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Abstract

Alcoholic liver disease (ALD) is associated with gut dysbiosis and hepatic inflammasome
activation. While it is known that antimicrobial peptides (AMPS) play a critical role in the
regulation of bacterial homeostasis in ALD, the functional role of AMPs in the alcohol-induced
inflammasome activation is unclear. The aim of this study was to determine the effects of
cathelicidin-related antimicrobial peptide (CRAMP) on inflammasome activation in ALD.
CRAMP knockout (Camp™") and wild-type (WT) mice were subjected to binge-on-chronic
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alcohol feeding and synthetic CRAMP peptide was administered. Serum/plasma and hepatic tissue
samples from human subjects with alcohol use disorder and/or alcoholic hepatitis were analyzed.
CRAMP deficiency exacerbated ALD with enhanced inflammasome activation as shown by
elevated serum interleukin (IL)-1p levels. Although Camp™~ mice had comparable serum
endotoxin levels compared to WT mice after alcohol feeding, hepatic lipopolysaccharide (LPS)
binding protein (LBP) and cluster of differentiation (CD) 14 were increased. Serum levels of uric
acid (UA), a Signal 2 molecule in inflammasome activation, were positively correlated with serum
levels of IL-1 in alcohol use disorder patients with ALD and were increased in Camp™~ mice fed
alcohol. /n vitro studies showed that CRAMP peptide inhibited LPS binding to macrophages and
inflammasome activation stimulated by a combination of LPS and UA. Synthetic CRAMP peptide
administration decreased serum UA and IL-1p concentrations and rescued the liver from alcohol-
induced damage in both WT and Camp™~ mice. In summary, CRAMP exhibited a protective role
against binge-on-chronic alcohol-induced liver damage via regulation of inflammasome activation
by decreasing LPS binding and UA production. CRAMP administration may represent a novel
strategy for treating ALD.

Introduction

Patients with alcoholic liver disease (ALD) have high morbidity and mortality in its severe
forms [1,2]. Altered gut microbiota have been identified as one of the major features in
different forms of ALD [3]. Alcohol consumption causes dysbiosis and ‘leaky gut’, which
allows the translocation of bacteria and its products through the portal vein to the liver,
resulting in damage to the liver cells and the development of hepatic steatosis and liver
injury through the toll-like receptor 4 (TLR4)-mediated pathway [4,5].

One of the most important mechanisms maintaining gut microbiota homeostasis is
antimicrobial peptide (AMP)-mediated regulation. AMPs are produced in Paneth cells,
enterocytes, intestinal epithelial cells, and macrophages, and form a central part of the innate
immune system to counter microbial infections [6] and inhibit the overgrowth of pathogenic
bacteria in gut lumen [7,8]. Previous studies have demonstrated the critical role of AMPs in
the pathogenesis of ALD [9-11]. Lack of intestinal epithelial cell-derived regenerating islet-
derived (REG)-3 lectins, Reg3p or Reg3y, exacerbated alcohol-induced dysbiosis and ALD,
while overexpression of Reg3g attenuated ALD [9]. Recent work further showed that
alcohol-induced a-defensin dysfunction exaggerated endotoxin translocation and liver
damage [12]. In addition to Reg3 lectins and defensins, cathelicidins are one of the major
AMP families. LL-37 is the sole member of the human cathelicidin family, and has a murine
ortholog, cathelicidin-related antimicrobial peptide (CRAMP). LL-37/CRAMP has piqued
great research interest for its dual role in modulating microbiota and immune response in
several infectious diseases and inflammatory bowel disease (IBD) [13-15]. Wild-type (WT)
mice co-housed with Camp™~ (CRAMP knockout) mice had markedly increased sensitivity
to dextran sulfate sodium-induced colitis, with a skewed composition of fecal microbiota
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[16]. CRAMP deficiency exacerbated type 1 diabetes through the dysregulation of p-cell
immunity [17]. Notably, the production of CRAMP in the pancreas is controlled by gut-
derived butyric acid, implying the importance of gut microbiota in the CRAMP regulation
[17].

