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In Brief

Gomes et al. show that excess nutrients
lead to URI-dependent DNA damage in
hepatocytes, triggering inflammation via
Th17 cells and IL-17A. Suppression of
Th17 cell differentiation or blocking IL-
17A signaling prevents non-alcoholic
steatohepatitis and subsequent
hepatocellular carcinoma.
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SUMMARY

Obesity increases hepatocellular carcinoma (HCC) risks via unknown mediators. We report that hepatic un-
conventional prefoldin RPB5 interactor (URI) couples nutrient surpluses to inflammation and non-alcoholic
steatohepatitis (NASH), a common cause of HCC. URI-induced DNA damage in hepatocytes triggers inflam-
mation via T helper 17 (Th17) lymphocytes and interleukin 17A (IL-17A). This induces white adipose tissue
neutrophil infiltration mediating insulin resistance (IR) and fatty acid release, stored in liver as triglycerides,
causing NASH. NASH and subsequently HCC are prevented by pharmacological suppression of Th17 cell dif-
ferentiation, IL-17A blocking antibodies, and genetic ablation of the IL-17A receptor in myeloid cells. Human
hepatitis, fatty liver, and viral hepatitis-associated HCC exhibit increased IL-17A correlating positively with

steatosis. IL-17A blockers may prevent IR, NASH, and HCC in high-risk patients.

INTRODUCTION

Hepatocellular carcinoma (HCC) is a major cause of cancer-
related death (Tummala et al., 2014). Risk factors include toxin
poisoning, chronic alcohol consumption, chronic hepatitis virus
B or C (HBV or HCV, respectively) infection, or chronic over-
feeding and/or sedentary lifestyle-associated obesity, which
promote non-alcoholic fatty liver disease (NAFLD), a condition
characterized by excessive hepatocellular lipid accumulation
(steatosis) (Marengo et al., 2016). NAFLD is highly prevalent
among individuals who are obese or with diabetes or hyperlipid-
emia (Marengo et al., 2016). Hepatic steatosis combined with
chronic inflammation and liver injury-associated fibrosis causes
non-alcoholic steatohepatitis (NASH), the most severe form of

NAFLD and a potential precursor of HCC (Marengo et al.,
2016). HCC incidence is thus likely to increase with the pandemic
spread of obesity. NASH, which is currently untreatable, is there-
fore a serious public health problem.

The exact pathogenesis of NASH is not clear. The “two-hit”
model suggests that after a first hit (i.e., hepatic steatosis), a sec-
ond hit (e.g., oxidative stress or cytokines) is needed to develop
NASH (Day and James, 1998). Recently, multiple studies sug-
gest that inflammation precedes steatosis in NASH (Wolf et al.,
2014; Zhao et al., 2015). Steatosis per se may thus not account
for the negative outcome of NASH, but inflammation determines
the long-term prognosis of the disease (Tilg and Moschen, 2010).
Several pro-inflammatory cytokines are reportedly implicated in
hepatic steatosis and HCC (He et al., 2010; Park et al., 2010; Wolf
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Obesity-induced NASH is a potent risk factor for HCC. HCC incidence is thus likely to increase with the pandemic spread of
obesity and without therapeutic options, putting NASH in an alarming situation and a serious public health problem. We
demonstrate that nutrient excess-induced URI expression triggers DNA damage. Upon genotoxic stress Th17 cells are trig-
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etal., 2014). Recent findings have determined interleukin 17A (IL-
17A) in NAFLD pathogenesis (Harley et al., 2014), but in this
context its cellular source, its mechanistic role in NASH and
HCC, as well as the critical cell type and immune cells infiltrating
the liver remain unknown.

Excessive hepatic fat accumulation in obese individuals is a
robust marker of various metabolic abnormalities associated
with insulin resistance (IR), diabetes, and dyslipidemia, and
predisposes sufferers to NASH and HCC (Nagle et al., 2009;
Perry et al., 2014). Inflammation reportedly induces IR in obese
individuals, possibly because nutrient surpluses may lead
to infiltration of immune cells into the liver and white adipose
tissue (WAT). Accordingly, several inflammatory factors asso-
ciated with metabolic changes link nutrient overload, IR
and type 2 diabetes (T2D) (Donath et al., 2008; Gregor and
Hotamisligil, 2011; Mraz and Haluzik, 2014; Patel et al.,
2013; Talukdar et al., 2012). However, mechanisms of nutrient
excess-associated NAFLD are not well understood. Moreover,
it remains unknown how nutrient excesses induce immune re-
sponses and how immune cells link WAT to metabolic dys-
functions leading to HCC. It is also unclear whether NAFLD
is a cause or a consequence of metabolic dysfunctions. A bet-
ter understanding of the mechanisms responsible for the path-
ogenesis and pathophysiology of NAFLD may identify bio-
markers for metabolic risk and therapeutic approaches for
NASH and HCC.

Prospective data and epidemiological studies are needed to
clarify the progression from NAFLD to HCC. Genetic mouse
models mimicking different stages of human hepatocarcinogen-
esis would help to mechanistically understand NASH develop-
ment and progression. We investigate here the molecular
mechanisms linking nutrient surpluses and inflammation to
NASH and HCC.

RESULTS

URI Is Essential for NASH

We recently demonstrated that hepatic unconventional prefol-
din RPB5 interactor (URI) expression in mouse induces multi-
step HCC that encompassed the HBV-associated human HCC
signature. In particular, URI expression in mouse and human
livers was modulated by viral infections and inflammatory cues
(Tummala et al., 2014). To explore whether excessive nutrients
also modulate hepatic URI level that may link it to NASH and
HCC, we fed C57BL/6 mice for 1 month with various NASH diets
that may promote HCC (Takahashi et al., 2012; Wolf et al.,
2014). High-fat-diet (HFD)-fed mice exhibited increased body
weight, liver weight, and hepatic URI levels, whereas hepatic
URI expression fell in mice starved for 16 hr (Figures 1A and
1B). URI was also upregulated in livers of mice fed with the
methionine- and choline-deficient (MCD)-HFD (Figure 1C). How-
ever, these mice had a significant decrease in body and liver
weights (Figure 1D). We thus used a choline-deficient (CD)-
HFD, which recapitulates key features of human NASH (Wolf
et al, 2014). C57BL/6 mice fed with CD-HFD exhibited
increased hepatic URI levels and body weight, but no differ-
ences were observed in liver weight (Figures 1C and 1D).
Thus, hepatic URI can potentially link metabolic surpluses to
NASH and HCC.
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Homozygous deletion of URI in hepatocytes (URI(A/A)"P)
leads to death of mice at around 1 week but heterozygous
(URI(+/A)"*P) mice are viable (Tummala et al., 2014). HFD-fed
URI(+/A)"P mice and wild-type (WT) littermates had similar
body and liver weights at 32 weeks (Figure S1A). However,
HFD-fed URI(+/A)"P mice exhibited significantly less hepatic
lipid accumulation as shown by H&E, oil red O (ORO) staining,
and hepatic triglyceride (TG) determination (Figures 1E-1G).
Importantly, CD-HFD- or MCD-HFD-fed URI(+/A)"P mice also
showed decreased hepatosteatosis (Figures 1H-1J). Thus, he-
patic URI may be essential in NAFLD.

