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Abstract

BACKGROUND&AIMS: Chronic alcohol (EtOH) consumption is a leading risk factor for
development of hepatocellular carcinoma (HCC), which is associated with marked increase of
hepatic expression of pro-inflammatory IL-17A and its receptor IL-17RA.
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METHODS: Genetic deletion and pharmacological blocking was used to characterize the role of
IL-17A/IL-17RA signaling in the pathogenesis of HCC.

RESULTS: We demonstrate that global deletion of /L-17RA gene suppressed HCC in alcohol-fed
DEN-challenged I1L-17RA ™/~ and Mup-uPA/IL-17RA™~ mice compared to wild type mice. When
the cell-specific role of IL-17RA signaling was examined, development of HCC was decreased in
both alcohol-fed 1L-17RAAM® and |L-17RA2HEP mice devoid of IL-17RA in myeloid cells and
hepatocytes, but not in IL-17RA2HSCS mice (deficient of IL-17RA in hepatic stellate cells
(HSCs)). Deletion of IL-17RA in myeloid cells ameliorated tumorigenesis via suppression of pro-
tumorigenic/inflammatory and pro-fibrogenic responses in alcohol-fed 1L-17RAAM® mjce,
Remarkably, despite a normal inflammatory response, alcohol-fed IL-17RA2HeP mice developed
the fewest tumors (compared to IL-17RAAM® mice), with reduced steatosis and fibrosis. Steatotic
IL-17RA-deficient hepatocytes downregulated expression of Cxcl1 and other chemokines,
exhibited a striking defect in TNF-TNFR1-dependent Caspase-2-SREBP-1/2-DHCR7-mediated
cholesterol synthesis, and upregulated production of anti-oxidant Vitamin D3. Pharmacological
blocking of IL-17A/Th-17 cells using anti-1L-12/1L-23 Ab suppressed progression of HCC (by
70%) in alcohol-fed mice, indicating that targeting IL-17 signaling might provide novel strategies
for treatment of alcohol-induced HCC.

CONCLUSIONS: Overall, IL-17A is as a tumor promoting cytokine, which critically regulates
alcohol-induced hepatic steatosis, inflammation, fibrosis, and HCC.

Graphical Abstract

Lay summary:

IL-17A is a tumor-promoting cytokine, which critically regulates inflammatory responses in
macrophages (Kupffer cells and bone marrow-derived monocytes), and cholesterol synthesis in
steatotic hepatocytes in experimental model of alcohol-induced HCC. Therefore, IL-17A may be a
potential therapeutic target for EtOH-induced HCC patients.
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Introduction

Hepatocellular carcinoma (HCC) develops in response to chronic injury, such as HBV/HCV

infections, and metabolic diseases including non-alcoholic steatohepatitis (NASH), and
alcoholic liver disease (ALD). With the introduction of new therapies, the incidence of
HBV/HCV-related HCC has declined?, while NASH- and ALD-induced HCC are rapidly
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rising, both of which typically progress from hepatic steatosis to steatohepatitis, fibrosis,
cirrhosis, and cancer2. ALD remains a major risk factor of hepatic cirrhosis and aggressive
HCC?2. Consistent with the global epidemic of NASH, alcohol-induced HCC often occurs in
patients with BMI > 253. Chronic alcohol consumption is believed to increase development
of HCC in patients with NASH?#, therefore, we used an experimental model of ALD and
Western Diet which reflects the typical American patient with ALD.

Alcohol is metabolized in hepatocytes, leading to production of toxic metabolites
(acetaldehyde and acetate), fatty acid and cholesterol synthesis?, and inhibition of DNA
damage repair, causing accumulation of somatic mutations that drive HCC>/.

Many cancers including HCC result from chronic inflammation. Previous studies have
outlined the critical role of IL-17A and IL-17RA in the early development of colorectal
adenomas8?, lung fibrosis'9, and toxic and NASH liver fibrosis!112, IL-17A, a member of
the IL-17 family of cytokines, was implicated in the pathogenesis of NASH- and ALD-
induced fibrosis and HCC13. IL-6, TGF-B1, and IL-23 promote differentiation of 1L-17A-
producing Th17 cells from naive ThO cells!4. In fibrotic liver, IL-17A is produced mainly by
CD4* Thi7 cells!?, and signals through its cognate receptor IL-17RA. Deletion of IL-17RA
in Kupffer cells/macrophages was shown to prevent development of HCC in
Diethylnitrosamine (DEN)-challenged mice with NASH12.

Meanwhile, the role of IL-17 signaling in steatotic hepatocytes and NASH- and ASH-
induced HCC has not been previously explored. Hepatic lipogenesis is driven majorly by
transcription factors SREBP 1 and 2 (sterol regulatory element binding proteins 1 and 2) that
control fatty acid and cholesterol biosynthesis!®. A novel Caspase-2-S1P-SREBP pathway
has been recently identified in experimental models and patients with NASH and was shown
to be activated in response to TNF signaling’6. Similar to TNF/TNFR1-dependent activation
of Caspase-2-S1P-SREBP signaling cascade in patients with NASH, here we demonstrate
that caspase-2-S1P-SREBP mechanism is induced in patients with ASH, and activation of
this pathway is regulated by IL-17 signaling.

Using DEN12- and MUP-uPA-17 models of HCC in mice, our study investigated the
enhancing effect of alcohol on development of HCC in high fat diet (HFD)-fed mice. We
demonstrate that alcohol enhances tumorigenesis, while global deletion of /L-17RA gene
suppresses HCC. Furthermore, mice deficient of IL-17RA in macrophages or steatotic
hepatocytes were protected from DEN-induced HCC due to reduced activation of
inflammatory cells or suppression of cholesterol and fatty acid synthesis in steatotic
hepatocytes, respectively. Therapeutic blocking of Th17 cells using anti-1L-12/23 Ab
ameliorated development of HCC in EtOH+HFD-fed DEN-challenged mice, indicating that
IL-17 signaling may become a novel target for treatment of ALD-associated HCC.

