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Abstract

Chronic alcohol consumption is accompanied by intestinal inflammation. However, little is known
about how alterations to the intestinal immune system and sphingolipids contribute to
pathogenesis of alcoholic liver disease (ALD). We used WT mice, RORyt-deficient mice,
sphingosine kinase-deficient mice and local gut anti-inflammatory, 5-aminosalicyclic acid (5-
ASA)-treated mice in a chronic-binge ethanol feeding model. Targeted lipidomics assessed the
sphingolipids in gut and liver samples. Gut immune cell populations, the amounts of
sphingolipids, and the level of liver injury were examined. Results: Alcohol intake induces a pro-
inflammatory shift in immune cell populations in the gut, including an increase in Th17 cells.
Using RORyt-deficient mice, we found that Th17 cells are required for alcohol-associated gut
inflammation and the development of ALD. Treatment with 5-ASA decreases alcohol-induced
liver injury and reverses gut inflammation by the suppression of CD4*/RORyt*/IL-17A" cells.
Increased Th17 cells were due to upregulation of SK1 activity and RORyt activation. We found
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that S1P/S1PR1 signaling are required for the development of Th17 cell-mediated ALD.
Importantly, /n vivo intervention blocking of S1P/S1PR1 signaling markedly attenuated alcohol-
induced liver inflammation, steatosis, and damage. Conclusion: Gut inflammation is a functional
alteration of immune cells in ALD. Reducing gut Th17 cells leads to reduced liver damage. S1P
signaling was crucial in the pathogenesis of ALD in a Th17 cell dependent manner. Furthermore,
our findings suggest that compounds that reduce gut inflammation locally may represent a unique
targeted approach in the treatment of ALD.
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Introduction

Recent evidence has pointed to the intestine as a key site that becomes altered in alcoholic
liver disease (ALD)(1). In the inflamed gut, CD4 T cells are the main IL-17-secreting cells.
Th17 cell differentiation is mediated by the transcription factor, retinoid-related orphan
receptor gamma t (ROR-yt)(2). It has been proposed that infiltration with IL-17A plays a
pivotal role in the inflammation associated with ALD(3, 4). However, the local effects of
alcohol on most immune cell populations in the gut and the function of gut CD4*I1L17A*/
RORyt* cells in the pathogenesis of ALD remains unclear.

The development and maturation of the gut immune system are influenced by dietary lipids
including sphingolipids. Some sphingolipids, such as ceramide, favor the development of T
regulatory cells (Tregs) by the activation of PP2A(5). In contrast, we demonstrated that S1P,
a bioactive sphingolipid, is necessary for Th17 cell migration to inflamed gut(6).
Dysregulated sphingolipid metabolites have been implicated in numerous diseases, including
fatty liver disease and colitis. The levels of sphingosine kinase 1 (SK1) and its product S1P
are increased in patients with colitis(7). SK1 gene expression and synthesis of S1P occur in
response to inflammatory stimuli (8). It has been reported that S1P is capable of promoting
neutrophil infiltration into the crypts and lamina propria of the colon via ligation of its
receptor SIPR1(9). However, the significance of S1P signaling in Th17 cell-mediated gut
inflammation in ALD has yet to be evaluated.

Given that targeting intestinal barrier function may be an effective strategy in the prevention/
treatment of ALD, we considered using a locally active, gut-specific anti-inflammatory
agent. Mesalamine (5-ASA), a first-line maintenance therapy for inflammatory bowel
disease (IBD), is a salicylic acid derivative with anti-inflammatory properties that acts
locally in the gut with minimal systemic absorption and side effects(10, 11). As ALD is
characterized by increased intestinal inflammation and altered permeability, we
hypothesized that 5-ASA might have beneficial effects in ALD and may help elucidate roles
of gut Th17 cells in this disease.

In this study, we show that the gut immune system is an important modulator of ALD. ALD
is accompanied by a pro-inflammatory shift in lamina propria (LP) immune cell polarity,
especially Th17 immune cells, in response to an intestinal barrier defect. We further report
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evidence that sphingolipids impart changes in the intestinal immune system and CD4 T cell
homeostasis; notably, an increase of Th17 cells. Targeting gut immune dysregulation may
lead to new classes of potentially effective, safe therapies for ALD.

Materials and Methods

Animals and treatments

C57BL/6 WT, RORyt™~, SK17/~ and SK27/~ mice were obtained from Jackson Laboratory.
All animal procedures were approved by the University of Louisville Institutional Animal
Care and Use Committee. We used the binge-on-chronic NIAAA (Gao) model with 8-week-
old mice. Details of other methods used in this study are described in the Supplemental
Materials and Methods.