Inflammasome activation is an important component of the liver pathophysiology in ALD
[18,19]. The NLRP3 inflammasome [an intracellular protein complex consisting of NLRP3,
apoptosis-associated speck protein with caspase activation and recruitment domain (ASC),
and caspase-1] is one of the most studied inflammasomes. The NLRP3 inflammasome
requires both Signal 1 (pathogen-associated molecular patterns, PAMPs) and Signal 2
(danger-associated molecular patterns, DAMPs) for its full activation. The activation of
caspase-1 enables the cleavage of pro-interleukin (IL)-1p to form active IL-1p, which can
then be secreted out and bind to the IL-1 receptor to induce inflammation [20]. LL-37
prevented the TLR-4 mediated pro-inflammatory pathway by inhibiting the binding of LPS
to the CD14/TLR-4 complex and by promoting the LPS degradation by lysosomes [21,22].
However, whether LL-37/CRAMP is involved in the regulation of inflammasome activation
in ALD remains unclear.

Our previous studies showed a decreased expression of intestinal CRAMP in mouse models
of ALD, and that treatment with probiotics improved gut microbiota homeostasis and
restored intestinal CRAMP expression in mice [23,24]. In the current study, we aimed to test
the hypothesis that CRAMP protects the liver from alcohol-induced injury through the
regulation of inflammasome activation. We found that CRAMP deficiency exacerbates,
while exogenous CRAMP peptide alleviates, alcohol-induced liver injury through inhibition
of inflammasome activation by decreasing LPS function and uric acid (UA) production.

Materials and methods

Animals

All mice were treated according to the protocols reviewed and approved by the Institutional
Animal Care and Use Committee of the University of Louisville. Camp™~ male mice
(B6.129X1, JAX stock #017799; Jackson Laboratory, Bar Harbor, ME, USA) at the age of
8-10 weeks were used with their age-matched WT (C57BL/6J) mice. Littermates were used.
Mice were maintained at 22 °C with a 12 h light/dark cycle and had free access to a normal
chow diet and tap water. Mice were fed the Lieber DeCarli Diet containing 5% alcohol (w/v)
(alcohol-fed, AF) or isocaloric maltose dextrin (pair-fed, PF). For the AF groups, mice were
initially fed the control Lieber-DeCarli liquid diet (Bio-Serve, Flemingtown, NJ, USA) for 5
days to acclimate to the liquid diet. The content of alcohol in the liquid diet was gradually
increased from 1.6% (w/v) to 5% (w/v) over the next 6 days and remained at 5% for the
subsequent 24 days. Mice in the PF group were fed isocaloric maltose dextrin in substitution
for alcohol in the liquid diet. On day 24, a bolus of EtOH (5 g/kg body weight) was given to
AF mice by gavage 6 h before harvesting, while mice in PF groups received a gavage of
maltose dextrin (24D+1B model). The CRAMP peptide (H-ISR-
LAGLLRKGGEKIGEKLKKIGQKIKNFFQKLVPQPE-OH) was synthesized (Peptides
International, Louisville, KY, USA) and 100 ug of CRAMP peptide in 100 ul of saline was
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injected intraperitoneally (i.p.) once daily for 3 days before the conclusion of the feeding
period. Interventions were done during the light cycle.

Human subjects

Statistics

Results

Cathelicidin

All studies were IRB-approved by the appropriate IRB, and all patients consented to having
their tissues/samples used for further research. Human serum/plasma samples and hepatic
tissues were used in this study. Serum/plasma samples were from an Alcohol Use Disorder
study at NIAAA and from an Acute Alcoholic Hepatitis study at the University of
Louisville. Hepatic tissues from patients with severe alcoholic hepatitis were obtained from
the Resources Center of Johns Hopkins University. Details of characterizations and
eligibility of human subjects have been described previously [25-27] and also in
Supplementary materials and methods.

Statistical analyses were performed using the statistical computer package GraphPad Prism
version 6 (GraphPad Software Inc, San Diego, CA, USA), MS Excel 2016 (Microsoft Corp,
Redmond, WA, USA) or SPSS 26.0 (IBM, Chicago, IL, USA). Results are expressed as
mean standard error of the mean (SEM). Statistical comparisons were made using two-way
analysis of variance (ANOVA) with Tukey’s post hoc test or Student’s #test, where
appropriate. Differences were considered to be significant if p < 0.05. Columns with
different letters denote significance, or significance may be noted as *p < 0.05, **p < 0.01,
*** < 0.001 between groups.