Materials and Methods

Mice:

IL-17RA™~ mice!8, IL-17RAFF mice®, MUP-uPA micel?, Lrat-cre mice20 are gifts of Drs.
Rolls, Karin, Sandgren, Schwabe. Rag2~/~ yc™/~, AIb®"® and LyzMC"® mice were obtained
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from JAX labs. Male age-matched littermates (C57BL/6, the number of mice/group/
experiment is listed in the Figure legend) were used in this study, and were maintained under
specific pathogen free conditions in filter-topped cages on autoclaved food, water, or liquid
diet, and under 12 light/12 dark cycle, according to IACUC protocol S07088 (UCSD).

Human specimens:

Archived liver specimens were obtained in accordance with the ethical guidelines for
epidemiological research in China (approved by Ethics Committee of Nanjing Medical
University) from ALD patients with liver fibrosis and HCC (Metavir Score F3-4, n=3), and
patients undergoing liver resection for reasons unrelated to liver fibrosis (normal liver, n=3)
at Jiangsu People’s University Hospital (see Suppl. Materials).

Experimental models of alcohol-induced HCC:

IL-17RA™=, IL-17RAAM® 1|_-17RALHEP || -17RALHSCS and IL-17RAF/F and WT mice
(male littermates, C57BL/6, 2 w old) were injected i.p. with DEN (25mg/kg body weight,
Sigma). DEN-challenged mice, and MUP-UPA|IL-17RA™~ and MUP-uPA mice (male
littermates, C57BL/6, 3 months of age) were subjected to isocaloric liquid EtOH feeding
(EtOH+HFD: ethanol diet #710362, Dyets Inc.), or pair-fed (calorie-matched HFD: high fat
diet #710142, Dyets Inc.), or chow-fed (Diet #5010, LAB) for 18 weeks or 24 weeks.
Concentration of alcohol was gradually increased from 1%, to 2% and 3% (v v, throughout
3 weeks) and maintained at 3.5% (1/v) in EtOH-fed mice for the rest of feeding?L: 22 See
Supplemental Methods for diet compositions.

HCC analysis:

AFP*YAP* HCC (4 mm) and non-tumor tissues were microdissected from EtOH+HFD-,
pair-, and chow-fed IL-17RA™~ and IL-17RA2HeP mice and littermates, and used for
Western blotting, gRT-PCR, or RNA-Seq, see Suppl. Material.

Lipidomic analysis:
Snap-frozen non-tumor liver samples (~100mg) were homogenized in 1ml phosphotate-
buffered saline containing 10% methanol and analyzed using HPLC/MS method to detect
free and ester bonded cholesterol?3,

Statistical Analysis:

All data are shown as mean =+ standard error of deviation (S.D.). Comparisons of the two
groups were analyzed using the unpaired two-tailed Student’s t test. Comparisons of three or
more groups were analyzed using ANOVA. ANOVA with Dunnett’s test was used for
comparing multiple mouse groups or treatments to a control. ANOVA with a Bonferroni test
was used when making multiple pair-wise comparisons between different groups. p<0.05
was considered statistically significant. The analyses were performed by GraphPad Prism
software (Graph Pad, La Jolla). De novo analysis of mutational signatures was performed
using all mouse samples by applying our previously developed computational framework®.
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Results

Chronic EtOH feeding accelerates HCC development in HFD-fed DEN-challenged WT mice.

WT male mice (C57BL/6, 14 days old) were challenged with a single dose of DEN (25
mg/Kkg, i.p.), and at the age of 3 months were fed with liquid diet containing either EtOH
+HFD (EtOH-fed mice) or calorie matched HFD (pair-fed mice), or normal chow diet
(chow-fed mice). HCC was assessed in all groups of mice after 18 or 24 weeks of feeding.
EtOH strongly accelerated and enhanced tumorigenesis in HFD-fed DEN-challenged mice
(vs pair-fed mice, Figure 1A-B). Since tumors reached >80% of liver mass after 24 weeks of
EtOH feeding, the time point of 18 weeks was chosen to examine in further detail.

Liver injury, inflammation, and fibrosis were increased in EtOH+HFD-fed WT mice in
comparison with the pair-fed WT mice (18 weeks), as shown by increased ALT (2 fold),
positive staining for Sirius red (4 fold), F4/80 (2 fold), and IL-17A (12 fold, Figure 1B-C),
and correlated with upregulation of IL-17A and IL-17RA mRNA in the livers of these mice
(Figure 1D). High expression of IL-17A and IL-17RA mRNA was also found in patients
with ALD-associated liver fibrosis and HCC (Figure 1E-F).

EtOH+HFD-fed IL-17RA™~ mice are protected from DEN-induced HCC.

The role of IL-17 signaling in the pathogenesis of alcohol-induced HCC was studied in
EtOH+HFD-fed DEN-challenged WT and IL-17RA~/~ littermates (males, C57BL/6).
Despite similar food intake and blood alcohol content, tumorigenesis was strongly
suppressed in IL-17RA™~ mice after 18 and 24 weeks of EtOH+HFD feeding compared to
pair-fed WT mice (Figure 2A, Figures S1-2), and was associated with reduced steatosis,
inflammation (~2 fold, IL-6, IL-1p, TNF mRNA), fibrosis (2 fold, Collal, TIMP1 mRNA),
and downregulation of cholesterol and fatty acid amounts (Figure 2B-C, E). IL-17RA-
deficient tumors exhibited a less malignant phenotype, as shown by reduced expression of
HCC markers AFP, YAP, Sox9, and phospho-STAT3 (Figure 2B, D and E). Unlike WT
HCC, IL-17RA-deficient HCC showed a growth defect, and failed to form tumor nodules
when adoptively transferred into the livers of Rag2~~ yc™'~ mice (Figure 2F), suggesting
that IL-17 signaling regulates DEN-induced tumorigenesis.

