver ILC1 Contribute to Alcoholic
Steatohepatitis via IL17 Production

We next attempted to examine the role of liver ILC1 in
alcoholic steatohepatitis. Although anti-asialo GM1 (anti-
AsGM1) antibody was able to deplete both liver ILC1 and
NK cells in mice, the majority of depleted cells were ILC1 in
liver when the antibody was administered at day 9-10 after
ethanol feeding, which was due to the dominance of liver
ILC1 at that time (Figure 1G, Figure 5A4). Therefore, because
there is a lack of effective tools to specifically deplete liver
ILC1 in vivo, a single dose of anti-AsGM1 antibody at day 9
after ethanol feeding was applied to reflect the functional
role of ILC1 during ethanol-induced steatohepatitis.
Compared with rabbit immunoglobulin (Ig) G-treated con-
trol mice, mice receiving anti-AsGM1 antibody were resis-
tant to the development of steatohepatitis, as demonstrated
by reduced levels of hepatic triglyceride, ALT, and AST
(Figure 5B and (). The decreased degree of steatosis was
further confirmed by H&E and Oil Red O staining
(Figure 5D). To test the effect on inflammation after
depletion of ILC1, a panel of proinflammatory cytokines and
neutrophils infiltration in liver were measured after ethanol
feeding. Consistently, anti-AsGM1 antibody treatment
significantly reduced hepatic neutrophils infiltration and
several proinflammatory cytokines including IL6, IL18, and
TNF-a when compared with IgG-treated controls (Figure 5E
and F). As previous study and our data showed that NK cells
played a protective role in alcoholic steatohepatitis,** the
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Figure 1. Severe imbalance in ratio of liver ILC1 to NK cells during chronic alcohol abuse. (A) Female C57BL/6 mice were
exposed to the Gao-Binge model with 10-day chronic ethanol feeding plus 1 binge. Liver mononuclear cells were isolated from
the mice fed with liquid diet containing ethanol at 5% (v/v) (EtOH) or pair-fed control diet (CD). Percentage and absolute
number of group 1 ILCs (CD457CD3 NK1.17 cells) were measured by flow cytometry (n = 6-7/group). (B and C) Expression of
TRAIL (B) and CD69 (C) on hepatic group 1 ILCs from CD- or ethanol-fed mice were examined by flow cytometry (n = 7-8/
group). (D) Expression of T-bet, Eomes, and RORyt on liver ILC1 (CD457CD3 NK1.17CD49b°CD49a') and NK cells
(CD45"CD3"NK1.1*CD49b*CD49a’) from ethanol-fed mice was shown. (E) The numbers of liver ILC1 and NK cells from CD-
or EtOH-fed mice were measured, and the ratios of ILC1 to NK cells were shown (n = 6/group). (F) Male C57BL/6 mice were
exposed to the Gao-Binge model with 10-day chronic ethanol feeding plus 1 binge or control diet. The ratio of liver ILC1 to NK
cells was shown (n = 3-4/group). (G) Female C57BL/6 mice were exposed to CD, chronic ethanol consumption for 5 days, 10
days, 10 days plus binge, or binge only. The ratios of liver ILC1 to NK cells were shown (n = 4/group). Two-tailed unpaired
Student t test was performed in A-C, E, and F. One-way analysis of variance was performed in G. ns, no statistical signifi-
cance. *P < .05, P < .01, ™P < .001, ***P <.0001.

expression profiles between liver ILC1 and NK cells from
naive mice by using previously published GEO database
(GSE43339). We found the expression of IL13 and IL17A,
which have been reported to play important roles in liver

benefits of anti-AsGM1 antibody treatment further revealed
the role of ILC1 as a driver in alcoholic steatohepatitis.