We also used a knockin mouse, hURI-tetOFF"®P, whose hepa-
tocytes express human URI (hURI) (Tummala et al., 2014). The
model exhibits multistep HCC-dependent genotoxic stress
with the appearance of spontaneous HCCs by 65 weeks of
age (Tummala et al., 2014). WT littermates and hURI-tetOFF"®P
mice are hereafter referred to as “controls” and “mutants,”
respectively. Chow-fed mutants spontaneously developed clas-
sical histological features of human steatohepatitis at 32 weeks
including hepatocyte ballooning, Mallory-Denk bodies, and
micro- and macro-steatosis (Figures S1B-S1D). When hURI
expression was disabled by feeding 8-week-old mutants with a
doxycycline diet, analysis at 32 weeks revealed no differences
of lipid accumulation between controls and mutants, despite a
slight steatotic effect of doxycycline (Figures S1B-S1E) (De-
boyser et al., 1989). Blocking hURI expression did not affect liver
weight and restored normal body mass (Figures S1F and S1G).
Thus, continuous hepatic URI expression seems necessary for
sustained hepatosteatosis.

Next, we checked for other features of NASH. HFD-fed
URI(+/A)"*P mice showed decreased Sirius red (SR) staining
and alanine aminotransferase (ALT) levels than their littermates
(Figures 1E, 1K, and 1L), indicating less fibrosis and liver injury.
Notably, no biliary damage was detected as shown by direct bili-
rubin (Figure S1H). CD-HFD- or MCD-HFD-fed URI(+/A)"*P mice
also exhibited less fibrosis (Figures 1H, 1M, and 1N). Importantly,
32-week-old mutants had enhanced liver injury (Figures S1B, S1l,
and S1J), but serum bilirubin levels were not affected (Figure S1K).
Blocking hURI expression prevented liver damage (Figures S1B,
S1l, and S1J). Notably, doxycycline induced liver injury (Fig-
ure S1J), as previously reported (Bjornsson et al., 1997). Thus,
hepatic URI is apparently important for chronic liver injury.

Intriguingly, there were no differences in hepatic F4/80* mac-
rophages or CD3¢* T cell infiltration in HFD-fed URI(+/A)"P mice
compared with their WT littermates, but HFD increased inflam-
matory cell levels in all mice (Figures 1E, S1L, and S1M). Notably,
mutant hURI-tetOFF"P livers showed enhanced macrophages
and T cells (Figures S1B, S1N, and S10). Among increased mac-
rophages in mutants, M2 macrophages (F4/80*Cd206*Cd11c™)
were enhanced, but not the M1 population (F4/80*Cd11c*
Cd2067) (Figure S1P). Ly6C" monocyte counts were similar to
those of controls (Figures S1Q and S1R), suggesting that hepatic
macrophages are Kupffer cells but may not be bone marrow-
derived macrophages. Disabling hURI expression prevented
inflammatory cell infiltration (Figures S1B, S1N, and S10).
Expressing hURI from adult stage (8 weeks) demonstrated
that steatohepatitis is independent of embryonic development
(Figures S1S-S1Y). Therefore, hepatic URI is critical for
steatohepatitis.
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Figure 1. URI Is Essential for NASH

A) Body and liver weights of C57BL/6 mice under ND or HFD since 8 weeks of age for 1 month (n > 7).
B) WB and quantification of URI of livers from mice described in (A), with vinculin used as a loading control (n = 2).
C) WB and quantification of URI of livers from C57BL/6 mice under MCD-HFD, ND, or CD-HFD since weaning for 1 month (n = 4).

D) Body and liver weights of mice described in (C) (n > 5).

E) Staining and IHC of livers from 32-week-old URI(+/+)"*" and URI(+/A)"*P mice under HFD since 8 weeks of age (n > 5).
F and G) Quantification of hepatic ORO (F) and TGs (G) from mice described in (E) (n > 5).

| and J) Quantification of hepatic ORO from 28-week-old URI(+/+)"*P and URI(+/A)"P mice under CD-HFD (I) or MCD-HFD (J) for 6 and 4 weeks, respectively

n > 3).
K) SR quantification from (E) (n > 11).
L) ALT from mice described in (E) (n > 5).
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(H) Staining and IHC of livers from 28-week-old URI(+/+)"° and URI(+/A)"*P mice under CD-HFD or MCD-HFD for 6 and 4 weeks, respectively (n > 3).
(
(
(
(
(

M and N) SR quantification from mice described in (l) and (J), respectively (n > 3).
Statistical analysis was performed using unpaired two-tailed Student’s t test or unpaired t test with Welch’s correction in (K). Data are represented as means + SD.

*p < 0.05, **p < 0.01, **p < 0.001. See also Figure S1.

Hepatic URI Expression-Mediated IR in WAT

Causes NASH

Next, we checked whether increased steatosis in mutants hURI-
tetOFF"™P resulted from de novo lipid synthesis or free fatty acid
(FFA) uptake by the liver (Nagle et al., 2009). Mutants exhibited
reduced hepatic mMRNA levels of de novo lipid synthesis en-
zymes such as sterol regulatory element-binding protein 1c, fatty
acid synthase (FAS), ATP citrate lyase, and acetyl-coenzyme A
carboxylase (Figure S2A). Western blotting (WB) confirmed that
FAS levels were reduced in mutants, but remained unchanged
in URI(+/A)"" mice compared with their WT littermates (Fig-
ure S2B). Mutants also exhibited elevated mRNA and protein
levels of peroxisome proliferator-activated receptor y (PPARY),

which is implicated in lipid uptake (Figures S2A and S2B). Simi-
larly, the scavenger receptor CD36 (a fatty acid [FA] transporter)
was downregulated in URI(+/A)"*P mice but upregulated in mu-
tants (Figure S2B), suggesting a FFA uptake alteration in URI
mice. Serum FFA and blood diacylglycerol (DAG) levels were
significantly reduced in HFD-fed URI(+/A)"P (Figures 2A and
2B) but increased in mutants (Figures S2C and S2D). Suppress-
ing hURI expression abolished FFA increases in mutants (Fig-
ure S2C). Thus, URI-induced hepatic steatosis is probably
caused by FFA uptake rather than de novo synthesis.

Hepatic fat is mainly deposited as TGs, formed from circu-
lating FAs mobilized via lipolysis from WAT and stored as lipid
droplets within hepatocytes (Nagle et al., 2009). FFA increases
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Figure 2. Hepatic URI Expression-Mediated IR in WAT Causes NASH

(A and B) FFA (A) and DAG (B) in 32-week-old URI(+/+)"®® and URI(+/A)"*P mice under ND or HFD since 8 weeks of age (n > 3).

(C) GTT and ITT in mice described in (A) (n > 3).

(D) Staining and IHC of WAT from 32-week-old URI(+/+)"®° and URI(+/A)"*P mice under HFD since 8 weeks of age (n > 6). Asterisks denote MPO™ cells.

(E) MPO quantification from (D) (n > 13).
(F) WB of WAT and quantification of IRS1 from mice described in (D) (n = 3).