Details for Cell culture, Hepatocyte and siRNA transfection, ALT and AST measurements,
Histological analyses, RNA isolation and RT-gPCR, Immunoblotting, Plasma LL-37, Serum
CRAMP and IL-1p assays, Endotoxin assay, LPS-binding assay, Serum ATP, uric acid and
xanthine oxidase assays, and Gut microbiota analysis and bacterial culturing are presented in
Supplementary materials and methods and supplementary material, Table S1.

is dysregulated in mice fed alcohol and in patients with ALD

Our previous studies showed that ileal CRAMP mRNA expression was decreased in mice
treated with binge alcohol or on chronic alcohol feeding for 4 weeks [23,24]. To further
evaluate CRAMP tissue expression in response to alcohol feeding, we analyzed the mRNA
levels of Camp (gene name for mouse CRAMP) in various tissues of the mice fed alcohol.
Mice followed the 24D+1B binge-on-chronic alcohol-feeding model. Alcohol feeding
significantly increased Camp mRNA expression in the liver and spleen, and decreased it in
the lung tissue, while no change was found in the epididymal white adipose tissue (eWAT)
(Figure 1A). Interestingly, spleen CRAMP protein was decreased by alcohol, while liver
levels of CRAMP were increased (Figure 1B). There was no change in serum CRAMP
levels in mice fed alcohol (Figure 1C). Similarly, in patients with ALD, the hepatic mMRNA
levels of LL-37 (gene name CAMP) were elevated compared with healthy controls (Figure
1D). There was no significant difference between active drinkers and abstinent subjects in
patients with ALD (data not shown). However, plasma LL-37 protein levels were decreased

J Pathol. Author manuscript; available in PMC 2021 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 5

in ALD patients (Figure 1E). The levels of plasma LL-37 between moderate acute alcoholic
hepatitis (MAAH) and severe acute alcoholic hepatitis (SAAH) were comparable in these
ALD patients. LL-37 is transcriptionally regulated by hypoxia-inducible factor 1a (HIF-1a)
[23,28] and vitamin D receptor (VDR) [29]. We found that hepatic CAMP mRNA was
positively correlated with the mRNA levels of H/F1A and VDR (Figure 1F), indicating
likely upregulated hepatic H/F1A and VDR signaling in ALD patients.

CRAMP deficiency exacerbated alcohol-induced liver steatosis, injury, and pro-
inflammatory response

To determine the role of CRAMP in ALD, Camp™~and WT mice were fed alcohol in a
binge-on-chronic model (24D+1B). Alcohol consumption resulted in increased levels of
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in both WT and
Camp™~ mice, with more pronounced elevations being found in Camp™~ mice (Figure 2A).
Alcohol feeding increased hepatic fat accumulation in both WT and Camp™" mice, but
much more severe macrosteatosis was found in Camp™~ mice (Figure 2B), which was then
confirmed by Oil Red O staining of frozen liver sections (Figure 2B). Importantly, the
distribution of lipid droplets in the livers of Camp™~and WT mice was zonally distinct from
each other (supplementary material, Figure S1). Enhanced hepatic fat in Camp™" mice was
further confirmed by the measurement of hepatic triglyceride and free fatty acid contents
(Figure 2C). Moreover, alcohol exposure induced more hepatic apoptosis in Camp™" mice,
shown as an increased number of terminal deoxynucleotidy! transferase biotin-dUTP nick
end labeling (TUNEL)-positive cells (Figure 2B). These results suggest that alcohol feeding
exacerbates liver steatosis, injury, and hepatic cell death when CRAMP is deficient.
Inflammation is a hallmark of ALD in animal models and human subjects [30,31]. Camp™~
mice had significantly increased mRNA levels for the pro-inflammatory cytokines //16, //-6,
7nf, and //18, and the chemokine Mcp1 (Figure 2D). Interestingly, //10, encoding an anti-
inflammatory cytokine [32], was substantially lower in the Camp™~ mice than in the WT
mice fed alcohol (Figure 2D). Histological analysis revealed increased levels of neutrophil
infiltration and macrophage activation in the livers of Camp™~ mice (Figure 2E). These
results suggest that lacking CRAMP increased the pro-inflammatory response to alcohol in
the liver and was associated with exacerbated neutrophil infiltration and increased
macrophage activation.