To characterize the molecular mechanism accounting for
the pathogenic function of liver ILC1, we compared gene
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Figure 2. Apoptosis of NK cells results in the dominance of ILC1. (A) Absolute number of liver ILC1 and NK cells in CD- or
EtOH-fed mice was counted (n = 8/group). (B) Absolute number of CD4+ T, CD8+ T, and B cells in CD- or EtOH-fed mice was
measured by flow cytometry (n = 4/group). (C and D) Apoptosis of liver NK cells (C) and ILC1 (D) from CD- or EtOH-fed mice
was measured by using anti-annexin V antibody and 7-AAD (n = 5/group). Annexin V' cells were identified as apoptotic cells.
(E) The KEGG analysis was performed by using previously published GEO database (GSE43339). (F) Expression of Ki67 in liver
ILC1 and NK cells from CD- or EtOH-fed mice was examined (n = 5/group). Two-way analysis of variance was performed in A
and B. Two-tailed unpaired Student t tests were performed in C, D, and F. ns, no statistical significance. *P < .05, P < .01,

P < .001, ***P <.0001.

steatosis,””*° were up-regulated in liver ILC1, suggesting
that IL13 or IL17A might be responsible for ILC1-mediated
alcoholic steatohepatitis (Figure 64). We next compared the
expression of IL13 or IL17A in liver tissue from control mice
and ethanol-fed mice treated with IgG or anti-AsGM1 anti-
body. The expression of IL13 was unaltered among these
groups (Figure 6B). However, we found that both mRNA and
protein level of IL17A were dramatically up-regulated after
ethanol feeding but abolished in  anti-AsGM1
antibody-treated mice (Figure 6C and D). These data led
us to the hypothesis that increased IL17A in liver during
alcohol-induced steatohepatitis is mainly from liver ILC1. To
test this, we measured IL17A expression in ILC1 and NK cells
during ethanol feeding by using intracellular staining. As
shown in Figure 6F and F, IL17A expression was significantly
increased in liver ILC1, but not in NK cells, during ethanol-
induced steatohepatitis. IL17A expression in hepatic CD4* T
cells was also observed, but no changes were found between
controls and ethanol-fed mice (Figure 6G). Thus, the data

suggested that liver ILC1 were the main source of chronic
alcohol consumption-induced IL17 elevation.

To evaluate the function of ILC1-derived IL17A in the
development of alcoholic steatohepatitis, we injected
intraperitoneally anti-IL17A antibody to neutralize IL17A
during the period of ethanol feeding. Not surprisingly,
neutralization of IL17A resulted in a significant decrease in
hepatic triglyceride, plasma level of ALT and AST, and
hepatic lipid accumulation after ethanol feeding (Figure 6H-J),
which was consistent with previous studies.”>*” We next used
an in vitro culture system to further observe the direct action
of IL17A on lipid synthesis of hepatocytes. The data showed
the treatment of free fatty acid increased the mRNA level of
lipid synthesis genes, such as Acc and Srebpl-c, which were
further up-regulated in presence of IL17A (Figure 6K).
Together, these data demonstrated that in contrast to the
protective function of NK cells, liver ILC1 played an important
role in the pathogenesis of ethanol-induced steatohepatitis
through the release of IL17A.
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Figure 3. Restoration of NK cells protects mice from alcohol-induced steatohepatitis. (A-F) CD- or EtOH-fed mice were
injected intravenously with PBS or WT splenic CD49b"NK cells from Rag1”" mice at days 2, 6, and 10 after ethanol feeding
(1 x 108 cells each time). Mice were killed, and liver tissue or plasma was obtained at 6 hours after binge. The number of liver
ILC1 and NK cells (A) and ratio of ILC1 to NK cells (B) were shown (n = 5-6/group). (C) Hepatic triglyceride content was
measured in whole liver homogenate (n = 4-6/group). (D) Plasma concentrations of ALT and AST were measured (n = 4-7/

group). (E) The mRNA level of IL6 and IL18 in liver tissue was d

etected (n = 4-6/group). (F) H&E or Oil Red O staining of liver

section were performed (scale bars, 100 um). Representative images are shown (n = 4/group). Two-way analysis of variance
was performed in A. One-way analysis of variance was performed in B-E. *P < .05, *P < .01, **P < .001, ***P <.0001.

