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Abstract

Background and Aims: Alcohol-perturbed gut immune homeostasis is associated with the
development of alcoholic liver disease (ALD). However, the role of intestinal dendritic cells (DCs)
in ALD progression is still unknown. This study aimed to investigate the cellular and molecular
mechanisms through which intestinal DCs respond to alcohol exposure and contribute to the
pathogenesis of ALD.

Approach and Results: After 8 weeks of alcohol consumption, the number of basic leucine
zipper transcription factor ATF-like 3 (Batf3)-dependent conventional type 1 DCs (cDC1s) was
dramatically decreased in the intestine but not the liver. cDC1 deficient Batf3 knockout mice

along with wild-type mice were subjected to chronic-binge ethanol feeding to determine the role
of intestinal cDC1s reduction in ALD. cDC1s deficiency exacerbated alcohol-induced gut barrier
disruption, bacterial endotoxin translocation into the circulation, and liver injury. Adoptive transfer
of cDC1s to alcohol-fed mice ameliorated alcohol-mediated gut barrier dysfunction and liver
injury. Further studies revealed that intestinal cDC1s serve as a positive regulator of Akkermansia
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muciniphila (A. muciniphild). Oral administration of A. muciniphila markedly reversed alcoholic
steatohepatitis in mice. Mechanistic studies revealed that cDC1s depletion exacerbated alcohol-
downregulated intestinal antimicrobial peptides which play a crucial role in maintaining A.
muciniphila abundance, by disrupting the IL-12-interferon gamma signaling pathway. Lastly, we
identified that intestinal cDC1s were required for the protective role of Lactobacillus reuteriin
alcoholic steatohepatitis.

Conclusions: This study demonstrated that cDC1s protect alcohol-induced liver injury by
maintaining A. muciniphila abundance in mice. Targeting cDC1s may serve as a promising
therapeutic approach for treating ALD.

INTRODUCTION

Alcoholic liver disease (ALD) is one of the most common forms of chronic liver disease
worldwide.[*] While alcohol induces deleterious effects on the liver, it also disrupts
intestinal epithelial integrity as well as antimicrobial responses, resulting in increased gut
permeability, bacterial translocation, and release of pathogen-associated molecular patterns
(PAMPs) into circulation.[23] Translocation of PAMPs (eg, bacterial endotoxin) from the
intestinal tract to the liver represents crucial inflammatory signaling that triggers the hepatic
proinflammatory response and subsequent injury.[4]

Alcohol consumption is associated with enteric dysbiosis and intestinal bacterial overgrowth
in both alcohol-fed mice and patients with ALD.[?I ALD can be transmitted via fecal
microbiota,[®] suggesting a causal link between dysbiosis and the development of ALD.
Akkermansia muciniphila (A. muciniphila) is one of the most abundant members of the
human gut microbiota. During the progression of ALD, the reduction of A. muciniphila

is intimately associated with liver damage in both human and mice.[”] Mice treated with

A. muciniphila efficiently improved intestinal barrier integrity and reversed alcohol-induced
liver injury.l”] Moreover, A. muciniphila administration reduced cardiovascular diseasel®]
and obesity,[®] making A. muciniphila a promising probiotic candidate for maintaining gut
health. However, the precise mechanisms underlying how alcohol reduces the abundance of
A. muciniphila in the pathogenesis of ALD have not been well defined.

Dendritic cells (DCs) are antigen-presenting cells that comprise 2 major subsets:
conventional DCs (cDCs) and plasmacytoid DC. Intestinal DCs are highly heterogeneous
but collectively generate both regulatory and effector T-cell responses which are essential for
maintaining intestinal immune homeostasis.[1% Intestinal cDCs development is specifically
regulated by distinct transcriptional factors. Basic leucine zipper transcription factor ATF-
like 3 (Batf3) and interferon regulatory factor 8 (/r78) are essential for CD103*CD11b™~
conventional type 1 DCs (cDC1s) development in the intestine.[11:12] Whereas, interferon
regulatory factor 4 (/rf4) and notch receptor 2 (Notch2) are critical for intestinal
CD103*CD11b* conventional type 2 DCs (cDC2s) development.[13] Batf3dependent cDC1
has been recognized as the major producer of IL-12 among all DC subsets and are essential
in driving protective interferon gamma (IFN-vy)-secreting T helper type 1 (Th1) and CD8 T
cells immunity upon infection.[11.24] Mice lacking cDC1s exhibited dramatically decreased
intestinal IFN-y levels and enhanced susceptibility to dextran sodium sulfate-induced colitis.
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[15.16] We previously reported that alcohol-impaired intestinal IFN-vy signaling provides an
explanation for alcohol-induced gut antimicrobial dysfunction, A. muciniphila reduction, gut
barrier disruption, and liver injury.[1”] However, how alcohol affects intestinal DCs and how
perturbed intestinal DCs may mediate alcohol-induced dysbiosis, gut barrier dysfunction,
and PAMPs translocation in the development of ALD remain largely unclear.

MATERIALS AND METHODS

Animals and chronic alcohol feeding

RESULTS

C57BL/6J mice and Barf3knockout (KO) (Batf37~) mice were purchased from the Jackson
Laboratory (Bar Harbor, ME). All mice were housed under specific pathogen-free conditions
with controlled temperature and 12-hour light/dark circle. For the collection of tissue
samples, mice were anesthetized with inhalational isoflurane. All animal studies were
conducted by following the protocol approved by the North Carolina Research Campus
Institutional Animal Care and Use Committee. Twelve weeks old male mice were fed

with the Lieber-DeCarli liquid diets containing alcohol (alcohol-fed; AF) or isocaloric
maltose dextrin control liquid diet (pair-fed; PF) for 8 weeks (NIAAA model with some
modifications). The ethanol (Ethyl alcohol 190 proof, Product # 493538; Sigma-Aldrich, St.
Louis, MO) content (%, v/v) in the diet was 4.5% (24% ethanol-derived calories in the diet)
for the first 2 weeks and gradually increased by 0.37% (2% ethanol-derived calories in the
diet) every 2 weeks, reaching 5.6% (30% ethanol-derived calories in the diet) for the last 2
weeks. Food intake was measured daily, and the amount of food given to the pair-fed mice
was the same as what the alcohol-fed mice consumed in the previous day. Four hours before
tissue collection, the AF mice were administrated with 1 dose of ethanol at 4 g/kg and the
PF mice with isocaloric maltose dextrin.