RESULTS
Alcohol feeding induces the accumulation of CD4*RORyt*/Th17 cells in the intestine

To examine how the gut immune system is affected in ALD, we fed an alcohol (alcohol
feeding, AF) or an isocaloric control (pair feeding, PF) diet to male and female C57BL/6
mice. We investigated if gut immune cells are altered by alcohol feeding. After AF, we noted
a significant reduction in the proportion of conventional CD8a * T cells in the
intraepithelial lymphocytes (IEL) and the lamina propria lymphocytes (LPL) of ileum
(Figure S1A) and CD4* T cells in the IEL and LPL of colon (Figure S1B) in AF mice.
However, natural CD8a.a™ T cells and y6 T cells were less affected in the IEL of the ileum
(Figure S1A and S1C). In the LPL of the large intestine (LI-LPL) and the small intestine
(SI-LPL), the proportion and number of Th17 cells was significantly increased on the AF
diet when compared to the PF diet (Figure 1A and Figure S1D). Th17 cell differentiation is
mediated by ROR~yt. We also found an increase in the proportion and number of RORyt-
expressing CD4 T cells in SI-LPL and LI-LPL in AF mice (Figure 1A and Figure S1E). This
is consistent with the increase in IL-17A protein, and IL-17A and Rorc mRNA levels in LI-
LPL in AF mice (Figure 1B). Furthermore, we detected a slight reduction of Thl and a
significant increase of CD8* IL-17A™ T cells in the LPL (Figures S1F-S1G). In addition,
there was a significant reduction in the proportion of innate lymphoid cells and Th22, and
similar proportion of Tregs in AF mice (Figure S1H and S1I). Collectively, these results
demonstrate a pro-inflammatory shift in some adaptive and innate T cell populations, and a
significant increase in Th17 cells in the intestine of alcohol-fed mice.

CD4*RORyt*/ Th17 cells promote the development of ALD

To define the importance of increased gut RORyt/Th17 cells in ALD, we fed ethanol or
control diet to WT and RORyt knockout (RORyt™~) mice. Of note, some of RORy '~ mice
fed the alcohol diet rapidly died due to a deleterious effect of T-cell lymphomas(12).
However, in contrast to WT mice, RORyt™~ mice with no lymphomas showed significant
amelioration of the morphological features of ALD including significant attenuation of liver
injury, steatosis, and hepatic triglyceride concentrations (Figures 1C and 1D). Moreover, the
RORyt™'~ mice had less immature myeloid cell accumulation in the liver than WT mice
(Figure 1E). We also found a higher proportion of Th1 cells (Figure 1E) and decreased
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inflammatory infiltrates (Figure 1F) in the gut of the RORyt™~ mice fed alcohol than in WT
mice. Clearly, RORyt-deficient mice develop less evidence of alcoholic liver disease and the
increase of IL-17*/RORyt* CD4* T cells is strongly associated with the development of
ALD.

Anti-inflammatory 5-ASA alleviates alcohol-associated gut inflammation and subsequent

liver disease

Since alcohol consumption is associated with a pro-inflammatory shift in gut immune
populations, we reasoned that therapies aimed at targeting gut inflammation such as
mesalamine (5-ASA) may have a role in the treatment of ALD. AF mice treated with 5-ASA
had gradual weight loss, a ratio of liver to body weight and food intake similar to AF control
mice (Figures S2A-S2B). However, 5-ASA treatment prevented alcohol-induced liver
damage and steatosis (Figures 2A-2B). 5-ASA-treated mice also had reduced serum ALT
and AST (Figure 2C). Alcohol feeding significantly upregulated several serum lipid markers
including TG, VLDL and TC/HDL but only in untreated AF mice, not in 5-ASA treated
animals (Figure 2D). To reflect the clinical scenario in which most patients present with
alcoholic hepatitis superimposed on established ALD, mice were first fed the ethanol or
control diet for 2 weeks to allow development of ALD and then orally treated with 50
mg/kg/d 5-ASA for the last 2 weeks of feeding, while still maintaining the alcohol diet.
Treatment of established ALD with 5-ASA prevented progression of alcohol-induced liver
damage (ALT increase) and steatosis (Figures S2C and S2D). We also found that 5-ASA
treated mice showed an overt reduction of liver fibrosis, as indicated by Sirius red staining
(Figure 2E) and by the reduced expression of markers of fibrogenesis, including 7gfb1,
alpha-smooth muscle actin (a-SMA), fibronectin (FBN) and pro-Col1al (Figure 2F). To
confirm the effect of 5-ASA on alcoholic liver fibrosis, we analyzed the serum markers of
liver fibrosis, including tissue inhibitor of matrix metalloproteinases 1 (TIMP-1) and
hyaluronic acid. 5-ASA treatment significantly decreased these markers compared to PBS in
AF mice (Figure 2G).