NK Cell-derived IFN-v Protects Mice From
Alcoholic Steatohepatitis by Dampening IL17A
Production by ILC1

As demonstrated in Figures 3 and 4, normalization of the
ILC1/NK cells ratio by NK cells transfer or by polyl:C in-
jection inducing NK cells expansion without altering the
number of ILC1 had significant amelioration for ethanol-
induced steatohepatitis, suggesting that NK cells may
mediate protection against alcoholic steatohepatitis by
down-regulating the function of ILC1. Hence, we measured
IL17A expression by ILC1 after NK cells transfer in ethanol-
fed mice. Compared with control mice injected with PBS,
mice receiving NK cells transfer showed significantly
reduced IL17A"ILC1 (Figure 7A). It was reported that IFN-y
was able to inhibit Th17 differentiation in humans and
mice,”**° suggesting that IFN-y is involved in regulating
IL17A-mediated inflammatory response. We next hypothe-
sized that if NK cell-mediated IL17A suppression was IFN-vy
dependent, we would expect to observe a decreased IFN-vy
producing NK cells in ethanol-fed mice. Indeed, our data
showed a significant reduction in both frequency and

absolute number of IFN-y" NK cells in ethanol-fed mice
(Figure 7B). Interestingly, liver ILC1 from either control or
ethanol-fed mice showed no changes in IFN-y expression
(Figure 7C). To further confirm that NK cell-derived IFN-y
was necessary to inhibit IL17A production by ILC1, we
adoptively transferred IFN-y”/~ NK cells into ethanol-fed
mice. Compared with WT NK cells, IFN-y'/' NK cells failed
to constrain the IL17A production by ILC1 (Figure 7A).
Consistently, the mice transferred with IFN-y’/ " NK cells
displayed higher levels of ALT, AST, inflammatory cytokines,
lipid accumulation, and more hepatic neutrophils infiltration
when compared with mice receiving WT NK cells
(Figure 7D-G). These data provide strong evidence that
ILC1-derived IL17A, which was regulated by IFN-vy from NK
cells, is essential for the development of ethanol-induced
steatohepatitis.

Discussion
In the present study, we provided the first evidence that
the interplay between liver ILC1 and NK cells plays an
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intraperitoneally with PBS or polyl:C every other day after ethanol feeding (5 mg/kg). Mice were killed, and liver tissue was
obtained at 6 hours after binge. The numbers of liver ILC1 and NK cells (A) and ILC1/NK cells ratio (B) were shown (n = 3/
group). (C) Hepatic triglyceride content was measured in whole liver homogenate (n = 4/group). (D) H&E staining of liver
section was performed (scale bars, 100 um). (E) Plasma levels of ALT and AST were detected (n = 5/group). (F) The mRNA level
of IL18 and IL6 in liver tissue was detected (n = 4/group). Two-tailed unpaired Student t tests were performed in A and B.
Representative images are shown (n = 4/group). Two-way analysis of variance was performed in A. Two-tailed unpaired
Student t test was performed in B, C, E, and F. *P < .05, *P < .01, **P < .001, ***P <.0001.

important role in the development of alcohol-associated
liver disease. With chronic alcohol consumption, ILC1 ac-
counts for an increasing proportion among group 1 ILC and
rises up to approximately 85% after 10 days because of the
apoptosis of NK cells. ILC1, which is negatively regulated by
NK cell-derived IFN-v, contributes to the development of
alcoholic steatohepatitis via the release of IL17A.

Liver acts as an innate immunity-dominant organ, which
contains a variety of liver-resident or circulating innate
immune cell subsets, including NK cells, NKT cells, macro-
phages, and neutrophils.”” Although the roles of macro-
phage or neutrophils in alcohol-induced liver disease are
well-investigated,® the understanding of NK cells’ involve-
ment is in its infancy. There are very few published studies,