Other materials and methods used in this study are described in the Supplemental Materials
and Methods, and in Supplemental Tables 1-3 (http:/links.lww.com/HEP/A20).

Chronic alcohol consumption leads to a reduction of intestinal Batf3-dependent
CD103*CD11b™ cDCl1s in mice

The effects of alcohol on intestinal and hepatic DCs were assessed. Chronic alcohol feeding
increased the number of total cDCs in the small intestinal lamina propria (SILP, Figure
1A), large intestine LP (LILP, Figure 1A), and payer’s patch (PP; Supplemental Figure

1A, http://links.lww.com/HEP/A20) in mice. However, the number of hepatic cDCs was
not affected (Figure 1A and Supplemental Figure 1B, http://links.lww.com/HEP/A20). To
determine whether alcohol consumption alters DC functions in the gut, ileal cDCs were
isolated. Principal components analysis revealed that quantified proteins could distinguish
2 groups with 49.1% of the variance (Supplemental Figure 2A, http://links.lww.com/HEP/
A20). We discovered 62 differentially expressed proteins with statistical significance (Figure
1B and Supplemental Figure 2B http://links.lww.com/HEP/A20). Functional enrichment
analysis of downregulated proteins in the AF group showed that alcohol perturbed the
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function of migration, invasion and glycolysis metabolism in cDCs (Supplemental Figure 2C
http://links.lww.com/HEP/A20).

Intestinal cDCs are a heterogeneous population of cells and we next measured the

effects of alcohol on intestinal cDCs subsets. Surprisingly, the number and frequency of
CD103*CD11b~ ¢cDC1 DCs were robustly decreased in SILP (Figure 1C), LILP (Figure
1C), and PP (Supplemental Figure 1A http://links.lww.com/HEP/A20) after chronic alcohol
feeding, while no change was found in hepatic CD103*CD11b~ DCs (Figure 1C). The

ileal MRNA levels of cDC1 markers, including Batf3, C-Type Lectin Domain Containing
9A (Clec9A), and X-C Motif Chemokine Receptor 1 (XcrI) were all reduced by alcohol
feeding (Figure 1D). The number of resident CD8a*CD11b~ ¢cDC1s in mesenteric lymph
nodes (MLN), whose development relies on Batf3, was also decreased by alcohol (Figure
1C). Intriguingly, in contrast to the cDCL1 reduction, alcohol feeding significantly increased
the number of cDC2s in the SILP, LILP, PP, and MLN (Supplemental Figure 1C, http://
links.lww.com/HEP/A20).

cDC1s are the major 1L-12 secreting cDC subset.[14] As shown in Figure 1E, intestinal cDCs
isolated from the AF mice produced less IL-12 protein upon CpG ODN1585 stimulation
than that from the PF mice. The ileal IL-12 protein levels were also decreased in the AF
mice (Figure 1E). Furthermore, the frequency of ileal CD45%IL-12R* cells was markedly
lower in the AF mice (Supplemental Figure 3A, http://links.lww.com/HEP/A20). Intestinal
cDC1s play an essential role in regulating Th1 (CD4*IFN-y*) and CD8*IFN-y* T cells
development via IL-12 signaling. Indeed, the proportion of both ileal Thl and CD8*IFN-y*
T cells were all reduced by alcohol feeding (Figure 1F). The protein (Figure 1F) and

mMRNA levels (Supplemental Figure 3B, http://links.lww.com/HEP/A20) of ileal IFN-y were
markedly reduced in the AF mice. Moreover, the mRNA levels of /fn-y downstream targets,
including C-X-C Motif Chemokine Ligand 9 (Cxc/9), indoleamine 2,3-dioxygenase (/d0),
and interferon gamma-induced protein 10 (/p-10), were all decreased in the ileum of AF
mice compared with PF mice (Supplemental Figure 3C, http://links.lww.com/HEP/A20).
The protein levels of ileal phosphorylated signal transducer and activator of transcription

3 (p-STAT3), which are controlled by IFN-vy, were also markedly reduced in the AF mice
(Supplemental Figure 3D, http:/links.lww.com/HEP/A20).

Lack of cDC1s exacerbates alcohol-induced intestinal tight junction disruption and PAMPs
translocation in mice.

To determine the role of cDC1s in the pathogenesis of ALD, Batf3/~ mice were subjected
to eight weeks of alcohol feeding. The ileal mMRNA levels of Batf3were undetectable

after KO (Supplemental Figure 4A, http://links.lww.com/HEP/A20). The ileal mRNA levels
of Xcr1, a marker of cDC1s, were also dramatically decreased in the Batf3/~ mice
(Supplemental Figure 4A, http://links.lww.com/HEP/A20). Batf3 KO significantly decreased
the number of CD103*CD11b~ ¢cDC1s in the SILP (Figure 2A) and CD8a*CD11b™~

cDC1s in the MLN (Supplemental Figure 4B, http://links.lww.com/HEP/A20), respectively.
Moreover, IL-12 secretion by ileal DCs upon CpG ODN1585 stimulation was significantly
damped by Batf3 KO (Supplemental Figure 4C, http://links.lww.com/HEP/A20). The
frequency of ileal Thl (Figure 2B), CD8*IFN-y* T cells (Supplemental Figure 4D,
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http://links.lww.com/HEP/A20), and ileal IFN-y (Figure 2C and Supplemental Figure 4E,
http://links.lww.com/HEP/A20) and /p-70 mRNA levels (Figure 2C) were all dramatically
decreased in the Batf3'~ mice, regardless of alcohol feeding. Interestingly, Batf3 KO also
exacerbated alcohol-increased ileal CD103*CD11b* cDC2s, Th17 cells, and the mRNA
levels of //-17a (Supplemental Figure 4F, http:/links.lww.com/HEP/A20).

We next examined whether intestinal cDC1s reduction was involved in alcohol-perturbed
intestinal epithelial tight junction. As shown in Figure 2D, alcohol-decreased mRNA
levels of ileal Occludin, zonula occludens-1 (Zo-1), and Claudini were all exacerbated

in Batf3~ mice. Alcohol-decreased protein levels of ileal OCCLUDIN and ZO-1 were
also enhanced by Batf3 KO (Figure 2D). Alcohol-induced disruption of intestinal barrier
integrity facilitates PAMPs translocation to the blood and liver. Indeed, alcohol-increased
plasma and hepatic endotoxin levels were also exacerbated by cDC1s deletion (Figure 2E).