Camp~~ mice had dysbiosis in response to alcohol feeding

Gut bacterial dysbiosis has been well documented in mice with experimental ALD
[10,33,34] and in ALD patients [35,36]. Z65 rRNA sequence analysis showed distinct
bacterial populations in the feces between WT and Camp™~ mice fed alcohol. At the phylum
level (supplementary material, Figure S2A), Bacteroidetes decreased, while Firmicutes
increased in Camp ™" mice fed alcohol, which agrees with previous studies [33,37]. It is
notable that there was a great expansion of Saccharibacteria lineage bacteria (formerly
known as TM?7) in alcohol-fed Camp™~ mice, which was then confirmed by RT-gPCR
(supplementary material, Figure S2B). TM7 is one of the colitogenic microbiota phyla that
have been shown to correlate with non-alcoholic fatty liver disease (NAFLD) [38]. Total
bacterial loads in fecal samples of WT and Camp™~ mice were comparable (supplementary
material, Figure S2C). Of note, Akkermansia, a genus in the phylum Verrucomicrobia that is
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important in ALD [12,23], was increased in WT mice fed alcohol, while it was markedly
decreased in the Camp™~ mice (supplementary material, Figure S2D). Analysis of genera
(supplementary material, Figure S2E) showed that Bacteroides, which belongs to the
Bacteroidetes phylum, completely disappeared in Camp™~ mice fed alcohol. Thermophagus,
another genus of Bacteroidetes, increased significantly in Camp™~ mice by eight-fold.
Oscillibacter and Papillibacterin Ruminococcaceae families were decreased in Camp™~
mice, and have been reported to be decreased in cirrhotic patients [39]. These results suggest
that CRAMP may regulate microbiota homeostasis in ALD. We further showed that
CRAMP peptide indeed selectively inhibits bacterial growth. As depicted in supplementary
material, Figure S3, CRAMP peptide inhibited the growth of the pathogenic bacteria Listeria
(supplementary material, Figure S3A) and Escherichia coli (supplementary material, Figure
S3B); however, notably, there was no effect on Bacillus subtilis 22 CP-1 (supplementary
material, Figure S3C) or probiotic LGG (supplementary material, Figure S3D).

CRAMP deficiency exacerbated alcohol-induced IL-1B production through the
enhancement of LPS signaling and endogenous danger signals’ production

Serum levels of IL-1p were slightly increased by alcohol feeding in the WT mice but
significantly increased in alcohol-fed Camp™~ mice, indicating an inflammasome activation
(Figure 3A), which requires two signals for its full activation [40]. Serum endotoxin levels
were increased by alcohol feeding in both WT and Camp™~ mice. However, alcohol-induced
LPS increases were comparable between WT and Camp™~ mice (Figure 3B, left panel). We
therefore examined if CRAMP was involved in LPS delivery and activation. There were no
significant changes of LPS binding protein (LBP), CD14, or TLR4 expression between pair-
fed WT and Camp™" mice. After alcohol feeding, Camp™" mice had significantly increased
hepatic mMRNA expression of Lfpand Cdi4, and a slight trend of increase in 7/r4 (Figure
3B, right panel), indicating an enhanced LPS activation. To further examine the role of
CRAMP in LPS binding in macrophages, we treated RAW 264.7 cells with a synthetic
CRAMP peptide in the presence of fluorescein isothiocyanate (FITC)-labeled LPS. As
expected, CRAMP peptide inhibited LPS binding to macrophages in a dose-dependent
manner (Figure 3C). Whether CRAMP is involved in the Signal 2 regulation in the NLRP3
inflammasome is not clear. ATP and UA have been identified as endogenous danger signals
for NLRP3 inflammasome activation in ALD [41]. Alcohol feeding increased serum levels
of UA and ATP in WT mice, which were significantly increased in mice lacking CRAMP
(Figure 3D). Importantly, analysis of banked serum samples from alcohol use disorder
(AUD) patients revealed a significant positive correlation between serum IL-18 and UA
concentrations in AUD patients with ALD, but an insignificant correlation in AUD patients
without ALD (Figure 3E). Hepatic NM/rp3and CaspI mRNA expression was comparable
between pair-fed WT and Camp™" mice but increased in alcohol-fed Camp™~ mice
compared with their WT controls (Figure 3F). Camp™~ mice had similar levels of pro-
caspase-1 protein and the active form caspase-1 p12, compared with WT mice under
conditions of pair feeding, which were significantly increased by alcohol feeding (Figure
3G). In contrast, NLRP3 and ASC were statistically insignificantly increased, while cleaved
IL-1B was decreased in Camp™~ mice compared with WT mice by pair feeding.
Importantly, alcohol feeding significantly increased cleaved IL-1p and ASC protein
expression in Camp™~ mice compared with WT mice (Figure 3G).
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We examined whether treatment with CRAMP peptide inhibits inflammasome activation.
Bone marrow-derived macrophages (BMDMs) were isolated from both WT and Camp™~
mice and treated with synthetic CRAMP peptide in the presence of LPS. The mRNA
expression of //Zband //6 was significantly increased, while //10was marginally elevated by
LPS in Camp™~ BMDMs compared with WT BMDMs (supplementary material, Figure
S4A). CRAMP peptide treatment inhibited LPS-induced expression of /16, 1118, 116, Tnf,
and //10. The inhibitory effects of CRAMP peptide at the concentrations of 1 and 10 ug/ml
on LPS-induced cytokine expression were comparable, indicating a sensitization of Camp™"~
BMDMs to CRAMP treatment in response to LPS stimulation (supplementary material,
Figure S4A). Additionally, CRAMP peptide inhibited LPS-induced IL-1p in the cultural
media in both WT and Camp™~ BMDMs (supplementary material, Figure S4B). To further
confirm our observations in BMDMs, we extended these ex vivo experiments to in vitro
using RAW264.7 macrophages. CRAMP peptide significantly reduced the protein level of
NLRP3 in a dose-dependent manner (supplementary material, Figure S4C). Pro-caspase-1
protein levels were moderately reduced by CRAMP peptide. Remarkably, CRAMP peptide
completely inhibited the pro-IL-1p protein expression by LPS at both high and low doses
(supplementary material, Figure S4C). Similar to our observations in LPS-treated Camp™~
BMDMs, CRAMP peptide treatment downregulated LPS-induced //1b, //6, and TnfmRNA
expression in a dose-dependent manner (supplementary material, Figure S4D). Importantly,
the protein level of IL-1 in the LPS-treated RAW264.7 cell culture medium was decreased
by CRAMP peptide treatment (supplementary material, Figure S4E).