and they focus on CD3'NK1.1" bulk NK cells, which are now
known to be group 1 ILC. A recent study, which used mul-
tiple doses of anti-AsGM1 antibody over the whole ethanol
feeding period, demonstrated a protective function of bulk
NK cells against alcoholic steatohepatitis by secreting IFN-
v.2* Because the treatment of anti-AsGM1 antibody causes
depletion of both NK cells and ILC1, the respective roles of
NK cells or ILC1 in pathogenesis of chronic alcohol-induced
steatohepatitis are still blurry. On the basis of our finding
that ILC1 are dominant in group 1 ILC at day 9-10 after
ethanol feeding, we chose to give a single dose of anti-
AsGM1 antibody at day 9 to evaluate the functional role of
ILC1 and found the mice depleted with ILC1 exhibited
attenuated alcoholic steatohepatitis. Moreover, adding back
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Figure 5. Liver ILC1 play an important role in alcohol-induced steatohepatitis. EtOH-fed mice were injected intraperito-
neally with anti-AsGM1 antibody (50 ug per mouse) or same amount of IgG as control once at 48 hours before binge. (A) The
numbers of liver ILC1 and NK cells were measured at 6 hours after binge (n = 4/group). (B) Hepatic triglyceride content was
measured in whole liver homogenate (n = 18-20/group). (C) Plasma concentrations of ALT and AST were measured (n = 8-12/
group). (D) H&E and Oil Red O staining of liver section were performed at 6 hours after binge (scale bars, 100 um). Repre-
sentative images are shown (n = 8/group). (E) The mRNA level of IL6 (n = 6-7/group), IL18 (n = 6-8/group), and TNF-« (n = 3/
group) in liver tissue was detected. (F) Female C57BL/6 mice were exposed to CD or ethanol containing diet. Some EtOH-fed
mice were injected intraperitoneally with IgG or anti-AsGM1 antibody. All mice were killed at 6 hours after binge, and the
percentage and absolute number of hepatic neutrophils were measured by flow cytometry (n = 6/group). Two-way analysis of
variance was performed in A. Two-tailed unpaired Student t tests were performed in B, C, and E. One-way analysis of variance
was performed in F. *P < .05, *P < .01, **P < .001, ***P <.0001.

circulating NK cells to WT mice during ethanol feeding was
advantageous, strongly suggesting that NK cells confer
hepatoprotection, whereas liver ILC1 play an opposite
function during alcohol-induced steatohepatitis.

Previous studies revealed that IL17A signaling plays a
key role in hepatic lipogenesis, because liver steatosis was
reduced significantly in the whole-body IL17A”" or

IL17RA7" mice that underwent nonalcoholic fatty liver dis-
ease.’"*? Blockade of the IL17A axis impedes progression
from steatosis to nonalcoholic steatohepatitis.** In alcohol-
induced liver disease, IL17A signaling similarly functions
to promote alcohol-induced steatosis, inflammation, and
even hepatocellular carcinoma via regulating macrophages
or hepatocytes.”®?” The frequency of intrahepatic IL17-
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Figure 6. Liver ILC1 augment alcohol-induced steatohepatitis via IL17 production. (A) Heat map shows mRNA expression
of cytokines in liver ILC1 and NK cells from RNA-seq data GSE43339. Mice were treated as described in Figure 4F. (B and C)
The mRNA level of IL13 (B) and IL17A (C) in liver tissue was detected (n = 4/group). (D) Plasma concentration of IL17A was
measured (n = 4-7/group). (E) Expression of IL17A in liver ILC1 from CD- or EtOH-fed mice was measured by intracellular
staining (n = 6/group). (F and G) The number of hepatic IL17A" NK cells (F) and IL17A* CD4™ T cells (G) in CD- or EtOH-fed
mice were shown (n = 4/group). (H-J) EtOH-fed mice were injected intraperitoneally with IgG as control or anti-IL17A antibody
twice at days 5 and 2 before binge (400 ug per mouse, n = 4/group). Liver tissue and plasma were obtained at 6 hours after
binge. Hepatic triglyceride content (H), plasma level of ALT and AST (/), and H&E or Qil Red O staining of liver section (J) were
examined. Representative images are shown (scale bars, 100 um). (K) AML-12 cell line was stimulated with PBS or free fatty
acid (FFA) (1 mmol/L) with or without IL17A (40 ng/mL). After 24 hours, the mRNA level of Srebp-1c and Acc in AML-12 cells
was measured by quantitative polymerase chain reaction. Data were analyzed according to 3 independent experiments. One-
way analysis of variance was performed in B-D. Two-tailed unpaired Student t tests were performed in E-. Two-way analysis
of variance was performed in K. *P < .05, *P < .01, **P < .001, ***P <.0001.