However, the mRNA and protein levels of ileal TNF-a (Figure 2F and Supplemental Figure
5, http://links.lww.com/HEP/A20), IL-6, and C-C Motif Chemokine Ligand 2 (CCL2)
(Supplemental Figure 5, http://links.lww.com/HEP/A20) were comparable between the
alcohol-fed wild-type (WT) mice and Batf3~ mice.

Lack of Batf3-dependent cDC1s exacerbates alcohol-induced hepatic inflammation,
steatosis, ER stress, and liver injury

We previously reported that hepatic lipocalin-2 (LCN2) elevation was associated with
PAMPs translocation in both alcohol-fed mice and patients with alcoholic hepatitis.[2] As
shown in Figure 3A and Supplemental Figure 6A, http://links.lww.com/HEP/A20, alcohol-
increased the mRNA and protein levels of hepatic LCN2 were exacerbated in the Batf3/~
mice. Deletion of Batf3also enhanced alcohol-increased hepatic p-STAT3 (Figure 3A) and
NF-xB protein levels (Supplemental Figure 6A, http://links.lww.com/HEP/A20).

Flow cytometry analysis showed that alcohol increased the frequency of hepatic neutrophils
were exacerbated by Batf3 KO (Figure 3B). Correspondingly, alcohol-increased mRNA
levels of hepatic chemokine (C-X-C motif) ligand 1 (Cxc/Z) were enhanced by Batf3 KO
(Figure 3B). Compared with WT/AF mice, KO/AF mice also exhibited a markedly higher
number of M1 macrophages in the liver (Figure 3B). Although alcohol feeding alone did not
affects the mRNA and protein levels of hepatic CCL2 and TNF-a. in the WT mice, Batf3
KO significantly increased the mRNA and protein levels of these genes after alcohol feeding
(Figure 3B; Supplemental Figure 6B, http://links.lww.com/HEP/A20). The KO/AF mice also
displayed a higher proportion of infiltrated monocytes in the liver (Supplemental Figure 6C,
http://links.lww.com/HEP/A20).

Alcohol-induced lipid droplet accumulation in the liver was exacerbated by Batf3 KO
(Figures 3C, E). Alcohol feeding elevated the serum levels of alanine aminotransferase
(ALT) and aspartate aminotransferase in both the WT mice and Batf3/~ mice with the
latter having significantly higher values (Figure 3C). Deletion of Batf3also worsened
alcohol-induced hepatic ER stress, which is evidenced by increased protein levels of
activating transcription factor 4 (ATF4) and C/EBP homologous protein (CHOP) (Figure
3D). Furthermore, the KO/AF mice exhibited a higher mortality rate during the alcohol
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feeding period (Figure 3F). However, hepatic protein levels of alcohol metabolizing
enzymes, including alcohol dehydrogenases and cytochrome P450 2E1, and serum ethanol
levels were comparable between WT/AF mice and KO/AF mice (Supplemental Figure 7,
http://links.lww.com/HEP/A20).

Adoptive transfer of cDC1 ameliorates alcohol-induced intestinal barrier disruption,
PAMPs translocation, and liver injury

Since loss of cDC1s exacerbated alcohol-induced liver injury, we next determined whether
adoptive transfer of cDC1s could reverse the disease progression. As shown in Figure 4A,
MHCII*CD11¢*CD103*Clec9A* ¢cDC1s, which were selectively and efficiently generated
from bone marrow, were adoptively transferred to AF mice via intravenous injection.
Adoptive transfer of cDC1s reversed alcohol-impaired ability of IL-12 secretion in ileal DCs
(Figure 4A). Alcohol-decreased ileal IFN-y protein levels (Figure 4A) and the frequency

of ileal Th1 and CD8*IFN-y* T cells (Supplemental Figure 8A, http://links.lww.com/HEP/
A20) were reversed by cDC1s adoptive transfer. cDC1s adoptive transfer also increased

the mRNA levels of /fn-y in the liver (Supplemental Figure 8C, http:/links.lww.com/HEP/
A20). cDC1s transfer ameliorated alcohol-reduced the mRNA and protein levels of ileal
OCCLUDIN and ZO-1 (Figure 4B; Supplemental Figure 8B, http://links.lww.com/HEP/
A20). Accordingly, both the serum and hepatic levels of endotoxin were reduced after cDC1
transfer (Figure 4C). Moreover, alcohol-increased the hepatic frequencies of neutrophils
(Figure 4D), the number of F4/80*CD80*CD206~ M1 macrophages (Supplemental Figure
8D, http://links.lww.com/HEP/A20), and the mRNA levels of Cxc/1 and Lcn2 (Figure 4D)
were all attenuated by cDC1s adoptive transfer. Alcohol-induced lipid accumulation in the
liver was reversed by cDC1s adoptive transfer (Figure 4E). Mice with cDC1s administration
also alleviated alcohol-elevated serum ALT levels (Figure 4F).

Batf3-dependent cDC1s control A. muciniphila abundance via regulating IFN gamma
signaling in the gut

The cecal microbiome was analyzed by metagenomic sequencing of the 16S rRNA gene.
Loss of intestinal cDC1s perturbed the gut microbial configuration (Figure 5A). At the
family level, the relative abundance of Verrucomicrobiaceae was significantly decreased
after chronic alcohol feeding, and this effect was further exacerbated by Batf3 KO

(Figure 5A; Supplemental Figure 9A, http://links.lww.com/HEP/A20). The abundance of
A. muciniphilawas also decreased by alcohol feeding and Batf3 KO, while the KO/AF mice
displayed the lowest abundance of A. muciniphil (Figure 5B). The relative abundances

of Enterobacteriaceae and Enterococcus were significantly higher in the KO/AF mice than
the WT/AF mice (Supplemental Figure 9B, http://links.lww.com/HEP/A20). However, both
alcohol and Batf3 KO did not significantly affect the relative abundance of Lactobacillaceae
(Figure 5A; Supplemental Figure 9A, http://links.lww.com/HEP/A20).