We next sought to test whether CRAMP peptide can suppress UA-exacerbated IL-18
production in LPS-primed BMDMs. To exclude the effects of CRAMP peptide on LPS
binding, cells were washed with PBS after LPS treatment and immediately exposed to UA
and CRAMP peptide in fetal bovine serum-free media. The addition of UA to LPS-primed
BMDMs dramatically increased cellular cleaved IL-1p expression, which was significantly
reduced by CRAMP peptide (Figure 3H, left panel). IL-1p in the medium was increased by
LPS and further upregulated by UA, which was completely inhibited by CRAMP peptide
(Figure 3H, right panel). Similar inhibitory effects of CRAMP peptide on LPS- and UA-
induced IL-1B production were also found in RAW264.7 macrophages (supplementary
material, Figure S5A,B). In addition, we also showed that CRAMP peptide decreased ATP-
induced IL-1p release from LPS-primed RAW264.7 cells (supplementary material, Figure
S5C). These results suggest that CRAMP deficiency exacerbated inflammasome activation
by enhancing the LPS delivery to macrophages and by causing UA dysregulation in alcohol-
fed mice that leads to elevated IL-1p production (which was inhibited by CRAMP peptide
treatment).

CRAMP deficiency exacerbated alcohol-induced oxidative stress

Alcohol metabolism-generated reactive oxygen species is a hallmark in ALD development
and progression [42]. UA metabolism is regulated by xanthine oxidase (XO), an important
enzyme essential for the endogenous production of UA as a final product of purine
metabolism. No changes were observed in serum XO activity by alcohol feeding of either
WT or Camp™~ mice when compared with their respective pair-feeding controls, but it was
significantly increased in alcohol-fed Camp™~ mice compared with their WT controls
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(Figure 4A, left panel). Alcohol feeding decreased liver XO activity in both WT and Camp
~~mice. However, Camp™~ mice had significantly increased liver XO activity by alcohol
feeding compared with the WT mice (Figure 4A, right panel). Alcohol feeding statistically
insignificantly increased hepatic cytochrome P450 2E1 (CYP2E1) protein levels in WT
mice, whereas they significantly increased in Camp™" mice (Figure 4B). Camp™~ mice
showed increased hepatic dihydroethidium (DHE, a superoxide marker) staining, which was
further increased by alcohol feeding (Figure 4C). These results indicated increased oxidative
stress in Camp ™~ mice. We then confirmed these observations in an /n vitro study using a
mouse hepatocyte cell line, Hepal—6. Desferrioxamine (DFO), a HIF-1a activator,
significantly increased CRAMP expression in control siRNA-transfected cells, but not in the
Camp-siRNA-transfected cells (Figure 4D). Importantly, knockdown of CRAMP resulted in
an increase in UA concentration in the culture supernatant of Hepal-6 cells treated with
ethanol (Figure 4E). Taken together, these results suggest that CRAMP deficiency causes
exacerbated oxidative stress that may partially contribute to increased levels of hepatic UA.