(G) Staining of pancreas from mice described in (D) (n > 4). Yellow circles denote intra-islet inflammation.
(H) Quantification of islet size (area fraction) and insulin-positive area per islet in (G).
Statistical analysis was performed using unpaired two-tailed Student’s t test. Data are represented as means + SD. *p < 0.05, **p < 0.01, **p < 0.001. See also

Figure S2.

are thus possibly due to IR-mediated WAT lipolysis. Densitom-
etry revealed that mutants had significantly less body fat, and
disabling hURI expression prevented fat loss in mutants (Fig-
ure S2E). Moreover, glucose and insulin tolerance tests (GTT
and ITT, respectively) revealed that genetic URI reduction pro-
tected against HFD-induced glucose intolerance and IR (Fig-
ure 2C). Importantly, impaired glucose tolerance and insulin
sensitivity were detected in mutants, but could be relieved by
suppressing hURI expression (Figure S2F), suggesting that
WAT IR requires sustained hepatic hURI expression. Finally,
mutants exhibited increased blood insulin and adipokines
(Figure S2G), with decreased adiponectin levels (Figure S2H),
indicating perturbation of glucose homeostasis. WAT IR thus
promotes lipolysis and FFA release, and may consequently
induce hepatosteatosis in URI mice.
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Among inflammatory infiltrates, neutrophils and neutrophil-
secreted elastase reportedly induce WAT IR (Talukdar et al.,
2012). Myeloperoxidase (MPO) staining showed that neutrophil
infiltration into WAT was significantly reduced in HFD-fed
URI(+/A)"P mice (Figures 2D and 2E). Mutants’ WAT had high
levels of neutrophils but was almost undetectable after blocking
hURI expression in mutants (Figures S21 and S2J). Notably, mac-
rophages were neither increased nor activated in mutants’ WAT
(Figures S2K-S2M). Hepatic URI is thus essential for neutrophil
infiltration into WAT.

HFD-fed URI(+/A)™P mice exhibited significantly increased
IRS1 levels and decreased activating phosphorylation of the
lipolytic enzyme hormone-sensitive lipase (HSL) at Ser-660
(which hydrolyses stored TGs into FFA) (Figures 2D and 2F).
Conversely, mutants’ WAT revealed decreased insulin receptor



substrate 1 (IRS1) levels, consistent with elastase-mediated
IRS1 degradation and IR (Talukdar et al., 2012), and increased
HSL Ser-660 phosphorylation (Figures S21 and S2N). Thus, hep-
atocytic URI may induce NASH via WAT IR and increased
lipolysis.

In pre-diabetic individuals, chronic low-grade systemic WAT
and pancreatic inflammation induces compensatory increases
in the mass and insulin content of B cells with subsequent
B cell exhaustion and T2D (Donath et al., 2008). Interestingly,
32-week-old mutants showed basal glucose levels identical to
those of controls but failed to reduce glucose levels upon fasting
(Figure S20), suggesting a pre-diabetic state. H&E staining
of mutant’s pancreas revealed intra-islet inflammation and
vascular dilation (Figure S2P), classical features of human T2D,
demonstrating that systemic inflammation affects mutants’ pan-
creases. Mutants’ B cells also had greater masses and insulin
contents than those of controls (Figures S2P and S2Q). These
features mimic human IR/T2D and indicate that chronic URI
expression in hepatocytes induces systemic low-grade chronic
inflammation and IR in WAT, which is implicated in NASH.
Conversely, URI (+/A)"P mice were protected against HFD-
induced pancreatic inflammatory infiltration and displayed less
insulin content (Figures 2G and 2H).

Hepatic URI Expression Induces DNA Damage, and
Triggers Hepatic T Cell Infiltration and Increased IL-17A
Although no inflammation is detected during early stages of hURI
expression (3 weeks of age), hepatocarcinogenesis is induced
by genotoxic stress, an early event (Tummala et al., 2014), sug-
gesting that hepatic DNA damage precedes inflammation in
mutant hURI-tetOFF"*P mice. Interestingly, livers from 8-week-
old mutants showed an increase in T cells and Kupffer cells (Fig-
ures 3A and 3B) with a decrease in B cell number (Figures S3A
and S3B) and unchanged counts of mast cells (not shown).
A diet containing nicotinamide riboside (NR), which prevents
DNA damage (Tummala et al., 2014), abolished inflammatory
cell infiltration in 8-week-old mutants (Figures 3A and 3B). Impor-
tantly, hepatic DNA damage and inflammation were enhanced in
HFD-fed C57BL/6 and significantly reduced in NR-treated mice
(Figures 3C-3E). HFD-fed URI(+/+)"" mice also increased DNA
damage, which was reduced upon URI depletion (Figure 3F).
Thus, HFD increases URI-inducing genotoxic stress to trigger
metabolic inflammation (perhaps via apoptosis) during the early
stages of NASH. Nutrient overload, somehow mimicked by he-
patic URI expression, is a genotoxic stress model.

Early blood cytokine profiling of 8-week-old mutants revealed
elevated levels of IL-17A and keratinocyte chemoattractant,
both implicated in neutrophil recruitment (Sadik et al., 2011),
and modestly elevated levels of tumor necrosis factor o, which
reportedly influences progression of NASH to HCC (Figure 3G)
(Park et al., 2010). Notably, only IL-17A and granulocyte-colony
stimulating factor (G-CSF), a neutrophil-recruiting protein whose
expression is induced by IL-17A, remained elevated in 32-week-
old mutants (Figure 3H) (Fossiez et al., 1996), suggesting that
chronic hepatic hURI expression induces systemic inflammation
that may depend on IL-17A. Accordingly, a hemogram showed
that 32-week-old mutants exhibited leukocytosis, especially
lymphocytosis and granulocytosis, but no significant changes
in minimum inhibitory dilution cells were observed (Figure 3lI).

Elevated IL-17A levels and the expression of IL-17A target lipo-
calin 2 (Lcn2) were also observed in 32-week-old mutants’ livers
or WAT (Figures 3J-3L). As seen for URI, increased IL-17A was
also observed in livers of HFD-, CD-HFD-, or MCD-HFD-fed
C57BL/6 mice (Figures 3M and 3N). Importantly, reduced levels
of IL-17A and granulocyte-macrophage CSF (GM-CSF) were
detected in HFD-fed URI(+/A)"P mice (Figure 30).

WB in livers revealed that activation of some potential targets
of the IL-23/IL-17A axis (ERK, GSK3p, JNK, STAT3) was reduced
in HFD-fed URI(+/A)"P mice while being increased in mutants
(Figure S3C). Phosphorylation of p38 as well as B-catenin levels
were not affected, but p65 levels were apparently augmented in
some liver inflammatory cells when URI was expressed in hepa-
tocytes (Figures S3C and S3D), suggesting that URI expression
may control the IL-23/IL-17A pathway. Thus, hepatocytic URI in-
duces DNA damage, triggering early hepatic T cell infiltration and
IL-17A release, which may be the early immune effectors in sys-
temic inflammation, neutrophil activation, and NASH-associated
WAT IR pathogenesis.

Th17 Cells Mediate WAT IR, NASH, and HCC

Flow cytometry analysis of HFD-fed URI (+/A)"*P mice showed
no differences in T cells (CD3¢") in livers and blood, consistent
with CD3e staining (Figures 1E and S1M). However, liver and
circulating IL-17A-expressing T helper (Th) 17 cells (CD3*CD4*
CD87IL-17A*) were significantly reduced, even though no
differences were observed in other CD3:s* subpopulations,
including Th cells (CD3*CD4*CD8"), T cytotoxic (Tc) cells (CD3*
CD4-CD8"), and y3T cells (CD3"CD4 CD8 «f TCR™y3 TCR™)
(Figures 4A and S4A).

Importantly, cells positive for the RAR-related orphan receptor
vt (RORYt), a transcription factor promoting Th17 cell differenti-
ation, were increased upon HFD and decreased with URI dele-
tion (Figure S4B). Moreover, 8-week-old C57BL/6 mice fed
with HFD for 4 weeks, which leads to URI expression and DNA
damage, exhibited increases in circulating Th17 cells (Figures
4B and S4C). Thus, HFD may increase the overall level of
T cells (via DNA damage) but URI may contribute specifically
to the increase in Th17 cells. Accordingly, T, Th, and Th17 cells
were significantly increased in mutants but y3T or Tc cells
were not affected (Figures 4C and S4D-S4F). Therefore, hepato-
cytic URI expression induces systemic inflammation that may
be orchestrated by Th17 cells at early stages of NASH-
induced HCC.