producing CD4" T cells or the plasma level of IL17A is source of IL17A.?”*"*% In line with these findings, we also
associated with the progression of nonalcoholic fatty liver found that the frequency of hepatic IL17ATCD4" T cells is
disease or alcohol-induced liver disease in both human and higher after chronic alcohol consumption (data not shown),
mouse models, implying that Th17 cells may be the main and neutralization of IL17A inhibits development of
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Figure 7. NK cell-derived IFN-y alleviates alcohol-induced steatohepatitis through inhibition of IL17A production by
ILC1. Female C57BL/6 mice were exposed to CD or ethanol containing diet. Some EtOH-fed mice were injected intravenously
with PBS or splenic CD49b"NK cells from WT or GKO mice at days 6 and 10 after ethanol feeding (1 x 10° cells each time).
The number of liver IL-17A* ILC1 was measured at 6 hours after binge by intracellular staining (n = 4-7/group). (B and C)
Frequency or absolute number of liver IFN-y—producing NK cells (B) or ILC1 (C) in CD- or EtOH-fed mice was shown (n = 8/
group). (D-G) EtOH-fed mice were adoptively transferred with PBS or splenic CD49b*NK cells from WT or GKO mice at days 6
and 10 after ethanol feeding (2 x 108 cells per mouse). All mice were killed, and liver tissue or plasma was obtained at 6 hours
after binge. (D) Plasma concentrations of ALT and AST were measured (n = 4/group). (E) The mRNA level of IL6 and IL13 in liver
tissue was detected (n = 4/group). (F) H&E or Oil Red O staining of liver section was performed (scale bars, 100 um).
Representative images are shown (n = 4/group). (G) The percentage and absolute number of hepatic neutrophils were
measured by flow cytometry (n = 4/group). One-way analysis of variance was performed in A, D, E, and G. Two-tailed unpaired
Student t tests were performed in B and C. *P < .05, *P < .01, **P < .001, ***P <.0001.

alcoholic steatohepatitis. However, the absolute number of
IL17A*CD4" T cells was comparable between control and
ethanol-fed mice, which is due to the significant decrease in
total number of hepatic CD4" T cells after chronic ethanol
consumption. Unexpectedly, liver ILC1, the only cell popu-
lation whose absolute number did not decline globally,
expressed much higher level of IL17A after chronic alcohol
consumption. Thus, we demonstrate for the first time that

liver ILC1 are more likely the cellular source of increased
IL17A in alcohol-induced liver disease.

Earlier studies have shown that the subsets of T-helper
cells were not fixed but rather could be converted after
stimulation with different cytokines.>* This plasticity was
also observed among ILC subsets, whose transcription fac-
tor profiles and cytokine outputs could be modulated by
environmental signals.35 For instance, after stimulation with



2023

IL12 and IL15, ILC3 was turned into ILC1-like phenotype,
evident by the loss of RORyt expression but up-regulation of
T-bet expression as well as IFN-y production capacity.*®
Interestingly, a human study demonstrated that CD127"
ILC1 could differentiate into ILC3, which preferentially
produce IL17A and IL22, and this process was driven by
IL23, IL18, and retinoic acid.>” Our data showed the number
of IL17A-producing liver ILC1 was approximately tripled
after chronic alcohol feeding, suggesting the possible dif-
ferentiation of liver ILC1 to ILC3. However, regardless of
whether IL17A was expressed, liver ILC1 maintained the
expression of transcription factors, showing the stable T-
bet"Eomes RORyt  phenotype. These findings suggest a
possible new mechanism by which liver ILC1 secrete IL17A
without altering the expression profile of transcription fac-
tors during chronic alcohol-induced liver disease.

Alcohol has been considered an immunosuppressive agent
that leads to impaired NK cell-mediated immune response by
decreasing the expression of activated receptors, blocking NK
cells’ release from bone marrow, enhancing NK cells’ apoptosis,
or elevating serum level of corticosterone, which inhibits NK
cells’ function.’” 27 In agreement, we also found chronic alcohol
consumption resulted in a significant decrease in absolute
number and IFN-vy expression of hepatic NK cells. In addition,
other lymphocytes such as CD4™ T cells, CD8™ T cells and B cells,
but not liver ILC1, also displayed a global reduction in cell
number. The mechanism thatliver ILC1 are able to resist alcohol-
induced apoptosis warrants further investigation. Interestingly,
our previous study showed that NK cells contributed to impaired
hepatic CD8" T-cell-mediated anti-hepatitis B virus immunity
after alcohol consumption.*’ Although the study did not define
the mechanism, our present data would suggest that after
chronic alcohol consumption, the bulk NK cells in liver are
dominance of ILC1, which exhibit a negative regulatory feature
and limit antiviral activity of hepatic T cells.'®