We previously reported that intestinal antimicrobial peptides (AMPs) are the essential
regulators of the A. muciniphila abundance in ALD.[217] As shown in Figure 5C, the
mRNA levels of ileal defensin alpha 5 (Defa5) were significantly lower in Batf37~ mice
than that in WT mice on either a control or alcohol diet. Moreover, alcohol-decreased
mRNA levels of ileal regenerating islet-derived protein 3p (Reg3p6) and Reg3y were
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all exacerbated by Batf3 KO (Supplemental Figure 10A, http://links.lww.com/HEP/A20).
Furthermore, alcohol-decreased intestinal A. muciniphila abundance was ameliorated by
cDC1s transfer (Figure 5D). Consistently, alcohol-decreased ileal mMRNA levels of Defa5
(Figure 5E), Reg3p, and Reg3y (Supplemental Figure 10C, http:/links.lww.com/HEP/A20)
were all reversed by cDC1s transfer.

Intestinal STAT3 signaling plays an essential role in maintaining AMPs levels.[17] As
shown in Supplemental Figure 10B, http://links.lww.com/HEP/A20, Batf3 KO sufficiently
led to a reduction of ileal p-STAT3 protein levels. Furthermore, alcohol-decreased ileal
p-STAT3 protein levels were exacerbated by Batf3 KO (Supplemental Figure 10B, http://
links.lww.com/HEP/A20), while cDC1 adoptive transfer ameliorated alcohol-decreased ileal
p-STAT3 protein levels in mice (Supplemental Figure 10D, http://links.lww.com/HEP/A20).

Our previous study indicated that IFN-y controls the abundance of A. muciniphila via
mediating intestinal STAT3-AMPs signaling. To evaluates whether IFN-y was involved

in Batf3 KO-mediated A. muciniphila reduction, low dose of IFN-y (300 ng/mouse)

was administrated to the WT/AF mice and Batf3 KO/AF mice. The mRNA levels of
intestinal /p-Z0and /do, were increased by IFN-y administration (Supplemental Figure 11A,
http://links.lww.com/HEP/A20). The protein levels of p-STAT3 were reversed by IFN-y in
both WT/AF mice and KO/AF mice (Supplemental Figure 11B, http://links.lww.com/HEP/
A20). As shown in Figure 5F, IFN-y completely reversed alcohol-reduced abundance of
intestinal A. muciniphilain both WT mice and mice KO mice. Furthermore, the Batf3
KO-exacerbated ileal AMPs reduction was totally reversed by IFN-y administration (Figure
5F).

To evaluate whether 1L-12 signaling was involved in Batf3 KO-mediated IFN-y and A.
muciniphila reduction, we administrated 1L-12 to both WT mice and Batf3/~ mice fed
with alcohol chronically. I1L-12 strongly reversed alcohol-mediated and Batf3 KO-mediated
reduction of ileal /fn-y, /do, and /p-10expression (Supplemental Figure 11C, http:/
links.lww.com/HEP/A20). Alcohol-decreased mRNA levels of ileal Defa5, Reg3p, and
Reg3y (Supplemental Figure 11D, http://links.lww.com/HEP/A20) and the protein levels
of p-STAT3 (Supplemental Figure 11E, http://links.lww.com/HEP/A20) were also reversed
by IL-12 administration. Concomitantly, the alcohol-reduced abundance of A. muciniphila
was eversed by I1L-12 in both WT/AF and KO/AF mice (Supplemental Figure 11F, http://
links.lww.com/HEP/A20).

Oral A. muciniphila administration ameliorates the detrimental effects of Batf3 KO on the
tight junction functions and PAMPs translocation

To determine whether the reduction of A. muciniphila was involved in the detrimental
effects of cDC1s depletion in ALD, A. muciniphilawas orally administrated to alcohol-
fed WT mice and Batf3/~ mice. As shown in Figure 6A. A. muciniphila administration
ameliorated the detrimental effects of cDC1s deficiency on alcohol-induced intestinal
epithelial tight junction disruption. In accordance, alcohol-increased plasma and hepatic
endotoxin levels were reversed by A. muciniphila administration in both WT mice and
Batf3!~ mice (Figure 6B). Alcohol-increased mRNA (Figure 6C) and protein levels
(Figure 6C; Supplemental Figure 12A, http://links.lww.com/HEP/A20) of hepatic LCN2
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and the protein levels of hepatic p-STAT3 (Figure 6D) were suppressed by A. muciniphila
administration in both WT mice and Batf3'~ mice. However, A. muciniphila administration
did not affect the number of cDC1s in the small intestine (Figure 6E). Furthermore, the
mRNA (Figure 6F) and protein (Supplemental Figure 12B, http://links.lww.com/HEP/A20)
levels of ileal IFN-y, and the mRNA levels of ileal Defa5and Reg3B (Supplemental Figure
12C, http://links.lww.com/HEP/A20) were not affected by A. muciniphila administration.

Oral A. muciniphila supplementation ameliorates the detrimental effects of Batf3 KO on
alcohol-induced liver injury

We next explored the effect of A. muciniphila on alcohol and Batf3 KO-induced liver
injury. As shown in Figure 7A, A. muciniphila administration reversed Batf3 KO-enhanced
neutrophil infiltration into the liver in alcohol-fed mice. A. muciniphila supplementation
reduced the mRNA levels of hepatic Cxcl1, Ccl2, Tnf-a, and //-1 (Figure 7B). A.
muciniphila administration reversed alcohol-elevated serum ALT levels in both WT mice
and Batf3~ mice (Figure 7C). The detrimental effect of Bat£3KO on alcohol-induced lipid
accumulation was also ameliorated by A. muciniphila (Figures 7D, E). Alcohol-induced
hepatic ATF4 and CHOP protein levels in the WT/AF mice and KO/AF mice were almost
completely reversed by A. muciniphila administration (Figure 7F).