Digoxin inhibits RORyt transcriptional activity to suppress
Th17 cell differentiation without affecting differentiation of other
T cells (Huh et al., 2011). Flow cytometry analysis showed that
treating mutants with digoxin reduced levels of circulating
Th17 cells and serum IL-17A (Figures 4C, S4G, and S4H).
A hemogram revealed that digoxin prevented hURI-induced
lymphocytosis and granulocytosis (Figure S4l). Importantly, at
32 weeks reduced levels of hepatosteatosis in digoxin-treated
mutants were detected (Figures 4D and 4E). Digoxin treatment
also reduced hepatic immune cell infiltration and liver injury (Fig-
ures 4D and 4F-4H). Moreover, 32-week-old digoxin-treated
mutants exhibited greater glucose tolerance and insulin sensi-
tivity than non-treated mice, with increased IRS1 levels and
reduced MPO, HSL phosphorylation, elastase, and IL-17A levels
in WAT (Figures 41-4L). The restoration of insulin sensitivity was

Cancer Cell 30, 161-175, July 11, 2016 165

CellPress




A B (o}
YH2AX 4/80 VCD%a H&E yH2AX F4/8r9¥ o ND
— m Control o HFD
% @ Mutant « @ HFD (NR)
S O Mutant (NR) E
§ e TS o180 =
L = ©
£ B 61 I S
8 g 4 100
) 5k
2 & 24 —= ' M 8
: @10 2
g 206 7 %
< Q0.4 a
. 0.2 é
8 0 g0
g —_———— g
s CcD3: F4/80 £
[a) O (+/+)" ND
E F 2 @ (+/+)'* HFD G H
£ + @ (+/Ay* HFD
ND £ - m Control
407 e OO0 = Et004 =+ = @ Mutant 2
R 30 HED (NR 2 e 25 s . % £60 m Control
€20 ﬂ 8 HFD (NR) S S, - = - 2 B Mutant
g ol ll : 3o 5 e
4 3k, T © e =
£3 £ 24 g 2 20
g 2 z 2 20 £1 p
g = < 0 <0 20
0 E O 7 TIL1p TNFo IL-12 IL-6IL-17AG-CSFGM-CSFKC MCP1 (3 IL177A KC G-CSF GM-CSF IL-1
CD3e F4/80 T
= M ND  HFD
IL-17 [ —
Vinculin [ ]
T 2 3 4
| J L N (o]
30 Control  Mutant CD-HFD ND MCD-HFD ~
S = Conirol — SN ot o
§ B @ Mutant nuRl — e Q0 0 e 174 | %)150 e (++)
%20 i IL-17A A e %30 VinGulin [ —— - ——— O o (+/4)
» Vinaulin[ ———===] 22y 1234567 8 9101 12 2100
3 10 » T 2 3456 S@ 5 S
S K JED 3 3 50
=0 Control  Mutant 0 % =
WBC LYM MDD GRA 2 S
IL-17A Gontrol, Mutant 2 B ILATA KC G-CSFGM-CSF IL1p
Vinouin [ —] i
T 2 3 4 <0
= "CD-HFD ND MCD-HFD
3

Figure 3. Hepatic URI Expression Induces DNA Damage, and Triggers Hepatic T Cell Infiltration and Increased IL-17A
(A) Staining and IHC of livers from 8-week-old hURI-tetOFF™P mice under ND or NR diet since 3 weeks of age (n > 4).

(B) CD3¢ and F4/80 quantification from (A).

(C) Staining and IHC of livers from 8-week-old C57BL/6 mice under ND, HFD, or HFD with NR diet since 3 weeks of age (n > 5). Arrowheads denote YH2AX" cells.

(D and E) yH2AX (D) and CD3¢ and F4/80 (E) quantification from (C).

(F) YH2AX IHC and quantification in livers from 32-week-old URI"P mice under ND or HFD since 8 weeks of age (n > 4). Arrowheads denote YH2AX" cells.
(G and H) Circulating cytokines in 8-week-old (G, n > 4) and 32-week-old (H, n > 6) hURI-tetOFF"*® mice.

() Hemogram of mice described in (H) (n > 6).
(J and K) WB of livers (J, n = 3) and WAT (K, n = 2) from mice described in (H).
(L) gRT-PCR in livers from mice described in (H) (n > 4).

(M) WB of livers from C57BL/6 mice under ND or HFD since 8 weeks of age for 1 month (n = 2).

(N) WB and quantification of IL-17A of livers from C57BL/6 mice under CD-HFD, ND, or MCD-HFD since 4 weeks of age for 1 month (n = 4).

(O) Circulating cytokines in 32-week-old URI(+/+)"®° and URI(+/A)"*P mice under HFD since 8 weeks of age (n > 6).

Statistical analysis was performed using unpaired two-tailed Student’s t test. Data are represented as means + SD. *p < 0.05, “*p < 0.01, **p < 0.001. See also

Figure S3.

accompanied by decreased FFA and DAG levels (Figures 4M
and S4J), indicating reduced lipolysis.

Importantly, digoxin significantly reduced dysplastic foci,
known to be HCC precursors (He et al., 2013), and, thus, early-
stage tumors (Figures S4K and S4L). Moreover, 65-week-old
mutants, known to develop HCC (Tummala et al., 2014), ex-
hibited no tumors when treated with digoxin (Figures 4N and
40). For further characterization, resected tumors were analyzed
by IHC using several markers currently used for clinical assess-
ment of human HCC (Lo and Ng, 2013). Expression of heat shock
protein 70 (HSP70), a-fetoprotein (AFP), glutamine synthetase
(GS), cytokeratin 19 (CK19), and sex-determining region Y box
(SRY box) containing gene 9 (Sox9) were used to stain liver
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tumors. GS and HSP70 have been shown to be useful for the
diagnosis of malignant hepatocellular neoplasms (Di Tommaso
et al.,, 2007). CK19 (Uenishi et al., 2003), Sox9 (Guo et al.,
2012),and GS (Osada et al., 2000) are also reported in HCC diag-
nosis with bad prognosis. Finally, AFP is positively identified in
one-third of HCCs, mainly in higher histological grades (Zhao
et al., 2013). Based on their expression levels and previously
reported classification, “HAGCS” (HSP70, AFP, GS, CK19,
and Sox9) scores (in a.u.) were created to classify tumors’
aggressiveness. Aggressive HCCs had the highest HAGCS
scores, whereas HCAs scored lower in mutants (Figures 4P
and S4M), suggesting that in addition to the histopathological
characterization (Figure 40), the HAGCS scores can be useful
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Figure 4. Th17 Cells Mediate WAT IR, NASH, and HCC

A) Quantification of T cells in livers (n > 5) and blood (n > 3) from 32-week-old URI(+/+)"*" and URI(+/A)"*P mice under HFD since 8 weeks of age.
B) Quantification Th17 cells in blood from C57BL/6 mice under ND or HFD since 8 weeks of age for 1 month (n > 4).
C) Quantification of Th17 cells in blood and circulating IL-17A in 32-week-old hURI-tetOFF™P mice with/without digoxin (Dig) since 8 weeks of age (n > 4).

E-G) ORO (E), F4/80 (F), and CD3¢ (G) quantification from (D) (n > 4).
H) ALT in mice described in (C) (n > 3).

(
(
(
(D) Staining and IHC of livers from mice described in (C) (n > 6).
(
(
() GTT and ITT in mice described in (C) (n > 3).