MUP-uPA|IL-17RA™~ mice are protected from EtOH+HFD-induced HCC.

Similar results were obtained using another model of alcohol-induced HCC in Mup-uPA
mice, in which urokinase-type plasminogen activator (UPA) is overexpressed in hepatocytes
from the major urinary protein (MUP) promotor. EtOH+HFD feeding strongly accelerated
tumorigenesis in MUP-uPA mice (vs pair-fed MUP-uPA mice). Global deletion of IL-17RA
suppressed development of HCC (2 fold, Figure S3A-B), steatosis, inflammation (3 fold,
IL-1B, TNF mRNA), and fibrosis (3 fold, Collal, a-SMA, TIMP1 mRNA) in EtOH+HFD-
fed MUP-uPA|IL-17RA~~ mice (Figure S3C-F), suggesting that IL-17A is a common
mediator of alcohol-induced HCC.
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Pharmacological targeting of Th17 cells suppresses HCC in EtOH+HFD-fed DEN-
challenged WT mice.

Of available IL-17A blocking agents, anti-IL-12/IL-23 Ab were shown to produce fewest
adverse effects in patients (Phase 111 clinical trial?4). To test if blocking of 1L-17 signaling
can attenuate development of alcohol-induced HCC, DEN-challenged WT mice were
therapeutically administered with anti-1L-12/IL-23 Ab (vs 1gG, 40mg/kg, i.p., once a week,
Figure 3A). Indeed, treatment with anti-1L-12/1L-23 Ab significantly reduced serum and
hepatic levels of IL-17A and IL-17RA in EtOH+HFD-fed DEN-challenged WT mice, and
suppressed tumorigenesis (3 fold, Figure 3B-C), liver fibrosis (2 fold), inflammation (2
fold), and cholesterol accumulation (Figure 3D-F). We concluded that IL-17 signaling might
become a novel target for treatment of alcohol-induced HCC.

AFP*YAP* HCC from EtOH+HFD-fed DEN-challenged WT and IL-17RA~~ mice have similar
mutational landscapes.

To investigate the mechanism by which IL-17 signaling promotes HCC, first, DEN-induced
mutagenesis was compared in IL-17RA-deficient and WT HCC. Mutagenesis was accessed
using paired-end RNA-Seq analysis, and identified somatic coding mutations within
transcribed genes in HCC (vs non-tumor tissues). The patterns of both WT and IL-17RA™~
HCC (murine signature 1) indicated the activity of the mutational processes underlying
COSMIC signatures 1, 5, 12, and 17, characteristic for HCC patients with NASH and ALD
with an accuracy of 0.85 (Figure 4A)%. COSMIC signature 12, which has been found
exclusively in human HCCS was also enriched in HCC from EtOH+HFD-fed DEN-
challenged mice. The same mutational signatures were identified in HCC from EtOH+HFD-
fed MUP-uPA and MUP-UuPA/IL-17RA™~ mice (Figure S4A-B). Our data demonstrate that
murine HCC exhibited a mutational landscape similar to that observed in patients with
NASH- and ALD-associated HCC.

Specifically, exposure to HFD or EtOH+HFD progressively increased HCC mutational
frequency in DEN-challenged WT and IL-17RA™/~ mice (Figure S4C), especially in genes
regulating cellular responses to DNA damage, RNA processing, and metabolic processes
(Figure 4B). Meanwhile, WT and IL-17RA~~ HCC developed similar mutational signatures
(Figure 4C), indicating that EtOH/DEN-driven mutagenesis occurs independently of 1L-17
signaling.

WT HCC and IL-17-deficient HCC have different gene expression profiles.

Despite similarities in mutational patterns, the gene expression profile of tumor and non-
tumor tissue in DEN-challenged IL-17RA~~ mice differed dramatically from that in WT
mice (Figure S5). “Alcohol specific” signature genes were identified for EtOH+HFD-fed
WT and IL-17RA™~ mice. In comparison with WT HCC, IL-17RA-deficient HCC
downregulated expression of tumor-associated genes (I1L-6, p53, NF-xB, and ERK-MAPK
pathways, Figure S5A). Moreover, expression of inflammatory, fibrogenic, and lipogenic
genes was suppressed in the non-tumor tissue of EtOH+HFD-fed IL-17RA~~ mice (Figure
S5B-C), suggesting that I1L-17 signaling in multiple cell types in the liver regulates
responses to EtOH/HFD.
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IL-17 signaling in Kupffer cells/macrophages (but not in HSCs) promotes tumorigenesis in
EtOH+HFD-fed DEN-challenged mice.

To further delineate the role of IL-17 signaling in the pathogenesis of alcohol-induced HCC,
cell-specific knockout mice lacking IL-17RA in hepatocytes (IL-17RA2HEP) myeloid cells
(IL-17RAAM®) ' HSCs (IL-17RABHSCS) or control IL-17RAFF littermates were generated
and subjected to DEN treatment and EtOH+HFD-feeding (18 weeks).

Similar to the NASH model of HCC12, EtOH+HFD-fed IL-17RA2M® mijce were protected
from DEN-induced HCC (vs IL-17RAF/F mice, Figure 5A-B), and developed less steatosis
(2 fold), fibrosis (2 fold), and inflammation (~2 fold, TNF, IL-6, IL-1pB, Cxcl1, Collal
mRNAS), and downregulated cholesterol and fatty acid synthesis (Figure 5C-D, Figure
S6A), suggesting that IL-17RA signaling in myeloid cells is critical for cancer-related
pathologies and inflammation.

By contrast, EtOH+HFD-fed IL-17RA2HSCS mice showed nearly as much tumor
development, liver damage, inflammation, and steatosis as IL-17RAF/F mice (Figure 5A-D,
Figure S6B), indicating that IL-17 signaling in aHSCs might not be critical for alcohol-
induced HCC.

Deletion of IL-17RA in steatotic hepatocytes suppressed tumorigenesis in EtOH+HFD-fed
DEN-challenged mice.