In summary, the present study reveals a role for liver ILC1
in aggravating alcoholic steatohepatitis through IL17A pro-
duction. NK cell-derived IFN-y, which was dramatically down-
regulated during chronic alcohol consumption, confers pro-
tection against alcoholic steatohepatitis by inhibiting IL17A
production. Our study demonstrates the crosstalk between
NK cells and ILC1 through IFN-y/IL17A axis in alcohol-
induced liver disease and provides preclinical evidence for
targeting IL17A for the treatment of alcoholic steatohepatitis.

Materials and Methods
Animal Experiments

WT C57BL/6] mice and Ragl” mice were purchased
from the GemPharmatech Co, Ltd (Nanjing, China). IFN-y”/~
(GKO) mice were obtained from Hui Peng (University of
Science and Technology of China, Hefei, China). A mouse
model of 10-day chronic plus single-binge was established
as previously described.”” At day 11 (8:00 am) after chronic
alcohol feeding, the mice were gavaged with 31.5% alcohol
at 5 g/kg body weight or control diet. Mice were euthanized
and harvested at 6 hours after gavage. All animals were
used according to the guidelines for experimental animal
use from Anhui Medical University.
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To evaluate the degree of liver steatosis or injury, the
levels of ALT, AST, hepatic triglyceride, and H&E or Oil
Red O were examined. Plasma concentrations of ALT and
AST were detected by an automatic biochemical analyzer
(Mindray, Shenzhen, China). The level of triglyceride con-
tent in liver homogenate was measured by TG kit
(Applygen, Beijing, China). Liver tissues were stained with
H&E or Oil Red O for the examination of lipid
accumulation.

For group 1 ILC depletion, mice were injected intraper-
itoneally once with 50 ug of anti-AsGM1 antibody (Wako Co,
Tokyo, Japan) at day 9 after ethanol feeding. Control mice
were injected with same dose of rabbit IgG.

To expand NK cells in vivo, mice were injected intra-
peritoneally with 5 mg/kg of polyl:C every other day
(APExBio, Houston, TX). PBS was used as negative control.

In the adoptive transfer experiments, CD49b"NK cells
were purified from the spleen of WT, Ragl”" mice or GKO mice
by negative isolation kit (Miltenyi Biotec, Bergisch Gladbach,
Germany). The 1 x 10° cells were injected intravenously into
recipient mice each time at indicated time points.

For IL17A neutralization, mice were injected intraperi-
toneally with 400 ug anti-IL-17A (Selleck, Shanghai, China)
antibody twice at days 6 and 9 after ethanol feeding. Control
mice were injected with same dose of rabbit IgG.

Flow Cytometric Analyses

Liver mononuclear cells were isolated, blocked with anti-
CD16/CD32 antibody, stained with various antibodies, and
then analyzed using a BD FACS celesta flow cytometry (BD,
Franklin Lakes, NJ). Live cells were defined by fixable live/
dead viability dye (Thermo Fisher, Waltham, MA). For
intracellular staining, liver mononuclear cells from CD- or
ethanol fed mice were stimulated with 1x cell stimulation
cocktail (eBioscience, San Diego, CA) in presence of mon-
ensin (MULTI, Hangzhou, China). After 4 hours, cells were
fixed and permeabilized by the Fix & Perm kit (eBioscience)
and then stained with anti-IFN-y or IL17A. For detection of
Ki67, T-bet, Eomes, or ROR~t, liver mononuclear cells were
fixed, permeabilized, and then stained without further
stimulation by 1x cell stimulation cocktail ex vivo. The data
were analyzed with Flow]o v10.7.1 software.