(J) Staining and IHC of WAT from mice described in (C). Asterisks denote MPO™ cells (n > 6).

K) MPO quantification from (J).

L) WB and quantification of IL-17A and elastase of WAT from mice described in (C) (n = 3).

M) FFA in mice described in (C) (n > 5).

O) Percentage of mice described in (N) bearing liver abnormalities: no tumor (NT), adenoma (HCA), or HCC (n > 5).

(
(
(
(N) Representative liver pictures and quantification of tumoral area (n > 4) of 65-week-old hURI-tetOFF"®P mutant mice with/without Dig since 8 weeks of age.
(
(

P) HAGCS score in mice described in (N) (n > 5). DL, dysplatic lesions.

Statistical analysis was performed using two-way ANOVA () or unpaired two-tailed Student’s t test (A-C, E-H, K-M, and P). Data are represented as means + SD.

*p < 0.05, *p < 0.01, **p < 0.001. See also Figure S4.

for clinical tumor assessment. Thus, hepatocytic URI-induced
DNA damage recruits Th17 cells, mediating (possibly via IL-
17A secretion) systemic inflammation, WAT IR, NASH, and HCC.

Diethylnitrosamine (DEN) in combination with HFD is reported
to be a quicker model of obesity-induced HCC (Park et al., 2010).
DEN-HFD-fed C57BL/6 mice increased IL-17A (Figure S4N), and
thus were treated with digoxin (Figure S40). Steatohepatitis, liver
injury, neutrophil infiltration (MPO), and HSL activation were
drastically reduced upon digoxin treatment (Figures S4P-S4U).
Importantly, DEN-HFD-treated mice displayed tumors that

were not apparent when treated with digoxin (Figure S4V),
suggesting that inhibition of Th17 differentiation may prevent
NASH-induced HCC.

Recombinant IL-17A Induces NASH in C57BL/6 Mice

We next tested whether recombinant IL-17A (rIL-17A) injection
in chow-fed C57BL/6 mice would mimic WAT IR and NASH. As
seen for the mutants, mice treated for 4 weeks with rlL-17A
enhanced hepatic DNA damage and exhibited hepatosteatosis,
increased hepatic TG levels, higher FFA levels, and lower body
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Figure 5. Recombinant IL-17A Induces NASH in C57BL/6 Mice, and Blocking IL-17A in Mutants Restores Insulin Sensitivity and Prevents
NASH and HCC

(A) Staining and IHC of livers from 8-week-old C57BL/6 mice treated either with PBS or rlL-17A for 4 weeks (n > 4). Asterisks denote YH2AX* cells.

(B) YH2AX quantification from (A).

(C-E) Quantification of hepatic ORO (C), TG (D), and FFA (E) in mice described in (A) (n > 4).

(F) Percentage of body fat in mice described in (A) (n > 4).

(G and H) Quantification of CD3¢ (G) and SR (H) from (A) (n > 4).

(I) ALT in mice described in (A) (n > 4).

(J) Staining and IHC of WAT from mice described in (A) (n > 4).

(K) MPO quantification from (J).

(L) GTT and ITT in mice described in (A) (n > 4).

(M and N) Quantification of hepatic ORO (M) and TG (N) from 32-week-old hURI-tetOFF"P mice treated with/without anti-IL-17A (n > 5).

(O) FFA in mice described in (M) and (N) (n > 5).

(P) Percentage of body fat in mice described in (M) and (N) (n > 5).

(Q-S) Quantification of F4/80 (Q), CD3¢ (R), and SR (S) from Figure S5J.

(T) GTT and ITT in mice described in (M) and (N) (n > 5).

(V) Quantification of anisokaryotic area in mice described in (M) and (N) (n > 5).

(V) Quantification of tumoral area in mice described in (M) and (N) (n > 6).

Statistical analysis was performed using two-way ANOVA (L and T) or unpaired two-tailed Student’s t test (B-I, K, M-S, and U). Data are represented as
means + SD. *p < 0.05, *p < 0.01, **p < 0.001. See also Figure S5.

fat (Figures 5A-5F and S5A) than C57BL/6 mice treated with
vehicle. PPARy was also increased in rlL-17A-treated animals
(Figure S5B). Interestingly, hepatic URI was upregulated in
these mice, possibly resulting from a positive feedback loop
powering IL-17A effects and genotoxic stress (Figure S5B).
Like mutants, these mice also had elevated levels of IL-17A
and G-CSF (Figures S5B and S5C). Moreover, increased
Lcn2 expression and circulating Th17 cells were detected in
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rlL-17A-treated animals (Figures S5D-S5F). Notably, riL-17A
treatment specifically increased granulocytosis (Figure S5G)
and T cell infiltration in the liver (Figures 5A and 5G). Further-
more, rlL-17A induced fibrosis and liver injury (Figures 5A,
5H, and 5I).

rIL-17A also increased WAT neutrophil infiltration and reduced
IRS1 expression, promoting HSL activation (Figures 5J and 5K),
all of which are consistent with WAT IR and lipolysis. It also



reduced insulin sensitivity without affecting glucose clearance
(Figure 5L). Thus, rIL-17A induces characteristics observed in
mutant and HFD-fed mice, suggesting that IL-17A is responsible
for NASH via WAT IR.

Blocking IL-17A in Mutants Restores Insulin Sensitivity
and Prevents NASH and HCC

We blocked IL-17A signaling in mutants using an antibody
against IL-17A (Figure S5H). Blocking IL-17A in 32-week-old
mutants reduced Lcn2 expression (Figure S5I). This also signif-
icantly reduced hepatosteatosis and FFA, and increased body
fat levels (Figures 5M-5P and S5J). In addition, lymphocytosis,
granulocytosis, and hepatic Kupffer cell and T cell levels were
significantly decreased (Figures 5Q, 5R, S5J, and S5K).
Fibrosis was also prevented (Figures 5S and S5J). Furthermore,
blocking IL-17A signaling in mutants hampered WAT neutrophil
infiltration and lipolysis and restored WAT insulin signaling,
improving glucose clearance and insulin sensitivity (Figures
5T and S5L).

Finally, while all mutants revealed high levels of dysplastic le-
sions and some developed early tumors at 32 weeks (Tummala
et al., 2014), all mice with blocked IL-17A signaling exhibited
reduced dysplastic foci and no tumors (Figures 5U, 5V, and
S5M). IL-17A blockers could thus be useful for preventing meta-
bolic dysfunction-associated HCC.

Genetic Ablation of IL-17RA in Myeloid Cells Blocks
IL-17A Signaling and Suppresses HFD-Induced IR

IL-17A effects are mediated via a heterodimeric receptor
comprising IL-17RA and IL-17RC (Korn et al., 2009). Mutants
exhibited more IL-17RA* granulocytes than controls (Figure 6A).
IL-17A is reportedly a mediator of neutrophil recruitment (Miya-
moto et al., 2003). In addition, pro-myelocytic cells (HL-60 and
NB4) stimulated with rIL-17A showed activation of downstream
signaling effectors (Figure S6A) and increased LCN2 expression
(Figure S6B), suggesting that myeloid cells may be directly acti-
vated by IL-17A. We therefore blocked IL-17A signaling by genet-
ically ablating IL-17RA in myeloid cells through crossing //17ra-
flox (El Malki et al., 2013) and LysM-Cre mice (Clausen et al.,
1999), generating offspring designated IL-17RA (+/+)M¥° and
IL-17RA (A/A)MYed (Figure 6B). HFD-fed IL-17RA (A/A)Myeeid
mice exhibited no leukocytosis despite elevated IL-17A and
Th17 levels (Figures 6C, 6D, S6C, and S6D), suggesting that
IL-17A signaling via neutrophil activation may influence the onset
of HFD-induced IR and NASH.