EtOH+HFD-fed IL-17RA2HeP mice showed the largest decrease in hepatic tumorigenesis,
steatosis, and fibrosis (3 fold, Figure 5A-C), and expression of HCC markers (2 fold, YAP
and AFP, Figure 6A) relative to IL-17RAFF mice. Meanwhile, the macrophage numbers
(Figure 5C, S6C) and expression of hepatic cytokines (IL-6, TGF-B1, TNF mRNA, Figure
6B) were not altered in EtOH+HFD-fed IL-17RA2HEP mice, with the exception of Cxcl1
mRNA, which expression was strongly downregulated in IL-17RA2HeP mice (4 fold, Figure
6B).

Despite no obvious defect in macrophage activation, DEN-induced HCC was suppressed in
EtOH+HFD-fed IL-17RA2HEP mice, but not in chow-fed 1L-17RA2HEP mice (Figure S2C).
These data are in concordance with our previous observation that normal hepatocytes lack
responses to IL-17A11, indicating that 1L-17 signaling regulates responses only in steatotic
hepatocytes. We hypothesized that IL-17 signaling facilitates hepatic tumorigenesis via
regulation of lipogenesis (cholesterol and fatty acid synthesis) and inflammatory responses
in steatotic (vs normal) hepatocytes. In support, IL-17A-stimulated steatotic human and
murine hepatocytes upregulated IL-17RA, IL-6, TNF, TNFR1, and Cxcl1, while normal
hepatocytes did not (Figure 6C, S7TA-B), and induced expression of phospho-NFxB and
phospho-STAT3 (Figure S7C).

EtOH+HFD-fed DEN-challenged IL-17RA2HeP mice exhibit a defect in cholesterol and fatty
acid accumulation.

To investigate the role of IL-17 signaling in cholesterol synthesis, lipidomics of EtOH
+HFD-fed IL-17RA2HEP and IL-17RAFF livers were compared. Intermediate lipid product
7a-hydroxy-4-cholesten-3-one (7a-OH-One, Figure 6D) were reduced in EtOH+HFD-fed
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IL-17RALHEP mice vs IL-17RAFF mice. Moreover, production of cholesterol precursors
desmosterol and cholestanol was strongly suppressed in livers of these mice (2 fold, Figure
6D), indicating that 1L-17 signaling might regulate 7-Dehydrocholesterol Reductase
(DHCRY7, that mediates conversion of 7-dehydrodesmosterol and 7-dehydrocholesterol into
desmosterol and cholestanol, respectively). In support, expression of DHCR7 and DHCR24
(3B-Hydroxysterol A24-reductase) mRNA was downregulated in livers of EtOH+HFD-fed
IL-17RALHEP mice (Figure 6E), and in the absence of DHCR?7, conversion of 7-
dehydrocholesterol was shifted towards Vitamin D32, as shown by increased levels of
Vitamin D3 in serum of EtOH+HFD-fed I1L-17RA2HeP mice (Figure 6E). Since
downregulation of cholesterol synthesis was linked to tumor suppression?%, both impaired
cholesterol synthesis and increased Vitamin D3 levels might contribute to a growth
disadvantage for alcohol-induced IL-17RA-deficient HCC compared to WT HCC.

Furthermore, consistent with low levels of fatty acids, expression of FASN (fatty acid
synthase) mRNA was reduced in the livers of EtOH+HFD DEN-challenged IL-17RAAHEP
mice (Figure 6E), indicating that IL-17 signaling regulates lipogenesis in steatotic
hepatocytes. In support, RNA-Seq analysis revealed that cholesterol and fatty acid synthesis
pathways (including DHCR7 mRNA), p53, cytochrome P450, and cytokine/cytokine
receptor interaction pathways (including Cxcll, Cxcl4, Cxcl10, TGF-B3 mRNA) were
suppressed in the livers of EtOH+HFD-fed IL-17RA2HeP mice (Figure S8), suggesting that
DHCRY7 and Cxcl1 might serve as IL-17A target genes.

IL-17RA-deficient steatotic hepatocytes exhibit a defect in Caspase-2-SREBP1/2 signaling.

Next, the potential mechanism by which IL-17 signaling regulates cholesterol and fatty acid
synthesis was examined. A critical role of Caspase-2 in SREBP1 and 2 activation has been
recently described in experimental models and in patients with NASH6, Here we
demonstrate that the TNFR1-Caspase-2-S1P-SREBP1/2 pathway is also activated in livers
of ALD patients (but not in healthy individuals, Figure 7A), and in livers of EtOH+HFD-fed
DEN-challenged WT mice (Figure 7B, D). In turn, expression of Caspase-2 was completely
blocked in EtOH+HFD-fed IL-17RA2HeP mice, and was associated with strong
downregulation of SREBP1 and SREBP 2 proteins (Figure 7B, D). Our data indicate that
IL-17 signaling may regulate cholesterol and fatty acid synthesis via Caspase-2-dependent
activation of SREBP1/2.

Expression of TNFR1 is downregulated in IL-17RA-deficient steatotic hepatocytes.