5-ASA improves intestine inflammation in AF mice

To understand the mechanisms by which 5-ASA can exert effects on ALD, we examined the
effects of 5-ASA on systemic and local immune function during alcohol feeding. 5-ASA
treatment showed no effects on immune cell populations and cytokine section in the spleen
(Figures S2E), or on circulating immune cell polarity in the blood (Figures S2F). Consistent
with minor systemic effects on immune cell function, we could identify only traces of 5-
ASA compound in the serum of mice using of high-performance liquid chromatography
(HPLC). Instead, 5-ASA was concentrated in the colon and small bowel (Figures S2G).
Interestingly, 5-ASA has less effects on the percentages of CD8" IFNy™ T cells, Thl, NK
and NKT cells in the liver (Figure S2H). The results are in agreement with previous
literature demonstrating poor systemic absorption of 5-ASA upon oral administration (10)
and highlight the relative specificity of our gut anti-inflammatory therapy. 5-ASA treatment
strongly prevented increased accumulation of F4/80-positive macrophages and immature
myeloid cells (Figure 3A) and reduced the infiltration of neutrophils into the liver (Figure
3B) compared with untreated AF mice. The levels of TNF-a, COX2, S100A8, S100A9, and
CCL20 mRNA in the liver were also decreased in 5-ASA-treated mice (Figure 3C).
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We next assessed whether the attenuated liver disease was due to a decreased inflammatory
environment in the gut of 5-ASA-treated mice. 5-ASA treatment prevented inflammatory
infiltrates in the gut (Figure 3D). 5-ASA-treated mice also had more colon goblet cells and
increased expression of mucin compared to AF untreated mice (Figure 3E). RT-PCR
analysis showed that the expression of tight junction zonula occludens 1 (Z0O-1) and mucin 2
as well as 5a/c were greatly enhanced by 5-ASA treatment (Figure S3A). Indeed, 5-ASA
treatment dramatically prevented the translocation of fluorescence-labeled dextran into the
plasma (Figure 3F). Of note, 5-ASA treatment showed a significant reduction in Th17 cells
and granzymeB™* y&*T cells in the colon (Figure 3G) and small intestine (Figures S3B). This
is consistent with the decrease in IL-6, IL17A and RORyt mRNA levels in the colonic LPL
of AF mice after treatment (Figure 3H). However, Thl cells, Tregs, CD8ap™* T cells and y&
*T cells in IEL or LPL in the small intestine of 5-ASA-treated AF mice remained similar to
those in untreated AF mice (Figures S3C and S3D). These data indicate that 5-ASA
treatment caused an overall reversal of the local pro-inflammatory immune shift in the gut of
AF mice.

5-ASA targets sphingolipid metabolism to regulate adaptive gut immunity in ALD

To determine if the effects of 5-ASA were mediated through anti-inflammatory actions that
require adaptive immune cells like Th17 cells, we treated 7-week-old AF Ragl™~ mice with
5-ASA. Treatment of AF Ragl™~ mice with 5-ASA had a slight, but not significant, effect
on liver damage and steatosis or liver inflammation (Figures S4A-S4C). Though we did
identify a significant increase in the expression of tight junction and mucin genes (Figure
S4D), 5-ASA treatment showed no significant effects on innate immune cell populations or
cytokine secretion in the liver and gut (Figure S4E). Clearly, these data suggest that the
beneficial effects of 5-ASA require components of the adaptive immune system. To further
pinpoint the effect of 5-ASA on intestinal cells, we fed alcohol with 5-ASA to RORyt™/~
mice. Interestingly, similar to the Ragl™~ mice, treatment with 5-ASA had no additional
effects on the improvement of liver injury in the RORyt~~ mice (Figures S4F-S4G). Thus,
the beneficial effects of 5-ASA require a Th17 cell-mediated adaptive immune response.