Hepatosteatosis was significantly reduced in HFD-fed IL-
17RA (A/A)MYee mice (Figures 6E and 6F), which also had
lower FFA levels and body fat than WT littermates (Figures 6G
and 6H). Moreover, HFD-fed IL-17RA (+/+)®°d byt not IL-
17RA (A/A)MYe°d mice exhibited elevated ALT levels (Figure 6l).
Notably, MCD-HFD-fed IL-17RA (A/A)MY®°Y mice also had
significantly less hepatosteatosis compared with IL-17RA
(+/+)M¥elod mice (Figures S6E-S6H), and liver-infiltrating T cells
were decreased (Figures S6F and S6l). HFD-fed IL-17RA
(+/+)Med mice also exhibited impaired glucose clearance
and reduced insulin sensitivity relative to HFD-fed IL-17RA
(A/A)MYE°Y  mice (Figure 6J). Finally, HFD-fed IL-17RA
(A/A)MWeed mice had fewer WAT-infiltrating neutrophils,
increased levels of IRS1, and less HSL activation (Figure 6K).

Thus, blocking IL-17A signaling in granulocytes protected
against NASH diet-induced IR and steatohepatitis.

Genetic Ablation of IL-17RA in Myeloid Cells Alleviates
IR, NASH, and HCC in Mutants

Next, IL-17RA (A/A)M¢"°¥ mice were crossed with mutant mice.
At 32 weeks of age hURI-tetOFF™P mutants lacking IL-17RA
in the myeloid compartment (hereafter termed “crosses”) no
longer presented signs of hepatosteatosis, and had higher
body fat percentages (despite lower body weights and identical
liver weights) and decreased FFAs (Figures 7A-7D, S7A, and
S7B). Crosses had also reduced inflammation and ALT levels
compared with the mutant mice (Figures 7A and 7E-7G).
Thus, reducing IL-17A signaling may prevent NASH in URI
mouse.

Although basal glucose levels in mutants and crosses were
similar (Figure S7C), the crosses exhibited improved glucose
clearance and enhanced insulin sensitivity (Figure 7H). In addi-
tion, crosses showed reduced MPO, increased IRS1 levels,
and decreased HSL activation in WAT (Figure 7I). Therefore,
IL-17A signaling accounts for the mutants’ steatohepatitis and
associated metabolic dysfunctions. Further, 32-week-old mu-
tants had high dysplastic lesions and early liver tumors (Tummala
et al., 2014), but the crosses did not (Figures S7D and S7E).
Finally, 65-week-old mutants crossed with IL-17RA (A/A)Myeleid
mice significantly reduced the number of aggressive HCCs (Fig-
ures 7J-7L and S7F). Thus, blocking IL-17A signaling may be
useful for preventing NASH and HCC.

IL-17A Levels in Human Hepatitis, Human Fatty Livers,
and Viral Hepatitis-Associated Human HCC Correlate
Positively with Steatosis and URI Expression

To clarify our findings’ clinical relevance, we examined URI and
IL-17A expression in livers from obese individuals and peritu-
moral liver samples from non-obese patients. The former, but
not the latter, exhibited high URI expression (Figure 8A).
Although increased IL-17A was observed in fatty liver and peritu-
moral tissues, URI levels correlated positively with IL-17A protein
and mRNA levels (Figures 8A-8C). Moreover, in human fatty
livers, elevated IL-17A was detected only in CD4* cells (Fig-
ure 8D) but not in HN4a* hepatocytes (not shown). In addition,
the number of IL-17A* cells correlated with the steatotic state
of the patients (Figure 8E). Importantly, increased hepatic TGs
correlated positively with increased IL-17A mRNA levels (Fig-
ure 8F). Thus, in obese patients, hepatosteatosis is apparently
associated with increased URI expression and high IL-17A
levels.

IL-17A (confined in inflammatory cells) was also present in hu-
man viral hepatitis samples (mainly positive for URI expression),
an early stage of HCC, and correlated with the steatotic state of
these samples, suggesting that in human, IL-17A may initiate
steatohepatitis progressing to HCC (Figures 8G-8l). Stratifica-
tion of the data indicated that all HCV-infected patients with
steatosis had URI expression, while only half of non-steatotic
HCV patients exhibited URI expression (Figure 8J). Thus, URI
expression correlates with NASH patients infected with hepatitis
viruses.

Since URl is positively associated with HBV and HCV infection
in human HCC (Tummala et al., 2014) and NASH incidence is
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Figure 6. Genetic Ablation of IL-17RA in Myeloid Cells Blocks IL-17A Signaling and Suppresses HFD-Induced IR
(A) Representative flow cytometry of blood from 32-week-old hURI-tetOFF™P mice showing IL-17RA staining in the Gr1.1* population and quantification of

IL-17RA* cells in the Gr1.1* population (n > 5).

(B) Representative flow cytometry of blood from 24-week-old IL-17RA (+/+)M¥®°d and IL-17RA (A/A)MYe"°!¢ mice showing IL-17RA staining in the Gr1.1* pop-

ulation and quantification of IL-17RA* cells in the Gr1.1* population (n > 5).

(C) Hemogram of 24-week-old IL-17RA (+/+)¢°d and IL-17RA (A/A)Y®°d mice under ND or HFD since 8 weeks of age (n > 5).
(D) Circulating IL-17A and quantification of Th17 cells in livers from mice described in (C) (n > 5).

(E) Staining of livers and ORO quantification from mice described in (C) (n > 5).

(F and G) Quantification of hepatic TG (F) and FFA (G) from mice described in (C) (n > 5).

(H) Percentage of body fat in mice described in (C) (n > 5).
() ALT in mice described in (C) (n > 5).
(J) GTT and ITT in mice described in (C) (n > 4).

(K) Staining and IHC of WAT and MPO quantification from mice described in (C). Asterisks denote MPO* cells.
Statistical analysis was performed using two-way ANOVA (J) or unpaired two-tailed Student’s t test (A-I and K). Data are represented as means + SD. *p < 0.05,

**p < 0.01, **p < 0.001. See also Figure S6.

high among patients with chronic viral infections (Blonsky and
Harrison, 2008; Nascimento et al., 2012), we also analyzed URI
expression and IL-17A levels in human HCC samples with HBV
or HCV infection. As we reported previously (Tummala et al.,
2014), HCC samples from HBV/HCV-infected patients exhibited
elevated URI expression, which correlated positively with IL-17A
levels (Figures 8K, S8A, and S8B). However, URI expression did
not correlate with IL-17A in HCC from alcoholic steatohepatitis
patients (Figure S8C), suggesting that the URI/IL-17A axis may
mainly influence NASH-induced HCC.

Moreover, HCC samples but not normal livers presented high
levels of IL-17A (Figure 8L), and enhanced IL-17A and IL-17RA

170 Cancer Cell 30, 161-175, July 11, 2016

correlated positively with URI expression (Figures 8L and S8D).
Interestingly, increased IL-17A associated with high URI expres-
sion intumoral tissue was mainly confined to the peritumoral tissue
(Figure 8M), suggesting that in human livers, inflammation may
contribute to HCC progression through a paracrine signal involving
IL-17A. Thus, URI/IL-17A signaling may influence HCC develop-
ment in NASH-predisposed or hepatitis virus-infected patients.