TNF/TNFR1 signaling is a critical activator of Caspase 2-SREBP1/2 pathway in steatotic
hepatocytes'6. Expression of TNFR1 (55 kDa) was dramatically reduced in livers of EtOH
+HFD-fed IL-17RA2HEP mice, but not IL-17RAAM® ||-17RAAHSCS or IL-17RAFF mice,
as shown by Western blotting and immunohistochemistry (Figure 7B—C). To gain insight
into the underlying mechanism, primary WT and IL-17RA-deficient steatotic murine
hepatocytes were further analyzed.
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The potential mechanism by which TNFR1 is downregulated in IL-17RA-deficient
hepatocytes was studied /n vitro. We confirmed that expression of surface TNFR1 is reduced
in IL-17RA-deficient hepatocytes (vs WT hepatocytes), and soluble TNFR1 (28 kDa,
proteolytically cleaved from the cell surface, C) and full length TNFR1 (55 kDa, F) are
released into the supernatant (Figure 7E). The presence of both full length and soluble forms
of TNFR1 in the supernatant of IL-17RA-deficient hepatocytes suggests that the mechanism
of TNFR1 can be regulated either by shedding (via TACE-dependent proteolytic cleavage of
28-kDa ectodomain of TNFR1, sSTNFR1)27 or via exocytosis (a proteolytic cleavage-
independent pathway that enables constitutive release of exosome-like vesicles containing
the full length 55-kDa TNFR1 (eTNFR1) into the extracellular compartment)28. The full
length 55-kDa eTNFR1 appears to be a predominant form released into the supernatant of
IL-17RA-deficient hepatocytes compared to STNFR1 form. Moreover, release of STNFR1
and eTNFR1 forms by IL-17RA-deficient hepatocytes was not affected by the TACE
inhibitors (Marimastat, or GW280264X) but was diminished by Brefeldin A (BFA, 1 or 5
pg/ml for 6 h), an inhibitor of Golgi-ER traffic and exocytosis?® (Figure 7E). We conclude
that exocytosis (rather than shedding) might be responsible for downregulation of surface
TNFR1 in steatotic IL-17RA-deficient hepatocytes (vs WT hepatocytes), and release of
TNFR1 into the extracellular space. In support, ARTS-1 (aminopeptidase regulator of
TNFR1 shedding), that regulates constitutive release of eTNFR1 (55-kDa) via exocytosis3?,
was upregulated in IL-17RA-deficient steatotic hepatocytes (Figure 7E). Consistent with
previous observations30, surface expression of TNFR1 negatively correlated with expression
levels of ARTS-1 in WT and IL-17-deficient hepatocytes. We concluded that suppression of
Caspase-2-S1P-SREBP1/2 pathway results from increased exocytosis of TNFR1 in
IL-17RA-deficient steatotic hepatocytes.

Discussion

Using a model of EtOH+HFD feeding in DEN-challenged and MUP-uPA mice, we
demonstrate that alcohol potentially accelerates and enhances tumorigenesis; 1L-17 signaling
is driving metabolic alterations in NASH- and ALD-injured hepatocytes and increasing the
development of HCC. Cell specific deletion of IL-17RA in hepatocytes caused a profound
defect in the Caspase-2-SREBP1/2 pathway and DHCR7-dependent cholesterol synthesis,
and as a result, EtOH-fed IL-17RA2HeP mice were protected from alcohol-induced steatosis,
fibrosis, and HCC. Similar to NASH2, deletion of IL-17RA in Kupffer cells/macrophages
ameliorated development of HCC in alcohol-fed IL-17RA2M® mice, indicating that IL-17
signaling regulates pro-tumorigenic/inflammatory and pro-fibrogenic responses in myeloid
cells. Therapeutic administration of anti-1L-12/1L-23 Ab strongly suppressed HCC
progression in alcohol-fed mice, suggesting that targeting 1L-17 signaling may become a
novel strategy to treat NASH- and ALD-induced liver injury and HCC.

Using experimental models of HCC, we demonstrate that EEOH+HFD increased HCC by 2
fold versus HFD alone (pair-fed). Development of NASH and ALD-induced HCC correlated
with the increased levels of hepatic IL-17A and IL-17RA in patients and mice. Although a
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role of IL-17A in tumorigenesis has been suggested®-%12, the insights into the mechanism(s)
of IL-17 signaling in the pathogenesis of NASH and ALD-induced HCC are new.

Specifically, the critical role of somatic mutations as drivers of tumorigenesis has been
described. Using two experimental models of HCC in EtOH+HFD DEN-challenged!2 or
MUP-uPA-transgenicl’ mice, here we report that WT and IL-17RA-deficient HCC exhibit
the same mutational signature of transcribed genes (mutational signatures of non-transcribed
DNA was not assessed by this study). Despite the similarities of mutational landscapes?®,
development of HCC was strongly suppressed in alcohol-injured IL-17RA™~ mice
compared to WT mice. Moreover, IL-17RA-deficient HCC exhibited a less malignant
phenotype, suggesting that tumor microenvironment plays an important role in NASH- and
ALD-induced HCC. In concordance, IL-17 signaling regulates steatosis, inflammation, and
fibrosis in NASH- and ALD-injured mice.

Previous studies have outlined the critical role of IL-17 signaling in activation of Kupffer
cells/macrophages-12. In agreement, the current study demonstrates that deletion of
IL-17RA in myeloid cells strongly attenuates development of alcohol-induced HCC due to a
defect in expression of pro-tumorigenic/inflammatory cytokines in IL-17RA2M® mice.
Consistently, tumorigenesis was reduced in all groups of DEN-challenged IL-17RAAM®
mice independent of feeding (chow, HFD, EtOH+HFD). Consistently, tumorigenesis was
reduced in all groups of DEN-challenged IL-17RA2M® mice independent of feeding (chow,
HFD, EtOH+HFD). Furthermore, alcohol-injured IL-17RA2M® mice developed less
steatosis due to reduced expression of TNF by IL-17RA-deficient macrophages, and as a
result, reduced activation of TNFR1-Caspase 2-SREBP1/2-DHCR7-dependent lipogenesis
in alcohol-damaged hepatocytes.

In comparison, IL-17RA2HeP mice (devoid of IL-17RA in hepatocytes) were protected from
DEN-induced HCC only when fed with HFD or EtOH+HFD, but not with normal chow,
implying that IL-17 signaling in myeloid cells and hepatocytes promotes HCC via distinct
mechanisms. Furthermore, we demonstrate that 1L-17 signaling in steatotic hepatocytes (but
not in normal hepatocytes) promotes hepatocellular damage and HCC.

The role of IL-17 in hepatocytes has not been previously explored, mostly because healthy
non-steatotic hepatocytes showed no responses to IL-17AL, Here we demonstrate for the
first time that IL-17 signaling in steatotic hepatocytes is critical for the pathogenesis of
NASH- and ALD-induced HCC. IL-17RA2HeP mice were protected from NASH- and ALD-
induced HCC due to suppression of inflammatory responses and downregulation of
cholesterol synthesis in steatotic hepatocytes.