CRAMP peptide administration reversed alcohol-induced liver steatosis and injury

We examined whether administration of CRAMP peptide to WT and Camp™~ mice could
attenuate alcohol-induced liver damage. Administration of synthetic CRAMP peptide for 3
days (Figure 5A) marginally suppressed the alcohol feeding-increased Saccharibacteria
abundance and restored the Akkermansia abundance in Camp™~ mice, while no change was
found in Proteobacteria (data not shown). The total bacteria load in fecal samples was not
changed (supplementary material, Figure S2). CRAMP peptide treatment did not alter serum
AST levels but significantly reduced ALT levels in WT mice fed alcohol (Figure 5B). In
Camp™~ mice, both AST and ALT levels were markedly decreased by CRAMP peptide
(Figure 5B). CRAMP peptide administration robustly reduced alcohol-induced hepatic fat
accumulation in both WT and Camp™~ mice (Figure 5C), and this was confirmed by the
measurements of hepatic triglyceride and free fatty acid contents (Figure 5D). CRAMP
peptide treatment significantly reduced hepatic mMRNA expression of //Zband Mcplin WT
and Camp™~ mice (Figure 5E). In contrast, anti-inflammatory cytokine //Z0 mRNA
expression was upregulated by CRAMP peptide in both WT and Camp™~ mice (Figure 5F).

CRAMP peptide administration attenuated alcohol-induced IL-1p production via inhibiting
inflammasome activation

Serum IL-1p concentration was marginally decreased in the WT mice but robustly decreased
in the Camp™~ mice by CRAMP peptide treatment (Figure 6A), indicating reduced
inflammasome activation. Serum LPS levels were not significantly altered by CRAMP
peptide (Figure 6B), but LHpand Cd14 mRNA expression was significantly reduced in both
WT and Camp™" mice (Figure 6C). In addition, CRAMP peptide dramatically decreased
serum UA levels and XO activity in Camp™~ mice but only marginally in the WT mice
(Figure 6D,E).

Discussion

Hepatic inflammation is a hallmark of ALD development. Alcohol exposure reduces
antimicrobial peptide expression and causes intestinal bacterial dysbiosis, immune
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dysregulation, and gut barrier dysfunction, which, in turn, leads to increased endotoxin
release and hepatic bacterial translocation that activate TLR-4 on Kupffer cells and causes
liver inflammation. In addition to LPS-induced TLR activation, recent studies have
demonstrated that endogenous danger molecules are critical in hepatic inflammasome
activation in ALD development [41]. Here we showed that CRAMP plays a role in both
LPS-mediated initiation and UA-mediated maturation of inflammasome activation in mice
fed alcohol.

Alcohol exposure induces gut dyshiosis, which is largely attributed to the reduced
expression of antimicrobial factors. Reg3 lectins represent an important family of gut-
derived AMPs, and depleting Reg3b and Reg3g exacerbated, while increasing Reg3g
expression attenuated, gut dysbiosis and alcohol-induced liver injury [9]. A recent study
further showed that alcohol feeding caused a-defensin dysfunction, which was critically
involved in the pathogenesis of alcoholic hepatitis in mice [12]. LL-37 (CRAMP in mouse)
is the only member in the human cathelicidin AMP family, which is transcriptionally
regulated by vitamin D receptor and hypoxia-inducible factor 1a (HIF-1a). Our recent study
demonstrated that intestinal HIF-1a plays an important role in maintaining gut microbiota
homeostasis and gut barrier function by activating barrier-protecting factors, such as
CRAMP, B-defensins, cluster of differentiation 73 (CD73), and claudin-1. Depleting HIF-1a
in the intestine exacerbated ALD in mice accompanied by a reduction of CRAMP, while
activation of HIF-1a increased CRAMP and attenuated ALD [23]. We hypothesized that
CRAMP may represent another important AMP in alcohol-induced gut dysbiosis in ALD.
Indeed, alcohol exposure induced a significant decrease of Bacteroidetes and an increase of
Firmicutes in Camp™~ mice compared with WT mice, as has been demonstrated in previous
studies [33,37]. Ferrere et al showed that the decreased fecal Bacteroidetes/Firmicutes ratio
occurred only in alcohol-sensitive mice but not in resistant mice [37]. It is thus possible that
CRAMP deficiency sensitizes the mice to alcohol exposure, which contributes to the gut
dyshiosis and ALD. At the genus level, we found that Akkermansia was decreased in Camp
~~mice. Although the role of Akkermansiain ALD remains elusive, it has been shown that
Akkermansia abundance declined in both ALD patients and mice fed chronic alcohol, and
supplementation with Akkermansia showed a protective effect in ALD [43]. Our data
suggest a critical involvement of CRAMP in maintaining the homeostasis of gut microbiota
by selectively inhibiting bacterial growth in ALD. Fecal microbiota transplantation between
Camp™~and WT mice could be performed to further elucidate the role of CRAMP-
mediated microbiota changes in ALD.