DISCUSSION

High body mass index increases cancer risks (Arnold et al.,
2015). We report here that URI expression-mediated genotoxic
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Figure 7. Genetic Ablation of IL-17RA in Myeloid Cells Alleviates IR, NASH, and HCC in Mutants
A) Staining and IHC of livers from 32-week-old hURI (mutant), IL-17RA (+/+)"¢"°'9 and hURI (mutant), and IL-17RA (A/A)"Y®°' mice (n > 4).

¢
(B) Quantification of hepatic ORO from (A).

(C) Percentage of body fat in mice described in (A) (n > 5).
(D) FFA in mice described in (A) (n > 4).

(E) Hemogram of mice described in (A) (n > 4).

(F) CD3¢ quantification from (A).

(G) ALT in mice described in (A) (n > 4).

(H) GTT and ITT in mice described in (A) (n > 6).

(

1) Staining and IHC of WAT and MPO quantification from mice described in (A) (n > 5). Asterisks denote MPO™ cells.
(J) Representative pictures of livers and quantification of tumoral area (n > 10) from 65-week-old hURI (mutant), IL-17RA (+/+)M®'° and hURI (mutant), and

IL-17RA (A/A)Y°d mice. Dashed yellow circles denote tumors.
(K) Percentage of mice described in (J) bearing liver abnormalities.
(L) HAGCS score in mice described in (J) (n > 5). DL, dysplastic lesions.

Statistical analysis was performed using two-way ANOVA (H, right panel) or unpaired two-tailed Student’s t test (B-G, H [left panel], |, and L). Data are represented

as means + SD. *p < 0.05, **p < 0.05, **p < 0.001. See also Figure S7.

stress is apparently the initiating event in nutrient excess-
induced NASH and HCC development by mobilizing Th17 cells
and increasing IL-17A levels.

IL-17A induces WAT neutrophil infiltration, IR and lipolysis
causing NASH, and HCC. Metabolic inflammation-induced IR
leads to hepatic fat accumulation; therefore, it is not steatosis
that causes IR. In fact, inflammation precedes steatosis in
different models of human NASH (Wolf et al., 2014; Zhao et al.,
2015) and FA uptake in the liver due to WAT IR accounts for
almost two-thirds of lipid accumulation in NASH patients (Don-
nelly et al., 2005). Therefore, the hURI-tetOFF™®P mouse recapit-

ulates all histopathological features of NASH: inflammation,
hepatic steatosis with Mallory-Denk bodies, steatosis, fibrosis,
and liver injury. All of these events are of great importance to
pathologically define the presence of NASH, the development
of which does not strictly follow the “two-hit” hypothesis (Day
and James, 1998). Notably, the incidence of hepatocarcinogen-
esis is higher in the hURI-tetOFF®P mice than in the HFD model
(Tummala et al., 2014; Wolf et al., 2014) and seems to be pro-
portional to the Th17 cell counts. Levels of Th17 cells may
thus account for promoting NASH-induced HCC, whereas high
steatosis observed in the HFD-treated mice is apparently a
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Figure 8. IL-17A Levels in Human Hepatitis, Human Fatty Livers, and Viral Hepatitis-Associated Human HCC Correlate Positively with
Steatosis and URI Expression

(A) WB in human peritumoral (n = 4) and fatty livers (n = 23). Dotted lines indicate the different membranes, from the same film and exposure.

(B) Linear regression of hepatic of URI and IL-17A levels from (A) (n = 27).

(C) Linear regression of hepatic URI and IL-17A mRNA levels in human fatty livers (n = 13).

(D) Staining, IHC, and immunofluorescence in liver sections from human obese individuals. Arrowheads denote CD4*IL-17A* cells.

(E) Linear regression of IL-17A* cells and ORO staining from (D) (n = 17).

(F) Linear regression of hepatic IL-17A mRNA levels and hepatic TG in human obese individuals (n = 17).

(G) H&E staining and immunofluorescence in livers from human HCV/HBV samples (n > 5).

(H) Percentage of cases with presence of IL-17A* cells in URI* versus URI™ human HCV patients (n > 5).

(I) Percentage of cases with presence of IL-17A* cells in steatotic versus non-steatotic human HCV patients (n > 5).

(J) Percentage of cases positive for URI in steatotic versus non-steatotic human HCV patients (n > 5).

(K) Linear regression of hepatic URI and IL-17A levels in human HCC from HBV and HCV patients in tissue microarrays (n = 38).

(L) Stratification of human samples according to URI and IL-17A expression in normal and HCC (n = 97).

(M) Stratification of human samples according to IL-17A peritumoral levels and URI tumoral levels (n = 21).

Statistical analysis was performed using unpaired two-tailed Student’s t test (L and M) and linear regression (B, C, E, F, and K). Data are represented as
means + SD. *p < 0.05, **p < 0.05, **p < 0.001. See also Figure S8.

consequence of overfeeding. Thus, hepatic URI expression sions promoting HCC. Abolishing steatosis also alleviates liver

induced by nutrient overload leads to increased DNA damage,
which is the driving force in NASH-induced HCC. Hence, the
hURI-tetOFF"®P mouse mimics nutrient overload and is a model
of NASH-induced HCC.

Blocking IL-17A signaling reduces steatosis and liver injury,
and prevents HCC. Surprisingly, steatosis arises after dysplastic
lesions, which appear when significant inflammation is observed
(at 8 weeks of age). Thus, liver fat deposits may fuel and facilitate
survival of transformed cells and progression of dysplastic le-
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injury. Importantly, hepatic ALT levels increase at the time of lipid
accumulation (at 32 weeks of age) rather than immediately after
inflammatory cell infiltration (at 8 weeks of age) (Tummala et al.,
2014). Thus, chronic liver injury apparently depends on steatosis.
In fact the progression of liver injury in time may be due to
the complex interactions between hepatic inflammation, IR,
and steatosis, via unknown mechanisms that may implicate
the hepatic stellate cells’ cytokines. Hence, T2D and IR may be
risk factors for NASH and HCC development (Gruben et al.,



2014; Nagle et al., 2009; Perry et al., 2014). Blocking IL-17A may
therefore be useful for preventing NASH-induced IR and associ-
ated hepatocarcinogenesis.

IR is also linked to inflammatory diseases associated with
IL-17A, e.g., HVB/HVC, corroborating the close relationship be-
tween metabolism and immune responses (Gregor and Hotami-
sligil, 2011). Patients with chronic viral hepatitis exhibit high
NASH prevalence (Blonsky and Harrison, 2008; Nascimento
et al., 2012). NASH risk factors and effects on patients with
HCV or HBV are largely unknown because histological criteria
used to diagnose NASH are ambiguous (predominantly perisinu-
soidal fibrosis and clarification/ballooning of liver cells, both
observed in the URI mouse model). HCV patients with NASH
exhibit elevated body mass index, serum glucose and TG levels,
and high frequencies of diabetes and metabolic syndrome (Blon-
sky and Harrison, 2008). Interestingly, IL-17A-expressing Th17
cells are induced in HCV patients (Rowan et al., 2008), suggest-
ing that IL-17A is central to HCV-associated metabolic and
hepatic dysfunctions. Notably, URI expression is modulated by
HBV/HCV infection and inflammatory cues (Tummala et al.,
2014). In line with the fact that IL-17RA may be expressed in
the liver (Lafdil et al., 2010), rIL-17A also enhances URI expres-
sion in hepatocytes, inducing DNA damage and increased
Th17 cells. Thus, increased IL-17A may act as a positive feed-
back loop to enhance URI expression in hepatocytes strength-
ening genotoxic stress and IL-17A levels. Thus, our data suggest
that URI-induced IL-17A may also be central to viral infection- or
inflammation-associated metabolic and hepatic dysfunctions.
Treatment of HCV represents a socio-economic challenge of
our society, in that blocking IL-17A or Th17 cell differentiation
with digoxin may provide effective and inexpensive prophylaxis
for HBV- or HCV-infected patients with high NASH and HCC
risks.