Despite normal levels of 1L-6, TNF, IL-1B, and TGF-B1, alcohol-fed IL-17RA2HEP mice
developed less fibrosis. To dissect this phenomenon, the gene expression of WT and
IL-17RALHED Jivers was profiled. Steatotic (vs normal) hepatocytes serve as a significant
source of chemokines, Cxcl1, CCL2, CCL5, Cxcl10, and others. Moreover, both murine and
human steatotic (but not normal) hepatocytes responded to IL-17A stimulation by
upregulation of IL-6, TNF, TNFR1, and Cxcl1, and strong activation of IL-17 signaling
cascades (phospho-NFxB, and phospho-STAT3), and NFxB- and STAT3-mediated
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pathways. These responses were suppressed in alcohol-fed IL-17RA2HEP mice, proposing
that IL-17 signaling is an important activator of pro-inflammatory responses in steatotic, but
not control, hepatocytes.

IL-17 signaling plays a critical role in hepatic lipogenesis. In agreement with a previous
report31, steatosis was reduced in the whole body IL-17RA™~ mice, hepatocyte- and
myeloid cell-specific IL-17RA knockout mice, and was associated with downregulation of
hepatic levels of cholesterol, bile acids, and fatty acids. Our study revealed that HCC
progression relies on cholesterol synthesis in steatotic hepatocytes, which is regulated by
IL-17 signaling. Similar metabolic co-dependency was proposed for brain cancers?®,
suggesting that cholesterol is required for growth and proliferation of HCC and serves as a
source of energy, nutrients, and structure2®. On the other hand, excessive accumulation of
free cholesterol might produce a lipotoxic effect on hepatocytes, causing their compensatory
proliferation, release of tumor promoting cytokines IL-6, TNF, IL-1B1, constitutive
activation of NF-xB and JAK2-STAT3’ signaling, leading to hepatocyte de-differentiation
and further facilitating HCC progression.

Investigation into the mechanism of IL-17A-dependent lipogenesis revealed that a defect in
cholesterol and fatty acid synthesis in steatotic 1L-17RA-deficient hepatocytes was
associated with reduced expression of Caspase-2 and the lipogenic transcription factors
SREBP1/2, and subsequent downregulation of cholesterol/fatty acid-producing enzymes
DHCR7, DHCR24, and FASN. SREBP1/2 are key regulators of cholesterol and fatty acid
synthesis'®. Caspase-2-S1P has a critical role in SREBP1/2 activation, and Caspase-2
knockout mice were protected from NASH6. Moreover, ER stress and TNF/TNFR1
signaling trigger activation of Caspase-2-S1P-SREBP1/216. Here we demonstrate that IL-17
signaling regulates TNF/TNFR1-mediated Caspase-2-S1P-SREBP1/2 pathway in
experimental model and patients with ALD-induced HCC. Mice deficient of IL-17 signaling
in hepatocytes fail to activate Caspase-2-S1P-SREBP1/2, and are protected from alcohol-
induced HCC. Moreover, IL-17RA-deficient steatotic hepatocytes exhibit a profound defect
in TNFR1 expression. Our data suggest that IL-17 signaling mediates alcohol-induced
Caspase 2-S1P-SREBP1/2-dependent lipogenesis via regulation of TNFR1 expression/
turnover in steatotic hepatocytes. Hepatocyte-specific deletion of IL-17RA results in strong
downregulation of surface TNFR1 expression due to increased exocytosis, an alternative
pathway that enables constitutive release of TNFR1-containing exosome-like vesicles
(eTNFR1) into the extracellular space.

Although it is unknown, IL-17 signaling might control Caspase 2-S1P-SREBP1/2 pathway
directly or via its target genes. Suppression of SREBP1/2 results in downregulation of
DHCRY7 and FASN in alcohol-injured IL-17RA-deficient hepatocytes. In support, the dhcr7
promoter contains binding sites for SREBP-133, DHCR?Y is the sole enzyme that converts 7-
dehydrocholesterol and 7-dehydrodesmosterol into cholestanol and desmosterol34,
suggesting that DHCR7 may serve as a IL-17A target in steatotic hepatocytes.

DHCRY plays a critical role in physiological cholesterol maintenance and turnover. Ablation
of dhcr7 gene in mice resulted in complete loss of endogenous cholesterol biosynthesis in
the liver and brain causing early postnatal lethality3®. Furthermore, due to the ability of
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DHCRY to interact with DHCR24 and provide a substrate for channeling Vitamin D3
synthesis, the role of DHCRY in the “cholesterol metabolon” was recently proposed3®.
Specifically, DHCR?7 negatively regulates production of Vitamin D3, which possess strong
anti-proliferative and anti-inflammatory properties?®. A similar mechanism was observed in
alcohol-fed IL-17RA2HeP mice. In the absence of DHCR?7, the conversion of 7-
dehydrocholesterol into cholesterol was suppressed in IL-17RA-deficient steatotic
hepatocytes, thereby enabling its conversion into Vitamin D3 upon exposure to ultraviolet
light2®,

Vitamin D3 insufficiency is linked to various types of cancer, including patients with ALD-
induced HCC?3’, perhaps through its antioxidant function. Therefore, Vitamin D3 and its
analogs are potential therapeutic regimens for HCC. Pharmaceuticals were also being
designed to inhibit DHCRY as a suggested treatment for hepatitis C38. Our study
demonstrates that pharmacological targeting of IL-17A/Th17 cells may provide a novel
strategy for treatment of alcohol-induced liver fibrosis and HCC. Three classes of IL-17A/
Th17 cell inhibitors (anti-IL-17A Ab, RORyt inhibitor, and anti-IL-12/IL-23 Ab) were used
in clinical trials, but anti-1L-12/IL-23 Ab caused no/minimal adverse effects in patients24.
Therapeutic administration of anti-1L-12/IL-23 Ab to EtOH/DEN-injured mice produced a
strong anti-tumorigenic effect and suppressed HCC progression by 70%. Our study provides
preclinical evidence for synergistic targeting of I1L-12/1L-23/I1L-17A for treatment of
alcohol-induced liver fibrosis and HCC.