Reg3+y and Reg3p are well-studied antimicrobial peptides. Our results showed that Reg3g
and Reg3b mRNA expression was markedly decreased when CRAMP was deleted
(supplementary material, Figure S6), indicating that there is no compensatory increase but
an inhibitory effect on Reg3 expression when CRAMP is deficient. Unlike Reg3, which is
expressed mainly in the intestine, CRAMP is expressed in multiple organs, including the
intestine, lung, liver, spleen, and adipose tissue. Alcohol treatment increased hepatic but
decreased intestinal CRAMP expression in mice. In contrast to intestinal HIF-1a [23], the
role of hepatic HIF-1a in lipid metabolism in ALD is the subject of conflicting reports [44—
46]. It is known that alcohol exposure induces hepatic hypoxia [47], which then increases
HIF-1a expression and upregulates a variety of genes, including CRAMP, that have either
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deleterious or protective roles. The induction of hepatic Campin ALD mice is likely a
protective mechanism against alcohol-induced injury, since CRAMP deficiency exacerbated
ALD. Agreeing with the study in mice, we showed that patients with ALD had higher
hepatic CAMP mRNA expression.

We found that depleting CRAMP in mice fed alcohol led to an exacerbated ALD response
accompanied by an increased hepatic inflammasome activation, which requires two signals.
LPS activation of TLR4 initiates Signal 1, and endogenous, sterile molecules are required to
activate caspase-1 to produce mature IL-1p, which Kills hepatocytes. Interestingly, although
we found dysbiosis in Camp™~ mice exposed to alcohol, serum LPS levels were not altered,
indicating that CRAMP deficiency-exacerbated ALD is likely independent of gut barrier
function. Instead, hepatic MRNA expression of LBP and CD14 was significantly increased
in Camp™~ mice. LBP is an acute phase protein that presents LPS to surface pattern
recognition receptors, such as CD14 and TLR4, to elicit immune response [48]. Increased
LBP and CD14 in Camp™" mice suggests a functional increase of LPS by increasing LPS
binding to its activation complex. Indeed, CRAMP peptide inhibited LPS binding to
macrophages in a dose-dependent manner. These results demonstrate that increased CRAMP
in the liver in response to alcohol might serve as an inhibitory mechanism for LPS
activation.

Furthermore, our data showed significantly elevated serum IL-1f protein and hepatic M/rp3
and Caspase-1 mRNA expression in Camp™~ mice, indicating an activation of Signal 2 in
alcohol-induced inflammasome activation. Previous research demonstrated that UA or ATP
as Signal 2 molecules plays a causal role in the liver inflammation caused by
acetaminophen, ischemia—reperfusion injury, and alcohol consumption [41]. Agreeing with
these studies, we showed that serum IL-1p levels are positively correlated with levels of UA
in patients with ALD, and UA combined with LPS induced a robust elevation of mature
IL-1pB levels, further demonstrating the requirement of two signals in IL-1p production.
Most importantly, mice lacking CRAMP that were fed alcohol had an elevation of serum UA
levels, and CRAMP peptide treatment lowered the UA concentration and blocked the I1L-1p
elevation. UA metabolism is regulated by multiple mechanisms. Our data suggest that the
elevation of UA in Camp™~ mice fed alcohol is likely attributed to the increased XO activity
resulting from alcohol-induced oxidative stress. Taken together, our data suggest that
CRAMP inhibits inflammasome activation by decreasing UA production in mice with
experimental ALD. There are intrinsic mechanisms that can control alcohol-induced liver
inflammation. We showed that alcohol-increased hepatic CRAMP expression serves as an
adaptive response to inhibit both LPS activation and UA-mediated Signal 2 activation in
alcohol-induced inflammasome activation.