Effector T cell entry into the intestinal mucosa is a complex event regulated by selective
expression of intestinal homing receptors on the T cell surface and corresponding ligands
within the intestinal mucosa. We recently demonstrated that the recruitment of Th17 cells to
the intestinal mucosa was due to the release of S1P by IECs in the gut(6). We also found
dysregulated ceramide metabolism in a murine model of alcohol-enhanced
lipopolysaccharide hepatotoxicity(13). S1P is mainly generated by the action of sphingosine
kinase (SK1 and SK2)(7). Therefore, we assessed whether SK and S1P levels were affected
in alcohol-induced injury. SK1 and SK2 mRNA levels significantly increased in the gut and
liver after AF when compared to PF controls (Figure 4A). AF also induces the higher levels
of SK1 protein in the gut compared with PF (Figure S5A). Next, sphingolipid metabolites
including sphingosine, S1P, sphinganine, dihydrosphingosine 1-phosphate (DHS1P),
sphingomyelin and ceramide concentrations were measured in the liver and gut of control
and alcohol-fed mice. Alcohol exposure was associated with a significant increase in liver
levels of S1P, DHS1P and ceramides, including C14.0_18:1 and Co2.0_26:0 Ceramides (Figure
4B). However, the levels of sphingosine, sphinganine and sphingomyelin with fatty acids
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(FAs) of varying chain length were not increased in the liver (Figure S5B). In the gut,
sphingosine and sphinganine were both significantly increased in alcohol-fed mice (Figure
4C). Interestingly, most of the gut ceramides and sphingomyelin were not changed (Figure
S5C), however, gut Cyq.0, C24:0, and Cyy4.1 ceramides were significantly elevated after AF
(Figure 4C). Similarly, gut Cyq:0, C22:0, C24:0, and Cy4:1 Sphingomyelin were also increased
in alcohol-fed mice (Figure 4C). Next, we conducted a thorough analysis of sphingolipids
including the specific acyl-chain ceramides and sphingomyelin in the serum and the
expression profiling of SK1 in the liver in samples from patients with moderate and severe
alcoholic hepatitis (AH). The levels of Cqg.0, C1g:0, C24:1 and Cyg:1 ceramides were
significantly elevated in moderate and severe AH patients (Figure 4D). The increased levels
of Cyg:1, and Cy4:9 ceramides and decreased levels of Cy4.9 and Cog:o ceramides were found
in severe AH patients, but not in moderate AH patients (Figure 4D). With regard to
sphingomyelin, the opposite phenomenon was observed: significant decreases were
observed in C14.9 and C1g:g sphingomyelin in moderate and severe AH patients (Figure 4D).
However, the levels of Cyp.g, Co4-0, and Cyg.¢ Sphingomyelin were significantly decreased in
severe AH patients, but not in moderate AH patients (Figure 4D). Although the levels of
sphingosine, S1P, sphinganine and DHS1P remained unchanged in patients’ serum (Figure
S5D), we found a significant increase in SK1 expression in the livers of AH patients
compared to healthy controls (Figure 4E). Because the Stat3 pathway has been implicated as
an essential regulator of S1P and IL-17A and links to acute inflammation and colitis(7, 14),
activation of Stat3 was next examined. Indeed, nuclear accumulation of phosphorylated
Stat3 was strongly stimulated in colon mucosa by AF compared to PF, as shown by western
blotting and confocal analysis (Figure 4F). Importantly, the levels of SK expression in the
liver and gut (Figure 4A and Figure S5A), the levels of liver S1P, DHS1P, and ceramides
(Figure 4B), and the levels of gut sphinosine and sphinganine (Figure 4C) in ALD mice
were strongly suppressed by 5-ASA treatment. /7 vivo administration of 5-ASA also
prevented Stat3 activation induced by AF (Figure 4F). Our FACS data further showed that
S1PR1 is highly expressed in CD4" T cells in the gut from AF mice compared to PF mice
(Figure S5E). Clearly, the SK1/S1P-S1PR1 axis may regulate the migration of
CD4*IL-17*cells in ALD. 5-ASA may target the migration and activation of Th17 cells via
S1P/S1PR1-Stat3 signaling.

SK1 deficiency ameliorates alcoholic liver steatosis and injury as well as gut inflammation

Next, we investigated the role of SK1 in ALD using mice with a genetic deficiency of SK1.
WT mice and SK1~/~ mice had similar weight loss and ratio of liver/body weight after
alcohol feeding (Figures S6A-S6B). Deletion of SK1 remarkably attenuated alcohol-induced
liver damage and steatosis (Figures 5A-5C). Moreover, deficiency of SK1 prevented the
accumulation of macrophages and immature myeloid cells, infiltration of neutrophils and the
levels of Thl and Th17 cells in the liver (Figures 5D and 5E). Furthermore, deficiency of
SK1 decreased the levels of the proinflammatory genes and increased the level of IL-10
compared with WT mice (Figure 5F). Taken together, these data support the crucial role of
SK1 in the pathogenesis of alcohol-induced liver inflammation.

We next determined if deletion of SK1 influenced intestinal Th17 cell accumulation and
function. In comparison to AF WT mice, AF SK17~ mice had a reduced inflammatory
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infiltrate in the small intestine and colon (Figure 6A), more colon goblet cells (Figure 6B),
and higher expression of mucin (Figure 6B) which is consistent with lower intestinal
permeability (Figure 6C) in SK17/~ mice compared with AF WT mice. Furthermore, AF
SK17/~ mice had higher expression of TJ protein and mucin and decreased amounts of
COX-2, RORC, RORA, IL-23, and IL-17A mRNA in the LPL of the colon (Figure 6D).
ELISA analysis confirmed that cytokines IL-17A and IL-23 were reduced in the LPL from
AF SK17~ mice compared with AF WT mice (Figure 6E). Moreover, deficiency of SK1
significantly attenuated the accumulation of Th17 cells in gut LPLs after AF compared to
WT mice (Figure 6F). Our data showed no differences of Thl, CD8ap* T cells, TCRy8 T
cells, and CD4* T cells as well as Treg cells (Figure 6F and Figures S6C-S6F) in the guts of
AF SK17/~ mice compared to the AF WT mice. Furthermore, we found significantly lower
levels of S1P and reduced nuclear accumulation of phosphorylated STAT3 in the colon of
SK17/~ mice (Figures 6G—-6H). Taken together, these data demonstrated a critical role of the
SK1/S1P-Th17 axis in the pathogenesis of alcohol-induced gut inflammation.