Overall, IL-17A is as a tumor promoting cytokine, which critically regulates alcohol-induced
hepatic steatosis, inflammation, fibrosis, and HCC. Genetic deletion or pharmacological
blockade of Th17 cells substantially reduces HCC incidences via inhibition of Kupffer cells/
macrophage activation, and suppression of cholesterol synthesis in fatty hepatocytes.
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Highlights
IL-17A promotes alcohol-induced HCC
IL-17A regulates activation of macrophages

IL-17A facilitates TNF/TNFR-mediated lipogenesis in alcohol-damaged
hepatocytes

IL-17A promotes lipogenesis via activation of Caspase2-SP1-SREBP1/2-
DHCRY7 pathway

IL-17 signaling prevents TNFR1 exocytosis in steatotic hepatocytes
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Figure 1. IL-17 signaling is activated in experimental model of EtOH/DEN-induced HCC in mice
and patients with ALD.

(A) Gross liver images from DEN-challenged WT mice: chow-(n=3, 9 months), and pair-fed
(HFD n=4) for 18 weeks, and EtOH-fed (EtOH+HFD) for 18 weeks (n= 8) and 24 weeks
(n=7).

(B) Serum ALT, tumor burden, and liver/body weight (BW) ratio were calculated.
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(C) Livers were stained with H&E, Sirius Red, anti-Desmin, anti-F4/80, and anti-IL-17A
Abs. Positive area was calculated as percent (micrographs were taken using x10, x20 and
x40 objectives).

(D) Hepatic expression of IL-17A and IL-17RA mRNA was analyzed by qRT-PCR

(E-F) Livers from HCC patients with ALD (Alc. HCC, n=3, stage 3-4), or patients with no
fibrosis (Mormal, n=3) were (E) analyzed for expression of IL-17A and IL-17RA mRNA or
(F) stained with H&E, Sirius Red, and anti-1L-17A Abs (x4, x20, and x60 objectives).
Positive Sirius Red staining was calculated as percent.

Statistical analysis was performed using 2-tailed Student’s t test or ANOVA for comparisons
between 2 groups or more than 2 groups. Data are means + SD, *p<0.05, **p<0.01,
***p<0.001.
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Figure 2. Global deletion of IL-17RA protects EtOH+HFD-fed DEN-challenged IL-17RA™-

mice from HCC.

(A). Gross liver images from DEN-challenged IL-17RA™~ and WT mice: chow-(n=4/group,
9 months, Figure S2A), pair-fed (HFD, n=4/group) and EtOH-fed (EtOH+HFD, n=8/group)
for 18 weeks. Serum ALT, EtOH level, tumor burden, and liver/body weight (BW) ratio are

shown.

(B) Livers were stained with H&E, Sirius Red, and anti-F4/80, anti-AFP, anti-YAP, anti-

phospho-STAT3 Abs, positive area was calculated as percent (x10,
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(C) Cholesterol, fatty acids, and triglycerides were measured in livers of EtOH-fed IL-17RA
-/~ and wt mice.

(D) Expression of phospho-STAT3 in tumors was assessed by Western blot.

(E) Hepatic expression of fibrogenic, inflammatory genes and HCC markers was analyzed
using qRT-PCR.

(F) Primary WT or IL-17RA-deficient AFPTYAP* HCC from EtOH-fed mice were injected
(1 x 108 cells) into the livers of Rag2~~yc™'~ pups (3 days old, n=6/group). Mice were
sacrificed at 1 month of age, livers were stained for AFP and YAP, representative
macrographs are taken x60 objective; the number of engrafted AFP* and YAP* cells/field
was calculated.

Statistical analysis was performed using 2-tailed Student’s t test. Data are means + SD,
*p<0.05, **p<0.01, ***p<0.001. (see Figures S1, S3).
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Figure 3. Therapeutic blocking of I1L-12/1L-23/1L-17 ameliorates development of HCC in EtOH
+HFD-fed DEN-challenged mice.

(A) After 9 weeks of EtOH+HFD-feeding, DEN-injured WT male mice were administered
with anti-1L-12/IL-23 Ab (40mg/kg, once a week, for 9 weeks) or IgG (n=8/group).
(B) Gross liver images from EtOH+HFD-fed DEN-injured wt mice + anti-1L-12/IL-23 Ab.

Serum ALT, tumor burden, liver/body weight (BW) ratio are shown.

(C) Serum and hepatic levels of IL-17A and IL-17RA were measured by ELISA and qRT-

PCR.
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(D) Livers were stained with H&E, Sirius Red, anti-Desmin, anti-aSMA, and anti-F4/80,
anti-AFP, anti-YAP, anti-phospho-STAT3 Abs, positive area was calculated as percent (x10,
x20, and x40 objectives).

(E) Cholesterol, fatty acids, and triglycerides were measured in livers of EtOH-fed wt mice
+ anti-1L-12/IL-23 Ab.

(F) Expression of inflammatory and fibrogenic genes was analyzed using qRT-PCR.
Statistical analysis was performed using 2-tailed Student’s t test. Data are means + SD,
*p<0.05, **p<0.01, ***p<0.001.
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Figure 4. Mutational landscapes of HCC from EtOH+HFD/DEN-injured WT and IL-17RA™~
mice are similar to that in human HCC.