Our data demonstrate that exogenous CRAMP administration reduces alcohol-induced
hepatic steatosis, which is in line with previous research showing that lentivirus-mediated
CRAMP overexpression reduced hepatic fat accumulation in obese subjects [49]. We further
demonstrated that CRAMP peptide reduces alcohol-induced LPS and inflammasome
activation by decreasing hepatic Lbopand Cd14 expression and UA production. These
findings suggest that CRAMP may represent a novel drug target for treating fatty liver and
liver diseases related to hepatic inflammation.
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In summary, our results identify the protective role of LL-37/CRAMP in alcohol-induced
liver inflammation, steatosis, and injury by maintaining gut microbiota homeostasis and by
attenuation of inflammasome activation via inhibiting LPS activation and UA production
(Figure 6F). The knowledge gained from the present study advances our understanding of
the role of CRAMP in alcohol-induced liver injury and helps in developing potential
therapeutic strategies against ALD.
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Cathelicidin dysregulation in alcohol-fed animals and ALD patients. (A) Alcohol-induced
changes in Camp expression in different organs. PF, pair-fed; AF, alcohol-fed. (B) CRAMP
protein immunoblotting of liver and spleen tissues. The bands are composite images of
selected bands, and the corresponding GAPDH controls are shown. (C) Serum CRAMP
protein levels. Data are expressed as mean SEM (7= 5-9). (D) Hepatic CAMP mRNA
expression and (E) plasma LL-37 levels in ALD patients and healthy controls (HC). Data are
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expressed as mean SEM (n = 5-16). (F) Hepatic CAMP expression correlates with HIF1A
and VDR expression in ALD patients.
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Figure2.
Effects of CRAMP deficiency on ethanol-induced liver injury, steatosis, and pro-

inflammatory response. (A) Serum levels of AST and ALT. (B) Representative
photomicrographs of liver sections with hematoxylin and eosin (H&E) staining (original
magnification 200x) (upper panel), Oil Red O staining (original magnification 200x)
(middle panel), and TUNEL-positive cell staining (original magnification 100x) (lower
panel). Black arrows: TUNEL-positive cells. (C) Hepatic levels of triglycerides and free
fatty acids. (D) Hepatic cytokine and chemokine mRNA expression. (E) Representative
photomicrographs of paraffin-embedded liver section stained for chloroacetate esterase
(CAE) (original magnification 200x) (upper panel) and frozen liver tissue stained using
immunofluorescence (IF) for F4/80 (original magnification 100x) (lower panel). Black
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arrows: infiltrated neutrophils; white arrows: F4/80 positive stained macrophages. Blue:
DAPI counterstained nuclei; red: F4/80. Data are expressed as mean SEM (7= 8-10).
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CRAMP is involved in alcohol-induced IL-1f production and inflammasome activation. (A)
Serum concentrations of IL-1p. (B) Serum endotoxin levels (left panel) and hepatic mMRNA
levels of Lbop, Cd14, and Tir4 (right panel). (C) LPS binding activity shown as FITC
intensity of FITC-conjugated LPS-treated RAW?264.7 cells. LPS-FITC: 1 ug/ml. Asterisks
indicate the significant difference comparing LPS alone and treated groups. (D) Serum uric
acid (UA) and ATP levels. Data are expressed as mean SEM (7= 8-10). (E) Correlation of
serum levels of UA and IL-1f in AUD patients. *Covaried with LBP. Univariate and
multivariate regression model was used (/7= 14-26). (F) Hepatic mRNA levels of Casp and
Nirp3. (G) Representative bands of immunoblotting quantification of molecules in
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inflammasome activation in liver lysates. Data are expressed as mean SEM (7= 8-10). (H)
Left panel: Representative bands of immunoblotting quantification of pro-IL-1p and cleaved
IL-1B protein in BMDM lysates. The bands are composite images of selected bands, and the
corresponding p-actin controls are shown. Right panel: IL-1p protein levels in culture media
of BMDMs. Data are expressed as mean SEM (77 = 4-6).
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CRAMP KO mice had increased hepatic oxidative stress by alcohol. (A) Xanthine oxidase

(XO) activity in the serum and liver lysates of alcohol-fed mice. (B) Immunoblotting and
quantification of CYP2E1 protein. The bands are composite images of selected bands, and
the corresponding B-actin controls are shown. (C) Liver ROS production and quantification
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CRAMP peptide administration rescues alcohol-induced liver steatosis and injury. Mice
were treated as described in the Materials and methods section. (A) Illlustration of feeding
and treatment timeline. (B) Serum levels of AST and ALT. (C) Representative
photomicrographs of liver sections of H&E (original magnification 100x) and ORO staining
(original magnification 200x). (D) Hepatic levels of triglycerides and free fatty acids. (E)
Hepatic mRNA expression of //Zband Mcp1. (F) Hepatic mRNA expression of //10. Data
are expressed as mean SEM (7= 4-8).
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