SK2 deficiency exacerbates alcohol-induced liver injury as well as gut Th17 accumulation

Given that sphingosine is phosphorylated by both of SK1 and SK2 to produce S1P, we
investigated the role of SK2 in ALD. Unexpectedly, in contrast to WT mice, SK27/~ mice
had more severe alcohol-induced liver damage and steatosis (Figures 7A and 7B). Moreover,
deficiency of SK2 induced the accumulation of immature myeloid cells (Figure 7C) and
upregulation of the proinflammatory genes mRNA in the livers in AF mice compared with
AF WT controls (Figure S7A). Furthermore, histopathological analysis revealed more
severely damaged colon mucosa with more extensive infiltration of inflammatory cells,
fewer colon goblet cells, and reduced expression of mucin (Figures 7D-7E and Figures S7B-
S7C) in AF SK27/~ mice in comparison to AF WT mice. The colons of SK2~/~ mice also
contained higher levels of IL-17A and Rorc mRNA in LI-LPL after AF (Figure 7E). We
consistently observed a significant increase in the gut permeability and in the proportions of
Th17 cells and CD4* RORyt* cells, but not Th1 and Tregs cells in the LPL of gut of SK27/~
mice after AF (Figure 7F and Figures S7D-S7E). Surprisingly, the levels of SK1 (Figure
7E), S1P (Figure S7F), and pStat3 (Figures S7G and S7H), in the gut were markedly
increased in SK27/~ mice compared to littermates during AF, indicating that the increases in
Th17 cells and severity of gut inflammation in SK2~/~ mice are likely due to upregulation of
SK1 and S1P. Consistent with our previous data, we also observed decreased liver injury and
steatosis of AF mice in 5-ASA-treated SK27/~ mice (Figures 7A-7C). 5-ASA also decreased
gut inflammation (Figures 7D), the level of IL-17A and SK1 mRNA (Figure 7E) in SK27/~
mice compared with untreated SK2~/~ mice, which further confirmed that 5-ASA reduces
Th17 cells via SK1-dependent mechanisms in ALD.

Pharmacologic intervention via inhibition of S1P-S1PR1 signaling ameliorates ALD
development and progression.

To evaluate whether pharmacological inhibition of SK1 has a protective effect in ALD, we
took advantage of an SK1 inhibitor, SKI-178, to treat mice along with or without 5-ASA and
found that SKI-178 alone slightly ameliorated alcohol-induced liver steatosis and damage
(Figures 8A—8B). Administration of SKI-178 also slightly decreased the accumulation of
immature myeloid cells and neutrophils (Figure 8C) and the levels of Cox2 and TNF-a
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mRNA (Figure 8D) in the liver. However, the combined treatment with SK1 and 5-ASA
significantly prevented progression of alcohol-induced liver damage and steatosis,
expression of inflammatory genes, and accumulation of immature myeloid cells and
neutrophils (Figures 8A-8D). In the liver, the level of S1P was significantly decreased in
SKI-178 treated AF mice when compared with untreated AF mice (Figure S8A). We
observed an increase in the levels of C16:0-ceramide and a simultaneous decrease in the
levels of C22-C24.1-ceramide in the liver of SKI-178 treated AF relative to untreated AF
mice (Figure S8B). Accordingly, in the liver of SKI-178 treated AF mice, the total ceramide
levels were not significantly different from untreated AF mice (Figure S8B). These results
indicate that the sphingosine kinase 1 (SK1) is necessary to regulate the S1P levels, but not
bulk ceramide levels in the liver. Presumably, several ceramidases (acid, neutral, alkaline),
which can catalyze the degradation of ceramide, or other ceramide synthases (CerS 1-6),
function to control metabolic levels of ceramide in cells. These data demonstrated that
administration of SK1-178 and 5-ASA together could achieve protection from ALD similar
to that observed in SK17~ mice (Figures 5-6).

We next evaluated the effect of dual inhibitors on Th17 cells in the gut. We found that the
administration of 5-ASA in combination with SKI-178 significantly inhibited progression of
alcohol-induced gut inflammation (Figure 8E), which was associated with substantially
increased genes encoding TJ protein and mucin in the gut compared to AF mice with single
treatment (Figure 8F). FACS analysis for ROR+yt and IL-17A in mouse gut sections revealed
a significant increase in CD4™* cells in the gut after alcohol feeding that was unchanged by
giving SKI-178 alone, but was modestly reduced when 5-ASA was administered with
SKI-178 (Figure 8G). Interestingly, the administration of SKI-178 and 5-ASA together
remarkably enhanced the expression of IFN-y in CD4* cells but did not affect the proportion
of CD4"Foxp3* cells and CD4* IL-22* in LPL from LI (Figure 8G).