Digoxin may also inhibit RORyt transcriptional activity in innate
lymphoid cells 3 (ILC3) and thus suppress IL-17A in ILC3 cells.
However, it remains to be determined whether ILC3 plays a
role in the pathology of NASH-induced HCC. Digoxin also in-
hibits hypoxia-inducible factor 1a (HIF-1a) synthesis and blocks
tumor growth (Zhang et al., 2008), but there is no clear evidence
for HIF-1a functions in NASH and, in our model, digoxin unlikely
acts on HIF-1a since no increase of HIF-1a is detected in URI
mutant livers (not shown).

Our data indicate that hepatic URI expression is the molecular
mediator linking nutrients’ excess to genotoxic stress, Th17 infil-
tration, IL-17A production, and metabolic dysfunction-associ-
ated IR, which causes hepatic fat accumulation and HCC.
Thus, blocking IL-17A signaling may be effective for preventing
NASH and hepatocarcinogenesis, especially in patients with
high hepatic URI expression, genotoxic stress, and/or early signs
of diabetes. Finally, IL-17A could be potentially a valuable non-
invasive marker of IR and NASH pathogenesis in obese patients.

EXPERIMENTAL PROCEDURES

Generation and Handling of Mice

hURI-tetOFF™P and URI(+/A)"*P mice were generated as recently reported
(Tummala et al., 2014). LysM-Cre and IL-17RA conditional knockout mice
were previously described (Clausen et al., 1999; El Malki et al., 2013). Deletion
of IL-17RA in the myeloid lineage was obtained by crossing //17ra-flox mouse
with LysM-Cre line, and was confirmed by genotyping and flow cytometry.

All mice were housed in pathogen-free conditions. All experiments were
approved by the CNIO-ISCIII Ethics Committee and performed in accordance
with the guidelines for ethical conduct in the care and use of animals as stated
in the international guiding principles for biomedical research involving
animals, developed by the Council for International Organizations of Medical
Sciences. Littermates were always used as controls.

Mouse Diets and Treatments

Mice were fed either with chow diet (here termed normal diet, ND) (18% fat,
58% carbohydrates, and 24% proteins) (Harlan Laboratories, 2018S), HFD
(45% fat, 35% carbohydrates, and 20% proteins) (Research Diets, D12451),
CD-HFD (60% fat, 20% carbohydrates, and 20% proteins) (Research Diets,
D05010403), MCD-HFD (62% fat, 20% carbohydrates, and 18% proteins)
(Research Diets, A06071301B), DOX (15% kcal fat and 2,000 ppm doxycy-
cline, which represents in the daily diet an estimated dose of 0.36 mmol/kg)
(Research Diets, D12100402i), or tamoxifen (tamoxifen citrate 400 ppm)
(Research Diets, TD.55125). Food and water were provided ad libitum.

For DEN treatment, 14-day-old C57BL/6 mice were intraperitoneally in-
jected with 25 mg/kg DEN (Sigma, N0258) or injected with DEN and fed with
HFD at 8 weeks of age.

For rIL-17A treatment, 4-week-old C57BL/6 mice were intraperitoneally
injected with 0.5 pg/mouse of recombinant mouse IL-17A (GenScript,
Z03031-50) three times per week for a period of 4 weeks.

For anti-IL-17A treatment, 8-week-old hURI-tetOFF®P mice were intraperi-
toneally injected with 100 ng/mouse (1 mg/ml) of anti-IL-17A (R&D, MAB421,
clone 50104) every other day until the age of 32 weeks.

For digoxin treatment, 8-week-old hURI-tetOFF"®P or DEN-HFD-fed C57BL/6
mice were treated with digoxin (Sigma, D6770) dissolved in the drinking water
(80 pg/ml) until 32 weeks of age. Drinking treatment was changed daily.
NR (97% purity, Waterstonetech Pharma) was administered as previously
described (Tummala et al., 2014).

Tumor Quantification
Macroscopically visible tumors were measured as previously described
(Tummala et al., 2014).

Glucose and Insulin Tolerance Testing

Mice were fasted for 6 hr and injected intraperitoneally with 2 g/kg glucose in
water (GTT) or 0.75 U/kg insulin in 0.9% NaCl (ITT) (Sun et al., 2006; Um et al.,
2004). Blood from the tail vein was obtained before the injection and at 15, 30,
60, and 90 min after the injection for determination of blood glucose using
Accu-Check Compact test strips (Roche, 13072).

Total Body Fat Measurement

Animals were anesthetized with isoflurane (Isovet, Braun Vetcare) and densi-
tometry was assessed by a densitometer (Piximus, Lunar Corporation). Per-
centage of body fat was quantified using Lunar PIXImus 2.10 software.

Blood Parameters

Blood parameters were measured as detailed in Supplemental Experimental
Procedures. In brief, blood was collected from the heart and transferred to
an EDTA-containing tube for hemogram analysis using Abacus Junior Vet
analyzer (Diatrom). Plasma was collected after centrifugation at 1,500 rpm
and 4°C for 15 min, and kept at —80°C until further analysis. Different blood
parameters were measured using kits from different manufacturers.

Triglyceride Extraction and Quantification

TGs were extracted from 20-30 mg of livers and quantified using a TG Color-
imetric Assay Kit (Cayman Chemical, 10010303) according to the manufac-
turer’s instructions.

Mononuclear Cell Isolation

Inflammatory cell isolation was performed as detailed in Supplemental Exper-
imental Procedures. In brief, liver or visceral fat was excised and minced in
RMPI 1640 media supplemented with 10% fetal bovine serum (cell buffer).
The resulting suspension was mashed through a mesh and after centrifugation
erythrocytes were removed with red blood cell lysis buffer. For isolation of liver
inflammatory cells, after centrifugation the pellet was resuspended in 38%
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Percoll in cell buffer and underlaid with 70% Percoll in PBS, and further centri-
fuged at 500 x g for 30 min at 4°C. Interface with mononuclear cells was
collected and washed with cell buffer. After a short centrifugation, the pellet
was washed and finally resuspended in 5% BSA and 2 mM EDTA in Ca®*/
Mg?*-free PBS (MACS buffer). After centrifugation the pellet was resuspended
in MACS buffer to isolate macrophages from WAT.

Flow Cytometry

Flow cytometry was performed as detailed in Supplemental Experimental Pro-
cedures. In brief, cells were resuspended in MACS buffer containing Mouse
BD Fc block (BD Biosciences, 553141). Following washing with MACS buffer,
cells were stained for cell death discriminator and different markers. For liver
mononuclear staining, T cell receptors were stimulated. After washing, cells
were resuspended and analyzed using FACS Canto Il (BD Biosciences) or
LSR Fortessa (BD Biosciences).

Human Samples

Human samples were obtained from the CNIO Biobank. Analysis of human
samples was approved by the Research Ethics and Animal Welfare Committee
from the Institute of Health Carlos Il (ISCIIl), and informed consent was
obtained from all subjects.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism V5.0 software.
Statistical significance (*p < 0.05, **p < 0.01, and **p < 0.001) between
the means of a minimum of three groups was determined using unpaired
two-tailed Student’s t test, two-way ANOVA, or linear regression analysis.
Results are expressed as the mean value + SD. All results are representative
of at least three independent experiments.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and eight figures and can be found with this article online at http://dx.doi.
org/10.1016/j.ccell.2016.05.020.
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