Batf3-dependent cDC1s are involved in the protective effect of Lactobacillus reuteri on
alcohol-induced PAMPs translocation and liver injury

Previous study demonstrated that Lactobacillus (L.) reuteri supplementation attenuates
alcohol-induced intestinal tight junction disruption and liver injury in mice.[18] Interestingly,
we found that L. reuteri significantly reversed alcohol-decreased numbers of ileal cDC1s

in WT mice but not in Batf3/~ mice (Figure 8A). The alcohol-impaired IL-12 secretion

by ileal cDCs from WT mice was significantly reversed by L. reuteriadministration,
whereas this effect was diminished in DCs from Batf3/~ mice (Supplemental Figure 13A,
http://links.lww.com/HEP/A20). Alcohol-mediated ileal IFN-y reduction was reversed by
L. reuteri administration in WT mice but not in Batf3/~ mice (Figure 8B; Supplemental
Figure 13B). L. reuterialso reversed alcohol-reduced ileal Thl and IFN-y secreting CD8 T
cells in WT mice but not in KO mice (Supplemental Figure 13C, http://links.lww.com/HEP/
A20). Furthermore, the protective effect of L. reuteri on alcohol-decreased ileal Defa5
(Figure 8B) and Reg3y (Supplemental Figure 13D, http://links.lww.com/HEP/A20) mRNA
levels were abolished by Batf3KO. L. reuterisignificantly restored the abundance of A.
muciniphilain WT/AF mice but not in KO/AF mice (Figure 8C). The protective effects

of L. reuterion alcohol-disrupted intestinal epithelial tight junctions were abrogated in

the Batf3'~ mice (Figure 8C; Supplemental Figure 13E, http://links.lww.com/HEP/A20).
L. reuteritreatment decreased the plasma endotoxin levels (Figure 8C), hepatic Lcn2
mRNA levels (Supplemental Figure 13F, http://links.lww.com/HEP/A20), and neutrophils
infiltration (Figure 8E) in WT/AF mice but not in Batf3 KO/AF mice. Alcohol-induced
hepatic lipid accumulation (Figure 8F; Supplemental Figure 13G, http://links.lww.com/HEP/
A20) and liver injury (Figure 8D) were ameliorated by L. reuteriin the WT/AF mice but not
in the KO/AF mice.
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DISCUSSION

ALD is tightly linked to the disruption of gut innate and adaptive immunity in patients

as well as in experimental animal models.[1920]1 However, the role of alcohol on intestinal
DCs was largely unknown. The present study demonstrated that intestinal Batf3-dependent
cDC1s play a protective role in the development of ALD by maintaining gut permeability
via regulation of A. muciniphila abundance. We observed that the number of cDC1s was
dramatically decreased in the gut but not in the liver of mice after alcohol consumption.

By using cDC1s deficiency mice and cDC1s adoptive transfer approach, we identified that
cDCl1s protect against alcohol-induced gut tight junction disruption, PAMPs translocation
into the circulation, hepatic inflammation, and subsequent liver injury. Investigations

of the underlying mechanisms further revealed that A. muciniphila reduction, resulting
from intestinal 1L-12-IFN-vy signaling perturbation and subsequent antimicrobial responses
disruption, was mechanistically involved in cDC1s deficiency-mediated tight junction
disruption and liver injury in ALD. We also found that intestinal cDC1s were involved in
the protective effects of L. reuteri on alcohol-induced hepatic steatohepatitis in mice (Figure
8G).

Crosstalk between gut immune cells, commensals, and colonic epithelia is required for

the proper function of the intestinal mucosal barrier.[21:22] ¢cDCs play an essential role in
shaping the intestinal immune response by orchestrating immune tolerance and protective
immunity in the host.[23] cDC1s, a master regulator of Thi response, are characterized by
cell surfer marker XCR1, CD8a, and CLEC9A. Their development is highly dependent

on the expression of the transcription factors Batf3and /rf81241 ¢cDC2s, defined by the

cell surface expression of CD11b and CD172a., exhibit variable dependence on /rf4and
Notch2 signaling and mediate Th17 cell development.[2] Previous study demonstrated that
intestinal /rf4-dependent cDC2s promote postoperative ileus by enhancing gut inflammation.
[26] |n contrast, cDC1s as a protective DC subset that prevents the onset and evolution

of age-related and diet-related obesity and associated morbidities.[27] Lack of cDC1s
promotes hepatic steatosis progression towards steatohepatitis in response to high sucrose
diet and methionine and choline-deficient diet in mice.[28] However, the role of ¢cDCs in

the development of ALD is still unclear. In this study, our results showed that the number
of intestinal cDC1s was dramatically reduced after chronic alcohol consumption in mice.
cDC1s depletion exacerbated alcohol-perturbed tight junction functions. In line with our
results, mice lack intestinal cDC1s but not cDC2s enhanced dextran sodium sulfate-induced
tight junction disruption.[!5] Previously studies demonstrated that tight junction disruption
facilitated the translocation of PAMPs (eg, bacterial endotoxin) from the intestinal tract to
the circulation, which triggers a hepatic proinflammatory response.[29-31] Indeed, our results
showed that lack of cDC1 exacerbates alcohol-induced PAMPs translocation, hepatic Lcn2
and Cxc/1 induction, neutrophils infiltration, and liver injury. These results suggest that
cDC1s are serving as a gatekeeper for intestinal barrier integrity in mice. However, we
cannot rule out the effect of liver CD103*CD11b~ DCs in the development of ALD, due to
whole-body Batf3 /'~ mice also displaying CD103*CD11b~ cDC1 depletion in the liver. A
previous study demonstrated that alcohol-increased intestinal Th17 immune response plays
a detrimental in the development of ALD.[32] Interestingly, we found that the number of
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cDC2s, the frequency of Th17 cells, and the mRNA levels of //-17ain the ileum were

all increased by alcohol consumption and Batf3 KO. Therefore, future studies are needed
to explore whether intestinal cDC2-controlled Th17/IL-17A signaling was involved in the
pathogenesis of cDC1 deficiency-enhanced liver injury.