The activity of S1P signaling is tightly regulated by FTY720, a natural antagonist of SIPR1.
Next, we asked whether blockage of S1IPR1 can ameliorate alcohol-induced liver injury by
preventing the recruitment of Th17 cells to gut. At the conclusion of the experiment, the
mice received the combination treatment of FTY 720 with 5-ASA, but not FTY720 alone,
which resulted in a substantially improved histological picture of ALD: lower levels of
serum ALT, less infiltration of myeloid cells, and less expression of inflammatory genes
compared with alcohol-fed, vehicle or FTY720-treated mice (Figures S9A-S9F).
Interestingly, the administration of FTY720 alone or the combination treatment of FTY720
and 5-ASA markedly blocked the migration of CD4* T cells to liver (Figures S9G).

Discussion

ALD is tightly linked to gut inflammation in humans as well as in experimental models(15).
We have identified the gut immune system as an active orchestrator and therapeutic target in
ALD. Specifically, we demonstrated that inhibition of gut inflammation with a gut-specific
anti-inflammatory agent, 5-ASA, during alcohol feeding can alter liver steatosis. We further
found that the bioactive lipid, S1P, drives the pathogenesis of alcohol-induced gut
inflammation and that the pathogenic effect of S1P is mediated by Th17 cells specifically.
We demonstrated, for the first time to our knowledge, that SK1 was involved in Th17 cells
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accumulating in the gut of alcohol fed mice and AH patients, and that a deficiency in RORyt
and SK1, but not in SK2, consistently prevented alcoholic gut inflammation and
significantly attenuated alcohol-induced steatosis and liver damage in experimental ALD.
Pharmacologic inhibition of S1P-S1PR1 signaling greatly protected against alcohol-induced
steatosis and liver injury in experimental ALD.

Previous work has shown that AF reduces the expression of IL-22 in type 3 innate lymphoid
cells in the colons of AF mice(16). We consistently saw that the pro-inflammatory shift in
immune cell populations observed in the gut was associated with obvious inflammatory
histological changes in AF mice, which are characterized by increased IL-17A-producing
CD4* and CD8* T cells as well as increased RORyt" CD4* T cells in the LP. In AF RORyt
-/~ mice, we observed overall improvements in gut barrier function and inflammation. These
findings implicate local intestinal IL-17A production as one of the critical pathogenic
mediators of intestinal permeability in experimental ALD. The development of Th17 cells is
influenced by gut microbiota (17). Some commensal bacteria, such as segmented
filamentous bacteria (SFB), and bacterial metabolites, like bile acids, are necessary for gut
Th17 cell development (18, 19). We observed the number of Th17 cells is slightly elevated,
but not significantly, in the liver by alcohol feeding. Therefore, additional work is needed to
explore if gut metabolites (e, g. bile acid) can regulate the differentiation/accumulation of
Th17 cells in the liver by RORyt in ALD (20).

We further showed that inhibition of gut inflammation with a gut-specific anti-inflammatory
agent, 5-ASA, during alcohol feeding can attenuate liver injury. Treatment with 5-ASA has
beneficial effects on the intactness of the gut epithelial barrier in IBD models(21, 22). We
observed similar beneficial effects of 5-ASA on gut barrier function during alcohol feeding
that are linked to reduced levels of inflammatory cytokines, such as TNF-a and IL-17A.
Improvements seen with 5-ASA treatment were found to be dependent on adaptive and gut
immune systems due to minimal effects seen in ALD 5-ASA-fed Ragl~/~ mice and RORyt
I~ mice. The observed direct effect of 5-ASA in vivoon IL-17A production highlights
potential crosstalk between intestinal epithelial cells and gut immune cells in mediating the
effects of 5-ASA on the alcohol-induced liver injury. These experiments indicate the relative
specificity of gut anti-inflammatory therapy, such as sulfasalazine, colon-specific prodrug
for 5-ASA, might also attenuate the development of ALD.