The following monoclonal antibodies were used for flow
cytometry: anti-CD3, anti-CD4, anti-CD8, anti-CD19, anti-
NK1.1, anti-CD45, anti-CD49a, anti-CD49b, anti-CD69, anti-
annexin V, anti-Ly6G, anti-TRAIL, anti-Ki67, anti-IFN-v, anti-
IL-17A, anti-Eomes, anti-T-bet, and anti-ROR+yt. Antibodies
are listed in Table 1.

In Vitro Culturing of AML-12 Cell Line

The 2 x 10° AML-12 cells were placed into 6-well plate
with 2 mL AML-12 special medium (Procell, China) con-
taining 10% fetal bovine serum, 40 ng/mL dexamethasone,
insulin, transferrin, and selenium and then treated with PBS
or free fatty acid (1 mmol/L) with or without IL17A (40 ng/
mL). After 24-hour treatment, the cells were collected, and
the mRNA level of ACC or SREBP-1c was measured by
quantitative polymerase chain reaction.
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Table 1.Antibodies Used in This Study

Antibody Catalog no. Company
APC-Cy7 anti-mouse CD45 103116 Biolegend
BV510 anti-mouse CD3 100233 Biolegend
BV421 anti-mouse NK1.1 108741 Biolegend
PerCP-Cy5.5 anti-mouse CD3 100328 Biolegend
PerCP-Cy5.5 anti-mouse NK1.1 156525 Biolegend
PE anti-mouse CD49b 103506 Biolegend
APC anti-mouse CD8 100712 Biolegend
FITC anti-mouse CD4 100509 Biolegend
APC anti-mouse CD19 115512 Biolegend
APC anti-mouse CD49a 142606 Biolegend
APC anti-mouse Ly6G 127613 Biolegend
PE anti-mouse IFN-y 505808 Biolegend
APC anti-mouse IL-17A 506816 Biolegend
PE anti-mouse T-bet 644810 Biolegend
PerCP-Cy5.5 anti-mouse RoR~yt 562683 BD Pharmingen
PE anti-mouse Eomes 157705 Biolegend
Purified IL-17A mAb A2120 Selleck
Purified Anti-AsGM1 16-6507-39 Thermo Fisher

Quantitative Real-Time Polymerase Chain
Reaction

Total RNA was extracted from liver tissue or AML cells
using RNA Extraction Kit (Solarbio, Beijing, China). For
cDNA synthesis, the RNA was reverse transcribed with
cDNA Synthesis Kit (Accurate, Hunan, China), and real-time
polymerase chain reaction was performed by using SYBR
Premix ExTaq (Accurate, Hunan, China). Results were
normalized to GAPDH mRNA expression. Polymerase chain
reaction primers used are listed below:

GAPDH: CAAAGTTGTCATGGATGACC (F), CCATGGA-
GAAGGCTGGGG (R); ACC: CTTCCTCCTGATGAGCAACTCT (F),
CGTGAGTTTTCCCAAAATAAGC (R); SREBP-1c: GAGG
CCAAGCTTTGGACCTGG (F), CCTGCCTTCA GGCTTCTCAGG
(R); IL-16: TTCATCTTTGAAGAAGAGCCCAT (F),
TCGGAGCCTGTAGTGCAGTT (R); IL-6: TGGAAATGAGAAAA-
GAGTTGTGC (F), CCAGTTTGGTAGCATCCATCA (R); IL-13:
AACGGCAGCATGGTATGGAGTG (7, TGGGTCCTGTA-
GATGGCATTGC (R); IL-17A: CCTTCACTTTCAGGGTCGAG (F),
CAGTTTGGGACCCCTTTACA (R); TNF-a: ATCTACCTGG-
GAGGCGTCTT (F), GAGTGGCACAAGGAACTGGT (R).

Statistical Analysis

Data were presented as mean + standard error of mean.
All statistical analyses were conducted with GraphPad Prism
version 8.0 (GraphPad Software Inc, San Diego, CA). Two-
tailed unpaired Student t tests were used to compare the
differences between 2 groups. One-way analysis of variance
was used to compare values obtained from 3 or more
groups with 1 independent variable. Two-way analysis of
variance was used to compare groups with 2 independent

variables. The data were considered statistically significant
when differences in values reached P <.05.
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