Nowadays, A. muciniphilais widely considered a novel potential candidate to improve
metabolic disorders.[33:34] Ethanol exposure diminishes intestinal A. muciniphila abundance
in both mice and humans and can be recovered in experimental ALD by oral
supplementation.[”] Notably, A. muciniphila significantly promotes intestinal barrier
integrity and ameliorates experimental ALD.I7]1 An outer membrane protein of A.
muciniphila, Amuc_1100, which interacts with host toll-like receptor 2, was recently found
to have an important role in promoting gut barrier integrity through the upregulation of tight
junction proteins and is thought to be involved in the beneficial properties shown by this
bacterium in patients with obesity.[3%] Although the beneficial effects of A. muciniphilawere
well documented in multiple types of disease, the upstream regulator of A. muciniphilais
still obscure. In this study, we found that Batf3-dependent cDC1s control the abundance of
A. muciniphilain mice. Our results indicated that Batf3-dependent cDC1s protect against
alcohol-induced tight junction disruption, PAMPs translocation, hepatic inflammation, and
liver damage by maintaining A. muciniphila abundance. This notion is supported by several
findings. First, Batf3~ mice exhibit significantly decreased A. muciniphila abundance
regardless of alcohol feeding. Second, oral A. muciniphila administration significantly
ameliorates Batf3 KO-exacerbated tight junction disruption, PAMPs translocation, and liver
inflammation in chronic alcohol-fed mice. Third, adoptive transfer of cDC1 efficiently
ameliorates alcohol-induced A. muciniphila reduction, gut barrier dysfunction, and
subsequent liver inflammation. Finally, A. muciniphila supplementation strongly reversed
alcohol-induced steatosis, ER stress, and liver injury in both WT mice and Batf3/~

mice. Collectively, these results suggest Batf3 KO-mediated A. muciniphila reduction
mechanistically links to alcohol-induced tight junction disruption, PAMPs translocation, and
hepatic steatohepatitis.

Recently, our group revealed that alcohol-decreased intestinal IFN-y expression led to

A. muciniphila reduction by modulating AMPs secretion in mice.[1”] IFN-v restoration
significantly reversed alcohol-induced A. muciniphila abundance reduction, tight junction
disruption, and liver inflammation by enhancing intestinal AMP expression via activating
STAT3 signaling.[17] Notably, intestinal epithelial-specific STAT3 deletion-mediated AMPs
reduction can be strongly reversed by IFN-y administration.[17] However, the mechanisms
underlying how alcohol mediates intestinal IFN-y reduction are still unclear. IL-12 is a
master upstream regulator of IFN-y and plays important role in both innate and adaptive
immunity.[36:371 |L-12 drives Th1 responses by augmenting IFN-y production, which is
the key molecule for the clearance of intracellular pathogens.[38] Indeed, L eishmania
majorinfection-mediated local Thl immunity was severely hindered in cDC1 deficiency
mice due to impaired IL-12 production.[24] Adoptive transfer of WT but not IL-12p40-/-
cDCs significantly improved anti- Leishmania major response in infected Batf3'~ mice,[14]
suggesting that 1L-12 production by Batf3-dependent CD103*CD11b~ DCs is crucial for
the maintenance of local Th1 immunity. IL-12 was also influencing the level of IFN-y
production by CD8* T cells while IL-23 had little effect on this response.[3% In this study,
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our data indicated that mice lacking of cDC1s displayed dramatically decreased IFN-y
levels in the gut and this effect can be totally recovered by IL-12 administration. We

found that both low doses of IL-12 and IFN-y administration restored alcohol-decreased

A. muciniphila abundance in WT mice and Batf3/~ mice, respectively. This effect was
accomplished by restoring ileal p-STAT3 protein levels, AMP expression levels, and tight
junction functions in alcohol-fed mice. Previously studies demonstrated that the levels of
intestinal AMPs, including DEFA5, REG3, and REG3+y, were dramatically decreased
after alcohol consumption.[3] Overexpression of intestinal Reg3y protects alcohol-induced
gut dysbiosis, bacterial translocation, and liver damage.[3] A previous study showed that a.-
defensin 5 (HD5) treatment significantly reversed alcohol-induced A. muciniphila reduction,
gut barrier disruption, liver inflammation, and liver injury,[2] suggesting alcohol-perturbed
AMP secretion is a pathological factor for A. muciniphila reduction. It is noteworthy

that A. muciniphila was able to restore the expression of specific AMPs.[0] However, in
this study, alcohol-mediated AMP secretion reduction was not affected by A. muciniphila
administration, indicating that A. muciniphila-altered AMPs expression may largely depend
on the type of disease. Collectively, our results demonstrated that perturbed IL-12-1FN-
¥-STAT3-AMPs signaling is mechanically involved in cDC1 deficiency-mediated A.
muciniphila reduction in ALD.

Liver is the major organ responsible for ethanol metabolism, while such metabolism also
occurs in the gastrointestinal tract. Interestingly, our results showed that chronic alcohol
feeding significantly decreased the number of cDCL1 in the gut but not in the liver in mice,
suggesting alcohol alone may not directly control the cDC1 number. The human body’s
largest population of microorganisms resides in the intestine. Considering gastrointestinal
tract microbiota and its metabolites modulate immune cells’ developments and functions,
we hypothesized that gut dysbiosis might be involved in alcohol-induced intestinal cDC1
reduction. Lactobacillus is a type of probiotic bacteria and is believed to play important
role in the development and maintenance of the mucosal immune cells of the host.[4142] A
previous study demonstrated that L. rhamnosus GG significantly increased the frequency of
intestinal cDC1 but decreased cDC2 in the gut,[43] suggesting L. rhamnosus GG differently
controls intestinal DC subset development. Lactobacillus administration also increased A.
muciniphila abundance in the fecal content of the DIO mice by ~100 fold.l441 L. reuteri,

a type of probiotic which was widely used in the clinical treatment of digestive system
diseases, can activate DCs that skew T cells toward Th1 polarization via IL-12 signaling.
[45] Considering L. reuteri administration protects alcohol-induced tight junction disruption
and liver injury,[18] we hypothesized that cDC1 may be involved in the beneficial role of

L. reuteriin the pathogenesis of ALD. Here, we found that L. reuteri strongly increased

the number of ileal cDC1 in the WT mice but not in Batf3/~ mice. Concomitantly, the
alcohol-impaired ability of IL-12 secretion in ileal DCs was markedly reversed by L. reuteri
administration, whereas this effect was completely abolished in cDC1 from Batf3/~ mice.
In line with that, L. reuteri-increased ileal IFN--y levels and frequency of Th1 cells were

all abrogated by cDCL1 depletion. The abundance of A. muciniphila and the expression

of intestinal AMPs were all increased by L. reuteri supplementation in alcohol-fed mice,
whereas these effects were diminished in cDC1 deficiency mice. Consistently, the protective
effects of L. reuterion alcohol-induced tight junction disruption and liver inflammation

Hepatology. Author manuscript; available in PMC 2024 May 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hao et al. Page 12

were also abrogated by Batf3 KO. Taken together, these results suggest that cDC1 was a
downstream target of L. reuteriin the development of ALD.