Abundant evidence reveals that gut inflammation is associated with enhanced leukocyte
trafficking to the gut mucosa and altered expression of adhesion molecules. The a4 integrins
(a4Bs and a4PB7 ) and chemokines (CCL25/CCR9) play a regulatory role in lymphocyte
homing and recruitment to the inflamed intestine(23, 24). S1P, through ligand binging of its
receptor S1IPR1 in the blood and lymph(25), is also essential for naive lymphocytes to
preferentially migrate into the gut (26). S1P is mainly generated via ceramide by the action
of sphingosine kinase (SK1 and SK2). We found that the expression of SK1 and SK2 was
increased in experimental ALD, which we believe to be novel. More importantly, we also
found elevated SK1 in human AH samples compared with healthy human donor liver
samples. We have confirmed that hepatic SIP levels are increased following alcohol
exposure in mice. Reported increases in ceramide levels from different models of
nonalcoholic fatty liver have led to suggestions that sphingolipids are important in fatty liver
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disease development, although the mechanistic link between hepatic steatosis and ceramide
is unclear(27-29). In this study, SK1~~ mice had significantly attenuated alcohol-induced
steatosis and liver damage after alcohol feeding. Importantly, these mice showed reduced
immune cell infiltrates in the liver and gut during alcohol feeding, including reductions in
IL-17A-producing CD4* not only in the gut, but also in the liver. Ethanol-induced S1P
seems to be due to augmented expression and activity of SK. However, these two isoforms
of SK, SK1 and SK2, have differences in subcellular localization, i.e., cytosol for SK1 and
nucleus for SK2, as well as different physiological functions(30, 31). Although the absence
of SK1 was protective against DSS-induced colitis, SK2 depletion resulted in enhanced
proliferation and proinflammatory cytokine production and thus, IBD progression(7, 32).
Indeed, our data showed that knockout mice for SK2 were more susceptible to developing
severely damaged and necrotic colon mucosa with increased expression of SK1 and
extensive infiltration of inflammatory Th17 cells. The severity of colitis in SK2~/~ mice
correlated with NFxB activation, IL-6 and TNFa formation, STAT3 activation, and S1PR1
expression. The associated increase in SK1 and S1P in SK27/~ mice was attributed to loss of
SK2-mediated HDA1/2C inhibition, thereby increasing the induction of c-Jun and its target
gene SK1(7). We have shown that nuclear accumulation of phosphorylated STAT3 was
strongly stimulated in colonic mucosa by chronic alcohol feeding (Figure 4F).
Phosphorylated STAT3 was also increased and suppressed by 5-ASA in the colons of
SK27/~ mice (Figures S7G and 7H). The Stat3 pathway has been implicated as an essential
regulator of S1P and IL-17A and NFxB/IL-6/STAT3/S1PR1 amplification loop links to
acute inflammation and colitis (33). Our future study will explore if the potential mechanism
to control SK1 expression by 5-ASA is through the regulation of STAT3 in ALD. More in-
depth mechanistic approaches will be required to fully understand the mechanism of SK1/
S1P-mediated activation of RORyt signaling, including studies in mice with CD4 T cell-
specific deletion of RORvyt, or with hepatocyte/IEC-specific deletion of SK1, to dissect the
precise roles of SK1 and Th17 cells in ALD /n vive.

In the studies presented here, the fact that the S1P/S1PR1 axis is essential for lymphocyte
egress added a new potential target for blocking Th17 migration to the inflamed gut in ALD.
In terms of IBD, FTY720 ameliorated experimental colitis arising as a result of chemical
induction, T-cell transfer, and 1L-10 deficiency, suggesting that it may be a potential
candidate for ALD treatment(34, 35). Indeed, our studies showed that SKI-178 or FTY720
interferes with S1P signaling and blocks the response of Th17 cells in ALD mice. Our
findings suggest that the combination of 5-ASA with pharmacological blockade of S1P/
S1PR1 signaling may prevent the accumulation of Th17 cells not only in the gut, but also in
the liver, and attenuate the development of ALD to the same extent as a global deficiency of
SK1 or RORvt.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ALD isassociated with a pro-inflammatory shift in intestinal immune cells.
WT mice (A-B) and RORyt™~ (C-F) mice were fed control (pair-fed, PF) or alcohol

(alcohol-fed, AF) diet and sacrificed 15-22 days later.

(A) Intracellular staining of IL-17A and RORyt in CD4* T cells in the lamina propia from
large intestine (LI1-LPL) or small intestine (SI-LPL).

(B) ELISA analysis of IL-17A in the supernatant of colonic LPLs stimulated with 1L-23
(left) and real-time PCR analysis of IL-17A and Rorc mRNA in colonic LPLs (right).
(C-F) WT mice or RORyt"‘ mice were fed alcohol diet and sacrificed 15 days later.

(C) HE and Oil red O staining of liver tissue.

(D) Serum levels of ALT and AST and hepatic triglycerides.

(E) Frequencies of immature myeloid cells (CD11b*Gr-1*) in the liver and Th1 and Tregs
cells in the gut LPLs.

(F) Large intestine was stained by H&E.

Data in all panels are presented as Mean + SEM. n=11 * P<0.05; ** P<0.01
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Figure 2. 5-ASA administration protects mice from ALD.
C57BL/6 mice on a pair-fed or binge ethanol diet, with 5-ASA oral supplementation (50

mg/kg/day) or vehicle for 15 days (A-D) or for 28 days (E-G).

(A) H&E and Oil red O staining of liver tissue.

(B) Hepatic triglycerides.

(C) Serum levels of ALT and AST.

(D) Serum levels of lipids were analyzed by piccolo lipid pane plus.

(E) Fibrosis was evaluated by Sirius Red staining.

(F) Real-time PCR analysis of the expression of indicated genes in liver fibrosis.
(G) Serum markers of liver fibrosis, including hyaluronic acid and TIMP-1.
Data in all panels are presented as Mean £ SEM. n>15 * P<0.05; ** P<0.01
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Figure 3. 5-ASA improvesliver and gut inflammation in mice during alcohol feeding.
(A) Frequencies of immature myeloid cells (CD11b*Gr-1*) and macrophages (CD11b

*F4/80%) in the liver.