(A-C) Paired-end RNA-Seq analysis was used to identify coding somatic gene mutations
and gene expression profile of AFP*YAP* HCC (4 mm, 1 tumor/mouse) and non-tumor
tissue from DEN-challenged WT and 1L-17RA~/~ mice: chow- (n=3/group), pair-fed (n=3/
group), and EtOH-fed (n=8/group). The data are normalized vs recurrent somatic mutations
identified in livers of non-injured C57BL/6 mice.
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(A) HCC mutational signature deciphered from EtOH+HFD-fed WT and IL-17RA™~ mice,
and COSMIC signatures 1, 5, 12, and 17, characteristic for HCC patients with NASH and
ALDS, and are displayed according to the 96 substitution classification defined by the
substitution class and the sequence context immediately 3" and 5" to the mutated base, (see
Figure S4).

(B) Gene set enrichment analysis (GSEA) identified the gene/pathway-specific mutations
enriched in WT and IL-17RA-deficient HCC.

(C) Mutational frequency in HCC from WT and IL-17RA™~ mice is shown. Enrichment of
variant counts per sample was observed between feeding groups, but not between different
genotypes of mice.

Associations were assessed using Chi-square tests for categorical variables and ANOVA for
quantitative features. The strength of association among gene mutation events was modeled
using a binomial logistic regression. Statistical analysis was performed using 2-tailed
Student’s t test. Data are means + SD, *p<0.05, **p<0.01, ***p<0.001. (see Figure S5)
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Figure 5. IL-17 signaling in myeloid cells and steatotic hepatocytes is critical for HCC growth in
EtOH+HFD-fed DEN-challenged mice.

(A) Gross liver images from EtOH+HFD-fed (18 weeks) DEN-injured IL-17RA2M® mice
(n=4, IL-17RAFF mice x LyzMC"® mice), IL-17RA2HSC mice (n=5, IL-17RAFF mice x
LratCr mice), IL-17RA2HeP mice (n=7, generated by crossing IL-17RAF/F mice x AlbCre
mice), and WT IL-17RAFFlittermates (n=7). The efficiency of Cre-LoxP recombination for
each Cre-mouse line has been tested3?. Mice were chow-fed (n=3/group, 9 months), pair-fed
(HFD, n=4/group) and EtOH-fed (EtOH+HFD) for 18 weeks.
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(B) Serum ALT, tumor burden, liver body weight (BW) ratio is shown.

(C) Livers were stained with H&E, Sirius Red, anti-aSMA, anti-Desmin, and anti-F4/80
Abs, positive area was calculated as percent (x20 objectives).

(D) Cholesterol, fatty acids were measured in livers of uninjured (black bar); chow-, pair-,
EtOH+HFD-fed mice.

Statistical analysis was performed using 2-tailed Student’s t test. Data are means + SD,
*p<0.05, **p<0.01, ***p<0.001. (see Figure S2C-E, S6).
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Figure 6. EtOH+HFD-fed DEN-challenged IL-17RALHED mice exhibit a defect in cholesterol

synthesis.

(A) Expression of HCC markers was analyzed in tumors of EtOH+HFD-fed DEN-
challenged IL-17RA2HeP mice using immunostaining (x10 objective) and qRT-PCR.
(B) Expression of inflammatory and fibrogenic genes was assessed using gRT-PCR (see

Figure S6C).

(C) Human primary steatotic (from patients with ALD, n=4) and normal hepatocytes (from
patients with no liver injury, n=3) were /n vitro stimulated with IL-17A (20 ng/ml, or
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vehicle). Gene expression was analyzed using gRT-PCR, the data are average of four
independent experiments (see Figure S7).

(D) Lipidomic analysis of free and bound lipids in the livers of EtOH+HFD-fed
IL-17RAF/Fand 1L-17RALHEP mice.

(E) Schematic representation of cholesterol and fatty acid synthesis pathways. mMRNA
expression of FASN, DHCR7 and DHCR24 was assessed using gRT-PCR (and RNA-Seq,
see Figure S8). Serum levels of Vitamin D3 were measured using ELISA.

Statistical analysis was performed using 2-tailed Student’s t test. Data are means + SD,
*p<0.05, **p<0.01, ***p<0.001.
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Figure 7. EtOH+HFD-fed DEN-challenged 1L-17RA2HEP mice exhibit a defect in Caspase 2-
dependent activation of SREBP1/2.

(A) Expression of cleaved (C) or full length (F) SREBP-1, SREBP-2, Caspase2, S1P, and
TNFR1 was analyzed by Western blotting in livers from patients with no liver injury
(Normal), NASH, or ALD.

(B) Expression of cleaved (C) or full length (F) SREBP-1, SREBP-2, Caspase2, TNFRL1,
and TACE in livers of EtOH+HFD-fed IL-17RAFF mice and IL-17RA2HeP [ittermates,
representative images of =3 independent experiments are shown.
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(C) Expression of full length (F) TNFR1 was analyzed by Western blot of livers of EtOH
+HFD-fed IL-17RAFF mice, IL-17RAAM® and [L-17RALHSC [ittermates, representative
images of =3 independent experiments are shown.

(D) Expression of SREBP-2, Caspase2, TNFR1 (Abl: Santa Cruz, upper panel; Ab2,
Abcam, lower panel), and TACE was analyzed in livers of EtOH+HFD-fed I1L-17RAF/F mice
and IL-17RALHEP mice using immunohistochemistry (x60, x4, x10 objectives), positive area
was calculated as a percent.

(E) Primary WT and IL-17RA-deficient steatotic hepatocytes from EtOH+HFD-fed
IL-17RAFF mice and IL-17RA2HEP mice were cultured + Marimastat (10 pM),
GW280264X (2 uM), or + Brefeldin A (BFA, 1 or 5 ug/ml) for 6 h. Expression of full length
(F) or cleaved (C) TNFR1 and ARTS-1 was analyzed using Western blotting of cell lysates
and supernatants from WT mice and 1L-17RA2HeP, BFA inhibited TNFR1 exocytosis in WT
and IL-17RA-deficient hepatocytes in a dose-dependent manner.

Statistical analysis was performed using 2-tailed Student’s t test. Data are means + SD,
*p<0.05, **p<0.01, ***p<0.001.
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