In summary, we have identified that the intestinal cDC1s act as an active orchestrator and
therapeutic target in ALD. Our data demonstrate that cDC1s protect against alcohol-induced
tight junction disruption, PAMPs translocation, hepatic inflammation, and liver injury in
mice. Mechanistically, cDC1s maintain A. muciniphila abundance in the gut via regulating
the STAT3-AMP pathway through IL-12-IFN-+y signaling. Based on these findings, targeting
intestinal cDC1s might have therapeutic potential for the treatment of ALD.
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Abbreviations:

A. muciniphila Akkermansia muciniphila

AF alcohol-fed

ALD alcoholic liver disease

ALT alanine aminotransferase

AMPs antimicrobial peptides

ATF4 activating transcription factor 4

Batf3 basic leucine zipper transcription factor ATF-like 3
CCL2 C-C Motif Chemokine Ligand 2

cDCs conventional dendritic cells

CHOP C/EBP homologous protein

Clec9A C-Type Lectin Domain Containing 9A (Clec9A)
CXCL1 chemokine (C-X-C motif) ligand 1
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CXCL9 C-X-C Motif Chemokine Ligand 9

Defa5 defensin alpha 5

ER endoplasmic reticulum

H&E hematoxylin and eosin

IHC Immunohistochemistry

IDO indoleamine 2,3-dioxygenase

IF Immunofluorescence

IFN-y interferon gamma

IP-10 interferon gamma-induced protein 10

IRF8 interferon regulatory factor 8

L. reuteri Lactobacillus reuteri

LCN2 lipocalin-2

LILP large intestinal lamina propria

LPS Lipopolysaccharide

MLN mesenteric lymph nodes

Notch2 notch receptor 2

PAMPs pathogen-associated molecular patterns

PCoA principal coordinates analysis

PF pair-fed

PP payer’s patch

Reg3p regenerating islet-derived protein 3f

SILP small intestinal lamina propria

STAT3 signal transducer and activator of transcription 3

TG Triglyceride

XCR1 X-C Motif Chemokine Receptor 1

Z0-1 zonula occludens-1
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FIGURE 1.
Chronic alcohol consumption leads to a reduction of intestinal basic leucine zipper

transcription factor ATF-like 3 (Batf3)-dependent conventional type 1 dendritic cells
(cDC1s) in mice. C57BL/6J wild-type (WT) mice were fed Lieber-DeCarli liquid diets
containing alcohol (alcohol-fed, AF) or isocaloric dextran (pair-fed, PF) for 8 weeks
plus a single binge (4 g/kg). (A) Gating strategy and representative dot plot of singlet
7-AAD~CD45*CD64~CD11c*MHCII* total cDCs (n = 10). (B) Heatmap plot of the
proteomic changes of the purified ileal cDCs (n = 7-8). (C) Dot plot of intestinal cDC1s
(n =10). (D) Analysis of mMRNA levels of ileal Batf3, Clec9a, and Xcrl (n = 6). (E)
IL-12 levels quantified by ELISA (n = 6). (F) Thl (CD3*CD4*IFN-y*) cells (n = 10),
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CD3*CD8*IFN-y* cells (n = 7), and protein interferon gamma (IFN-v) levels (n = 6) in
mouse ileum. Data are presented as mean + SD. Statistical comparisons were made using
Student ftest; **P < 0.01 versus PF mice.
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FIGURE 2.
Lack of basic leucine zipper transcription factor ATF-like 3 (Batf3)-dependent conventional

type 1 dendritic cells (cDC1s) exacerbates alcohol-induced gut barrier disruption and
pathogen-associated molecular patterns translocation into the liver. C57BL/6J wild-type
(WT) mice and Batf3/~ mice were fed Lieber-DeCarli liquid diets containing alcohol or
isocaloric dextran for 8 weeks plus a single binge (4 g/kg). (A) Dot plot of ileal cDC1s (n
=10). (B) lleal Th1 cells proportion (n = 7). (C) lleal interferon gamma (IFN--y) protein
levels (n = 7) and the mRNA levels of ileal /p-10(n = 6). (D) The mRNA levels of ileal

tight junctions (n = 6) and IF staining of ileal ZO-1 and OCCLUDIN (n = 6). (E) Plasma and
hepatic LPS levels (n = 7). (F) lleal 7Tnf-a mRNA levels (n = 6). Data are presented as mean
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+SD. *P< 0.05, **P< 0.01 versus WT/PF mice; P < 0.05, #P< 0.01 versus WT/AF mice.
AF, alcohol-fed; PF, pair-fed; LPS, lipopolysaccharide.
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FIGURE 3.

The alcohol-induced hepatic inflammatory, steatosis, and ER stress were exacerbated in
basic leucine zipper transcription factor ATF-like 3 (Batf3/-) mice. (A) IF staining of
lipocalin-2 (LCN2) (n = 7) and western blot analysis of p-signal transducer and activator of
transcription 3 (STAT3) and STAT3 (n = 3) in the liver. (B) Hepatic neutrophils (n = 10),

M1 macrophages (n = 10), and the mRNA levels of hepatic C-X-C Motif Chemokine Ligand
9 (Cxcl1) and Tnf-a (n = 6). (C) Liver hematoxylin and eosin (H&E) staining and plasma
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities (n = 5-7).
Scale bars: 50 pm. Asterisks: lipid droplets. (D) Western blot analysis of hepatic activating
transcription factor 4 (ATF4) and C/EBP homologous protein (CHOP) (n = 3). (E) Hepatic
TG contents (n = 5). (F) Mouse survival rate. Data are presented as mean + SD. **P<

0.01 versus wild-type (WT)/pair-fed (PF) mice; #£< 0.05, # P < 0.01 versus WT/alcohol-fed
(AF) mice. ER indicates endoplasmic reticulum; IF, immunofluorescence; TG, triglyceride.
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FIGURE 4.