(B) Immunohistochemistry staining of myeloperoxidase (MPO) in the liver.

(C) Real-time PCR analysis of the expression of indicated genes in the liver.

(D) H&E staining of small and large intestine.

(E) Alcian Blue staining and immunohistochemistry staining of mucin 2 of colonic tissue.
(F) Plasma levels of Dextran-FITC for gut permeability.

(G) Intracellular staining of IL-17A* CD4" T cells in LPL of colon or granzyme B* y&* T
cells in IEL of small intestine.

(H) Real-time PCR analysis of the expression of indicated genes in the colonic LPL.

Data in all panels are presented as Mean £ SEM. n>15 * P<0.05; ** P<0.01
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Figure 4. Activation of sphingosine kinase and metabolism of sphingolipidsin ALD.
(A) Real-time PCR analysis of the expression of sphingosine kinase in the colon, small

intestine and liver.

(B) Levels of S1P, DHS1P and acyl-chain ceramides in the liver.

(C) Levels of sphingosine, sphinganine, acyl-chain ceramides and sphingomyelin in the gut.
(D) Levels of acyl-chain ceramides and sphingomyelin in the serum of moderate, severe
alcoholic hepatitis (AH) patients or healthy donors (normal liver). n=13

(E) Immunohistochemistry staining analysis of SK1 expression in the liver of AH patients
and healthy control.

(F) Levels of pStat3 were evaluated using immunoblotting and immunofluorescence in the
colon of mice.

Data from mice are presented as Mean + SEM. n=8 * P<0.05; ** P<0.01
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Figure5. Deficiency of SK1 attenuates alcoholic liver inflammation, steatosis, and damage.
WT or SK17/~ mice were fed alcohol diet and sacrificed 15 days later.

(A) H&E staining and Oil red O staining of liver.

(B) Serum ALT and AST.

(C) Hepatic triglycerides.

(D) Frequencies of immature myeloid cells, macrophages, Thl, and Th17 cells in the liver.
(E) Immunohistochemistry staining of myeloperoxidase (MPO) in the liver.

(F) Real-time PCR analysis of the relative expression of indicated genes in the liver.

Data in all panels are presented as Mean + SEM. n=11 * P<0.05; ** P<0.01
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Figure 6. Deficiency of SK 1 attenuates the gut inflammation and accumulation of Th17 cellsin
ALD.

(A) H&E staining of small and large intestine.

(B) Alcian Blue staining and immunohistochemistry staining of mucin 2 in colonic tissue.
(C) Plasma levels of Dextran-FITC for gut permeability.

(D) Real-time PCR analysis of the expression of indicated genes in the colon (left) and
IL-17A and Rorc mRNAs (right) in colonic LPLs.

(E) ELISA analysis of IL-17A or IL-23 in the supernatant of colonic LPLs.

(F) Intracellular staining of IL-17A* and IFN-y* CD4* T cells from gut LPL.

(G) Relative levels of S1P in the ileum of alcohol-fed mice.

(H) Immunofluorescence was used to evaluate the expression of pSTAT3 in the ileum.
Data in all panels are presented as Mean + SEM. n=11 * P<0.05; ** P<0.01
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Figure 7. Deficiency of SK2 promotesliver injury in ALD.
WT or SK27/~ mice on a chronic-binge ethanol diet, with/without 5-ASA oral

supplementation (50 mg/kg/day) or vehicle for 15 days.

(A) H&E staining and Oil red O staining of liver.

(B) The levels of serum ALT, AST and hepatic triglycerides.

(C) Frequencies of immature myeloid cells (CD11b*Gr-1%) in the liver.

(D) H&E staining of small and large intestine.

(E) Real-time PCR analysis of the levels of Muc2, Mucba, IL-17A, Rorc and SK1 mRNA in
the colon.

(F) Intracellular staining of IL-17A, IFN-y, Foxp3 or RORyt in CD4* T cells from colonic
LPL.

Data in all panels are presented as Mean + SEM. n=7 * P<0.05; ** P<0.01
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Figure 8._ Pharmacologic intervention via inhibition of SIP/SPR1 signaling ameliorates ALD
progression.

(A) H&E staining and Oil red O staining of liver.

(B) Serum levels of ALT and hepatic triglycerides.

(C) Frequencies of immature myeloid cells (Top) and immunohistochemistry analysis of the
expression of myeloperoxidase (MPO) (bottom) in the liver.

(D) Real-time PCR analysis of the expression of indicated genes in the liver.

(E) H&E staining of large intestine.

(F) Real-time PCR analysis of the expression of indicated genes in the colon.

(G) The proportion of IL-17A, IFN-y, Foxp3 or RoRyt in CD4* T cells from colonic LPL.
Data in all panels are presented as Mean = SEM. n=7 * P<0.05; ** P<0.01
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