Adoptive transfer of conventional type 1 DCs (cDC1s) recovered alcohol-induced
Akkermansia muciniphila abundance reduction and liver injury in mice. Alcohol-fed
C57BL/6J wild-type (WT) mice were administrated with or without cDC1s adoptive
transfer. (A) cDC1 were specific and efficiently generated. IL-12 protein levels in isolated
DCs and ileal interferon gamma (IFN-v) protein levels (n = 7). (B) The mRNA levels

of ileal Occludinand Zo-1 (n = 6). (C) Plasma and hepatic LPS levels (n = 6). (D)
Representative dot plot and frequency of neutrophils in the liver (n = 6). The mRNA

levels of hepatic Cxc/Z and LcnZ (n = 6). (E) Liver hematoxylin and eosin (H&E) staining
and hepatic TG contents (n = 6). Scale bars: 50 pm. Asterisks: lipid droplets. (F) Plasma
alanine aminotransferase (ALT) levels (n = 7). Data are presented as mean + SD. Statistical
comparisons were made using Student #test. *£< 0.05, **P< 0.01 versus alcohol-fed (AF)
mice. LPS indicates lipopolysaccharide; TG, triglyceride.
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FIGURE 5.
Lack of conventional type 1 DCs (cDC1) in gut exacerbated alcohol-reduced Akkermansia

muciniphila abundance. (A—C) C57BL/6J wild-type (WT) mice and Batf3~ mice were fed
Lieber-DeCarli liquid diets containing alcohol or isocaloric dextran for 8 weeks plus a single
binge (4 g/kg). (A) PCoA plot showing dissimilarity in bacterial community structures
based on J-class and Bray-Curtis distances, respectively (h = 6). Barplot showing the cecal
bacterial compositions at the family level (left) and genus (right) level, respectively (n =

6). (B) Relative ileal A. muciniphila abundance (n = 6). (C) The mRNA levels of ileal

Defa5 (n = 6). (D-E) Alcohol-fed C57BL/6J WT mice were administrated with or without
cDCl1s adoptive transfer. (D) Relative ileal A. muciniphila abundance (n = 6). (E) The
mRNA levels of ileal Defa5 (n = 6). (F) Alcohol-fed C57BL/6J WT mice and Batf3/~ mice
were administrated with or without interferon gamma (IFN-vy), respectively. (F) Relative A.
muciniphila abundance and the mRNA levels of ileal antimicrobial peptides (AMPS) (n = 6).
In panels A-C, data are presented as mean + SD. **P < 0.01 versus WT/pair-fed (PF) mice;
#P<0.05, #P< 0.01 versus WT/AF mice. In panels D and E, data are presented as mean
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+ SD. **P< 0.01 versus alcohol-fed (AF) mice. In panel F, data are presented as mean +
SD. *P< 0.05, **P< 0.01 versus WT/AF mice; #pP< 0.01 versus knockout (KO)/AF mice.
PCoA, principal coordinates analysis.
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FIGURE 6.

Akkermansia muciniphila supplementation ameliorated alcohol-induced tight junction
disruption and pathogen-associated molecular patterns (PAMPs) translocation in both wild-
type (WT) mice and Batf3/~ mice. Alcohol-fed C57BL/6J WT mice and Batf3~ mice
were administrated with or without A. muciniphila, respectively. (A) The mRNA levels

of ileal Zo-1, Occludin, and Claudini (n = 6) and the IF staining of ileal ZO-1 and
OCCLUDIN. Positive signals of ZO-1 and OCCLUDIN were stained in red, respectively,
while nuclei were stained by DAPI in blue. Scale bar, 50 um. (B) Plasma and hepatic LPS
levels (n = 5). (C) The mRNA levels and protein levels of hepatic lipocalin-2 (LCN2) (n

= 6). Positive signals of LCN2 were stained in green, while nuclei were stained by DAPI
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in blue. Scale bar, 50 um. (D) Hepatic protein levels of p-signal transducer and activator
of transcription 3 (STAT3) and STAT3 (n = 3). (E) The numbers of ileal CD103*CD11b™~
cDC1s (n = 10). (F) Relative ileal /fn7-y mRNA levels (n = 6). Data are presented as mean
+SD. *P< 0.05, **P< 0.01 versus WT/alcohol-fed (AF) mice; #P< 0.05, #P< 0.01
versus knockout (KO)/AF. DAPI, 4”,6-diamidino-2-phenylindole IF, immunofluorescence;
LPS, lipopolysaccharide.
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FIGURE 7.

Akkermansia muciniphila administration protects against alcohol-induced liver injury in
both wild-type (WT) mice and Batf3~ mice. Alcohol-fed C57BL/6J WT mice and Batf3 /-
mice were administrated with or without A. muciniphila, respectively. (A) Representative
dot plot and frequency of neutrophils in the liver (n = 10). (B) The mMRNA levels of hepatic
Cxcll, Ccl2, Tnf-a, and //-13 (n = 6). (C) Plasma alanine aminotransferase (ALT) levels

(n =6-7). (D) Hepatic TG contents (n = 6). (E) Liver histopathological changes are shown
by hematoxylin and eosin (H&E) staining. Scale bars: 50 um. Asterisks: lipid droplets. (F)
Hepatic ATF4 and CHOP protein levels (n = 3) and IHC staining of hepatic CHOP. Scale
bars: 50 um. Data are presented as mean + SD. *P < 0.05, **P < 0.01 versus WT/alcohol-fed
(AF) mice; P < 0.05, #P < 0.01 versus knockout (KO)/AF. IHC, immunohistochemistry;
TG triglyceride.
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Intestinal conventional type 1 DCs (cDC1s) are required for the protective role of
Lactobacillus reuteriin alcohol-induced steatohepatitis. Alcohol-fed C57BL/6J wild-type
(WT) mice and Batf3'~ mice were administrated with or without L. reuteri, respectively.
(A) The dot plot and relative frequency of ileal CD103*CD11b~ cDC1s (n = 10). (B) lleal
interferon gamma (IFN-v) protein levels (n = 8) and the ileal mMRNA levels of Defa5 (n
=6). (C) Relative A. muciniphila abundance (n = 6), mRNA levels of ileal Occludin(n =
6), and plasma LPS levels (n = 6). (D) Serum alanine aminotransferase (ALT) levels (n =
7). (E) Representative dot plot and frequency of neutrophils in the liver (n = 10). (F) Liver
histopathological changes shown by hematoxylin and eosin (H&E) staining. Scale bars: 50
um. Asterisks: lipid droplets. (G) Summarized figure of this study. Data are presented as
mean + SD. *P< 0.05, **P < 0.01 versus WT/alcohol-fed (AF) mice; #P< 0.05, #P< 0.01

versus WT/AF+L. reuteri. LPS, lipopolysaccharide.
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